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Introduction and aim of the thesis
Zijlstra MP and Kampinga HH
Manuscript in preparation

1. Protein quality control
The three dimensional fold of proteins is determined by the protein’s amino
acid sequence (Anfinsen, 1973). But, since the cellular environment is extremely
crowded unassisted folding is often not possible and would lead to potentially
cytotoxic protein aggregation (Young et al., 2004). Moreover, throughout
their lifetime proteins may become damaged by various stresses or insults
(Wickner et al., 1999). To assist folding and prevent cellular dysfunction
caused by damaged proteins and other aberrant proteins resulting from errors
in transcription, translation or which become misfolded because of genetic
mutations, a sophisticated protein quality control (PQC) system has evolved
and is discussed below.

1

1.1 Molecular chaperones
The molecular chaperones have evolved as a first line of defense in the PQC
and assist in the folding of polypeptides from the moment they are translated
by the ribosomes (Young et al., 2004). The molecular chaperones bind to the
folding intermediates of polypeptides, preventing their aggregation and in
some cases, actively assisting them in the folding through cycles of binding
and release (Young et al., 2004;Kampinga and Craig, 2010), but do not become
part of the final functional structure (Hartl and Hayer-Hartl, 2009). If the native
conformation of the proteins cannot be achieved, chaperones can facilitate
degradation, either passively by preventing aggregation, and keeping their
clients competent for proteolysis or actively directing clients to degradation
machines (Kampinga and Craig, 2010).

1.2 The ubiquitin proteasome system (UPS)
The UPS is the primary mechanism in eukaryotic cells for the selective
degradation of short-lived proteins (Hershko and Ciechanover, 1998). The UPS
works in partnership with the molecular chaperones (Bercovich et al., 1997;Esser
et al., 2004) which operate at each step of the sorting to the proteasome: the
initial recognition of the substrate, substrate delivery and docking at the
proteolytic complex (Arndt et al., 2007). Proteins destined for degradation
are modified with ubiquitin (Ub) by the sequential action of three classes of
enzymes: The E1-ubiquitin-activating enzymes, the E2-ubiquitin-conjugating
enzymes, and the E3-ubiquitin-ligases that selectively bind ubiquitin to lysine
residues in substrate proteins (Goldberg, 2003). The specificity of the UPS is
determined by the ubiquitin (E3) ligases. Some proteins are recognized directly
by the different E3 enzymes, while sometimes the proteins must undergo
post-translational modifications prior to recognition by the proper E3 ligase
(Hershko and Ciechanover, 1998). Proteasomes are energy dependent multiIntroduction
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catalytic protease complexes that degrade poly-ubiquitinated (4 ubiquitin
moieties or more) proteins. The 26S proteasome consists of approximately 31
different subunits and is a barrel-shaped proteolytic core complex (20S) which
is capped at one or 2 sites by the 19S regulatory units (Voges et al., 1999).
The 19S regulatory caps contain binding sites for poly-Ub-proteins and are
responsible for the unfolding of the proteins, deubiquitination and the entry
of the protein into the 20S core where the proteins become degraded into small
peptides (Goldberg, 2003;Pickart, 2001;Pickart and Cohen, 2004).

1.3 Autophagy
The third component of the protein quality control system is autophagy,
which is the major machinery for the degradation of long-lived proteins,
protein aggregates, and organelles (Levine and Klionsky, 2004). There are
three types of autophagy: macroautophagy, microautophagy and chaperonemediated autophagy (CMA). Each pathway utilizes the lysosome for the
degradation of their cargo. In the lysosome the cargo is degraded, generating
nucleotides, amino acids and ATP. The way of the cargo delivery towards
the lysosome differs for the different forms of autophagy (Martinez-Vicente
and Cuervo, 2007). The main form of autophagy is macroautophagy (usually
referred to as autophagy) and this form is responsible for the sequestration
of complete regions of the cytoplasm by a double membranous structure, the
autophagosome, which fuses with the lysosome by a conjugation mechanism
involving many regulatory proteins (Klionsky et al., 2003). Cells have a basal
macroautophagy system, which is upregulated in response to stress signals
such as starvation, growth factor deprivation, ER stress and pathogen infection
(He and Klionsky, 2009). In microautophagy the substrates are directly
invaginated by the lysosomal membrane, and participates in the ‘basal’
turnover of cellular components (Ahlberg and Glaumann, 1985). In contrast to
the non-selective macro and micro-autophagy, chaperone mediated autophagy
(CMA) is responsible for the selective translocation of specific substrates across
the lysosomal membrane. After binding to the lysosomal receptor LAMP-2A
the substrate is translocated across the lysosomal membrane by a chaperone
in the lumen of the lysosome, after which the substrate is degraded (Kon and
Cuervo, 2010). Besides the basal activity, CMA is up-regulated in conditions
of stress (Massey et al., 2006).

2. HSP’s and their function
The heat shock proteins (HSP) are a family of structurally unrelated proteins,
belonging to the much larger family of the molecular chaperones. The
10

human family comprises 5 subgroups, including the HSPA (HSP70), HSPB
(small HSP), HSPC (HSP90), HSPD (HSP60), HSPH (HSP110) and the DNAJ
(HSP40) families of proteins. In this thesis we will use the new nomenclature
as recently proposed for the human members to indicate individual members
(Kampinga et al., 2009). The number of genes encoding the HSP family varies
largely for each organism, ranging for the DNAJ proteins from 6 in E.Coli to
50 in H.Sapiens, while in humans 13 HSPA and 11 HSPB members exist (Vos
et al., 2008). It is not clear why the genome encodes such a large amount of
HSP members, but compartmentalization, cellular specialization (substrate
specificity) and developmental (regulation) purposes may underlie such an
expansion (Vos et al., 2008). In addition, evolution may have occurred for
functional diversity (substrate processing). Heat shock proteins have been
named after their inducibility upon heat shock, and this is how they were
initially defined (Morimoto, 1993). But as the human genome was uncovered,
it was found that many additional sequence/structural homologs existed, some
of which are not heat inducible at all. Nowadays we know that many members
are (also) constitutively expressed, induced by many different forms of both
intrinsic or external forms of stress or up-regulated under specific conditions
of differentiation (Hageman and Kampinga, 2009;Vos et al., 2008).

1

2.1 The heat shock response
The heat shock response (HSR) is the strongest inducible transcriptional
response in biology and is conserved throughout evolution. It is regulated
by the activities of the heat shock transcription factor (HSF1) (Westerheide
and Morimoto, 2005). HSF1 is constitutively expressed in the cytoplasm of
most tissues and cell types (Fiorenza et al., 1995), where it is kept inactive in
the absence of stress stimuli (Akerfelt et al., 2010). In cells exposed to stress,
inactive HSF1 monomers are rapidly converted into active trimers (Westwood
and Wu, 1993;Shamovsky and Nudler, 2008). These trimers translocate to the
nucleus where they bind to the heat shock elements (HSE) in the promoter
region of various HSP genes to simultaneously induce their expression (Baler
et al., 1993).

2.2 The HSP70 (HSPA) machine
The heat inducible HSP70 (HSPA1A) and the constitutively expressed cognate
HSC70 (HSPA8) are involved in many cellular processes affecting protein
folding and unfolding (Hartl, 1996). The HSP70’s do not work alone, but work
together with several chaperones, co-chaperones and cofactors forming an
‘HSP70 machine’ (Kampinga and Craig, 2010). All HSP70’s characterized so far
can, in a rather non-selective, promiscuous manner, bind substrates through
Introduction
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their C-terminal peptide binding domain, hereby preventing aggregation of the
substrates and providing a time window for the clients to obtain their native
conformation. The binding/release cycle of HSPA’s is regulated by nucleotides.
When ATP is bound (to the N-terminal ATPase domain) HSP70s are in an ‘open
conformation’ with low substrate affinity allowing fast substrate binding and
release. Upon ATP hydrolysis, which is stimulated by both client binding and
by DNAJ proteins (see below), a conformational change in the peptide binding
domain is induced that closes the so-called “lid” and results in a high affinity
ADP-bound ‘closed conformation’ stabilizing substrate binding (Young et al.,
2004) (Mayer and Bukau, 2005;Bukau and Horwich, 1998). Upon ADP-ATP
exchange, which is regulated by nucleotide exchange factors (NEF, see below),
the lid opens up again and substrates can be released. If not yet folded properly,
clients may rebind and the cycle starts again until productive folding occurs
or, if folding remains unsuccessful, released clients are recognized by the
proteolytic systems and subsequently degraded (Kampinga and Craig, 2010).
It is yet unknown whether all (13) HSPA members have the same mode of
action, are functionally interchangeable, or use all the same co-factors (Vos et
al., 2008). Yet, except for HSPA12 and HSPA14 (that lack the conserved peptide
binding domain), the sequence similarity of all human HSPAs is very high and
all of them are highly homologous to HSP70 from other species, including
E.coli, suggesting limited, if any, functional differentiation (Kampinga and
Craig, 2010).

2.2.1 Co-regulators of the HSP70 machine: DNAJ proteins
Aside from presence of the J- domain that identifies the DNAJ proteins, the
DNAJ family is heterogeneous, with various additional domains (Kampinga
and Craig, 2010). Historically the DNAJ proteins are divided into 3 groups:
DNAJA, DNAJB and the DNAJC proteins (Cheetham and Caplan, 1998), but
this classification does not relate to the biochemical function. With respect to
their function, the DNAJ proteins can be divided into 4 groups: DNAJ proteins
with promiscuous-, selective, no- substrate binding, and a small group of with
unclear capacity to bind substrates (Kampinga and Craig, 2010). Within the
group of promiscuous binders, some DNAJ proteins have an important role
in de novo protein folding (Lu and Cyr, 1998;Agashe et al., 2004), while other
members have specific functions in preventing protein aggregation (Hageman
et al., 2010) and/or support protein degradation (Bailey et al., 2002;Rujano
et al., 2007) or specifically target substrates towards degradative pathways
(Chapple et al., 2004;Westhoff et al., 2005;Howarth et al., 2007). In general, the
DNAJ proteins are thought to be responsible for the multi-functionality of the
HSP70 machine (Kampinga and Craig, 2010).
12

2.2.2 Co-regulators of the HSP70 machine: NEF’s
Despite the fact that the DNAJ proteins may be the main drivers of the
functional diversity of the HSP70 machines, the NEFS may play important
roles as well. In humans 4 different groups of NEF’s exist working via different
mechanisms of nucleotide exchange (Cyr, 2008). These 4 different NEF’s
are; HSPB1 and BAP, the HSPA like NEFs, consisting of HSPH1 - HSPH4
(HSP110), and the BAG family (Bcl-2 associated athanogene, BAG1-6). In
contrast to the other NEF’s, HSPB1 and BAP only seem to function in protein
folding (Kampinga and Craig, 2010;McLellan et al., 2003;Chung et al., 2002).
The HSPH proteins seem to have more capabilities. Some HSPH proteins can
bind unfolded proteins and prevent their aggregation (Oh et al., 1999), but
they only can act as holdases and as such, they may store partially denatured
clients under stress conditions and assist HSPA in the refolding by stimulating
the nucleotide exchange upon stress relief (Kampinga and Craig, 2010). The
BAG family members 1, 2, 3 and 6 interact directly with HSPA (Takayama
and Reed, 2001). BAG1 is the best studied member and acts, depending on its
concentration, as a positive (low levels) or negative (high levels) regulator of
folding reactions (Gassler et al., 2001). BAG1 also was shown to interact with
the proteasome and hereby has suggested to be acting as a coupling factor
between the folding and the proteasomal system (Luders et al., 2000). Another
BAG family member (BAG3) has been linked to the stimulation of autophagy,
although this seems linked more to its association with small HSP rather than
with HSP70s (Carra et al., 2009). How other members of the BAG family affect
HSP70 dependent reactions remains to be elucidated.

1

2.2.3 Co-regulators of the HSPA machine: Other factors: HIP and CHIP
In addition to DNAJs and NEFs, several other co-factors have been found that
affect the nucleotide cycle of HSP70 machines. HIP (HSC70 interacting protein)
stabilizes the ADP state by binding to the ATPase domain of HSPA, thereby
competing with BAG1 (Gebauer et al., 1997). It slows down the nucleotide
cycle, leading to a more efficient refolding of the substrate (Hohfeld et al.,
1995;Nollen et al., 2001).
The co-chaperone CHIP (HSC70 interacting protein) interacts with both HSP70
and HSP90 (Ballinger et al., 1999;Connell et al., 2001) via its tetratrico peptide
repeat (TPR) domain. It antagonizes DNAJ mediated stimulation of the HSP70
ATPase activity (Ballinger et al., 1999) and through a yet unclear mechanism
it has been shown to facilitate ubiquitination of chaperone bound substrates
(Connell et al., 2001). This is dependent on the U-box domain in CHIP and
indeed CHIP has been shown to have E3 ubiquitin ligase activity (Zhang et
al., 2005). However, CHIP itself can bind unfolded proteins and prevent their
Introduction
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aggregation which, depending on the client, lead to refolding (Kampinga et
al., 2003) or degradation of the substrate (Rosser et al., 2007), suggesting that
is may compete with HSP70 for clients rather than modify the fate of HSP70
bound clients.

2.3 The small heat shock protein family
The small heat shock proteins (sHSP or HSPB in mammals) are a widespread
and diverse class of ATP-independent molecular chaperones (Kappe et al.,
2002). The sHSPs are very diverse in both sequence and size, ranging from
15-40 kDa. All sHSP are characterized by a conserved 80-100 α-crystallin
domain that is flanked by a variable sized N- and C-terminus. Another
important property of sHSP is their capacity to oligomerize in large spherical
and symmetrical structures (Haslbeck et al., 2005). These oligomeric structures
are highly dynamic and constantly exchange subunits with themselves and
other sHSP (Bova et al., 2000). Small HSP’s are thought to become active upon
(heat) stress and show chaperone activity in suppressing protein aggregation
by binding to the substrate, protecting it from the denaturing environment until
the physiological state of the cell is restored, after which the substrate proteins
can be released from the sHSP proteins by the HSP70 machine for refolding
or degradation (Lee and Vierling, 2000;Haslbeck et al., 2005). In addition to
binding to misfolded substrates, several sHSP bind to actin (Schneider et al.,
1998) and play an important role in maintaining the integrity of actin and
intermediate filaments during stress (Liang and MacRae, 1997;Mounier and
Arrigo, 2002;Verschuure et al., 2002).
In humans, there are 10 HSPB proteins (HSPB1-10). Most of these members
reside in the cytoplasm and at least some can reallocate to the nucleus upon
stress (Bryantsev et al., 2007;van de Klundert et al., 1998). How HSPBs bind
substrates is largely unknown. Apart from the conserved α-crystallin domain,
the 10 human HSPB proteins are highly diverse (Kappe et al., 2002) and little
is known about the reason for this diversification. However it is thought that
the diversification is caused by the need of specific functional roles for the
different HSPB proteins (Haslbeck et al., 2005). The HSPB proteins seem to
be involved in several fundamental cellular processes suggesting a protective
function for HSPB proteins in preventing protein misfolding.

2.4. Other chaperone systems; chaperonins and HSP90
The chaperonins are dividable into two groups of common evolutionary
origin: group I and group II chaperonins. Group I chaperonins are mostly
found in prokaryotes and mitochondria, while the group II are found in
archaea and the eukaryotic cytosol (Mayer, 2010;Gutsche et al., 1999;Spiess
14

et al., 2004). The group I HSP60’s (GroEL) are responsible for the folding
of proteins transported from the cytoplasm into the mitochondrial matrix.
Hereto the group I chaperonins work together with the co-chaperone HSP10
(GroES) (Mayer, 2010). The group II chaperonins, like TriC (CCT), are engaged
in folding of cytosolic proteins, in particular tubulin (Dunn et al., 2001). The
CCTs are not thought to utilize a GroES type co-factor, but the mechanism of
action of the group II chaperonins is not well understood (Hartl and HayerHartl, 2002).

1

The final and probably most abundant chaperone in most cells is HSP90.
HSP90 is involved in many processes including folding, maturation and
docking of many growth receptors, hormone receptors and a wide array of
other transcription factors (Wandinger et al., 2008). Both chaperonins and
HSP90 are thought to cooperate with HSP70 chaperone systems described
above (Kampinga and Craig, 2010), but their functions are not studied in the
context of this thesis and therefore will not be discussed in further detail.

3. Protein folding diseases
The long term health of the cell is dependent of a proper functioning PQC,
generating a protein homeostasis where biosynthesis, folding, translocation,
assembly/disassembly and clearance are tightly balanced (Balch et al., 2008).
Ageing is accompanied by a decline in the cellular proteolytic capacity (Cuervo
and Dice, 2000;Friguet et al., 2000) which causes defects in the chaperone
induction, function and capacity (Soti and Csermely, 2003). This, in combination
with the protein damage accumulating during ageing, leads to an overload of
the cellular PQC (Soti and Csermely, 2007), which is even more pronounced
in post-mitotic cells, such as neurons (Macario and Conway de, 2000). This
overload of the neuronal PQC during ageing may be one of the reasons for agerelated onset of several misfolding related neurodegenerative disorders like
Alzheimers- and Parkinsons disease (Goedert and Spillantini, 2006;Spillantini
and Goedert, 2000). In line with this, genetic disorders like polyQ diseases are
also characterized by an age-related onset, usually earlier than non-hereditary
folding diseases due to an earlier occurring imbalance in protein homeostasis
related to the burden of the chronically expressed diseased protein (Rujano et
al., 2007). Therefore, polyQ disorders, which will be in the focus of this thesis,
are also an elegant model for studying chronological ageing.

3.1 PolyQ disorders: general features
PolyQ disorders are diseases of the central nervous system, caused by a CAG
triplet expansion in the affected genes, which lead to protein aggregation,
Introduction
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in which neuronal inclusion formation by the mutant protein hallmarks the
disease (Zoghbi and Orr, 2000;Morimoto, 2008). The 9 neurodegenerative
disorders, caused by these usally unstable trinucleotide tracts are: spinobulbar
muscular atrophy (SBMA, Kennedy disease), Huntington disease (HD),
DRPLA (dentatorubropallidoluysian atrophy) and the spinocerebellar ataxia’s
(SCA1, 2, 3, 6, 7, and 17) (Zoghbi and Orr, 2000). These neurological disorders
are autosomal dominant, except for SBMA which is an X-linked recessive
disease. The disorders usually start in midlife and are slowly progressive, often
leading to wheel chair dependency in 10-20 years and causes an progressive
increasing neuronal dysfunction and neuronal cell loss (Zoghbi and Orr,
2000). Table 1A summarizes the main characteristics of every disorder, and
table 1B and 1C summarize the affected brain regions in every disorder, and
the corresponding symptoms.

3.2 CAG repeat length, AO and possible other (genetic modifiers)
The age of onset (AO) of all polyQ diseases is inversely correlated with the CAG
repeat length: the longer the repeat, the earlier the onset and the severity of the
disease (Zoghbi and Orr, 2000). The expanded repeats are unstable, and tend to
expand further in successive generations, especially when the father is affected,

Table 1A: Characteristics of polyQ disorders
Disorder Gene

CAG <

CAG >

AO

CAG-AO Inclusions

SBMA

Androgen
receptor

9-36

38-62

40

60%

NI

HD

HD gene

1-34

36-121

40

50%

NI and CI

SCA1

Ataxin 1

6-44

39-82

35

66%

NI

SCA2

Ataxin 2

15-24

32- >100

35

73%

CI

SCA3

Ataxin 3

13-36

55-84

40

45-60%

NI (a few CI)

SCA6

CACNA1A

4-18

20-33

50

44%

CI

SCA7

Ataxin 7

4-35

37-306

30

75%

NI

SCA17

TATA binding
protein

25-42

47-63

30

42%

NI

DRPLA

Atrophin-1

7-34

49-88

30

50-68%

NI

Table summarizing the characteristics of each disorder: The mutated gene encoding
the affected protein, the limit for the CAG repeat in normal (CAG<) and disease
(CAG>) conditions, the average age of onset (AO): the age of the patient when the first
signs of disease were observed, (CAG-AO) the percentage in which the CAG repeat
length determines the age of onset, and the localization of the inclusions (NI= nuclear
inclusions, CI=cytoplasmic inclusions).
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Table 1B: Affected brain regions in polyQ disorders
Disorder

Aﬀected regions

SBMA
HD
SCA1
SCA2
SCA3
SCA6
SCA7
SCA17
DRPLA

Anterior horn, dorsal root ganglia
Striatum, cortex
Cerebellum, dentate nucleus, brain stem
Cerebellum, brain stem, fronto-temporal lobes
Cerebellum, basal ganglia, brain stem, spinal cord
Cerebellum, dentate nucleus, inferior olive
Cerebellum, brain stem, macula, visual cortex
Cerebellum, cortex, basal ganglia
Cerebellum, cortex, basal ganglia

1

Table 1C: Main clinical features of the polyQ disorders
Disorder

Main clinical features

SBMA

Motor weakness, swallowing, gynecomastia, decreased fertility

HD

Choreia, dystonia, cognitive deﬁcits, psychiatric problems

SCA1

Ataxia, dysathria, spasticity, cognitive impairments

SCA2

Ataxia, polyneuropathy, slow saccades

SCA3

Ataxia, parkinsonism, spasticity, extra pyramidal signs, polyneuropathy

SCA6

Ataxia, dysarthria, nystagmus

SCA7

Ataxia, blindness, dysathria, extra pyramidal signs

SCA17

Ataxia, cognitive decline, seizures, and psychiatric problems

DRPLA

Ataxia, seizures, choreoathetosis, dementia

Table summarizing the main symptoms of polyQ disorders: Gynecomastia: Abnormal
development of large mammary glands in males. Choreia: Dance like abnormal
involuntary movements. Dystonia: repetitive movements or abnormal postures by
muscle contractions. Dysarthria: poor articulation. Polyneuropathy: simultaneous
malfunction of peripheral nerves. Nystagmus: Involuntary eye movement.
Choreoathetosis: Occurrence of involuntary movements.

leading to earlier age of onset and more severe phenotypes (Schols et al., 2004).
On average, the AO of all polyQ disorders is determined for 40-70% by the
length of the CAG repeat (Schols et al., 2004;Brinkman et al., 1997); this implies
that the rest of the variation is likely to be determined by environmental and
other genetic factors which are thought to modify the course of the disease and
can form the basis for a therapy delaying the AO (Wexler et al., 2004).

Introduction
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3.3 Mechanism of polyQ induced neurodegeneration
As stated above polyQ disorders are a heterogeneous group of
neurodegenerative diseases caused by a CAG expansion in unrelated proteins,
leading the formation of insoluble, granular and fibrous deposits in neurons
containing ubiquitin, proteasomes, transcription factors and molecular
chaperones (Gusella and MacDonald, 2000). These commonalities indicate
that a conserved mechanism of pathogenesis might connect the disorders, but
each with specific elements.
Despite extensive research, the molecular mechanism of polyQ aggregation
and its cellular toxicity is not clear yet. Moreover, the data about the role of
inclusions in polyQ toxicity is contradictive, making it hard to determine
whether inclusions are protective, toxic or both. Below, the various mechanisms
implied in polyQ disease progression will discussed.

3.3.1 Inclusions: pathogenic entities or not
A major hall mark of all polyQ diseases are large inclusions both in the cytosol
and nucleus, consisting of amyloid structures. Evidence for the toxicity of
inclusions is based on the observation that inclusion formation in cultured
cells correlates with cell death (Hackam et al., 1998). Moreover in animals, the
amount of inclusions correlates with the disease progression, increases when
the disease progresses, and is reversed when the expression of the mutant
protein is turned off (Yamamoto et al., 2000). Molecules able to interfere with
the formation of aggregates like Congo red, thioflavin, green tea and trehalose,
have also shown to reduce toxicity in cellular and animal models (Heiser et al.,
2000;Ehrnhoefer et al., 2006;Sanchez et al., 2003;Tanaka et al., 2004), and also
heat shock proteins inhibiting protein aggregation improve the polyQ toxicity
(Hageman et al., 2010).
However, more and more evidence is emerging that inclusions may not be the
primary toxic entities causing the disease (Saudou et al., 1998;Martin-Aparicio
et al., 2001;van Ham et al., 2010). In human post-mortem brain, the presence
of inclusions is not directly correlated with neuronal cell loss, as the highest
number of neurons containing inclusions are found in non-degenerating
neurons (Gutekunst et al., 1999), and degenerated areas sometimes lack
inclusions (Rub et al., 2008). Moreover the HD shortstop mouse model, which
expresses a short fragment of human Htt with an expanded polyQ repeat
show frequent and widespread Htt inclusions in tissues that do not show
pathology (Slow et al., 2005). Also in experimental in vitro cellular models,
inclusions are often not correlated with cell death (Saudou et al., 1998;Kim et
al., 1999;Arrasate et al., 2004;Klement et al., 1999;Huynh et al., 2000;Simeoni
et al., 2000). In fact, recent data by the group of Nollen (van Ham et al., 2010)
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have shown that cells contain an active mechanism to organize inclusion
formation and that mutating or down regulating the genes involved in this
pathway aggravate toxicity in cells and in C. elegans.

1

Notwithstanding these apparent controversies, oligomerization does seem
to be crucial for the pathogenesis of polyQ diseases (Sanchez et al., 2003). It
is assumed that early intermediates in the aggregation pathway (monomers,
disordered oligomeric fragments or aggregates) are the most toxic species
(Bucciantini et al., 2002) and that the formation of inclusions represents a
last attempt of the cells to protect themselves against these toxic species. So,
when the formation of these toxic oligomeric species is attenuated (like in the
case of chaperones: see later), this will also be reflected in reduced inclusion
formation and still be protective. In searches for modulators of disease, it is
therefore always essential to also include endpoints of (cellular) dysfunction
or/and toxicity and not to look at aggregation endpoints only.

3.3.2 Models for neuronal dysfunctional and toxicity
How the toxic species, whether monomeric or higher order aggregates, initiate
a cascade of pathogenic protein-protein interactions that trigger neuronal
dysfunction is still largely unknown. A few of the existing models will be
described below, and are shown in figure 1.

A) Impairment of the protein quality control system
Molecular chaperones and UPS components have been found to be associated
with inclusions in which they may be trapped leading to their loss of function
(Gusella and MacDonald, 2000;Cummings et al., 1998;Chai et al., 1999). In
addition, direct clogging up the proteasome may occur during the digestion of
soluble expanded polyQ proteins (Bence et al., 2001;Venkatraman et al., 2004),
although this has been disputed as well (Ortega et al., 2010;Maynard et al.,
2009;Verhoef et al., 2002). Either one or both of these events, together with a
normal increase in metastable proteins during ageing (Morimoto, 2008) and a
age-dependent decline in these PQC systems, will impair protein homeostasis
leading to a self-perpetuating and progressive global cellular dysfunction,
ultimately causes cell death.

B) Transcriptional impairment/dysregulation
Microarray gene expression profiling has shown that the expression of many
genes is altered in the presence of polyQ proteins, some of which are protein
context dependent, but others seem to be generally dysregulated in all polyQ
diseases (Luthi-Carter et al., 2002). Transcriptional dysregulation and toxicity
could arise from the recruitment of other polyQ containing proteins during the
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Figure 1: Model for neuronal dysfunctional and toxicity. Mutant polyQ proteins
can be cleaved by caspases, leading to misfolding prone polyQ fragments (and when
further degraded by the proteasome, peptides) which form monomers, oligomers and
aggregates which may disturb several cellular processes (see above A-D).

aggregation process into the aggregate that hereby may lose their physiological
function (Preisinger et al., 1999;Chen et al., 2001). Interestingly, a number
of transcriptional regulators become trapped in nuclear inclusions (Cha,
2007;Nucifora, Jr. et al., 2003). For example, the transcriptional co-activator
CREB-binding protein (CBP) is inactivated in polyQ expressing cells and toxicity
can be partially prohibited by its re-introduction (Nucifora, Jr. et al., 2001).
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C) Axonal transport
Perturbations in transport pathways within the long, narrow-caliber axons
are likely to be an early event in (some) polyQ disorders, causing neuronal
dysfunction and eventually neuronal death (Gunawardena and Goldstein,
2005). These axonal transport disruptions have been observed in Drosophila
HD models which are characterized by the presence of aggregate formation
in the cytoplasm and neurites, sequestering other polyQ containing proteins
in the cytoplasm leading to disruption of axonal transport and accumulation
of aggregates at synapses (Lee et al., 2004). Moreover, this phenomenon was
also present in HD mice where degenerated axons were observed with Htt
aggregates associated with degenerated mitochondria (Li et al., 2001), and
dystrophic neurites, which are extracellular structures containing axonal
processes. Consistently, also in brains of e.g. HD and SCA3 patients axonal
inclusions have been detected (DiFiglia et al., 1997;Seidel et al., 2010).

1

D) Membrane integrity and oxidative stress
PolyQ proteins have been shown to induce large, long-lived, non-selective ion
channels on planar phospholipid bilayer membranes (Hirakura et al., 2000).
These aberrant membrane channels may damage the plasma membrane by
running down ionic gradients, discharging membrane potential or allowing
influx of toxic ions such as Ca2+. Moreover, damage to intracellular membranes
such as the lysosomal membrane or the mitochondrial membrane can injure
cells via leakage of toxic enzymes or triggering apoptosis (Kagan et al., 2001).
Excessive Ca2+ entry may also induce an increase in reactive oxygen species
(ROS) caused by stimulation of the oxidative metabolism aimed to gain enough
energy to support the membrane ion pumps clearing the excess Ca2+ (Squier,
2001). There is evidence for increased levels of cellular ROS in cellular models
of polyQ diseases (Wyttenbach et al., 2002), in HD mice (Tabrizi et al., 2000),
and in the parietal cortex of HD patients (Polidori et al., 1999). However, it is
not clear at what stage in the disease ROS formation plays a role and whether
or not it is merely a late consequence occurring in an already (irreversibly)
damaged neuron.
The above mentioned toxicity pathways are not mutually exclusive (e.g.
transcriptional dysregulation could be failure of PQC systems to chaperone
transcription factors) and may both occur in parallel or sequentially (i.e they
are progressive in nature). This may also be relevant to the discussion of
nuclear versus cytoplasmic aggregation as being the most important for polyQ
toxicity. The finding that nearly all polyQ disorders display predominantly
nuclear inclusions has prompted the hypothesis that nuclear aggregation
is required and sufficient for pathogenesis. Indeed, in many experimental
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models, modulating the localization of polyQ proteins has shown effects on
disease manifestation such that preventing nuclear entry attenuates, and forced
nuclear localization enhances cellular toxicity (Saudou et al., 1998;BorrellPages et al., 2006;Yang et al., 2002) and disease onset in mice (Bichelmeier et
al., 2007). Requirement of nuclear aggregation can also easily be reconciled
in terms of the transcriptional dysregulation hypothesis (Cha, 2007) and with
the findings that especially the nucleus is an aggregation-prone environment
(Michels et al., 1995), maybe because chaperone expression is low in the
nucleus, and because systems like autophagy are not operational in nuclei
(Iwata et al., 2005) and therefore the nuclear fragments escape the cytoplasmic
quality control (Breuer et al., 2010). However, one must be aware that cell
death is only a late endpoint in the pathogenesis and that findings that forced
nuclear entry/exit may accelerate/inhibit disease do not exclude that under
normal conditions cytoplasmic events cause early cellular dysfunction that
may proceed towards nuclear events and/or even trigger nuclear entry, which
in turn results in cell death (Hodgson et al., 1999). Indeed, in several polyQ
diseases like SCA2 (Huynh et al., 2000), SCA6 (Ishikawa et al., 1999), HD
(DiFiglia et al., 1997) and even recently in SCA3 (Seidel et al., 2010) protein
aggregates have been identified exclusively or additionally in the cytoplasm.
These cytoplasmic inclusions may impair axonal transport as mentioned above
and thereby contribute to degeneration of nerve cells (Gunawardena et al.,
2003). Moreover, the observed toxicity may be independent of the formation of
aggregates but be caused by destabilization of the microtubules by full-length
mutant Htt (Trushina et al., 2003).

3.4 Brain area specificity
Despite the widespread expression of all of the mutant polyQ proteins
throughout the body, the brain is particularly vulnerable and neurodegeneration
is causative for the devastating symptoms of the disease (Orr and Zoghbi,
2007). Because neurons are post mitotic cells, their ability to cope with
misfolded proteins may be different from that in other tissue which can
proliferate and regenerate. Asymmetric segregation of accumulated protein
damage during cell division (Aguilaniu et al., 2003;Rujano et al., 2006) seems
to serve stem cell rejuvenation and preserve highly regenerative tissues. This
may explain the hypersensitivity of the brain to protein misfolding (Barres
and Barde, 2000). But also within post-mitotic brain areas large differences
in sensitivity toward degeneration seems to exist with each polyQ disorder
showing degeneration in different areas of the brain (Orr and Zoghbi, 2007).
This indicates that function and/or metabolism of the affected protein and the
protein context outside the CAG-repeat plays an important role in cell-type
and area-specific degeneration. So, despite the various communalities between
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the diverse polyQ diseases, there are substantial differences (See table 1A and
1B) between the different polyQ disorders and notable regional differences
that are by far not understood. In the sections below, we shortly summarize
the individual diseases, trying to highlight what are the general and specific
features that characterize them.

1

3.5 Characteristics of the various individual polyQ diseases
3.5.1 Spinal bulbar muscular atrophy (SMBA)
SBMA is the only X-linked recessive polyQ disease, with the CAG expansion
residing in the 5’ prime end of the gen coding for the androgen receptor (AR)
(La Spada et al., 1991). The AR belongs to the nuclear receptor super family
of transcription factors and is a ligand activated regulator of transcription,
responsible for the biological actions of androgenic steroids (Nucifora, Jr. et
al., 2001). In the absence of the ligand, the AR resides in the cytoplasm in
an inactive complex with HSP’s. Upon ligand binding (testosterone), the AR
dissociates from the complex and translocates towards the nucleus where it
activates the transcription of hormone responsive genes (Zhou et al., 1994).
When the AR contains an expanded polyQ stretch, nuclear entry upon
hormone activation results in the formation of nuclear inclusions (Suzuki et
al., 2009). The affected men show a slowly progressive proximal limb and
bulbar muscle weakness and fasciculations (Kennedy et al., 1998). There is an
inverse correlation between the number of CAG’s and AO, and the CAG repeat
length predicts for 60% the AO (Doyu et al., 1992). Expansion of the polyQ
tract mildly suppresses the transcriptional activities of AR and therefore a loss
of function may play a role in the pathogenesis (Quigley et al., 1992;Poletti,
2004). However, mice with an inactivated AR gene do not show a sign of motor
neuronal loss (Ono et al., 1974). Therefore, like in the other autosomal polyQ
diseases, a gain of function must play a crucial role (Suzuki et al., 2009), which
is supported by the findings that ectopic expression of the human polyQ AR
in mice results in clear neuronal dysfunction (Adachi et al., 2001). As stated
above, the mutant AR accumulates in the nucleus and forms NI, composed
of mutant AR, heat shock proteins, components of the UPS and CBP (Abel et
al., 2001), but the presence of these inclusions does not directly correlate with
neuronal toxicity (Adachi et al., 2001). Moreover, neurological dysfunctions
are detectable even in the absence of neuronal loss, suggesting that cell loss
represents a late event in the disease progression (Abel et al., 2001).

3.5.2 Huntington’s disease (HD)
The genetic cause of HD lies in the 5’ end of the gene encoding the protein
Huntingtin (Htt), a 348 kDa protein that is expressed in all mammalian tissues,
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with the highest concentrations in brain and testes and intermediate levels in
liver heart and lungs (Walker, 2007). Htt is expressed from early embryogenesis
throughout the organism’s life (Orr and Zoghbi, 2007). Htt interacts with many
proteins suggesting that the protein is involved in different cellular functions
including clathrin mediated endocytosis, vesicle transport processes in axons,
organization of the postsynaptic density and the modulation of dendrites and
transcriptional regulation. HD is characterized by chorea; abnormal irregular,
fast involuntary movements, memory deficits, and personality changes.
Mainly the medium spiny neurons in the striatum are affected (Zoghbi and Orr,
2000;1993). There is a strong inverse correlation with CAG repeat length and
AO (50%) (Brinkman et al., 1997), indicating that the other 50% of the variance
in AO are determined by other genetic or environmental factors (Wexler et al.,
2004). HD is a dominant disorder and thought to be caused mainly by a gain of
toxic function of the huntingtin protein (Borrell-Pages et al., 2006;Rubinsztein,
2002), shown by the progressive neurological phenotype of transgenic mice
carrying the human exon 1 of the HD gene (Mangiarini et al., 1996). However,
despite the observation that homo- and heterozygote patients show a similar
age of onset (AO) and disease pattern (Wexler et al., 1987), a loss of function
of the wild type protein at least may also contribute to the disease (Cattaneo
et al., 2005). This is supported by the following observations: a) Wild type Htt
is required for many processes crucial to neuronal function; b) Htt knockout
results in embryonic lethality in mice (Zeitlin et al., 1995); c) Adult neurons
in conditional Htt knockout mice degenerate upon Htt depletion (Dragatsis
et al., 2000;Nasir et al., 1995) and d) loss of wildtype Htt in HD mice increases
degeneration and reduces lifespan (Van Raamsdonk et al., 2005). However,
not all knock-out mice models show HD neuropathology (Duyao et al., 1995),
suggesting that loss-of-function may play only a modest role in pathology of
the disease.
An important question in polyQ pathology that was specifically addressed in
HD is the role of the polyQ protein context and protein processing in pathology.
Although polyQ diseases are often referred to as folding diseases, a majority
of the expressed full-length polyQ proteins seems to be soluble and show no
alterations in intracellular distribution. Given its large molecular weight, in
most cellular and animal models only Htt-fragments (typically exon-1) have
been used to study aggregation and degeneration, also because expression
of the full-length Htt generally does not lead to detectable phenotypes or
only very late in life. Indeed, full-length Htt can be cleaved by proteases
and caspases to yield a N-terminal Htt fragment (Wellington and Hayden,
2000;Gafni et al., 2004) which seems an essential step in the pathogenesis as
most elegantly demonstrated in studies from the Hayden group, showing that
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preventing proteolysis at the caspases-6 consensus site of mutant Htt prevents
the development of a HD phenotype (Graham et al., 2006). Another issue
concerns the presence of a proline-rich region (PRR) in the close vicinity of the
polyQ stretch, which is known to be important for the toxic gain of function
of mutant Htt (Southwell et al., 2008). Finally, a recent study has shown that
post-transcriptional modifications play a crucial role: BAC transgenic mice
expressing full-length mutant Htt with serines 13 and 16 mutated to aspartate
(S>D), mimicking phosphorylation, did no longer show the characteristic HD
phenotype, whereas mice expressing Htt with serine 13 and 16 subsitutions to
alanine (S>A) mimicking dephosphorylation, did (Gu et al., 2009). Both mutant
proteins preserve the essential function of huntingtin in rescuing knockout
mouse phenotypes, supporting the idea that full length mutant Htt is not
misfolded or dysfunctional per se. Besides toxicity, the S>D mutations also
prevented the accumulation of aggregates in vitro (Gu et al., 2009). Together,
these data suggest that phosphorylation and proteolysis may be key events in
HD pathology. In fact, it has been suggested that proteasomal degradation of
polyQ proteins may also contribute to disease initiation, if not properly safeguarded. PolyQ containing proteins can be digested by the proteasome, but
the proteasome seems not to be able to degrade polyQ-expanded proteins to
completion in vitro and in vivo (Holmberg et al., 2004;Venkatraman et al., 2004).
Although flanking amino-acids may be removed by exo-peptidases, the polyQ
tracts themselves will accumulate when they are not efficiently degraded by
downstream peptidases. These polyQ peptides are highly aggregation prone
and can act as seeds for aggregation of full length polyQ proteins (Raspe et
al., 2009). An attractive model that can be envisioned combining these data
distinguishes the following steps:

1

»» Turnover of mutant Htt by the proteasome results in the presence of polyQ
peptides in the cell, including axons and dendrites. Limited availability
of chaperones and/or peptidases in the axon terminals initiate aggregate
formation.
»» The axonal aggregates impair the axonal transport and hence lead to
synaptic dysfunction.
»» The synaptic dysfunction leads to neurite-retraction and remodelling,
through the activation of caspases
»» Uncontrolled caspase–cleavage may cleave full length Htt, leading to
N-terminal fragments which itself can shuttle to the nucleus, and may be
degraded by the proteasome leading to more polyQ peptides which can
seed more aggregation.
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»» In a self-perpetuating cycle, more aggregates arise, also nuclear, leading to
disturbances in the cellular mechanisms, and ultimately to neuronal death.
It can be easily envisioned that protein context and posttranscriptional
modifications can affect this cascade at various steps and as such modulate
disease progression. The hypothesis that cytoplasmic event/deficits followed
by cleavage of Htt precedes translocation of the Htt N-terminal fragments to
the nucleus and only then causes neuronal cell death has been supported by
some experimental evidence (Hodgson et al., 1999;Jeong et al., 2009). PolyQ
disorders are characterized by neuronal cell loss of specific brain regions.
However, neuronal dysfunction rather than cell death is responsible for the
(initial) disease symptoms, which is shown by a conditional mouse model for
HD (Yamamoto et al., 2000). In this model it was not only shown that symptoms
occurred without significant neuronal cell loss, but also that symptomatic
changes were reversible upon shutting-off expression of the mutant Htt and
that this recovery occurred in brains that already had accumulated inclusions
(Yamamoto et al., 2000).

3.5.3 Spinocerebellar ataxias (SCA)
SCAs are a heterogeneous group of neurologic disorders characterized by
variable degrees of degeneration of the cerebellum, spinal cord , brainstem
and basal ganglia leading to loss of motor coordination and balance (Zoghbi
and Orr, 2000). Currently there are more than 25 SCA subtypes and for 14
of these disorders the involved genes and underlying mutations have been
identified (Manto, 2005;Schols et al., 2004). Six of these SCA subtypes are
caused by polyQ expansions on which we will focus here. The prevalence of
the different SCA subtypes differs among ethnic and continental populations,
with SCA3 as the most common disorder, followed by SCA1, 2, 6 and 7 (Schols
et al., 2004).

I Spinocerebellar ataxia 1
Spinocerebellar ataxia 1 (SCA1) is caused by a CAG repeat expansion in the
5’ end of gene encoding ataxin-1, an 87 kDa protein (Servadio et al., 1995;Orr
et al., 1993). Ataxin-1 has several interaction partners among which several
transcriptional regulators, including the Capicua homolog CIC, SMRTER,
HDAC1, GFI-1 and RORα. This suggests that ataxin-1 has several functions in
the nucleus, such as transcription regulation and RNA processing (Serra et al.,
2006;Tsuda et al., 2005). SCA1 is characterized by the atrophy and loss of Purkinje
cells of the cerebellar cortex (Zoghbi and Orr, 2009), and patients show slurred
speech, swallowing difficulties, spasticity and cognitive impairments. There is
an inverse correlation with CAG repeat and AO, which predicts for 66% of the
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variation in AO suggesting that also here additional genetic and environmental
factors affect the AO in SCA1 (Ranum et al., 1994). SCA1 pathology involves
a toxic gain of function mechanism as evidenced by the presence of Purkinje
cell degeneration and ataxia in transgenic mice expressing human expanded
SCA1 (Burright et al., 1995), and the lack of signs of neurodegeneration in
SCA1 null mice (Matilla et al., 1995). However, deletion of the wild-type
ataxin-1 enhances pathogenesis of the polyQ-containing allele, suggesting that
a partial loss of function still could contribute to the disease (Crespo-Barreto
et al., 2010). Like for HD, residues outside the polyQ stretch may be important
for SCA1 pathogenicity since phosphorylation of Ser776 greatly affects the
toxicity of mutant ataxin-1 (Emamian et al., 2003), highlighting the importance
of protein context also in SCA1. Intriguingly, mimicking phosphorylation at
Serine776 (S776D) induced toxicity of ataxin-1 with a normal polyQ expansion
(Duvick et al., 2010). This implies that polyQ expansion per se is not required
for ataxin-1 to become pathologic and that either a negative gain-of-function
(transcriptional hyperactivity) may play a role or/and that the S776D mutation
affects processing of the wildtype ataxin-1 to such an extent that even nonexpanded polyQ’s gain a toxic effect (see above). Indeed, siRNA screens in
C. elegans have revealed that non-pathogenic polyQ stretches fused to GFP
can give rise to pathogenesis supporting the latter suggestion (Nollen et al.,
2004;van Ham et al., 2010). Especially for SCA1, it has been argued that the
nucleus is the primary site of pathogenesis. Mice with a mutated ataxin-1
protein lacking an NLS do not develop pathogenesis (Klement et al., 1998).
Unlike for e.g. HD, cytoplasmic inclusions have not been described in SCA1
brains, suggesting that for SCA1 disease initiation occurs in the nucleus. The
reversal of SCA1 pathology by RNAi against ataxin-1 in a SCA1 mouse model
(Xia et al., 2004) suggests that neuronal dysfunction rather than neuronal cell
death causes the initiation of SCA1 symptoms.
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II Spinocerebellar ataxia 2
Spinocerebellar ataxia 2 (SCA2) is caused by a mutation in exon 1 of the gene
encoding ataxin-2 (Pulst et al., 1996;Imbert et al., 1996). Ataxin-2 is mainly
a cytoplasmic protein of 140 kDa with potential functions in RNA splicing
and translation (Shibata et al., 2000) and in actin cytoskeleton organization
(Satterfield et al., 2002). SCA2 is characterized by cerebellar Purkinje cell
degeneration leading to gait ataxia and slow eye saccades (Orozco et al., 1990).
AO is inversely correlated with CAG repeat length, the CAG repeat accounting
for 73% in the variation in AO (van de Warrenburg et al., 2005). Also SCA2 is
thought to be caused mainly by a toxic gain of ataxin-2 function (Huynh et al.,
2000), since SCA2 knockout mice are viable and show no phenotype (Kiehl et
al., 2006). Consistent with its localization, human SCA2 brains contain mainly
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cytoplasmic and nearly no nuclear aggregates (Huynh et al., 1999). This not
only suggest that cytoplasmic events can be of prime importance for polyQ
pathology, but also suggest that not in all cases processing of polyQ proteins
will result in nuclear entry and subsequent toxicity.

III Spinocerebellar ataxia 3
Spinocerebellar ataxia 3 (SCA3), or Machado Joseph Disease (MJD) is caused
by a polyQ expansion in the gene coding for the protein ataxin-3 (Kawakami et
al., 1995), a 42 kDa protein that resides both in the nucleus and cytoplasm (Tait
et al., 1998;Trottier et al., 1998). Ataxin-3 contains a Josephin domain and two
ubiquitin interacting motifs (UIM) (Scheel et al., 2003;Hofmann and Falquet,
2001), which exhibit deubiquitinating (DUB) activity (Burnett et al., 2003) and
bind to polyubiquitinated proteins respectively (Chai et al., 2004). Moreover
ataxin-3 interacts with VCP/p97 (Zhong and Pittman, 2006), an AAA ATPase
that is responsible for shuttling a large amount of polyubiquitinated proteins
to the proteasome. In addition, ataxin-3 associates with the proteasome (DossPepe et al., 2003). All of this links ataxin-3 function to protein surveillance
pathways (Chai et al., 2004;Winborn et al., 2008). Besides such a function,
ataxin-3 might also be involved in transcriptional repression, by binding to
the transcriptional co-activators CBP, p300 and PCAF (Li et al., 2002). SCA3
manifestations include gait, stance, and limb ataxia, dysarthria and dysphagia,
extra pyramidal and pyramidal symptoms and polyneuropathy (Paulson,
2007). As for all polyQ disorders, in SCA3 the AO has been inversely correlated
with the CAG repeat expansion (Gusella and MacDonald, 2000) with 45-60% of
the variance in the AO determined by the CAG repeat (Riess et al., 2008). SCA3
was originally thought to be a caused by a toxic gain of function of mutant
ataxin-3 (La Spada et al., 1994). Indeed, homozygotes have been reported to be
more severely affected than heterozygotes (Sobue et al., 1996;Lerer et al., 1996)
suggesting that the toxic load of mutant ataxin-3 increases pathology or that
the normal function of ataxin-3 may modulate disease. Given its presumed
role in PQC, this could indeed be the case and consistently wildtype ataxin-3
was shown to protect against toxicity in a Drosophila model for SCA3 (Warrick
et al., 2005), suggesting that ataxin-3 pathology may therefore be a combined
effect of a toxic gain and a loss of normal function of ataxin-3. Unexpectedly,
however, ataxin-3 knockout mice (Schmitt et al., 2007) and C.elegans strains
(Rodrigues et al., 2007) did not show any pathological abnormalities, apart
from increased levels of ubiquitinated proteins, suggesting that a toxic-gainof function is required to initiate disease. Moreover, recent data showed that
over expression or knockdown of wildtype ataxin-3 in a rat model for SCA3
did not modify SCA3 pathology (Alves et al., 2010) questioning the role of
wildtype ataxin-3 in SCA3 pathology in general and the role of loss of ataxin-3
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function in disease pathogenesis in particular. Like for HD, both NI (Chai et
al., 1999) and cytoplasmic inclusions (Seidel et al., 2010) are found in SCA3 and
inclusions contain, in addition to the mutant protein, components of the UPS,
HSPs and transcription factors (Gusella and MacDonald, 2000). Also in SCA3,
NI are not per se the toxic entities as they are both present in degenerated areas
and spared regions of human SCA3 brains (Rub et al., 2008). However, like
for HD and SCA1, nuclear localization seems important for SCA3 pathology,
since transgenic SCA3 mice with ataxin-3 targeted to the cytoplasm showed
a milder, slower progressive phenotype than mice with ataxin-3 targeted
towards the nucleus (Bichelmeier et al., 2007). But as mentioned for HD,
this not necessarily excludes the involvement of cytoplasmic aggregation
events in SCA3 pathology. Also for SCA3, conditional models have revealed
that the phenotype is partially reversible when expression of ataxin-3 was
turned off even in symptomatic mice (Alves et al., 2010). Also, allele specific
silencing of mutant ataxin-3 by RNAi severely diminished the severity of
the neuropathological abnormalities in already symptomatic mice (Alves
et al., 2008), suggesting that just like HD and SCA1, (reversible) neuronal
dysfunction is symptomatic and precedes (irreversible) neuronal cell death.
This use of siRNA strategies to counteract disease has become an intriguing
therapeutic option for polyQ diseases based on these initial findings in SCA3
mice. Whereas in some cases allele specific knockdown could also be possible
in human using certain existing SNP variants (Alves et al., 2008), this may
not always be possible, excluding some SCA3 patients. However, the wild
type function of the affected polyQ protein may not be essential, as shown
by ataxin-3 knockout mice (Schmitt et al., 2007) and a SCA3 rat model where
knockout of wt-ataxin-3 didn’t affect toxicity (Alves et al., 2008), therefore
allele specific knockdown may however not be required.
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IV Spinocerebellar ataxia 6
Spinocerebellar ataxia 6 (SCA6) is caused by a CAG expansion in exon 47 of
the CACNA1A gene encoding the alpha 1A subunit (CaV2.1) of the P/Q type
voltage gated calcium channel (VGCC) (Zhuchenko et al., 1997). The CAG
repeat is located in the C-terminus of the alpha1A subunit, which is the main
pore forming unit of the channel, which may alter its function (Zhuchenko et
al., 1997). SCA6 is a late onset disorder with an average onset of approximately
50 years (Geschwind et al., 1997) and progresses usually slowly and does not
shorten lifespan but most patients do become wheelchair bound by their
late 60s (Kordasiewicz and Gomez, 2007). SCA6 patients suffer from a rather
severe form of cerebellar ataxia due to selective Purkinje cell degeneration
(Gomez et al., 1997). Also in SCA6, AO is inversely correlated with the length
of the glutamine expansion with 44% of the variance in the AO determined
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by the CAG repeat (van de Warrenburg et al., 2005). Since SCA6 is caused
by a small polyQ expansion ranging from 20-28 repeats, it is suggested that
the disorder may not only be due to an aggregation-related, toxic gain-offunction but also due to loss of function of the VGCC, which is essential for
neurons (Mori et al., 1991). Despite the fact that the disease progression is
almost similar in hetero- and homozygotes (Ikeuchi et al., 1997;Geschwind
et al., 1997;Takahashi et al., 2004), mutations in, and knockout mice of the
CACNA1A gene show phenotypes ranging from severe ataxia and premature
death to ataxia and epilepsy (Todorov et al., 2006;Fletcher et al., 2001;Jun et al.,
1999) suggesting that loss of function may contribute to SCA6 pathogenesis.
Moreover, SCA6 knock-in mice with an hyperexpanded (Q84) polyQ stretch
developed motor impairment (Watase et al., 2008) and these mice showed that
mutant CaV2.1 with expanded polyQ form insoluble cytoplasmic aggregates
in the cerebellum in an age, and allele-dose dependent manner (Watase et
al., 2008). These data suggest that SCA6 pathogenesis besides a loss of
function, also involves a toxic gain-of-function mechanism associated with
accumulation of expanded polyQ proteins (Pietrobon, 2010). As argued above,
small polyQ expansions may also become toxic under certain conditions and
rather than assuming an absolute threshold of above 40 repeats for polyQ
toxicity (Perutz, 1995), relative changes within a certain protein in relation to
its natural processing may determine when expansions lead to the initiation
of pathogenic aggregates. Supporting this hypothesis, also SCA6 brains are
characterized by the presence of (predominantly) cytoplasmic inclusions
(Ishikawa et al., 1999;Seidel et al., 2010).

V Spinocerebellar ataxia 7
Spinocerebellar ataxia (SCA7) is characterized by a CAG expansion in the
gene coding for ataxin-7 (david 1997 9288099), a member of TATA-binding
protein-free TATA-binding protein-associated factor (TAF)-containing
complex (TFTC) and SPT3/TAF9/GCN5 acetyl transferase complex (STAGA)
multiprotein complexes involved in histone acetylation (Helmlinger et al.,
2004;McMahon et al., 2005;Palhan et al., 2005). SCA7 is characterized by
retinal-cerebellar atrophy causing a retinal degeneration phenotype and
ataxia (Martin et al., 1994;David et al., 1997). SCA7 is distinct from the other
polyQ disorders because of its dramatic intra-generational differences, which
can cause a difference in CAG repeats in a father/son transmission of >200
repeats (Benton et al., 1998). Related to this, the clinical severity in SCA7
ranges from infantile-onset with early death, to onset in elderly with slowly
progressive ataxia (Garden and La Spada, 2008). There is a strong inverse
correlation between the age of onset and CAG repeat length, with 75% of the
variance in the AO determined by the CAG repeat (David et al., 1997;Storey
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et al., 2000). Also for SCA7, a toxic gain of function is thought to be the main
cause of pathogenesis as supported by the severe degenerative phenotype of
the knock-in ataxin-7 mice (Garden et al., 2002). However, since no ataxin-7
knockout models exist and to our knowledge, no data on homozygous
patients are available, a contribution of a loss of ataxin-7 function cannot
be excluded. Like Htt and ataxin-3, also ataxin-7 can be cleaved by caspases
(caspase-7 in this case) and this cleavage can modulate toxicity (Young et al.,
2007). Consistently, N-terminal truncated fragment of ataxin-7 can be found in
inclusions in brains of SCA7 mice (Garden et al., 2002). These, mainly nuclear,
inclusion in SCA7 are again present in degenerated and non-degenerated brain
areas further supporting that inclusion body formation per se is not associated
with neuronal cell loss (Holmberg et al., 1998). A conditional SCA7 Drosophila
model furthermore showed that also the SCA7 phenotype, characterized by a
decrease in locomotion and lifespan but limited cell death, is reversible even
after symptoms had developed. Again this supports that neuronal dysfunction
precedes neuronal cell death and that therapies may be possible even when
symptoms are already present (Latouche et al., 2007).
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VI Spinocerebellar ataxia 17
Spinocerebellar ataxia 17 (SCA17), or Huntington’s disease-like-4 (HDL4) is a
rare neurodegenerative disease caused by a CAG repeat expansion in the gene
encoding the TATA box binding protein (TBP) (Koide et al., 1999). TBP is an
important and general transcription initiation factor (Kao et al., 1990;Rigby,
1993), and the DNA-binding subunit of RNA polymerase II transcription
factor D (TFIID), the multi subunit responsible for the expression of most
genes (Green, 2000). The disease is characterized by progressive cerebellar
ataxia, pyramidal and extra pyramidal signs, cognitive impairments, psychosis
and seizures (Nakamura et al., 2001). Also for SCA17 an inverse correlation
between the age at onset and CAG repeat length exists with 42% of the variance
in the AO determined by the CAG repeat (Rolfs et al., 2003). Also for SCA17
a toxic gain of function mechanism most likely underlies pathogenesis (Gao
et al., 2008). Although TBP knockout mice are embryonic lethal (Martianov
et al., 2002), humans affected in both alleles show no difference in disease
onset nor progression that heterozygous patients (Toyoshima et al., 2004).
Also in SCA17 mainly intranuclear inclusions are found containing HSPs
and ubiquitin (Nakamura et al., 2001) in affected and unaffected brain areas.
Moreover inclusions are largely absent in the severely degenerated Purkinje
cells (Rolfs et al., 2003), again in line with the idea that inclusion per se are not
the toxic entities. Rather, a link between the density of diffuse nuclear staining
and cell loss was observed (Bruni et al., 2004).
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VII dentatorubral-pallidoluysian atrophy
DRPLA is caused by a CAG repeat expansion mutation in the gene encoding
the evolutional conserved transcription regulator atrophin-1 and the disease
is characterized by ataxia, chorea, seizures, in coordination and dementia
(Naito and Oyanagi, 1982). Also in DRPLA there is an inverse correlation with
AO and CAG repeat length, with repeat length determining for 50-68% the
variation in AO (Potter, 1996). Ectopic expression of human polyQ atrophin1 induces a DRPLA-like neurodegenerative phenotypes in mice (Sato et al.,
1999;Schilling et al., 1999) whilst mice lacking atrophin-1 show no phenotype
(Yu et al., 2009). So, also here the toxic gain-of-function most likely causes
disease. Also in line with most other polyQ diseases, mostly nuclear inclusions
are formed in DRPLA, but diffuse nuclear accumulation of mutant atrophin-1
rather than the inclusion formation is associated with toxicity (Yu et al., 2009).

3.5.5 Similarities and differences in polyQ disease
Table 1A, B and C summarize the major characteristics of the polyQ disorders
described above. All disorders are caused by a CAG repeat expansion mutation
in different proteins with often multiple functions like transcriptional
regulation (AR, Htt, ataxin-1, ataxin-2, ataxin-3, atrophin-1), transcription
initiation (TBP), clathrin mediated endocytosis (Htt), vesicle transport (Htt),
modulation of dendrites (Htt), RNA processing/splicing (ataxin-1, ataxin2), organization of the cytoskeleton (ataxin-2), deubiquitination (ataxin-3),
calcium channel (CACNA1A) and histone acetylation (ataxin-7). It is striking
that several of these proteins are involved in transcription, which may also
explain the observed transcriptional dysregulations in these diseases (LuthiCarter et al., 2002) and which may suggest that in addition to a toxic gain of
function of the aggregates, also loss of function mechanisms contribute to the
pathologies.
Whereas for all polyQ disorders a correlation between the CAG repeat length
and the AO is observed, the contribution of other modifying factors appears
somewhat less for SCA1, SCA2 and SCA7 compared to HD, SCA3, SCA6 and
SCA17. It is not clear what causes these differences between the disorders.
All polyQ disorders are characterized by the presence of both nuclear and
cytoplasmic aggregates and for most of them protein (SBMA, HD, SCA1,
SCA3, DRPLA, and SCA17) forced nuclear localization of the mutant is
associated with accelerated pathology. Interestingly, in all the investigated
disease models the symptoms appeared to be reversible when the expression
of the mutant proteins was inhibited, suggesting that for all disorders neuronal
dysfunction rather than cell death is causing the (early) disease symptoms.
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4. Heat shock proteins and polyQ diseases
As already been mentioned above, HSP play a central role in protein
homeostasis, and by preventing aggregation they maintain proteins
competent for folding or degradation. Given that most polyQ proteins seem
to have gained a toxic function that induces protein aggregation, expression
of HSPs may be crucial in the progression of polyQ diseases. On one hand,
decline of HSP expression during aging may relate to onset of disease. Indeed,
the cellular ability to boost HSP levels through HSF-1, the stress regulated
transcription factor, seems to decline with age (Heydari et al., 2000) and HSF1knockout in C. elegans accelerates disease onset (Hsu et al., 2003;Morley and
Morimoto, 2004). On the other hand, elevating HSP expression may inhibit
disease progression (see below). At this point, it is also important to note that
the family of heat shock proteins is not only highly diverse (see at 2), but that
several members are in fact not regulated by HSF-1 (i.e., they are not stressinducible). This implies that they may be boostable even in (aged) cells in
which HSF1 function has attenuated.

1

Below a summary is provided on the data available in the literature concerning
the role of the HSP families studied in this thesis (HSP70 (HSPA), DNAJ and
small HSPB, see table 2A-2E).

4.1 Elevating the general HS-response and polyQ
Elevating the general HS-response (HSR) by several pharmacological
components has been shown to be protective in several polyQ models (Table
2A). Geldanamycin (GA), a benzoquinone ansamycin that binds to HSP90 and
activates the heat shock response in mammalian cells, was found to reduce
Htt aggregation in cells in a manner that was related to the magnitude of
HSR induction (Sittler et al., 2001). Similarly, pharmacological induction of
HSR in organotypic brain slices of HD mice could alter the soluble properties
of the polyQ aggregates (Hay et al., 2004). Moreover, 17-(allylamino)-17demethoxygeldanamycin (17-AAG, a geldanamycin derivative) induced HSP
expression in a HSF-1 dependent way and suppressed the eye degeneration and
lethality in a Drosophila SCA3 model, and also suppressed neurodegeneration
in HD flies (Fujikake et al., 2008). HSR induction by the non-toxic antiulcer
drug geranylgeranylacetone (GGA) resulted in the suppression of cell death
and accumulation of pathogenic AR in a SBMA cell model. Moreover, GGA
was also effective in SBMA mice: it suppressed the nuclear accumulation
of the pathogenic AR protein and delayed the degenerative neuromuscular
phenotypes (Katsuno et al., 2005).
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Table 2A: Effects of induction of HSF-1 on polyQ models
HSP

PolyQ Model

HSF-1 HD
HD

Cells

Compound

NI

Geldanamycin (GA)

↓

239

↓

104

Brain cultures Geldanamycin

Degen. Death Ref.

SBMA Cells

Geranylgeranylacetone

↓

SBMA Mouse

Geranylgeranylacetone

↓

SCA3 Drosophila

17-AAG

↓

HD

17-AAG

↓

Drosophila

↓

137
137

↓
↓

74
74

NI = nuclear inclusion, Degen.= neurodegeneration

These data demonstrate that (coordinated) up-regulation of the HSR, via
HSF-1 dependent mechanisms, can improve proteostasis in cells expressing
misfolded proteins and that this has beneficial effects on neurodegeneration
for a range of polyQ disorders. However, given the potential side effects of
chronic HSR up-regulation it remains to be seen whether such compounds
may find their way to clinical applications in polyQ diseases. Also, it is unclear
which members of the stress proteins induced by the HSR are responsible for
the observed protective effects and whether or not there are (other) members
within the family of HSP that are particularly efficient in executing anti-polyQ
actions. Below, the existing literature data on the role of individual HSPs in
polyQ diseases will be summarized.

4.2 HSPA1A (HSP70) and PolyQ
The heat-inducible HSP70 is one of the most intensely studied proteins in
suppressing polyQ toxicity. HSP70 is found associated with nuclear inclusions
in polyQ mouse models and human brain tissue (SCA1, SCA3 and HD), and
has shown to be protective in several polyQ disorders (see table 2B).

SCA1
Overexpression of HSP70 suppressed the retinal toxicity in Drosophila SCA1
models (Ghosh and Feany, 2004) and transgenic HSP70 mice showed an
improved behavioral phenotype and suppression of the neuropathological
SCA1 phenotype (Cummings et al., 2001). However, this occurred without
any effect on the nuclear inclusions. This not only further demonstrates that,
at least in SCA1, toxicity is not exclusively related to the presence of nuclear
inclusions (Cummings et al., 2001), but also showed that the HSP70 effect not
directly interferes with the formation of SCA1 aggregates. Rather the ectopic
HSP70 may compensate for the depletion of endogenous HSP70s (trapping in
aggregates) hereby restoring overall protein homeostasis.
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Table 2B: Effect of HSPA1A and HSPA8 induction in polyQ pathology
HSP

PolyQ

Model

System

HSPA1A SCA1
SCA1
SCA3
SCA3
SBMA
SBMA
HD
HD
HD
HD
HD
HD
SCA7
SCA7

Drosophila
Mouse
Drosophila
Drosophila
Cell
Mouse
Cell
Test tube
Cell
Drosophila
Mouse
Mouse
Cell
Mouse

Overexpression
Overexpression
Overexpression
Knock out
Overexpression
Overexpression
Overexpression
Puriﬁed proteins
Overexpression
Overexpression
Overexpression
Knockout
Overexpression
Overexpression

HSPA8

Drosophila
Cell

Overexpression
Overexpression

SCA3
HD

NI

Degen. Death
↓

=
=

↓
↓
↑
↓

↓
↓
=/↓
↓
=
↓
=

=

=

↑

↓
=

=

=

=

↓

↓

↓

Ref.

1

83
54
83, 287
87
13, 145
3
128, 239
182
98, 220
42
99, 104
275
107
107
92
128

SBMA
In cellular models for SBMA, HSP70 overexpression somewhat reduced the
aggregate formation, presumably by enhancing the degradation of mutant AR
(Bailey et al., 2002). However, this effect was mainly related to co-expression
of DNAJB1 (see below). HSP70 also reduced mutant SBMA toxicity in cell
models (Kobayashi et al., 2000) and ameliorated the motor phenotype in
SBMA mice. Also, the level of monomeric mutant AR was lowered by HSP70
overexpression. However, in contrast to the data obtained in cells, this decrease
of soluble mutant AR was not accompanied by a decrease in the amount of
nuclear inclusions (Adachi et al., 2001). As such, the (small) delay in disease
onset may be indirect via mechanism as suggested above for SCA1.

SCA3
Concerning the effect of HSP70 on SCA3 only a Drosophila SCA3 model has
been described in literature, where HSP70 overexpression modulated polyQ
induced neurodegeneration, which again (like in SCA1 and SBMA) occurred
without a visible effect on NI formation (Warrick et al., 1999). Inversely,
depletion of HSP70 enhanced the degenerative phenotype of the eyes (Warrick
et al., 1999;Gong and Golic, 2006).
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HD
In cell models for HD, contradicting data were observed considering the
ability of HSP70 to suppress aggregate formation: whereas in mouse neuro2a
cells which stably expressed exon1 Htt Q150, HSP70 overexpression had no
effect in aggregation (Jana et al., 2000), Htt Q51 aggregation in COS-1 cells
was reduced by HSP70 (Sittler et al., 2001), and in an in vitro assay HSP70
suppressed the formation of HDQ53 amyloid-like fibrils (Muchowski et al.,
2000). In contrast, overexpression of the human HSP70 (HSPA1A) in cultured
cells did not show any effect on inclusion formation by Htt Q74 nor HttQ119
(Rujano et al., 2007;Hageman et al., 2010). Taking together, it seems that in
cells, HSP70 is only capable of preventing aggregation of Htt with smaller
polyQ stretches.
HSP70 effects on HD were also tested in various animal models. In Drosophila,
HSP70 overexpression, suppressed Htt-Q120-related photoreceptor
degeneration, yet with an unknown effect on the aggregate formation (Chan
et al., 2000). In contrast, however, HSP70 overexpression had no effect on the
pathology of the HD R6/2-transgenic mice: apart from a small delay in loss
of body weight, these HSP70 transgenic HD mice did not show improved
brain morphology, nor a delay or reduction in locomotor function or survival
(Hansson et al., 2003;Hay et al., 2004). Yet, HSP70 knock-out in R6/2 mice did
aggravate the HD phenotype albeit without an effect on inclusion formation
(Wacker et al., 2009), suggesting that loss of HSP70 (for normal protein folding)
may induce synthetic lethality in conjunction with mutant HD expression,
which is supportive for the model of overall proteostasis playing a role in the
cellular functionality and survival.

SCA7
In SCA7, expression of HSP70 did efficiently suppress mutant ataxin-7
aggregation in cells, but it did not prevent neuronal toxicity or aggregate
formation in SCA7 mice. Interestingly nuclear inclusions in SCA7 mice were
composed of a cleaved mutant ataxin-7 fragment, whereas they contained the
full-length protein in transfected cells, suggesting that ataxin-7 processing is
different in the in vitro than in the in vivo situation. Moreover the fact that
HSP70 is not recruited into the NI in SCA7 suggests that HSP70 is likely not
able to recognize these N-terminal fragments (Helmlinger et al., 2004).
Combining the data for all polyQ models leads to the conclusion that HSP70
overexpression can prevent aggregation of (shorter or non-processed) polyQ
in short-term cell and Drosophila models. However, HSP70 cannot suppress
the formation of aggregates in long-term mouse models in which polyQ
aggregation may depend more on proteolytic processing. The (small) delays
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in toxicity or degeneration by HSP70 overexpression as seen in some models,
all seem unrelated to direct effects on the aggregating polyQ proteins and
rather may be due to indirect effects of HSP70 on overall protein homeostasis.
The effects of HSP70 overexpression have been relatively disappointing and
searches for stronger suppressing members within the HSP protein families
seem desirable.

1

4.3 HSC70 (HSPA8) and polyQ
In contrast to the stress inducible HSP70 (HSPA1A in humans), the potential
suppressive role of the constitutively expressed HSC70 (HSPA8 in humans)
has not been investigated in much detail. HSPA8 has been shown to be a
moderate suppressor of HD inclusions in a cellular model for HD (Jana et al.,
2000). Moreover, mouse HSC70 restored the axonal transport defect caused by
axonal ataxin-3 inclusions in the nerves of Drosophila SCA3 larvae, and, in line
with this, suppressed neuronal death (Gunawardena et al., 2003).
Since, to our knowledge, no HSC70 transgenic mice have been generated
to date, it remains to be seen whether HSC70 could also effectively delay
progression of polyQ disease in mouse. However, given that HSC70 and
HSP70 are highly homologous proteins with close to identical biochemical
characteristics (Kampinga and Craig, 2010), it is unlikely that HSC70 may be a
better protector than HSP70 against polyQ pathology.

4.4 DNAJ and polyQ
The DNAJ proteins have been suggested to drive the functionality of the
HSP70 machine (Kampinga and Craig, 2010). In addition to regulation of the
HSP70 ATPase, several members have substrate binding capacities that largely
vary in structure and putative client specificity between the different members
(Kampinga and Craig, 2010). Just like HSP70, certain members of the HSP40
family are present in nuclear inclusions in polyQ mouse models and postmortem human brain tissue (SCA1, SCA3 and HD).
When this project was started, only three members of the large human DNAJ
family had been extensively studied for their suppressive effect on polyQ
toxicity; DNAJA1 (Hdj2), DNAJB1 (HSP40 or Hdj1) and DNAJB2 (Hsj1). Their
effects are shortly summarized below (see table 2C).

DNAJA1 (Hdj2) and polyQ
In a HeLa SCA1 cell model, overexpression of DNAJA1 has been shown to
decrease the frequency of ataxin-1 aggregation (Cummings et al., 1998).
Moreover, in a SCA1 Drosophila model, overexpression of the Drosophila
homolog of DNAJA1 suppresses SCA1 toxicity and altered the size of the
Introduction
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nuclear inclusions (Fernandez-Funez et al., 2000). Also, in a neuronal cell
model for SCA3, DNAJA1 was shown to suppress polyQ aggregation with
a concomitant decrease in toxicity (Chai et al., 1999). Overexpression of
DNAJA1 in a SBMA tissue culture model decreased aggregate formation
(Stenoien et al., 1999), but this reduction in aggregate formation and toxicity
was minor compared to the effect of HSP70 (Kobayashi et al., 2000). In contrast
to the protective effects in SCA1, SCA3 and SBMA models, over expression of
DNAJA1 did not reduce HD inclusion formation in PC12, SH-SY5Y, and COS-7
cells (Wyttenbach et al., 2000) or HEK293 cells (Hageman et al., 2010) and it
did not suppress neurodegeneration in Htt flies (Chan et al., 2000). In SCA7
mice, despite the suppressive effect on SCA7 aggregation in cells, DNAJA1
was not effective against aggregation and toxicity (Helmlinger et al., 2004). So,
the potential of DNAJA1 seems largely comparable to that of HSP70s, which
implies that, in general, it likely is not a very powerful suppressor of polyQ
pathogenesis and therefore not a highly interesting target for therapy.

DNAJB1 (HDJ1) and polyQ
Both in SCA1 and SCA3 Drosophila models, overexpression of DNAJB1
reduced aggregation and retinal degeneration (Ghosh and Feany, 2004;Chai
et al., 1999). Also the Drosophila ortholog of DNAJB1 (dHDJ1) reduced SCA3
neurotoxicity, albeit without altering the formation of NI’s (Chan et al., 2000).
DNAJB1 also suppressed AR aggregation and toxicity in cell models, probably
by enhancing the degradation of soluble AR (Bailey et al., 2002;Kobayashi et
al., 2000). DNAJB1 was also protective against HD aggregation and toxicity in
various cellular models (Muchowski et al., 2000;Rujano et al., 2007). Clearly, the
DNAJB1 action was fully dependent on its interaction with HSP70 members,
as J-domain mutant without full functional collaboration with HSP70 were
ineffective (Hageman et al., 2010). The protective effect of DNAJB1 against Htt
aggregation was also lost when longer polyQ stretches were used (Hageman
et al., 2010). Yet, DNAJB1 could also partially suppress neurodegeneration in
HD flies (Chan et al., 2000).
So, overall DNAJB1 seems a rather generic suppressor of polyQ aggregation
and toxicity. Albeit dependent on interaction with HSP70s, its action generally
does not require HSP70 co-upregulation. Given the fact that DNAJB1 is the
most abundantly expressed DNAJB member, including brain (Hageman
and Kampinga, 2009), it may represent a first line of defense against polyQ
pathology that, in the course of time or/and when the folding problems exceed
its capacity (longer Q stretches), fails.
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DNAJB2 (HDJ1) and polyQ
DNAJB2 (Hsj1) is a DNAJ member that is highly expressed in neuronal
cells (Cheetham et al., 1992). In fact, it is expressed in two isoforms, a short
cytoplasmic version (DNAJB2a) and a longer, ER-associated form (DNAJB2b).
These proteins are found to accelerate degradation of a variety of clients in
cells, including rhodopsin and polyQ proteins (Chapple et al., 2004;Chapple
and Cheetham, 2003). DNAJB2 both contain DNAJ domains and ubiquitin
interacting motifs, and have been found to be suppressors of AR aggregation
in a neuronal cell culture model and to suppress inclusion formation in the
striatum of lentiviral injected rats by facilitating the degradation of misfolded
proteins by the UPS (Howarth et al., 2007).

1

All in all, DNAJ proteins seem to be potential targets for therapy, although
the potential against polyQ aggregation may differ for the various members.
DNAJA members generally are weak suppressors and, if this is the case,
seem to only keep polyQ proteins competent for degradation, in conjunction
with HSP70s, via stochastic binding-release cycles (Kampinga and Craig,
2010). DNAJB members usually have stronger activities, which may relate to
their different C-terminal motifs for client binding as compared to DNAJA
(Kampinga and Craig, 2010). DNAJB2 may be a stronger suppressor of
aggregation than DNAJB1 as it actively can target clients to the proteasome
whilst DNAJB1 stimulates their folding (Kampinga and Craig, 2010). Neither
DNAJB1 nor DNAJB2 require HSP70 up-regulation for being active, but they
do need to interact with HSP70 to be able to suppress aggregation.

4.5 HSPB and polyQ
Several members of the human HSPB proteins (in particular HSPB1 and HSPB5,
but also HSPB8) have been found to be upregulated in neurodegenerative
disorders, including Creuzfeldt-Jacob’s disease, Alzheimers disease,
Parkinson’s disease, Huntington’s disease, as well in multiple sclerosis and
several other neurological disorders (Horwitz, 2000;Iwaki et al., 1992). In
addition, mutations is several HSPB members have been shown to be causative
to disease (often neuromuscular or neurosensory disorders) and to be generally
associated with problems in protein quality control (Vos et al., 2008). As will be
described below, some members of the HSPB family have also been reported to
have suppressive activities in polyQ pathologies (Table 2C).

HSPB1 and polyQ
HSPB1 is the first identified member of the small heat shock family and
studied most extensively. HSPB1 is found to be up-regulated in many
neurodegenerative disorders like Creutzfeld Jacob’s disease, Parkinson’s
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Table 2C: Effect of DNAJB1 induction in polyQ pathology
HSP

Alt. name PolyQ Model

System

NI Degen. Death Ref.

DNAJA1 HDJ2

SCA1

Cell

Overexpression

↓

HDJ2

SCA1

Drosophila Overexpression

↓

HDJ2

SCA3

Cell

Overexpression

↓

↓

41

HDJ2

SBMA Cell

Overexpression

↓

145

HDJ2

HD

Cell

Overexpression

= ↑

↓

HDJ2

HD

Drosophila Overexpression

HDJ2

SCA7

Cell

HDJ2
DNAB1 HDJ1
HDJ1

SCA7
SCA1
SCA3

70

289

=

Overexpression

↓

Overexpression

=

42
107

=

107

↓

83

Overexpression

↓

↓

41

Drosophila Overexpression

=

↓

83

Mouse

Drosophila Overexpression
Cell

HDJ1

SCA3

HDJ1

SBMA Cell

Overexpression

↓

HDJ1

HD

Cell

Overexpression

↓

HDJ1

HD

Drosophila Overexpression

DNAJB2 HSJ1

53

↓

SBMA Cell

Overexpression

↓

↓

13, 145

↓

128, 239

↓

42
118

disease, Alzheimer’s disease, and ALS (Chang et al., 2005;Renkawek et al.,
1992;Shinohara et al., 1993;Renkawek et al., 1999;Vleminckx et al., 2002), but
also in e.g. SCA3 (Evert et al., 2003;Chang et al., 2005). Mutations in HSPB1 have
been associated with two types of inherited peripheral neuropathies, distal
hereditary motor neuropathy (dHMN) and Charcot-Marie-Tooth disease type
2 (CMT2) (Evgrafov et al., 2004), disorders in which the axons are damaged,
leading to disruption of the axonal transport. The functional role of HSPB1
in these disorders is not known, but overexpression of mutant HSPB1 has
been associated with the destabilization of the intermediate filament network,
which damages neurons (Evgrafov et al., 2004).
In cell culture models, HSPB1 reduces mutant huntingtin-induced reactive
oxygen species formation and weakly suppresses Htt-associated cell death, but
all of this occurs without detectable effects on aggregate formation (Wyttenbach
et al., 2002;Carra et al., 2005). Yet, in a lentiviral-induced HD rat model, HSPB1
expression was reported to change the size and distribution of the aggregation
pattern (from several large inclusions to more small aggregates) in parallel,
neuronal toxicity, as monitored by the reduced expression of DARPP-32, was
reduced (Perrin et al., 2007). However, no reduction of Htt phenotype (inclusion
40

formation, oxidative stress in the brain, pathology, motor deficits) were seen in
crosses of transgenic R6/2 HD mice with HSPB1 mice (Zourlidou et al., 2007).
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HSPB4 and HSPB5
HSPB4 (αA-crystallin) and HSPB5 (αB-crystallin) are the main structural
proteins of the mammalian lens, and are responsible for maintaining the lens
transparency by serving as structural elements and molecular chaperones (Sun
and MacRae, 2005). Mutations in both proteins cause protein instability and
aggregation, resulting in cataract (Bloemendal et al., 2004;Sun and MacRae,
2005). Moreover, HSPB5 is also expressed in cardiac and skeletal muscle (Bhat
and Nagineni, 1989). In line with this, a mutation in HSPB5 causes desminrelated myopathy, an inherited human muscular disorder (Vicart et al., 1998).
In addition to causing disease when mutated, HSPB5 has been found to be
upregulated in several neurodegenerative diseases like Alzheimer, Parkinson
and Huntington. Despite the potency of HSPB4 and HSPB5 to protect against
protein aggregation in vitro (Feil et al., 2001), and in the eye lens (Horwitz,
1992), HSPB5 overexpression did not suppress polyQ aggregation in a HD cell
model (Carra et al., 2005). To our knowledge, no further data concerning the
involvement of HSPB4 and HSPB5 in polyglutamine disorders exist.

HSPB8
HSPB8 is highly expressed in the heart, brain and striated and smooth muscles
(Benndorf et al., 2001) and just like HSPB1 and HSPB5 is found to be upregulated
in brains from AD, HD, PD and SCA3 patients. Moreover, also mutations in
HSPB8 have been associated with autosomal dHMN and CMT2L (Irobi et al.,
2004;Tang et al., 2005). In contrast to HSPB1 and HSPB5, HSPB8 was able to
reduce aggregation in a HD cell culture model (Carra et al., 2005). It was found
that in cells, HSPB8 forms a stable complex with BAG3 (Carra et al., 2008)
and together they prevent polyQ aggregation by inducing phosphorylation
of the alpha-subunit of the translation initiator factor eIF2, which causes a
transcriptional shut-down and stimulates autophagy (Carra et al., 2009).

Other HSPB members
Besides the ones described above, six more HSPB family members are identified,
of which HSPB2, HSPB3, HSPB6 and HSPB7 are in general expressed in
skeletal and cardiac muscles and HSPB9 and HSPB10 exclusively in the testis
(Vos et al., 2009). To date, there are no data available on the potential role of
these other HSPB family members on polyQ pathology, therefore in this thesis
a systematic comparison of the human HSPB members has been performed to
get a better insight in the potential of each member, as chaperone or otherwise,
to suppress polyQ aggregation.
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Table 2D: Effect of HSPB1 induction in polyQ pathology
HSP

System

NI

=

HSPB1

HD

Cell

Overexpression

HSPB1

HD

Rat

Lenti-viral injections =

HSPB1
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PolyQ Model

HD

Mouse

Degen. Death

↓

Ref.
37, 290
198

=

Overexpression

=

37
37

HSPB5

HD

Cell

Overexpression

=

HSPB8

HD

Cell

Overexpression

↓
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Aim of the thesis
PolyQ disorders are protein misfolding disorders, leading to protein
aggregation and regional neurodegeneration. For all polyQ disorders,
including SCA3, a strong correlation exists between the AO and the CAG
repeat length. However, besides this correlation, approximately 50% of the
variation in AO is determined by other genetic or environmental factors.
Since heat shock proteins are important modulators of polyQ aggregation
and toxicity, it was hypothesized that differences in HSP expression between
individuals may be involved in the CAG independent variations of the AO.
To test such a hypothesis, fibroblasts from SCA3 patients, for which accurate
AO data were available, were used and the protein levels of the 4 most classic
HSPs were measured and related to AO, independent of CAG repeat length
(chapter 2).

1

Since low DNAJB1 levels in fibroblasts were found to correlate with an earlier
onset in SCA3 patient fibroblasts (chapter 2), the question emerged whether
there also would be a relation with DNAJB1 expression and disease expression
in brain tissue of these patients. Hereto, DNAJB1 expression and distribution
was monitored in post-mortem brain material from other SCA3 patients
and controls to investigate whether DNAJB1 undergoes dynamic changes in
degenerating brains (chapter 3). Whereas we found no major differences in
DNAJB1 brain expression levels between patients and controls, we did find
that a recruitment of DNAJB1 in neuronal intra-nuclear inclusions coincided
with a marked cellular stress response (HSPA1A up-regulation). So, these
data provide indirect additional evidence for an involvement of endogenous
DNAJB1 in SCA3 progression.
In addition to the involvement of DNAJB1 in the variation in the AO, it was
found that HSPB1 was upregulated in SCA3 patient fibroblasts compared to
controls. A few members of this family had already found to modulate the
protein aggregation and toxicity of polyQ diseases, however no systematic
comparison on all HSPB family members for potential polyQ suppressing
activities has been done so far. In chapter 4 we have compared all 10 human
HSPB family members for their ability to suppress polyQ aggregation. HSPB7
was found to be the most potent suppressor of the HSPB family, and the
mechanism used by HSPB7 to suppress polyQ toxicity was studied in detail.
Apart from revealing that HSPB7 is the most potent polyQ suppressor within
the HSPB family members, chapter 4 demonstrates a large degree of functional
differentiation within the HSPB family. This was further tested in chapter 5,
in which the mode of action of HSPB9, another polyQ suppressor identified
in chapter 4, was compared to the mode of action of HSPB7. It was found that
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the same substrates (polyQ proteins) are indeed differently handled by the
different HSPB members, revealing an unforeseen functional diversity among
the HSPB proteins that extends beyond client specificity.
In chapter 6, an integrated model is provided on the action of the various HSPs
within and outside the diverse HSP families in the different steps of protein
quality control, in particular related to polyQ aggregation and toxicity. Also,
a perspective is given on the possible role for HSPs as therapeutic targets for
polyQ disorders.
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In polyglutamine disorders, the length of the expanded CAG repeat shows a
strong inverse correlation with the age at disease onset. Yet, up to 50% of the
variation in age of onset is determined by other additional factors. Here, we
investigated whether variations in the expression of heat shock proteins are
related to differences in the age of onset in SCA3 patients. Hereto, we analyzed
the protein expression levels of HSPA1A (HSP70), HSPA8 (HSC70), DNAJB
(HSP40) and HSPB1 (HSP27) in fibroblasts from patients and healthy controls.
HSPB1 levels were significantly up-regulated in fibroblasts from SCA3
patients, but without a relation to age of onset. Exclusively for expression
of DNAJB family members, a correlation was found with the age of onset
independent of the length of the CAG repeat expansion. This indicates that
DNAJB members might be contributors to the variation in age of onset and
underlines the possible use of DNAJB proteins as therapeutic targets.

Introduction
Polyglutamine expansion disorders (SBMA, DRPLA, Huntington’s disease
and 6 spinocerebellar ataxia’s (SCAs) are adult-onset neurodegenerative
disorders, characterized by an expansion of the CAG repeats. The disease
corresponding polyglutamine (polyQ) proteins are aggregation prone and
intraneuronal inclusions hallmark the diseases (Orr and Zoghbi, 2007).
SCA3, also known as Machado-Joseph disease, is the most prevalent type of
the autosomal dominantly inherited cerebellar ataxias (Schols et al., 2004).
SCA3 is caused by a polyQ expansion in ataxin-3 (Kawakami et al., 1995), a
42 kDa protein containing a Josephin domain and two ubiquitin interacting
motifs (Berke et al., 2005), linking the ataxin-3 function to protein surveillance
pathways (Chai et al., 2004;Winborn et al., 2008). Ataxin-3 is ubiquitously
expressed yet degeneration is restricted to specific brain areas, notably in the
brainstem, spinal cord and cerebellum (Schols et al., 2004;Rub et al., 2006).
The polyglutamine stretch in ataxin-3 ranges between 12-40 glutamines in
normal, and between 55-84 in affected individuals. In SCA3, the length of
CAG repeat expansion predicts approximately 50% of the age of disease onset
(AO) (Cummings and Zoghbi, 2000) (Schols et al., 2004) meaning that 50% of
the AO is determined by other genetic or environmental modifiers.
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Besides the wildtype and mutant ataxin-3, also components of the protein
quality control system have been found in inclusions (Gusella and MacDonald,
2000). In fact, this is true for all polyQ disorders (Muchowski and Wacker,
2005). In addition, boosting various components of the protein quality control
systems have been shown to modify disease in cellular and animal model
systems (Rubinsztein et al., 2005;Muchowski and Wacker, 2005). Molecular
chaperones, especially those belonging to the heat shock protein (HSP) family,
play a central role in protein quality control. Several HSP can modulate
aggregate formation, toxicity, and disease onset in CAG repeat diseases, (Opal
and Zoghbi, 2002) including SCA3 (Chai et al., 1999;Hageman et al., 2010).
This led us to hypothesize that inter-individual differences in HSP expression
could be a genetic co-factor that, independently of the CAG repeat length,
co-determines the AO in CAG repeat diseases. Several main HSP members
including HSP70 (HSPA1), HSC70 (HSPA8), HSP40 (DNAJB1) and HSP27
(HSPB1) are ubiquitously expressed throughout the body functioning as
‘housekeeping’ proteins with minor tissue specific differences (Hageman and
Kampinga, 2009), but they likely are expressed with inter-individual variations.
Following this assumption, we used a set of primary skin fibroblasts from
SCA3 patients, in which the AO has been accurately determined, to examine
whether differences in HSP expression can be related to CAG independent
variations in the AO of SCA3 pathology.
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Material and methods
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Human subjects
The experiments were undertaken with the understanding and written
consent of each subject and has 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 6
healthy individuals and 22 clinically affected and genetically confirmed Dutch
SCA3 patients (Table I). 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. CAG repeat determination and initial culturing of the
fibroblasts was performed by the department of Medical Genetics (UMCG,
Groningen, The Netherlands).

Cell-lines, Cell Culture, transfections, plasmids
The human fibroblasts were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 15% foetal bovine serum (SigmaAldrich, St. Louis, Missouri, USA) and 100 units/ml penicillin and 100µg/ml
streptomycin (pen/strep) (Invitrogen, Carlsbad, California, USA). The FlpIn-T-Rex HEK293 cells expressing the Tet repressor (Invitrogen, Carlsbad,
California, USA) were cultured in DMEM with 10% foetal bovine serum and
pen/strep. Cultures were maintained at 37˚C and 5% CO2 in a humidified
incubator. The HEK293 cells were transfected with Lipofectamine (Invitrogen,
Carlsbad, California, USA) according to the manufacturer’s instruction, using
1 ug of plasmid DNA per 35-mm dish. Constructs used were described before;
SCA3Q82-YFP (in this manuscript referred to as ATX3Q82-YFP), DNAJs and
HSPAs (Hageman and Kampinga, 2009), and HSPB1 (Vos et al., 2009).

Cell extracts and sample preparation
Fibroblasts were grown to 80% confluence in T75 culture flasks for 1 or 2
passages, harvested by trypsinization, pelleted and resuspended in RIPA buffer
(25mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
1% SDS) supplemented with protease inhibitors. Cells were disrupted by
sonication and protein content was determined with the DC protein assay
(Bio-Rad, Hercules, California, USA). Western blot samples were prepared at
a final concentration of 2µg/ul in SDS-PAGE loading buffer (250 mm Tris-Cl,
20% glycerol, 4% SDS, 0,001% bromphenol blue and 10% β-mercaptoethanol)
and boiled for 5 minutes at 100˚C. Protein samples were stored at -20˚C until
further analysis.
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Table 1: Patient and fibroblast characteristics.
Patient

CAG

AO

Expected
AO

DAO

Onset
groups

Gender

Fibroblast
age

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

68
68
78
control
70
73
69
72
64
71
64
control
70
control
71
71
75
control
61
64
74
67
65
75
80
control
71
control

47
30
38

37
37
24

10
-7
14

1
3
1

35
35
36
30
49
45
42

35
31
36
32
43
33
43

0
4
0
-2
6
12
-1

2
2
2
2
1
1
2

30

35

-5

3

47
29
22

33
33
28

14
-4
-6

1
2
3

49
39
35
35
35
17
13

47
43
29
39
41
28
21

2
-4
6
-4
-6
-11
-8

2
2
3
2
3
3
3

32

33

-1

2

female
male
male
female
female
female
male
male
male
male
female
male
male
female
male
male
male
female
female
male
female
female
female
female
male
male
male
male

75
66
65
52
59
62
52
56
58
55
54
54
51
55
51
46
62
45
61
45
42
39
40
30
24
29
32
39

2

Data provided include CAG repeat length (number of glutamine repeats), age at
onset (AO), expected AO, based on the equation of the CAG/AO regression line (see
methods), and the deviation from the expected AO (DAO= AO - expected AO). Patients
were also divided in three onset groups: 1= late AO (AO more than 4 years after the
expected onset); 2= average AO (AO between -4 and +4 years of the expected AO); 3=
early AO (AO more than 4 years before the expected AO). Fibroblast age is age of the
patient at the moment the fibroblast biopsy was taken.
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Western blot analysis
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For each cell line, 30µg protein was analysed by SDS-PAGE on 10% gels.
Proteins were transferred to nitrocellulose membranes (Schleicher and
Schuell, PerkinElmer, Waltham, MA, USA) after which the filters were blocked
in phosphate-buffered saline (PBS) supplemented with 5% skimmed milk and
0.1% Tween-20. Membranes were probed with: Mouse anti-ataxin-3 (1:5000)
(Chemicon, Pittsburg, Pensylvania, USA), Rabbit anti-HSP40 (1:5000) (SPA400:
Stressgen Biotechnologies, Victoria, Canada) mouse anti-HSP70 (1:5000)
(SPA810: Stressgen Biotechnologies, Victoria, Canada), rabbit anti-HSP27
(1:2000) (SPA800: Stressgen Biotechnologies, Victoria, Canada), rat antiHSC70 (1:5000) (SPA815: Stressgen Biotechnologies, Victoria, Canada), mouse
anti-V5 (1:5000) (Invitrogen, Carlsbad, California, USA), mouse anti-EGFP
(1:5000; 8371-2, JL-8; BD Bioscience, New Jersy, USA) and mouse anti-GAPDH
(1:10.000 ; RDI-TRK564-6C5, Fitzgerald industries international Inc., Concord,
MA, USA) in 0.1% PBS-tween with 5% BSA. Membranes were incubated
with HRP-conjugates corresponding secondary antibody (Amersham, GE
healthcare, Uppsala, Sweden 1:5000). Detection was performed using enhanced
chemiluminescence and Hyperfilm (ECL, Amersham, GE healthcare, Uppsala,
Sweden).

Filtertrap assay
The filtertrap assay was performed as described before (Carra et al., 2005).
Briefly, HEK293 cells were grown in a 35mm dish coated with poly-L-lysine
(0.001%, Sigma-Aldrich, St. Louis, Missouri, USA) transiently transfected with
lipofectamine (Invitrogen, Carlsbad, California, USA) and after 24h incubation
lysed in 200 μL FTA buffer (10 mM Tris-Cl pH 8.0, 150 mM NaCl, 50 mM
dithiothreitol) containing 2% SDS. 100 μg, 20 μg and 4 μg sample was applied
onto a prewashed (FTA, 0,1% SDS) 0,2 μM cellulose acetate filter contained
in a Bio-Dot microfiltration apparatus (Biorad). Gentle suction was applied
to filter the samples followed by one washing step using FTA, 0, 1% SDS. The
membranes were blocked in 0.1% PBST with 5% skimmed milk for 1 hour.
Trapped material was probed with anti-GFP (JL-8, 8371-2; BD Bioscience, New
Jersy, USA) at a 1:5000 dilution followed by incubation with an anti-mouse
HRP-conjugated secondary antibody (1:5000) (Amersham, GE heathcare,
Uppsala, Sweden) in 0.1% PBS-tween with 5% skimmed milk. Detection
was performed using Enhanced Chemiluminescence (ECL, Amsersham, GE
healthcare, Uppsala, Sweden) and Hyperfilm (ECL, Amersham, GE healthcare,
Uppsala, Sweden). The films were processed using Adobe CS4 MC Photoshop
and Adobe CS4 MC Illustrator (Adobe, San Jose, California, USA).
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Microscopy
HEK293 cells were plated on poly-L-lysine (0.001%, Sigma-Aldrich, St. Louis,
Missouri, USA) coated coverslips, and transfected the next day with V5-tagged
HSP plasmids and ATX3Q82-YFP using lipofectamine (Invitrogen, Carlsbad,
California, USA). For fixation the cells were washed once with PBS and fixed
with 3,7% formaldehyde (Merck, White house station, NJ, USA) in PBS for 15
minutes. Cells were permeabilized in blocking solution (100mM glycine, 3%
BSA, 0.1% triton) for 1 hour, followed by 1-hour incubation with the primary
V5 anti-mouse antibody (1:200) (Invitrogen, Carlsbad, California, USA).
After washing, the coverslips were incubated with CY3- conjugated antimouse secondary antibody (1:200) (Jackson, Immunoresearch, West Grove,
Pennsylvania, USA) and 0.2 µg/ml 4’, 6-diamidino-2-phenylindole (DAPI)
for 1 hour. After washing the cells were mounted using Citifluor mounting
medium (Citifluor Ltd, London, UK). Images were obtained using an inverted
fluorescence microscope (AX70, Olympus, Shinjuku, Tokyo, Japan) with a
40x objective lens. The captured images were processed using Adobe CS4 MC
Photoshop and Adobe CS4 MC Illustrator (Adobe, San Jose, California, USA).

2

Data analysis
Three different cultures of each fibroblast line were used to prevent differences
in expression levels caused by stress during culturing and sampling. All
samples were analyzed at least 3 times, leading to 9 or more independent
measurements for each sample, for each protein. The intensity of the samples
in the blot was determined by image analysis software (GelPro Analyzer
4.5, Media Cybernetics, Inc, Bethesda, MD, USA). We corrected for loading
differences by dividing the protein intensities by the GAPDH expression
levels. Moreover, to be able to compare blots form different experiments with
each other we calculated the relative expression levels of each protein for each
blot by dividing the protein values by the average expression of each blot. For
the correlation studies the non-parametric Spearman’s rank order correlation
test was used. The differences between the responder groups of the heat shock
proteins and ataxin-3 were calculated using the Kruskal-Wallis test for several
independent samples (p=<0.05) followed by the Mann-Whitney test for two
independent samples (p=<0.05). All calculations were made using SPSS 14.0
(SPSS inc. IBM, Chicago, USA).
Since ageing is known to affect heat shock protein expression (Finkel and
Holbrook, 2000), we had to exclude putative confounding effects of age of
the patients at the time of fibroblast sampling. Ages at sampling were similar
for patients and controls, but the average age of patients in the so-called
“early onset group” (see results) at the time of sampling was lower than that
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of the other groups, meaning that the HSP levels in this group of patients
may have been underestimated. For the most pertinent findings in this MS
(DNAJB expression and AO), however, this may have at the most lead to
underestimations of our correlations. We therefore decided to not further
discuss age-related issues in our manuscript.

Results
CAG repeat and age at onset correlation in SCA3
As in other CAG-repeat diseases, the AO of SCA3 correlates inversely with the
length of the repeat expansion of the mutant ataxin-3 allele (Cummings and
Zoghbi, 2000). Here, data of 22 SCA3 patients (9 female and 13 male patients)
and 6 healthy controls are presented (Table I). In patients, the CAG repeats
ranged from 61-80 copies, and the corresponding AO ranged from 13-49 years.
As expected, this group of patients showed a significant negative correlation
between AO and CAG repeat length (** p=0.005, Table 1, Figure 1 and Table
S1), with 43% of the variance in AO within this group explained by the CAG
repeat length. This correlation corresponds well with reported data that also
included data from our institute (van de Warrenburg et al., 2002) and with
the range found in several other studies (Ranum et al., 1995;Takiyama et al.,
1995;Maruyama et al., 1996;Riess et al., 2008;DeStefano et al., 1995). No gender
specific differences in the correlation between AO and CAG repeat were
found (50-56% respectively, data not shown), which is also in line with several
Distribution of onset groups
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Figure 1: Correlation between CAG repeat length and age at onset and distribution
of age groups. Scatter plot showing the correlation between AO and the CAG repeat
length of the SCA3 patients. Late onset patients are indicated with a square (n=6),
average onset patients with circles (n=10), and early onset patients with diamonds
(n=6). Pearsons correlation coefficient reveals a correlation of r=-0.598 (p=0.005). Open
symbols represent the females and closed symbols males.
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other reports (DeStefano et al., 1995;Durr et al., 1995;Riess et al., 1997;van de
Warrenburg et al., 2002).
To be able to identify additional, CAG independent modifiers of the AO,
the deviation of the expected AO (DAO) was calculated for each patient,
subdividing the patients according to their distribution around the CAG/AO
correlation line. We determined the expected AO based on the correlation
curve of Figure 1, and subtracted this value from the clinically determined
AO. This DAO ranged from +14 till -11 years (Table 1, Figure 1). Based on
those data we divided the patients into 3 groups: a) patients with AO more
than 5 years before the expected AO (early onset/ n=6, Figure 1, diamonds);
b) patients with AO which was predicted by the regression line (average AO/
n=10, Figure 1, circles); and c) patients with AO more than 5 years later than
expected (late onset/ n=6, Figure 1, squares).

2

Expression levels of ataxin-3 in SCA3 patient fibroblasts
Although SCA3 is characterized by atrophy of specific brain regions (Schols et
al., 2004), the protein is ubiquitously expressed throughout the body, including
skin tissue (Figure 2). It is not clear what causes the selective neuronal (and
tissue) vulnerability in SCA3. It was impossible to obtain enough human brain
material to perform a proper statistical analysis to determine the role of HSPs in
the AO of SCA3. Moreover, we wished to monitor early stage modifiers of the
AO and human brain tissue in most cases represents a final stage of the disease.

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15 16 17 18 19

20 21 22 23 24 25 26 27

HSPA1A
HSPA8
DNAJB
HSPB1
GAPDH
Ataxin-3
*

Figure 2: Expression of HSPA1A, HSPA8, DNAJB, HSPB1, ataxin-3 and GAPDH in
the fibroblast of SCA3 patients and healthy controls. Primary skin fibroblasts from
control individuals (lanes 4, 12, 14, 18, 26 and 28, bold numbers) or SCA3 patient
fibroblasts were grown, sampled and analyzed by western blot analysis using antibodies
against HSP70 (HSPA1A), HSC70 (HSPA8), HSP40 (DNAJB), HSP27 (HSPB1), GAPDH
and ataxin-3 (upper band represents the mutant protein. Data depicted are a typical
example out of three replicates of blots from at least three independent experiments.
Values in Figures 3-7 are based on the quantification of the averages (± standard error
of the mean) of all westerns performed. *For unknown reasons, the mutant ataxin-3
of patient 17 shows a mobility inconsistent with the CAG repeat length, suggesting a
secondary mutation might have occurred in the affected patient.
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For these reasons, we utilized primary skin fibroblasts from SCA3 patients and
healthy volunteers.

2

Despite the fact that the fibroblasts expressed appreciable levels of the
ataxin-3 allele containing the CAG-expansion (Figure 2), we did not detect
any inclusions or folding intermediates in the fibroblasts, either because
protein quality control systems are still capable of handling the mutated
protein or/and due to the fact that fibroblasts undergo rapid division, where
misfolded proteins are distributed between mother and daughter cells before
aggregates can form, acting as a dilution factor (Martinez-Vicente and Cuervo,
2007). Before analyzing HSP levels, we first compared expression levels of the
mutant and wild type ataxin 3 in the various fibroblast lines. The reason for
this lies in the fact that although SCA3 is thought to be primarily due to a toxic
gain of function associated with intranuclear protein aggregates and altered
protein interactions (Zoghbi and Orr, 2000), loss of function may also play a
role because the AO of homozygous SCA3 patients is much earlier than that
of heterozygotes (Kawakami et al., 1995;Gusella and MacDonald, 2000;Lang
et al., 1994). Loss of ataxin-3 function might be attributed to the assumed role
of wild type ataxin-3 in protein quality control and the reported suppression
of toxicity by the wild type ataxin-3 protein in Drosophila (Warrick et al., 2005).
Since only heterozygote patients were included in this study, we were able
to explore the potential role of the levels of the wild-type ataxin-3 protein,
mutant ataxin-3 and the total ataxin-3 levels on the AO of SCA3 patients.
However, no difference in total ataxin-3 levels between patients and controls
was found (Figure 3A). Moreover there was no difference in the levels of
wt-ataxin-3 between the different onset groups of SCA3 (Figure 3B) nor
when analyzed per patient for AO, CAG repeat length or DAO using linear
regression analysis (Figure 3C,D). So, differences in expression of ataxin-3 as
detected in these SCA3 fibroblasts are not related to the AO or DAO in our
patient population.

Expression levels of heat shock proteins in SCA3 patient fibroblasts
Various molecular chaperones within the class of HSP families, including
members of the HSP70 family (HSPA1, HSPA8) and the HSP40 family (e.g.
DNAJB1) have been shown to associate with polyQ inclusions in vivo and their
over expression can affect aggregation rates, toxicity and disease progression
(DeStefano et al., 1995;Gunawardena et al., 2003;Chai et al., 1999;Warrick et al.,
1999;Wyttenbach et al., 2002). Therefore, we hypothesized that inter-individual
differences in chaperone expression might be a modifying factor of the AO in
SCA3 patients. Because protein and mRNA levels often do not correlate (Chen
et al., 2002;Gygi et al., 1999), we first performed a pilot study to test this for the
chaperones investigated here. Since we found that also chaperone mRNA and
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protein levels did not correlate (data not shown), we decided to exclusively
concentrate on chaperone protein levels.
The human HSP family is remarkably large, with over 13 HSPA, 41 DNAJ and
11 HSPB members in the genome (Hageman and Kampinga, 2009;Kampinga
et al., 2009). The antibodies used in this study were originally raised against
HSPA1, HSPA8, DNAJB1 and HSPB1, but to be able to identify the specificity
of the used antibodies we transiently transfected HEK293 cells with V5-tagged
HSPA, DNAJB and HSPB members (Hageman et al., 2010;Vos et al., 2009).
Lysates were analyzed by Western blotting and HSP levels were detected
with V5-antibodies and the corresponding HSP70, HSC70, HSP40 and HSP27
antibodies. The HSC70 and HSP27 antibodies recognized only their targets
(HSPA8 and HSPB1 respectively, data not shown) while the HSP70 antibody
recognized one extra family member; HSPA6 (data not shown). The HSP40
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Figure 3: Ataxin-3 expression levels in fibroblasts: relation to disease and age at
onset. A) Box plot showing the distribution of the relative total (wildtype +mutant)
ataxin-3 levels between patients and controls. B) Box plots showing the distribution of
wt-ataxin3 expression levels among the age groups. C) Scatter plot of expression levels
ataxin-3 versus AO. D) Scatter plot of ataxin-3 expression levels and DAO.
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antibody recognizes DNAJB1 (38.2 kDa) with high affinity. However, also
the DNAJB family-members DNAJB2 (35.6/30.6 kDa), DNAJB4 (37.8 kDa),
DNAJB5 (39.1 kDa) and to a lesser extent DNAJB8 (25.5 kDa) were recognized
by this antibody (Figure S1A-C). From the DNAJA family, DNAJA2 (45.7
kDa) and to a lesser extend DNAJA4 (44,7 kDa) were also recognized (Figure
S1D). Based on their molecular weight and their mobility on SDS-PAGE,
however, DNAJB2, and DNAJB8 as well as DNAJA2 and DNAJA4 can be
easily distinguished from the other DNAJB members. The finding that the
endogenous expression of these DNAJs was not detected by this antibody
(Figure 2), further underscores the relative low affinity of the antibody for
these members. We did not test cross-reactivity of the antibody towards the
DNAJC family members; but, the only member that might have contributed to
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Figure 4: HSPB1 expression levels in fibroblasts: relation to disease and age at onset.
A) Box plot showing the distribution of the relative HSPB1 levels between patients and
controls. The HSPB1 levels of the SCA3 patients were significantly raised compared to
controls (* p=0.05, Kruskal Wallis test). B) Box plot showing the distribution of HSPB1
expression levels among the age groups. C) Scatter plot of HSPB1 expression versus
AO. D) Scatter plot of HSPB1 expression levels and the DAO.
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the ~40kDa band that we analyzed is DNAJC22 (38.1 kDa) and this protein is
not expressed in skin fibroblasts (Hageman and Kampinga, 2009). Therefore,
the 40kDa band likely represents primarily DNAJB1 expression with possibly
some contribution of DNAJB4 and DNAJB5 expression. Throughout our MS
we will further refer to this immunoreactive species as DNAJB1*.

2

Increased HSPB1 levels in SCA3 patients
HSPB1 is up-regulated in the brains of patients of several neurodegenerative
disorders including SCA3 (Chang et al., 2005;Evert et al., 2003). To test
whether SCA3 patient fibroblasts show a similar stress response towards
mutant ataxin-3, the relative HSPB1 levels in fibroblasts from SCA3 patients
were compared to those in fibroblasts from control individuals. Strikingly,
the fibroblasts from SCA3 patients indeed express significantly higher
levels of HSPB1 compared to those from controls (Figure 4A), indicative of a
conserved, tissue-independent stress response which occurs before detectable
aggregation takes place, and which is not a non-specific induction of HSPB1
caused by a stress response towards the ‘long’-term culturing process of the
fibroblasts (Chang et al., 2005). This observation also encouraged us to check
whether HSPB1 levels (or other HSP levels) as measured in fibroblasts could
be informative in terms of predicting the AO.
For HSPB1, indeed some reports had suggested that it was protective against
cell death associated with mutant huntingtin expression (Wyttenbach et al.,
2002) and mutant SOD in ALS (Sharp et al., 2008). Whether HSPB1 is protective
against SCA3 pathology is, to our knowledge, currently unknown. In any case,
HSPB1 expression in fibroblasts was similar in the early, average and late onset
SCA3 patient groups (Figure 4B). Also there was no correlation between the
HSPB1 levels and in fibroblasts from individual patient and their AO (Figure
4C), CAG repeat length or the DAO (Figure 4D). This implies that HSPB1 levels,
as measured in fibroblasts, have no predictive value for SCA3 pathology.

HSPA1A protein levels are not increased in patients and not related to AO
The heat inducible HSP70 (HSPA1A) and the constitutively expressed cognate
HSC70 (HSPA8) are involved in many cellular processes affecting protein
folding and unfolding. This refolding machine is tightly regulated by several
positive and negative regulatory proteins including the co-chaperones of the
DNAJ family (Hartl, 1996). In cultured cells, HSP70 (or HSPA1A) levels have
been described to be induced after expression of expanded ataxin-3 indicative
of a stress response, and HSP70 chaperones have been shown to co-localize to
ataxin-3 aggregates (Chai et al., 1999). Moreover in a SCA3 Drosophila model,
HSP70 has been shown to suppress polyQ-induced neurodegeneration, albeit
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Figure 5: HSPA1A expression levels in fibroblasts: relation to disease and age at onset.
A) Box plot showing the distribution of the relative HSPA1A levels between patients and
controls. The thick black line represents the mean. B) Box plot showing the distribution
HSPA1A expression levels among the age groups. C) Scatter plot of HSPA1A expression
versus AO. D) Scatter plot of HSPA1A expression levels and the DAO.

without a visible effect on nuclear inclusions, (Warrick et al., 1999) suggesting
that HSP70 may modulate the soluble properties of polyQ proteins which can
be the ‘toxic’ entity, by preventing abnormal interactions with other proteins,
or by rescuing chaperone depletion (Bonini, 2002). To check whether the
levels of HSPA1A are increased in SCA3 patient fibroblasts indicating a stress
response, relative expression levels of HSPA1A in SCA3 patient fibroblasts
were compared to those of healthy controls. However, no differences between
patients and controls were observed (Figure 5A). As HSPA1A stress responses
are mostly dependent on HSF-1, the master regulator of the general stress
response (Morimoto, 1998), these data imply also that the up-regulation as seen
for HSPB1 (fig 4a) must be due to a more specific (likely HSF-1 independent)
response to the expression of mutant ataxin-3.
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Figure 6: HSPA8 expression levels in fibroblasts: relation to disease and age at onset.
A) Box plot showing the distribution of the relative HSPA8 levels between patients and
controls. The thick black line represents the mean. B) Box plot showing the distribution
HSPA8 expression levels among the age groups. C) Scatter plot of HSPA8 expression
versus AO. D) Scatter plot of HSPA8 expression levels and the DAO.

When HSPA1A levels were compared amongst fibroblasts from SCA3 patients,
no differences for the 3 groups with early, normal and late age at onset were
found (Figure 5B). HSPA1A levels in individual fibroblast lines also did not
show any correlation with AO (Figure 5C), CAG repeat (data not shown)
or DAO (fig 5D) in regression plots for individual patients. This means that
also HSPA1A levels, like HSPB1 levels, as measured in fibroblasts have no
predictive value in SCA3 pathology.

HSPA8 protein levels are not increased in patients and not related to AO
Also HSPA8 has been reported to be able to suppress effects of mutant
ataxin-3 such as e.g. axonal blockages as caused by axonal ataxin-3 inclusions
in Drosophila SCA3 larvae (Gunawardena et al., 2003). But, like for HSPA1A,
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Figure 7: DNAJB1* expression levels in fibroblasts: relation to disease and age at
onset. A) Box plot showing the distribution of the relative total DNAJB1* levels between
patients and controls. The thick black line represents the mean. B) Box plots showing
the distribution DNAJB1* expression levels among the age groups. The Kruskal Wallis
test for comparison between mean relative expression levels of the age groups showed
a significant difference between the means (P=0.05*). This was caused by the difference
between the means of the early onset and the late onset group (Mann-Whitney test:
early vs. average=0.223, average vs. late=0.093, early vs. late=0.01**). C) Scatter plot of
DNAJB1* expression versus AO. D) Scatter plot of DNAJB1* expression levels and the
DAO shows a significant correlation (p=0.05*).

Figure 8: Effects of all HSP members detected by the antibodies used in this study on
ataxin-3 aggregate formation. A) Human HEK293 cells were co-transfected with DNAJB
members and ATX3Q82-YFP. Cells were lyzed after 24 hours and ataxin aggregation was
analyzed by the filtertrap assay using serial five-fold dilutions. B) Western blot showing
expression levels of transfected ATX3Q82-YFP, HSP’s (detected with the HSP40 antibody)
and GAPDH (loading control). C) Immunofluorescence of HEK293 cells transfected with
ATX3Q82-YFP with and without the indicated V5-tagged HSP stained with CY3 (red)
and DAPI for DNA (blue). Scale bar represents 20µM. D) Human HEK293 cells were cotransfected with the indicated V5-tagged HSPA and HSPB members and ATX3Q82-YFP.
Cells were lyzed after 24 hours and analyzed by the filtertrap assay using serial five-fold
dilutions. E) Western blot showing expression levels of transfected ATX3Q82-YFP, HSP’s
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HSPA8 levels were not elevated in SCA3 fibroblasts compared to controls
(Figure 6A). Unlike for HSPA1A, both in the individual and group analyses,
a trend for increased HSPA8 levels with late AO was observed (Figure 6B,C).
However, this trend did not reach statistical significance.

DNAJB1* levels are significantly decreased in early-onset SCA3 patients
and negatively correlated with the deviation of the expected AO
The sole overexpression of some members of the HSP40 (DNAJ) family has
been shown to be very effective in suppressing aggregation and toxicity of a
number of polyQ containing proteins including ataxin-3 (Chai et al., 1999;Chan
et al., 2000;Hageman et al., 2010;Rujano et al., 2007). Although there was no
difference in DNAJB1* levels between patients and controls (Figure 7A) and
CAG repeat length (Table S1), a striking correlation with DAO was found
(Figure 7D). DNAJB1* levels in fibroblasts were lowest in the patient group
with the earliest AO and highest in patients with the latest AO (p= 0.01) (Figure
7B). Although the same trend was seen for the analysis between DNAJB1*
levels and AO when analyzed per patient (Fig 7C), this did not reach statistical
significance, likely due to the fact that we had large variation in CAG-repeat
length amongst these patients; as a dominant factor determining AO (Figure 1)
(van de Warrenburg et al., 2002) this may have blurred such a relation between
DNAJB1* and AO. In support for this assumption, DNAJB1* protein levels
in the fibroblasts from individual patients significantly correlated with DAO
(p=0.05) (fig 7D) suggesting that DNAJB1* levels may be a factor determining
for the CAG- independent variation in the age of onset in SCA3.

DNAJB1 is protective against SCA3 aggregation in a dose-dependent
manner
Inclusion formation is hypothesized to be a protective event preventing the
more toxic ‘micro’ aggregates or intermediate forms of the polyQ protein to
harm the cells (Arrasate et al., 2004). However, recently it was shown that
suppression of aggregate formation coincides with protection against polyQ
induced cytotoxicity in HEK293 cells, likely because (most) chaperones act
at the early–toxic- stage of the aggregation process (Hageman et al., 2010).
To compare the effectiveness of the HSP family members used in this study,
we therefore assessed their capacity to prevent aggregation of misfolded
ataxin-3. Hereto, we co-transfected the various HSP members detected by the
used antibodies together with an YFP-tagged ataxin-3 fragment with 82 CAG
repeats (Q82, ATX3Q82). Using the filter trap assay (Carra et al., 2005) and
immunofluorescence microscopy we found that ATX3Q82 aggregation was
largely reduced by co-expression of DNAJB1. In contrast, DNAJB5 showed
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a minor effect on the aggregation and DNAJB4 did not show any activity
against ATX3Q82 aggregation (Figure 8A,C). However, despite the use of
equal amounts of plasmid DNA the expression levels of DNAJB4 and DNAJB5
were lower than that of DNAJB1 (data not shown). Yet, also when increasing
plasmid amounts were used to yield high levels of DNAJB4, no aggregation
protection was found (Figure S2). The sole overexpression of HSPA1A,
HSPA6, HSPA8 or HSPB1 proteins, that showed no correlation with DAO, did
not cause any significant reduction in ATX3Q82 aggregation (Figure 8C-E).
So, of the HSPs detected by the antibodies in our study, DNAJB1 seems to be
the best candidate of which the levels of expression may have an impact on
AO, independent from CAG length. This is further substantiated by DNAJB1
titration experiments showing that DNAJB1 prevented ATX3Q82 aggregation
in a rather tight concentration-dependent manner (Figure 8F-G).

2

Discussion
In polyglutamine disorders such as SCA3, the AO is strongly inversely
correlated with the length of the CAG repeat expansion. But also other, yet
unidentified, modifiers are involved in the disease progression of SCA3
patients. HSP70 (HSPA1A), HSC70 (HSPA8), HSP40 (DNAJB1) and HSP27
(HSPB1) have been reported to suppress polyQ toxicity (Warrick et al.,
1999;Chai et al., 1999;Wyttenbach et al., 2002;Gunawardena et al., 2003) and
we therefore investigated whether the levels of those proteins could be related
to the AO of SCA3 patients. Chaperone levels in control and patient fibroblast
cultures showed no differences with the exception of HSPB1, which was upregulated in SCA3 patients. Most interestingly, a correlation was observed
between DAO (i.e the CAG-independent AO) and the DNAJB1* levels,
suggesting that differential expression of the DNAJB subfamily may explain,
at least in part, the CAG independent variation in AO of SCA3 patients.
Although unrelated to the (D)AO in SCA3 patients, the finding that HSPB1
levels are higher in SCA3 fibroblasts than in control fibroblasts is intriguing.
It is consistent with microarray data on cells stably transfected with mutant
ataxin-3 (Evert et al., 2003). Also, immunohistochemical analysis of human
SCA3 brain showed that HSPB1 levels are increased compared to controls
(Chang et al., 2005) and HSPB1 is found to be up-regulated in neuronal tissue
in several other neurodegenerative disorders Creutzfeld Jacob, Parkinson’s
disease, Alzheimer’s disease and ALS (Chang et al., 2005;Renkawek et al.,
1992;Shinohara et al., 1993;Renkawek et al., 1999;Vleminckx et al., 2002). This
HSPB1 up-regulation may reflect an (specific) early stress response of the cells,
required for stabilization of cytoskeletal elements (Quinlan, 2002;Perng et al.,
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2004) or to protect against oxidative stress (Wyttenbach et al., 2002) associated
with ataxin-3 expression.

2

The up-regulation of HSPB1 in SCA3 brain tissue as well as in patient
fibroblasts may reflect an early stress response, which is however insufficient
to prevent aggregation and toxicity in vivo on the long run. Although HSPB1
over-expression improved striatal degeneration of a lentiviral induced
Huntington’s disease rat model (Perrin et al., 2007), it was found to be rather
ineffective in protecting disease progression of Huntington’s disease mice
(Zourlidou et al., 2007). Our findings that HSPB1 levels are unrelated with AO
or DAO could be considered as consistent with these data. The findings that
HSPB1 is up-regulated both in SCA3 fibroblasts (our data) and in human brain
material (Chang et al., 2005) also suggest that the fibroblasts indeed respond
in a manner similar as neuronal cells, implying that fibroblasts may be used
as a model for studying basic, general responses of neuronal cells to mutant
proteins.
The AO in SCA3 shows a strong inverse correlation with the length of the CAG
repeat expansion, explaining 43-73% of the variance in the AO (Schols et al.,
1995;Takiyama et al., 1995;Ranum et al., 1995;DeStefano et al., 1995;Kawakami
et al., 1995;Riess et al., 2008). This broad range may be caused by the sample
sizes used in the different papers, and by the inclusion of patients with CAG
repeats in the lower and higher extremes. In the patient population used in
this study, 43% of the variance in AO could be explained by the CAG repeat
length, leaving 57% of the variance to be explained by other genetic or
environmental modifiers. There was no correlation between HSP or ataxin-3
levels and CAG repeat length (table S1). Strikingly our data suggest that
DNAJB rather than e.g. HSPA1A, HSPA8 or HSPB1 levels could explain part
of the CAG-independent variation in AO. This may seem unexpected because
HSPA proteins are the central factor of the HSP70 machine, and several reports
have shown suppression of polyQ toxicity in cell- and Drosophila models by
HSPA1A over expression (Jana et al., 2000;Cummings et al., 2001;Chan et
al., 2000;Warrick et al., 1999). However, HSPA1A over expression in mouse
models showed limited to no effects on Huntington’s disease related aggregate
formation and neurodegeneration (Hansson et al., 2003). So, the role of
HSPA1A on the suppression of polyQ toxicity seems limited or/and requires
non-physiologically tolerable high HSPA1A levels in mammals to improve
pathogenesis (Muchowski and Wacker, 2005).
Albeit with some exceptions, most studies with cell models also showed that a
difference in HSPA proteins alone only has minor effects in delaying aggregation.
Rather, such studies suggest that members of the DNAJB family, which are the
HSPA co-chaperones, may be more rate limiting for the cells’ ability to handle
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genetically mutated, non-refoldable proteins (Rujano et al., 2007;Rujano and
Kampinga, 2008). Although DNAJB1 may not be the strongest suppressor of
polyQ aggregation and toxicity within the DNAJ protein family (Hageman et
al., 2010), it has been shown to effectively protect against polyQ aggregation
and toxicity in mammalian cell-culture, (Rujano et al., 2007;Hageman et al.,
2010;Rujano et al., 2007;Chai et al., 1999) (this study), Drosophila retina (Chan
et al., 2000) and post mitotic neurons (Drosophila) (Ghosh and Feany, 2004).
DNAJB4 and DNAJB5, the other 2 DNAJB members that were recognized by the
HSP40 antibody and that have comparable mobility in SDS-PAGE as DNAJB1
showed no significant suppression of ataxin-3 aggregation. This somewhat
contrasts our earlier observations with polyQ exon-1 fragments of huntingtin,
where DNAJB4 and DNAJB5 showed anti-aggregation activities comparable to
that of DNAJB1 (Hageman et al., 2010). However, it must be noted the repeat
length used in this study was very long (119Q) and the effects of DNAJB1, -4
and -5 were rather marginal and only detected at the biochemical level and not
by analyzing cells with immunofluorescence. Further, it is possible that these
differences in anti-aggregation effects may be due to differences in specificity of
these three different family members for these two different clients (huntingtin
versus ataxin). Irrespective of these considerations, the HSP40 antibody used here
recognizes DNAJB1 approximately with approximately 20 and 7 times higher
affinity than DNAJB4 and DNAJB5 respectively (Figure S1). Combined with the
observations that DNAJB1 affects ataxin-3 aggregation in a dose-dependent way,
our data therefore suggests that DNAJB1 is likely to be the DNAJB member that
could explain the CAG-independent variation in AO in SCA3 patients. So, we
hypothesize that low DNAJB1 levels observed in the patients with a relative early
AO lead to relative rapid progression to the disease onset by early disturbance
of protein homeostasis. Inversely, patients with high DNAJB1 levels reach these
thresholds to disturbed protein homeostasis later, even though the pressure on
the system (related to the CAG repeat length) is the same.

2

In summary, our data suggest that protein levels of DNAJB1 are an independent
genetic co-factor, which could account for approximately 20% of the DAO from
the expected AO. Whereas the observed correlations between DNAJB1 levels
and the DAO are not strong enough to be included as a predictor of the AO,
our data point to the role of DNAJB1 as modulating factor for SCA3 pathology,
and underlines once more the possible use of this protein as therapeutic target.

Acknowledgements
We thank Dr. Jurre Hageman (Groningen, The Netherlands) for the SCA3Q82,
HSPA and DNAJ plasmids, and for providing the DNAJA cross-reactivity

DNAJB levels and age of onset in SCA3

83

2

data. Moreover we thank Dr. Michel Vos (Groningen, The Netherlands) for
the HSPB1 plasmid, and assistance on image acquisition. This work was
financially supported by the Prinses Beatrix Foundation, grant WAR05-0129.

V5-DNAJB9

V5-DNAJB8

V5-DNAJB7

V5-DNAJB6 long

V5-DNAJB6 short

V5-DNAJB5

V5-DNAJB4

V5-DNAJB3

V5-DNAJB2 long

V5-DNAJB2 short

V5-DNAJB1

Hek 293 wt

Fibroblasts

Appendix A: Supplementary data

A

DNAJB1

*

*

*

*

*

*

*

B

V5

C

Overlay of A and B

*

D

*
GFP-DNAJB1

*

GFP-DNAJA4

*

GFP-DNAJA3

*

GFP-DNAJA2

*

GFP-DNAJA1

*

DNAJB1

*

*

Figure S1: DNAJB antibody shows cross-specificity for several DNAJB family
members. Western blot analysis of transiently transfected V5- tagged DNAJB family
members (Panel A-C) or GFF-tagged DNAJA members (Panel D) in HEK293 cells,
probed with the HSP40 antibody used for the fibroblast analysis (Panel A) followed
by a V5 staining to show cross-specificity among family members (Panel B). Overlay
of the HSP40 and V5 blot (Panel C) reveals cross-reaction of the HSP40 antibody with
DNAJB1, -2 short, -2 long, -4, -5, and -8, (*). The HSP40 antibody also shows weak
cross-reactivity with DNAJA2 and -4 (*)
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Figure S2: Increasing levels of DNAJB4 levels have no effect on ataxin-3 aggregate
formation. A) HEK293 cells were co-transfected with ATX3Q82-YFP and DNAJB4
encoding plasmids at varying rations (1:9 – 1:1). 24 hours after transfection, samples
were analyzed by the filtertrap assay. B) Expression levels of transfected ATX3Q82YFP, DNAJB4 and GAPDH (loading control) were analyzed by Western blot analysis.
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Heat shock proteins have been shown to protect against polyQ disorders in
cell and animal models. Recently a correlation was found between DNAJB1
levels and the CAG-independent variation in the AO of SCA3, implicating
an involvement of DNAJB1 with disease progression in humans. These
observations were obtained in SCA3 patient fibroblasts, and subsequently,
in this study the distribution and expression of DNAJB1 was analyzed in
post-mortem brain material. No overall differences in expression of DNAJB1
were observed between patients and controls. The sample size was too small
to correlate neuronal DNAJB1 expression between patients to their CAGindependent AO. However, in the post mortem brain tissue it was observed
that the soluble DNAJB1 was sequestered into the inclusion, in advanced
neurodegeneration. This sequestration was associated with a large increase
in the levels of HSPA1A, the highly stress-responsive HSP70 family member.
We hypothesize that this up-regulation reflects a stress response, as a danger
signal, which is initiated when DNAJB1 is trapped in the inclusion, and which
reduces the functional levels in the cell to such an extent that it starts neuronal
cell degeneration.

Introduction
At least nine different neurodegenerative disorders are known that are
characterized by the expansion of a CAG repeat in the coding region in
the respective disease genes; the polyglutamine (polyQ) diseases of which
Spinocerebellar ataxia 3 (SCA3) and Huntington disease (HD) are the
most prevalent members (Zoghbi and Orr, 2000). The affected proteins are
aggregation prone and protein aggregates or inclusions are a common
feature of the disease (Williams and Paulson, 2008). Because longer expanded
polyQ repeats cause an earlier age of onset (AO) and mutant proteins are
more aggregation prone (Scherzinger et al., 1997) oligomerization seems to
be crucial in the cytotoxicity of expanded polyQ proteins (Sanchez et al.,
2003) and pathogenic protein-protein interactions likely cause neuronal
dysfunction (Legleiter et al., 2010). However, whether the intra neuronal
protein inclusions as found in post-mortem brain tissue are the toxic species
or rather reflect (late) protective entities remains controversial since for both
hypotheses evidence exists (Gutekunst et al., 1999)(Rub et al., 2008;Saudou
et al., 1998;Kim et al., 1999;Slow et al., 2005) Notwithstanding this debate,
preventing aggregation (preferably at an early stage) or/and removal of
aggregates has been a successful strategy to combat the disease in cellular and
animal models (Apostol et al., 2003;Zhang et al., 2005;Hageman et al., 2010).
In particular, boosting components of the protein quality control system and
especially the heat shock proteins has been shown to suppress aggregation
and toxicity in cellular and animal model systems (Muchowski and Wacker,
2005;Rubinsztein et al., 2005;Vos et al., 2010;Hageman et al., 2010). Heat
shock proteins are divided in several families which are all structurally and
functionally highly divergent (Vos et al., 2009). Especially members of the
small HSPB family (Carra et al., 2005;Carra et al., 2009;Vos et al., 2010) and of
the DNAJB family (Muchowski et al., 2000;Wyttenbach et al., 2000;Rujano et
al., 2007;Westhoff et al., 2005;Chapple et al., 2004;Hageman et al., 2010) have
been identified as potent members against polyQ aggregation and toxicity,
including SCA3, the most prevalent SCA disorder (Schols et al., 2004), which
is caused by a mutation in ataxin-3 (Kawakami et al., 1995). Intriguingly, for
a group of well-characterized SCA3 patients, we recently found a correlation
between the expression levels of DNAJB family members and the CAGlength independent age of onset (AO) (Zijlstra et al., 2010). This correlation
was obtained using skin fibroblasts from SCA3 patients. In a number of
these SCA3 patients, we have analyzed their post-mortem brain material for
the distribution and expression of DNAJB members. Although sample sizes
were too small to perform correlation studies with AO similar as done with
the fibroblast, we could show intriguing disease related changes in DNAJB
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expression profiles. In particular, we found that complete sequestration of
DNAJB1 into the inclusion is associated with a large increase in the levels
of HSPA1A, the highly stress-responsive HSP70 family member, as danger
signal. This observation suggests that when DNAJB1 is overwhelmed and
becomes recruited in inclusions, neurons become severely stressed and
eventually may die. Such is consistent with the correlation between DNAJB1
and age at onset (Zijlstra et al., 2010) and the hypothesis that DNAJB1 levels
are crucial to neuronal cell degeneration.

Material & methods
Patients and control individuals
In the present investigation we studied the brains of 8 patients with clinically
and genetically diagnosed SCA3 (4 males, 4 females) and the brains from 5
individuals without medical histories of neuropsychiatric diseases, as controls
for the staining process (3 males, 2 females). All SCA3 patients suffered from
disease-typical clinical manifestations, and the diagnosis was confirmed
genetically (Kawaguchi et al., 1994). Informed consent was obtained from all
patients, in accordance with the medical ethical committee of the University
Medical Centre Groningen, the Netherlands, where the autopsies were
performed.

Brain tissue preparation and treatment
All patient and control brains were fixed for 2 weeks in a 4% phosphatebuffered, aqueous formaldehyde solution (pH 7.4). Thereafter, tissue blocks
were embedded in paraffin and cut into 5 µm thick horizontal sections.

Antibodies
1C2 (1:3200, 5TF1-1C2-172, Chemicon), Rabbit anti-HSP40 (1:100, SPA400,
Stressgen Biotechnologies), mouse anti-HSP70 (1:100, SPA810, Stressgen
Biotechnologies), Ubb+1 (Ubi2A (bleeding 180398), 1:100, Van Leeuwen
laboratory).

Immunohistochemistry
Sections were deparaffinated with a descending xylol and ethanol sequence. For
antigen retrieval, slides were transferred into Tris/HCl Buffer (pH 9.5), heated
3 x 10 min to 95°C and cooled to room temperature (HSPA1A). For antibodies
requiring additional treatment, slides were then transferred into 98% formic
acid for 3 min (1C2, UBB+1). Endogenous peroxidases were blocked using 0.3%
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H2O2/PBS buffer for 30 min at RT, after which sections were incubated 1h at
RT with primary antibodies diluted in 1% BSA/PBS. Consecutively, the slides
were rinsed and incubated with appropriate peroxidase conjugated secondary
antibodies for 30 min at RT. The immunoprecipitate was revealed with 3,3
%-diaminobenzidine (Sigma) as chromogen. Sections were counterstained
with hematoxylin, dehydrated in ethanol and coversliped.
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Double immunofluorescent staining
Deparaffination and antigen retrieval was done as described above. Sections
were then treated with 1% sodium borohydrate (Sigma) for 10 min to quench
auto fluorescence. The slides were then blocked with 5% normal goat serum
(Vector) in PBS containing 0.03% Triton-X (Sigma) for 30 min. Subsequently,
sections were incubated at 4°C overnight with various primary antibody
combinations. The next day, sections were washed in PBS and incubated for
3h at RT with goat anti-mouse Alexa488 (Invitrogen) and goat anti-rabbit Cy3
(Jackson Immunoresearch) secondary antibodies. For an additional quenching
of auto fluorescence, the sections were treated with 0.05% sudan black solution
(Merck) for 10 min at room temperature and washed 8 times in PBS. Sections
were then washed again and coverslipped with Mowiol (Sigma). Omission of
the primary antibody served as control and resulted in non-staining.

Results
Distribution of DNAJB1 in healthy brains
Before studying the distribution of DNAJB1 in SCA3 brains, we first
characterized its distribution in brains from healthy controls. DNAJB1 was
expressed ubiquitously in all brain areas investigated; however, there was
some variation in staining intensity with higher DNAJB1 immunoreactivity in
the neurons of the deep cortex and white matter of the frontal pole, the CA2
and CA3 regions of the Hippocampus, and the hilus of the entorhinal cortex.
The expression level variation in brain regions was not related to patterns of
degeneration with SCA3 brains, indicating that DNAJB1 expression unlikely
underlies the disease specific pattern of neurodegeneration. Within each brain
section, DNAJB1 expression was relatively high in neurons, whilst the glia
cells showed only a weak immunoreactivity for DNAJB1 (Figure 1A and B).

Distribution of DNAJB1 in control versus SCA3 brains
For the analysis of DNAJB1 in SCA3, we analyzed the brains from a number
of SCA3 patients for which patient fibroblasts were been used in our study
showing a correlation between DNAJB1 expression and the CAG-length
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DNAJB1 glia cells

Control

3
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SCA3
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Figure 1: DNAJB1 staining of neuronal and glial cells. Positive contrast staining with
the DNAJB1 antibody in the pons of a control case (A,B) and a SCA3 case (C,D). All
cases investigated showed a moderate to strong staining of neurons in both healthy
and diseased patients (A, C). There was no notable difference between neurons of
disease and control cases, and no difference between neurons bearing NNI and those
without NNI. Glia displayed no notable staining above background (B, D). (A-D: 1C2
immunostaining, diaminobenzidine (DAB) as chromogen; 5 µm paraffin sections)

independent variation in AO (Zijlstra et al., 2010). Just as in healthy brains,
DNAJB1 was found to be ubiquitously expressed throughout the brain, and
the relative intensities in the different areas in SCA3 brains were similar to
that seen in controls. This means that no overall differences in DNAJB1 levels
were found in cerebellum, basal ganglia, brainstem and spinal cord; areas
which show degeneration in SCA3. In SCA3
1 patients, DNAJB1 expression was
higher in neuronal cells than in glial cells (Figure 1C and D) without obvious
98

expression level changes in neurons and glial cells in degenerating areas (data
not shown).
In fact, the absence of large changes in overall DNAJB expression between
brains from patients and controls compares well to what we found in
fibroblasts, where no differences between SCA3 patients and controls in
total DNAJB1 expression levels were found (Zijlstra et al., 2010). Because the
numbers of human SCA3 brains were limited, we were not able to investigate
whether there are inter-individual variations between SCA3 patient and the
(CAG length independent) differences in AO.
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Cellular distribution of DNAJB1 in affected SCA3 neurons
SCA3 is histologically characterized by the presence of ataxin-3 immunopositive
nuclear inclusions (NI), but this presence does not directly correlate with
neuronal cell death since NI are present in both non-affected (Munoz et al.,
2002;Trottier et al., 1998) and degenerated (Schmidt et al., 1998;Paulson et
al., 1997a) brain regions. The NI are immunoreactive for ataxin-3, polyQ (for
instance measured by IC2, an antibody marking (elongated) polyglutamine
proteins (Trottier et al., 1995) members of the proteasomal machinery (Raspe
et al., 2009;Gusella and MacDonald, 2000), heat shock proteins (Kim et al.,
2002;Matsumoto et al., 2006;Raspe et al., 2009;Hageman et al., 2010) and P62
(Kuusisto et al., 2001;Nagaoka et al., 2004) or sequestosome-1, which is one of
the factors targeting specific substrates for macro autophagy (Lamark et al.,
2009). Approximately 60% of the neurons in the Pons contain NI, monitored by
1C2 staining (data not shown), which corresponds with earlier data describing
the ataxin-3 distribution and inclusion formation in SCA3 Pons (Paulson et al.,
1997b). All neurons were found to be immunopositive for DNAJB1, showing
a moderate staining of the cytoplasm and nucleus, while 1C2 and DNAJB1
double staining showed that almost all NI were immunoreactive for DNAJB1
(Figure 2A-C, 85%) (Chai et al., 1999). Most of these cells still showed a
diffuse cytoplasmic and nuclear staining (Figure 2D-F, magnification of white
insets in figures A-C). However a small fraction of the cells (6%) showed an
almost absence of somatic staining combined with a full sequestration of the
DNAJB1 into the NI. Morphologically, these neurons also displayed various
abnormalities indicative of cell degeneration.
To test whether the cells with exclusive DNAJB1 staining in NI may reflect
an end-staged cell under severe proteotoxic stress, we investigated the
distribution of the stress-inducible HSP70 (HSPA1A) in neurons. In most cells,
HSPA1A was present at low basal levels in the soma of the neurons (Figure
2G-I), with occasionally a bright diffusely stained neuron (Figure 2J). Moreover
most NI’s were HSPA1A immunoreactive (80%), consistent with in vitro data
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and work in human brains (Chai et al., 1999) that HSPA1A is recruited into the
NI. Combined staining of DNAJB1 with HSPA1A, showed that all NI were
double positive for both HSP’s (data not shown). But, in those cells showing
absence of somatic DNAJB1 staining and its full sequestration into the NI,
HSPA1A intensities were drastically elevated (Figure 2 J-L). In fact, we found
an inverse correlation between intensity of the HSPA1A staining and the
fraction of cells lacking diffuse DNAJB1 staining (data not shown), supporting
the hypothesis that the sequestration of DNAJB1 protein into the NI’s induces
a stress-response in neurons as reflected by increased levels of HSPA1A, due
to a tilt in protein homeostasis. Further support that protein homeostasis
indeed is disturbed in cells lacking diffuse DNAJB1 staining was found when
we analyzed neuronal Ubb+1 staining. Ubb+1 is an aberrant ubiquitin protein,
resulting from molecular misreading and that, in healthy cells, is targeted
for degradation by the proteasome (Lam et al., 2000;Lindsten et al., 2002).
Accumulation of Ubb+1 thus is thought to reflect proteasomal dysfunction in
different neuropathological disorders (Fischer et al., 2003). Consistently, we
found that neurons of the Pons of healthy controls only stain weakly positive
for Ubb+1, indicative of a normal protein homeostasis, while a small percentage
of the neurons in SCA3 brains contain an Ubb+1 positive NI. Interestingly, the
neurons with upregulated HSPA1A expression all contained an Ubb+1 positive
NI (Figure 2 M-O), strengthening the observation that these neurons suffer
from proteotoxic stress because of the recruitment of DNAJB1 into the NI.
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Discussion
The main finding of this study concerns the notable induction of the stress
response (HSPA1A up-regulation) in neurons showing a complete recruitment
of DNAJB1 into nuclear inclusions. We previously found that DNAJB1

Figure 2: Recruitment of DNAJB1 into nuclear inclusions parallels an induction of the
cellular stress response. Immunofluorescent analysis of the cellular (co-)distribution
of 1C2, DNAJB1, HSPA1A and Ubb+1 in the remaining neurons of the Pons of diseased
SCA3 patients. Overview of 1C2 (A) and DNAJB1 (B) co-staining. White box (enlarged
in D, E, F) is surrounding a neuron with diffuse DNAJB1 in the soma, and DNAJB1
present in the 1C2 positive inclusions. (G, H, I) Arrowhead shows a neuron with
moderate diffuse somatic HSPA1 staining (G) and HSPA1A present in 1C2 positive
inclusions (H). (J, K, L) Arrow shows a neuron with moderate somatic HSPA1A staining
(J) and diffuse somatic DNAJB1 staining with a small DNAJB1 positive inclusion (K).
Arrowhead shows a neuron with high somatic HSPA1A staining (J) and almost no
diffuse somatic DNAJB1 staining and a large DNAJB1 positive inclusion (K). (M, N,
O) Arrowhead points to a neuron with high somatic HSPA1A levels (M) and an Ubb+1
positive inclusion (N).
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expression in fibroblast from SCA3 patients was correlated to the CAG-repeat
length independent variation in AO of disease (Zijlstra et al., 2010). Although
the brains of some of the patients in that study were included in our current
analyses, the numbers were too small to allow a correlation analyses between
DNAJB1 expression in brain and AO. We found that DNAJB1 expression was
not lower in areas generally affected in SCA3, and that the level of expression
was not different between brains of SCA3 patient and controls. The latter is
again consistent with our fibroblast data (Zijlstra et al., 2010).
We hypothesize that the recruitment of DNAJB1 into inclusions reflects
a failed function. DNAJB1 and other members of the DNAJB family are all
known to be capable of keeping polyQ proteins soluble and preventing their
aggregation (Muchowski and Wacker, 2005;Rujano et al., 2007;Howarth et al.,
2007;Hageman et al., 2010). If aggregation occurs, DNAJB proteins are found to
be present in or at inclusions (Kim et al., 2002;Matsumoto et al., 2006;Raspe et
al., 2009;Hageman et al., 2010) suggesting that they can bind polyQ proteins by
shielding the aberrant epitopes from the environment preventing aggregation,
but when the polyQ pressure or HSP load in the cell decreases and aggregates
are formed, the HSP bound polyQ proteins are recruited towards the aggregate.
The recruitment of DNAJ proteins into SCA3 inclusions is repeatedly observed
in brain material (Chai et al., 1999). In addition, HSPA1A is often found to be
included into inclusions, and more importantly, HSPA1A has been observed
to be up-regulated in polyQ expressing neurons (Chai et al., 1999). Here we
link for the first time HSPA1A up-regulation to the complete sequestration of
DNAJB1 into the inclusion.
The presence of HSP70 members in nuclear inclusions, and their upregulation in neurons has often been linked to the possibility that HSP70 can
rescue polyQ aggregation and toxicity. Although some studies indeed have
suggested that HSP70 proteins can attenuate polyQ protein aggregation to
some extent (Bailey et al., 2002;Kobayashi et al., 2000), the effects are relatively
weak compared those of DNAJ proteins (Bailey et al., 2002;Howarth et al.,
2007;Hageman et al., 2010). Also in mouse models, HSP70 up-regulation has
been shown to be disappointingly ineffective (Hay et al., 2004;Hansson et al.,
2003). Also, HSPA1A is generally not up-regulated in cells expressing polyQ
proteins before the occurrence of significant aggregation (Zijlstra et al., 2010),
suggesting that the chronic expression of polyQ proteins does not evoke a
general heat shock response. In line with this, we find no major differences
in HSPA1A expression between control and SCA3 brains. HSPA1A is not upregulated in most neurons that show NI (this study). Therefore, we consider
the up-regulation of HSPA1A in cells lacking somatic DNAJB1 expression as
a danger signal of cells in which protein homeostasis is jeopardized. How
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far this still may be neuroprotective remains to be seen. The fact that HSPA
are relatively weak protectors against polyQ toxicity and that this occurs in
neurons which seem seriously compromised, this response may have come
too late for rescue and marks a dying neuron.
Overall, our data again point to the putative importance of DNAJB proteins in
the progression of polyQ diseases and further underline that boosting DNAJB
protein levels or activity may have therapeutic potential.
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A small number of heat shock proteins have previously been shown
to act protectively on aggregation of several proteins containing an
extended polyglutamine (polyQ) stretch, which are linked to a variety of
neurodegenerative diseases. A specific subfamily of heat shock proteins is
formed by the HSPB family of molecular chaperones, which comprises 10
members (HSPB1-10, also called small HSP). Several of them are known to
act as anti-aggregation proteins in vitro. Whether they also act protectively in
cells against polyglutamine aggregation has so far only been studied for few
of them (e.g. HSPB1, HSPB5 and HSPB8). Here, we compared the 10 members
of the human HSPB family for their ability to prevent aggregation of diseaseassociated proteins with an expanded polyQ stretch. HSPB7 was identified
as the most active member within the HSPB family. It not only suppressed
polyQ aggregation but also prevented polyQ-induced toxicity in cells and
its expression reduces eye-degeneration in a Drosophila polyQ model. Upon
overexpression in cells, HSPB7 was not found in larger oligomeric species
when expressed in cells and, unlike HSPB1, it did not improve the refolding of
heat-denatured luciferase. The action of HSPB7 was also not dependent on the
HSP70 machine or on proteasomal activity and HSPB7 overexpression alone
did not increase autophagy. However, in ATG5-/- cells that are defective in
macroautophagy, the anti-aggregation activity of HSPB7 was substantially
reduced. Hence, HSPB7 prevents toxicity of polyQ proteins at an early stage
of aggregate formation by a non-canonical mechanism that requires an active
autophagy machinery.

Introduction
Several inherited neurodegenerative diseases exist that are based on a CAG
triplet expansion in the affected genes. This results in elongation of the
glutamine (polyQ) tract present in the proteins where, in general, an extension
beyond 35-40 glutamines causes disease whereby the age at onset is related
to the length of the expansion (Brinkman et al., 1997). These diseases include,
amongst others, polyQ extensions in the androgen receptor, the TATA-box
binding protein, Huntingtin disease (HD) and several ataxia-related genes
[spinocerebellar ataxia (SCA) genes]. The corresponding diseases are
characterized by protein misfolding and aggregate/inclusion formation of
the affected proteins with a concurrent increase in proteotoxic stress (Orr and
Zoghbi, 2007).

4

From (cellular) studies, it has become clear that certain heat shock proteins,
as molecular chaperones, form a potent natural defense against proteotoxic
stress induced by these protein misfolding diseases. Heat shock proteins are
divided into several main families that are both structurally and functionally
highly divergent (Vos et al., 2008). Within the HSPH (HSP110), HSPA (HSP70)
and DNAJ (HSP40) families, several members have been found that can reduce
aggregation and toxicity associated with polyglutamine (polyQ) containing
proteins and other misfolded proteins (Muchowski et al., 2000;Rujano and
Kampinga, 2008;Warrick et al., 1999;Wyttenbach et al., 2000;Yamagishi et al.,
2003;Ishihara et al., 2003;Yamashita et al., 2007;Fayazi et al., 2006;Rujano et al.,
2007). Also within the mammalian small heat shock protein (HSPB) family,
some of the 10 members, particularly HSPB1 and HSPB8, have been reported
to suppress toxicity or aggregation of disease-related, mutated proteins (Patel
et al., 2005;Carra et al., 2005). In cells, HSPB1 suppresses mutant huntingtininduced toxicity without having a major effect on its aggregation; rather,
it was suggested that HSPB1 suppressed cell death caused by huntingtinrelated formation of reactive oxygen species (Wyttenbach et al., 2002). In a
mouse model of HD, however, HSPB1 overexpression did not rescue the HD
phenotype (Zourlidou et al., 2007). In contrast, HSPB8 does reduce aggregation:
it stimulates autophagy-mediated degradation of aggregates in an eIF2 alphadependent manner (Carra et al., 2009;Carra et al., 2008). The potency of the other
eight HSPB members in reducing proteotoxic stress remains largely unknown.
Here, we present a systematic comparison of the members of the human HSPB
family for their ability to modulate either HD or SCA3 aggregation or to assist
in the refolding of a heat-denatured substrate. The effectiveness in preventing
aggregation largely differed between members and, in part, was dependent
on the type of the misfolded substrate. However, within the HSPB family,
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HSPB7 was overall the most potent suppressor of HD and SCA3 aggregation
in cells in vitro. Further analysis on this most potent member showed that it
was also able to reduce polyQ related toxicity in cells. In addition, we found
that HSPB7 protects against polyQ-related eye-degeneration in a Drosophila
model. Interestingly, HSPB7 lacked several characteristics of the more classical
small heat shock proteins. We demonstrate that unlike HSPB1, HSPB7 was not
found in polydispersed complexes and it did not improve the refolding of
heat denatured luciferase when overexpressed in cells. In addition, whereas
in vitro data show that chaperone-like activity requires the HSPA machine for
substrate release and folding (Ehrnsperger et al., 1997), HSPB7 was found not
to depend on the HSPA chaperone machine for its anti-aggregation activity
in cells. Finally, for full HSPB7 activity, autophagy was required although,
unlike HSPB8, HSPB7 did not induce autophagy.

Materials & Methods
Reagents and antibodies
Chemicals were obtained from Sigma (Sigma-Aldrich, St. Louis, MO, USA)
and beetle luciferin from Promega. Antibodies against the V5 tag (Invitrogen,
Carlsbad, California, USA), EGFP (JL-8) (BD bioscience,Franklin Lakes, New
Jersey, USA), GAPDH (RDI-TRK564-6C5, Fitzgerald industries international
Inc., Concord, MA, USA), HA tag (Covance, Princeton, New Jersey, USA), HSPB7
(Abcam, Cambridge, UK) and HSPA1A (SPA-800), HSPA6 (SPA-754, Stressgen
Biotechnologies, Victoria, Canada) were mouse monoclonal. The antibodies
against DNAJB1 (SPA-400) (Stressgen Biotechnologies, Victoria, Canada),
HSPB5 (Abcam, Cambridge, UK) and HSPB8 (18) were rabbit polyclonal.
Reagents for Western blotting were obtained from Amersham (GE Healthcare,
Uppsala, Sweden). Secondary antibodies used for immunocytochemistry
were CY5 anti-mouse and FITC anti-mouse (Jackson, Immunoresearch, West
Grove, Pennsylvania, USA) and CY3 anti-mouse (Amersham, GE Healthcare,
Uppsala, Sweden).

Molecular techniques
Standard recombinant DNA techniques were carried out essentially as
described by Sambrook et al.(74). Oligonucleotide primers were obtained
from Biolegio (Nijmegen, The Netherlands). Restriction enzymes and DNA
polymerases (Invitrogen Carlsbad, California, USA, and New England Biolabs,
Ipswich, Massachusetts, USA), were used according to the manufacturer’s
instructions. DNA sequencing reactions were carried out by ServiceXS
(Leiden, The Netherlands).
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Plasmid generation
The SCA3Q82-YFP construct was described before (28). The truncated
SCA3Q64-EYFP was PCR amplified from cDNA from human skin fibroblasts
of a heterozygous SCA3 patient with 64 CAG-repeats present in the ataxin-3
gene with (5’-ATAAGCGGCCGCTCAGAAGAGCTTCGGAAGA-’3, forward)
5’-ATCGCTCGAGGGACCCTATGCTGTAATCAC-‘3
reverse)
primers
and cloned into pCDNA5.1-FRT/TO-EYFP, in frame with EYFP. Plasmids
containing either HDQ43 or HDQ74 were kindly provided by Dr David
Rubinsztein (Cambridge, UK). Generation of the human HSPB plasmid library
was described before (Vos et al., 2009) as well as the HSPB7 deletion mutants
(Vos et al., 2009). For retroviral transduction, the pQCXIN vector (Clontech,
Mountain View, CA, USA) was used for cloning. The Ub-R-EGFP construct
was kindly provided by Dr Nico Dantuma (Karolinska Institutet, Sweden).
The constructs encoding His-BAG3 and HA-BAG1 have been described before
(Nollen et al., 2000;Carra et al., 2008). The construct encoding the dominant
negative HSF-1 was kindly provided by Prof. Dr N.H. Lubsen (Nijmegen, the
Netherlands).
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Cell lines, cell culture, transfections and transductions
NG-108-15, MEFs, human embryonic kidney 293 (HEK293) cells expressing
the tetracycline repressor (Flp-In T-Rex HEK293, Invitrogen Carlsbad,
California, USA). DNHSF-1 HEK293 was kindly provided by Dr N.H. Lubsen
(KUN, Nijmegen). HEK-HSF379 and HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal calf serum
(Greiner Bio-one, Longwood, Florida, USA) at 37 °C under a humidified
atmosphere containing 5% CO2. The generation of HEK293-HDQ119, with
integration of a tetracycline regulatable expression vector coding for EGFPHDQ119, has been described before (Hageman et al., 2010). Gene expression
in Flp-In T-Rex HEK293 cells was induced with a final concentration of 1
µg/mL tetracycline. HEK293 cells and MEF cells were transfected using
Lipofectamine and Lipofectamine 2000 respectively (Invitrogen Carlsbad,
California, USA) according to the manufacturer’s instructions using 1μg
of plasmid DNA per 35-mm dish. NG-108 cells were differentiated into
neuronal-like cells by addition of 2 mL differentiation medium (DMEM
containing 1 mM sodium pyruvate, 50 μM 3-Isobutyl-1-methylxanthine, 10
μM 5′-(N-Ethylcarboxamido)adenosine, 0.5% FCS) to 35000 cells in a 35-mm
dish. Seven days later, cells were transfected using Jetpei (Polyplus Illkirch,
France) according to the manufacturer’s instructions using 3 μg of plasmid
DNA per 35-mm dish. For transduction, retroviral particles were generated
by co-transfection of HEK293-T cells with pCL-ampho and pQCXIN encoding
either HSPB5 or HSPB7 using Fugene (Roche, Basel, Switzerland) according to
HSPB7 is a potent suppressor of polyQ aggregation
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the manufacturer’s instructions. The supernatant was collected after 48 hours
and filtered using a Millex-HV filter (Millipore, Billerica, Massachusetts). Cells
were transduced by adding 1.5 mL of filtrated medium containing 4 µg/ml
polybrene. Medium was replaced after 24 hours and transduced cells were
selected using puromycin selection.
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Drosophila
Fly stocks were maintained at 22°C according to standard protocols. GAL4
driver stocks were obtained from the Bloomington Stock Centre (Indiana
University, USA). The GMR-UAS-SCA3Q78 flies used for the eye-degeneration
screen were generously provided by Dr. N. Bonini (University of Pennsylvania,
USA) and maintained at 25°C. HSPB7 transgenic lines were generated by
Genetic Services Inc. (Sudbury, USA) by injection of the pUAS transformation
vector into the W1118 genetic background. The UAS-HSPB7 transgenic line
was crossed with the act-GAL4 driver (Bloomington stock center) line to test
for transgene expression (Figure 5D). To analyse effects on eye degeneration,
the GMR-UAS-SCA3trQ78 transgenic line was crossed with either control flies
(w1118) or with the UAS-HSPB7 transgenic line. The resulting offspring was
analysed for eye-degeneration. Severity of eye-degeneration was scored by
counting eyes with visible degeneration as illustrated in Fig. 5D.

Westernblot analysis
Samples were prepared in Laemmli sample buffer (250mM Tris-Cl, 20%
glycerol, 4% SDS, 0.001% bromphenol blue and 10% β-mercaptoethanol).
Equal amounts of protein were separated on 10% or 12.5% SDS-PAGE gels
followed by transfer onto nitrocellulose membranes. Primary antibodies were
used at the following dillutions: V5 (1:5000), EGFP (1:5000), GAPDH (1:10000),
HSPA1A (1:5000), HSPA6 (1:5000), DNAJB1 (1:5000). After 1 h of incubation
with the primary antibody in 0.1% PBS-Tween-20, membranes were incubated
with HRP-conjugated secondary antibodies at a 1:5000 dilution. Detection
was performed using enhanced chemiluminescence and Hyperfilm (ECL,
Amersham, GE Healthcare, Uppsala, Sweden).

Filtertrap assay
The filtertrap assay was performed basically as described by Carra et al. (13).
Briefly, cells grown in a 35mm dish were lysed in 200 μL FTA buffer (10
mM Tris-Cl pH 8.0, 150 mM NaCl) containing 2% SDS. 100 μg, 20 μg and
4 μg sample was deluted in FTA 2% SDS with 50 mM dithiothreitol (DTT),
boiled for 10 minutes and applied onto a prewashed (FTA, 0.1% SDS) 0,2 μM
cellulose acetate filter (GE water and process technologies, Trevose, USA)
with 2 whattmanpapers (Bio-Rad, Hercules, California, USA) in a Bio-Dot
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microfiltration apparatus (Bio-Rad, Hercules, California, USA). Gentle suction
was applied to filtrate the samples followed by one washing step using FTA,
0.1% SDS. Trapped material was probed with anti-GFP (JL-8) or anti-HA at
a 1:5000 and 1:2000 dilution respectively followed by incubation with HRPconjugated secondary antibodies at a 1:5000 dilution. Detection was performed
using enhanced chemiluminescence and Hyperfilm (ECL, Amersham, GE
Healthcare, Uppsala, Sweden).

4

Microscopy
For microscopy, HEK293 cells were plated on poly-L-lysine (0.001%, SigmaAldrich, St. Louis, Missouri, USA) coated coverslips, and transfected the next
day with V5-tagged HSP plasmids and EYFP- or EGFP-polyQ constructs or
RFP-HSPB7 using Lipofectamine, (Invitrogen, Carlsbad, California, USA) and
incubated 24h/48h depending of the polyQ constructs used (Q119 24h, other
constructs 48h). NG-108 cells were plated on non-coated coverslips, differentiated
for 7 days, and transfected with Jetpei (Polyplus Illkirch, France). For fixation
the cells were washed once with PBS and fixed with 3.7% formaldehyde (Merck,
White house station, NJ, USA) in PBS for 15 minutes. After 3 washes with 0.1%
PBS-triton cells were permeabilized in blocking solution (100 mM glycine, 3%
BSA, 0.1% triton) for 1 hour followed by 1 hour incubation with the primary
antibody (V5 anti-mouse, 1:200). After three washing steps, coverslips were
incubated with CY3-conjugated anti-mouse secondary antibody (Jackson,
Immunoresearch, West Grove, Pensylvania, USA ) at 1:200 dilution for 1
hour, followed by a 10 minute incubation with 0.2 µg/ml 4’, 6-diamidino-2phenylindole (DAPI). After three washing steps, the coverslips were mounted
using Citifluor mounting medium (Citifluor Ltd Ltd, London, UK). Images were
obtained using an inverted confocal laser scanning microscope (TCS SP2, DM
RXE, Leica, Wetzlar, Germany) with a 63×/1.32 NA oil objective.

Fluorescence resonance energy transfer
HEK293 cells were plated on poly-L-lysine (0.001%, Sigma-Aldrich, St. Louis,
Missouri, USA) coated coverslips, and transfected the next day with CFPtagged HSP plasmids and HttQ119-EYFP using Lipofectamine (Invitrogen,
Carlsbad, California, USA) and incubated for 24h. For fixation the cells were
washed once with PBS and fixed with 3.7% formaldehyde (Merck, White house
station, NJ, USA) in PBS for 15 minutes. After three washes, the coverslips were
mounted using Citifluor mounting medium (Citifluor Ltd Ltd, London, UK).
FLIM experiments were performed on an inverted Nikon TE2000 microscope
using the LIFA frequency domain lifetime attachment (Lambert Instruments;
Roden, The Netherlands) and LI-FLIM software. CFP was excited with light
from an 1 W 445 nm LED using the AQUA filter cube (EX 436/20, DM 455,
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BA 480/30), modulated at 40 MHz, and emission was collected using an
intensified CCD camera. Lifetimes were referenced to a 10 mM solution of
fluorescein in saline (pH 10) that was set at 4.00 ns lifetime. The measured
lifetimes (calculated from phase differences) of CFP in the absence of acceptors
were 2.45 ns. FRET efficiency E was calculated as E = 1 - (measured lifetime of
FRET pair)/(measured lifetime of donor). FRET efficiencies are means of 26-55
regions of interest (ROIs) per construct.

Luciferase refolding assay
Chaperone activity of HSPB members was assessed by using the luciferase
refolding assay (43). Briefly, HEK293 cells were co-transfected with luciferase
(Superluc-EGFP) together with HSPB encoding plasmids (1:9 ratio). Two
hours after transfection, expression was induced by addition of 1µg/ml
tetracycline. After 24 hours, cells were resuspended and divided into 1ml
portions in tissue-grade 10ml tubes. The following day, cells were given a heatshock (30 minutes at 43°C) in the presence of cycloheximide (20 µg/ml) and
4-morpholinepropanesulfonic acid (MOPS; 20 mM, pH 7.0) in order to inhibit
protein synthesis and increase the buffer capacity of the medium respectively.
After heat treatment, cells were allowed to recover before luciferase activity
was determined (3 hours at 37°C). Luciferase activity measurements were
performed using a Berthold Lumat 9510 luminometer (Berthold Technologies,
Bad Wildbad, Germany).

Sucrose gradient centrifugation
Cells from a 35mm dish were scraped in 200 μL cold lysis buffer (150 mM
NaCl, 50 mM NaH2PO4, 10 mM imidazole, 0.5% NP-40, 1.5 mM MgCl2 and 3%
glycerol, pH 8). Cells were lysed by five passages through a 25 gauge needle,
followed by centrifugation at 300xg for 15 minutes. The cell lysate was loaded
on top of a 10-80% sucrose gradient (10 mM Tris-HCl, pH 8, 5 mM EDTA, 50
mM NaCl) and centrifuged for 18 hours at 100.000xg using a Sorvall Discovery
90SE ultra centrifuge and the SW55 rotor. Fractions of 400 μL were precipitated
by adding an equal volume of 25% (w/v) trichloroacatic acid. After 30 minutes
incubation on ice, proteins were pelleted at 17000xg for 15 minutes. The pellet
was washed twice with 80% acetone (-200C) and allowed to dry. The pellet
was dissolved in 20 μL 0.1M NaOH containing 1% SDS. An equal amount of
Laemmli buffer was added and samples were boiled for five minutes followed
by Western blot analysis.

Clonogenic assay
The clonogenic assay was used to determine cellular survival by using a
tetracyclin-inducible HttQ119-EYFP HEK293 stable cell-line without or
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with HSPB members. Exponentially growing cells were plated in triplicate
in 10cm dishes at a density of 200 cells per dish. HttQ119-EYFP expression
was activated by addition of tetracycline. Cells were allowed to grow and
form colonies for two weeks, after which they were fixed and stained (0.1%
Coomassie Brilliant Blue, 50% methanol, 10% glacial acetic acid) followed
by washing (10% methanol, 7.5% glacial acetic acid). The effect of HttQ119EYFP expression and co-expression of HSPB5 and HSPB7 was determined by
comparing colony reduction in the presence of HttQ119-EYFP expression.

4

Proteasome inhibition, proteasome activity measurement and
autophagy analysis
Proteasomal activity was blocked by addition of 10 μM MG132 to the culture
medium for 12 hours. Proteasomal activity was monitored by co-transfection
of Ub-R-EGFP followed by Westernblot- and FACS analysis. The role of
autophagy in reducing polyQ aggregation was analysed by filtertrap and
Westernblot analysis using mouse embryonic fibroblasts lacking the ATG5
gene, which were kindly provided by Dr. Mzushima (Okazaki, Japan). The
induction of autophagy was measured by transfecting HEK293T cells with
Myc-LC3 constructs together with HSPB proteins or BAG3, followed by
Westernblot analysis.

Results
HSPB7 is the most potent HSPB member in preventing polyQ
aggregation
The suggestion that small HSP are molecular chaperones mostly is mostly
derived from cell-free experiments with isolated proteins in which the antiaggregation effects seems rather general without any clear specificity in terms
of substrates (Horwitz, 1992;Leroux et al., 1997;Morrow et al., 2006); these
experiments showed that small HSPs require the ATP-dependent chaperones
(in particular, the HSPA machine) for substrate release and (re)folding (Mogk
et al., 2003). Regarding their capacity to act as anti-aggregation chaperones
in mammalian cells, limited data are available and they mainly concern
the HSPB1, HSPB5 and HSPB8 members (Carra et al., 2008;Rogalla et al.,
1999;Wang et al., 2003;Wilhelmus et al., 2006).
To compare the effectiveness of the HSPB family in dealing with disease-related
misfolded proteins, we co-expressed the various HSPB members together with
either mutant Huntingtin exon 1 (Htt) or a fragment of ataxin-3 (SCA3), both
containing an expanded glutamine tract in HEK293 cells. Using the filter trap
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assay (Scherzinger et al., 1997) to detect protein aggregates, we found that
aggregation of a moderately expanded HD protein (HA-HttQ43) was strongly
reduced by co-expression of four HSPB members (HSPB6, HSPB7, HSPB8,
HSPB9), whereas HSPB1 and HSPB4 were only marginally effective (Figure
1A). HSPB2, HSPB3, HSPB5 and HSPB10 showed no activity at all. Using a
HD fragment containing a longer polyQ tract (EGFP-HttQ74), co-expression of
HSPB7 and HSPB9 resulted in a considerable reduction in aggregated material,
while co-expression of HSPB1, HSPB4 or HSPB6 was hardly effective (Figure
1B). At a glutamine length of 119, only HSPB7 was still effective in reducing
the amount of aggregated material (Figure 1C). Repeating the screen with
the non-tagged HSPB library and EGFP-HttQ74 led to qualitatively similar
results, i.e. that HSPB9 and especially HSPB7 are the most potent suppressors
of polyQ aggregation (Figure 1D), indicating that the V5 tag had not affected
the function of most HSPB members. Under all conditions of overexpressed
HSPB members, the expression levels of the soluble fraction of the various
Huntingtin proteins were largely unaffected (Figure 1 E-G) meaning that
different substrate concentrations could not explain differences in effectiveness
of the various HSPB members. The difference in the aggregation suppressive
function of the various HSPB members was also not due to differences in
expression levels or higher stability of the HSPB proteins themselves; in fact,
HSPB7 and HSPB9 expression levels were amongst the lowest of the whole
HSPB family (Figure 1E,F). This means that their effectiveness may even be
underestimated here.
We next repeated the screen using another substrate, Ataxin-3, containing an
expansion with 82 glutamine repeats (SCA3Q82-EYFP) (Figure 2A). Also for
this substrate also, HSPB7 and HSPB9 were the most effective suppressors
(Figure 2A). In accordance with data from the HD screen (Figure 1E-G),
HSPB7 effectiveness against aggregation was not accompanied by a detectable
reduction in soluble SCA3Q82 levels (Figure 2B). Because HSPB7 was the most
effective member of the HSPB family in protecting against polyQ aggregation,
we decided to further study its activity in more detail.

Figure 1: The human HSPB family contains potent suppressors of polyQ expanded
Huntingtin aggregation. HEK293 cells were co-transfected with V5-tagged HSPB
members and polyQ encoding plasmids at a 9:1 plasmid ratio. Cells were lysed after
24 or 48 hours and analysed by the filtertrap-binding assay using five-fold dilutions.
Several HSPB members were able to suppress polyQ aggregation of a protein with (A)
43 glutamines; HA-HttQ43 (B) 74 glutamines; EGFP-HttQ74 and (C) 119 glutamines;
HttQ119-EYFP. (D) To compare the effect of the V5-tag, also non-tagged HSPB members
were co-expressed with the EGFP-HttQ74 encoding plasmid. (E-G) Expression levels
of the polyQ proteins and HSPB members in 10-fold diluted cell lysates were analyzed
by Western blot.
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HSPB7 prevents polyQ aggregation in neuronal-like cells

4

To test whether HSPB7 is also effective in reducing polyQ aggregation in
neuronal-like cells, we co-transfected differentiated NG-108 neuroblastoma
- glioma cells with HSPB7 and EGFP-HttQ74 or SCA3Q64-EYFP. Since
transfection efficiencies in NG-108 cells were very low, we could not use
biochemical endpoints to test whether HSPB7 reduced the process of
aggregation also in these NG-108 cells. As an alternative, we therefore used
immunofluorescence analysis. Intriguingly, we noticed that unlike in HEK293
cells, in which most polyQ-related protein aggregates are found in the cytosol
(Hageman et al., 2010)(Figure 3A), aggregates in these neuronal-like cells were
nearly exclusively nuclear (Figure 3B,E). But irrespective of this differential
localization of the polyQ aggregates in HEK293 and NG-108 cells, there were
less cells with aggregates in both cell lines when HSPB7 was overexpressed. To
quantify this for NG-108 cells, we calculated which fraction of EGFP-HttQ74 or
SCA3Q64-EYFP expressing cells contained visible inclusions in the presence
or absence of HSPB7. Interestingly, irrespective of the nuclear localization of
the mutated aggregated protein, both V5- and non-tagged HSPB7 effectively
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Figure 2: The human HSPB family contains potent suppressors of polyQ expanded
SCA3 aggregation. (A) HEK293 cells were co-transfected with V5-tagged HSPB
members and truncated EGFP-tagged SCA3 containing a stretch of 82 glutamines at
a 9:1 plasmid ratio. After 24 h, cells were lysed and analyzed by the filtertrap-binding
assay using 5-fold dilutions. (B) Expression levels of the polyQ proteins (EGFP-staining)
and HSPB members (V5-staining) were analyzed by Western blot. Since the expression
levels of HSPB9 and HSPB10 were below the detection limit a longer exposure was
included.
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reduced polyQ aggregation, while overexpression of HSPB5 had only a minor
effect (Figure 3C,F). This implies that HSPB7 is functional both in the cytosol
(HEK293 cells) and in the nucleus (NG-108 cells). In line with this, we found
that HSPB7 also prevented the aggregation of a nuclear targeted NLS-EGFPHttQ74 in HEK293 cells (Figure 3D).

HSPB7 anti-aggregation effects are not due to a non-specific induction
of a cellular stress response

4

Transient overexpression can lead to non-physiologically high levels of
expression per cell and hence could induce a stress response and cause
non-specific phenotypes. First, we therefore titrated the levels of HSPB7
in HEK293 cells and found HSPB7-mediated protection to increase with
increasing HSPB7 levels (Figure 4A-D). To more directly exclude that HSPB7
overexpression might induce a general stress response that up-regulates other
chaperones that in turn prevent polyQ aggregation, we measured levels of the
stress inducible HSPA1A and DNAJB1. HSPB7 overexpression did not lead
to a detectable induction of these classical heat-shock proteins (Figure 4E).
In addition, we employed cells carrying a tetracycline inducible dominant
negative heat shock factor protein-1 (dnHSF-1) transgenic construct which
blocks all HSF-1 dependent HSP expression (Heldens et al., 2010) like, for
example HSPA6 (Figure 4F). In these cells, HSPB7 retained its full activity to
suppress polyQ aggregation (Figure 4G,H). Thus, HSPB7 overexpression does
not induce the general heat shock response and does not require induction of
other heat shock proteins in order to be functional.

HSPB7 reduces polyQ induced toxicity in vitro and in vivo
Since the rate of protein aggregation increases with the length of the polyQ
expansion and since for all CAG repeat diseases the length of the polyQ
expansion correlates with the age of onset of disease, protein aggregation
has been suggested to be causative of disease (Scherzinger et al., 1997).
However, the validity of this assumption was challenged by observations in
post-mortem tissues that revealed the presence of (nuclear) polyQ aggregates
in non-degenerated neurons (Gutekunst et al., 1999) and their absence in
some degenerated brain areas (Rub et al., 2008). In addition, in vitro studies
suggested that the inclusion formation might rather be a (late) cytoprotective
event against diffuse, soluble, toxic intermediates of mutant polyQ proteins
(Saudou et al., 1998;Muchowski et al., 2002;Arrasate et al., 2004). To test
whether HSPB7 not only prevents inclusion formation but also exerts an
(early) cytoprotective effect, we used a tetracycline-inducible HttQ119-EYFP
HEK293 cell-line (Hageman et al., 2010). Subsequently, these cells were used
to generate stable lines constitutively expressing either non-tagged HSPB5 or
HSPB7 is a potent suppressor of polyQ aggregation
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Figure 3: HSPB7 prevents polyQ aggregation in neuronal-like cells. (A) Confocal
microscopy of HEK293 cells overexpressing cytosolic EGFP-HttQ74 (green signal) or
NLS-EGFP-HttQ74 (D) without or with co-expression of V5-HSPB7 for 48 hours. The
nucleus was stained with DAPI (grey signal). (B) NG-108 cells were differentiated into
neuronal cells and transfected with EGFP-HttQ74 or SCA3Q64-EYFP (E) with and
without V5-HSPB7. Cells were fixed with formaldehyde and the nucleus was stained
with DAPI (grey signal, or dashed white line). The number of NG-108 cells positive
for either EGFP-HttQ74 (C) or SCA3Q64-EYFP (F) overexpressing HSPB7, V5-HSPB7,
HSPB5 or V5-HSPB5 were counted using immunofluorescence. Graphs represent data
of >100 GFP positive cells, measured in two individual experiments. Clearly, HSPB7
almost completely suppressed inclusion formation.
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non-tagged HSPB7 (Figure 5A). Tetracycline-induced expression of HttQ119EYFP strongly reduced the colony-forming ability of the cells (Hageman et al.,
2010) (Figure 5B,C). Co-expression of HSPB7 (but not HSPB5, used as ‘negative
control’) led to a significant reduction in polyQ-mediated cytotoxicity (Figure
5B,C). HSPB7 expression alone did not affect cell proliferation or clonogenicity
(data not shown) suggesting that the improvement in colony-forming ability
is caused by protection of HSPB7 against polyQ cytotoxicity.
We next tested whether HSPB7, besides preventing polyQ cytotoxicity in vitro
can also prevent polyQ-induced neuronal toxicity in vivo. For this purpose we
used a well-established Drosophila SCA3 model (Zoghbi and Botas, 2002). This
fly model is characterized by continuous expression of a truncated polyQexpanded human SCA3-gene (SCA3trQ78) in the compound-eyes, resulting in
eye-degeneration (Figure 5D1-3), which can be visualized by the presence of
dark patches, speckles and collapsed eyes. The gmr-GAL4 targeted expression
of HSPB7 in combination with mutated ataxin-3 reduced the eye-degeneration
(Figure 5D6), Scoring the eye phenotypes showed a significant reduction in
the percentage of flies with degenerated eyes when HSPB7 was overexpressed
(Figure 5E). Hence, the observed effects of HSPB7 on polyQ aggregation
clearly coincide with reduced toxicity in vitro and in vivo.

4

N-terminus of HPSB7 is indispensable for anti polyQ aggregation
activity
HSPB7 was originally discovered as a cardiovascular HSPB member (cvHSP).
But, although it is indeed highly expressed in cardiac tissue (Krief et al., 1999),
database analyses (Vos et al., 2009) revealed that HSPB7 is more ubiquitously
expressed than originally thought. It is expressed at low levels in the brain
(Supplementary Material, Fig. S1) and at the messenger RNA level it was
found to be one of the highest expressed HSPB members in several other
human tissues (Vos et al., 2009), which suggest a general function in cells.
Our finding that human HSPB7 is also functional in flies further illustrates
that HSPB7-like functions may be preserved in many species. Indeed, several
vertebrate orthologs of HSPB7 (Franck et al., 2004) were found to be functional
in preventing polyQ aggregation in human HEK293 cells (Supplementary
material Fig. S2 A, B) suggesting that a HSPB7-like function is conserved
across different species. The main sequence-related features that makes HSPB7
unique within the small HSP family are (i) the presence of a N-terminal serinerich region of approximately 18 residues and (ii) a conserved C-terminal
region (C-box) of 9 residues (Supplementary material Fig. 2C). To investigate
the importance of these sequences for preventing polyQ aggregation, we coexpressed EGFP-HttQ74 with several human HSPB7 deletion mutants (Figure
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Figure 4: HSPB7 prevents aggregation in a dose dependent manner and its protective
effect is not due to an overexpression-related aspecific induction of a cellular stress
response. (A and B) Expression levels of V5-HSPB7 were modified by varying the
amount of transfected plasmid while keeping EGFP-HttQ74 and NLS-EGFP-HttQ74
encoding plasmid constant, showing no decrease in soluble GFP levels with increasing
amounts of HSPB7 (C and D) Filtertrap analysis shows a dose-dependent effect of
HSPB7 on reducing polyQ aggregation of HttQ74 and NLS-HttQ74. (E) HEK293 cells
were transfected with either mRFPruby, V5-tagged HSPB5 or HSPB7 with (+) or without
(-) HA-HttQ43 encoding plasmids. Levels of the stress-inducible HSPA1A and DNAJB1
were not altered under these conditions, indicating that none of them induced a general
stress response. (F) The dominant negative HSF-1 cell line lacks HSF-1 inducible gene
expression as can be seen by a failure of these cells to induce the expression of strictly
heat-inducible HSPA6 within 12 hours after a 30 minutes heat shock at 43°C (G and H).
Using either HEK293 cells or the dominant negative HSF-1 cell line, V5-tagged HSPB5
or HSPB7 were co-transfected with EGFP-HttQ74 (9:1 ratio). In both cell lines, HSPB7
was found equally effective in suppressing HttQ74 aggregation (H) while total levels
of EGFP-HttQ74 were similar under both conditions.
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6A and B). Deletion of the entire N-terminal domain (V5-DN-HSPB7), which
leads to displacement of HSPB7 from SC35 splicing speckles (Vos et al., 2009)
but which leaves the entire alpha crystallin domain (ACD) intact, almost
completely abrogated the activity of HSPB7 to prevent polyQ aggregation
(Figure 6A). However, the internal deletion of the serine-rich region alone (V5DS17-29-HSPB7) did not affect the activity of HSPB7 (Figure 6A). This deletion
also has been shown to have no effect on SC35 speckle localization (Vos et
al., 2009). Hence, the N-terminus, but not the serine-rich stretch per se, seems
indispensable in preventing polyQ aggregation. Deletion of the conserved
C-Box (V5-HSPB7-DC-box) did not affect the activity of HSPB7 against polyQ
aggregation (Figure 6A) meaning that this conserved feature of HSPB7 does
not edify its function in polyQ aggregation.

4

HSPB7 is not present in cells as oligomers
The canonical mechanism by which small heat shock proteins are believed
to function is that they form oligomeric complexes that, via dynamic de- and
re-oligomerization steps, bind unfolded substrates that are subsequently
transferred to HSPA protein machines for further processing (Cashikar et al.,
2005;Bryantsev et al., 2007). First, we tested whether HSPB7 forms oligomers
in cells, like the classical small HSPs, such as HSPB1 and HSPB5 do. Hereto
we expressed V5-HSPB5 or V5-HSPB7 in HEK293 cells and separated the
cell lysates on sucrose gradients. While HSPB5 was found throughout the
gradients, indicating formation of oligomeric species of various sizes, HSPB7
was mainly localized at low sucrose density indicative of its existence as a
mono- or dimeric species (Figure 7A). Native gel analysis confirmed these
findings (data not shown). Therefore, in living cells overexpressed HSPB7
does not seem to form the large polydispersed complexes that are so typical
for many small HSPs. Yet, it is not an exception as HSPB8, when overexpressed
without its binding partner BAG3, also forms mainly monomers and dimmers
(Carra et al., 2005;Carra et al., 2008).

HSPB7 does not act as a chaperone in refolding of heat-denatured
substrates
To test whether, despite its non-classical characteristics, HSPB7 still could
act as a classical chaperone, we used heat-denatured firefly luciferase as a
model substrate (Basha et al., 2004;Michels et al., 1995;Singer and Lindquist,
1998). Cells expressing luciferase with or without co-expressed HSPs
were heated for 30 minutes at 45°C to denature luciferase and (chaperoneassisted) refolding was measured by allowing a 1 hour recovery period at
37°C. Consistent with the previous data (Bryantsev et al., 2007;Michels et
al., 1997) expression of the classical (V5 tagged) chaperones HSPB1, HSPB4
HSPB7 is a potent suppressor of polyQ aggregation
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Figure 5: HSPB7 reduces polyQ
induced toxicity in cells and in vivo.
PolyQ induced cellular toxicity was
analysed using a HEK293 cell line
containing a tetracycline inducible
HttQ119-EYFP construct (63) that
stably expressed either non-tagged
HSPB5 or HSPB7. (A) Addition of
tetracycline to induce the expression
of HttQ119-EYFP (panel A, upper
lane) (B) Long term toxicity of polyQ
expression was evaluated using the
colony formation assay showing
reduced colony formation (within
2 weeks) upon polyQ expression.
(C) Quantitative analysis of colony
formation reveals that expression of
HttQ119-EYFP alone or together with
HSPB5 results in a major reduction
in colonies. Co-expression of HSPB7
results in a significant protection
against polyQ toxicity. (D) The
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Figure 6: HSPB7 activity in preventing polyQ aggregation is independent of two
conserved motifs. (A) HEK293 cells were co-transfected with EGFP-HDQ74, wildtype
HSPB7 or deletion mutants (1:9 ratio, for topology see Supplemental material Fig. S2).
Deletion of the conserved serine stretch or the C-box did not abolish effects of HSPB7
on polyQ aggregation. Deletion of the complete N-terminus did abrogate anti-polyQ
aggregation activity. (B) Expression levels of the polyQ proteins (EGFP-staining) and
HSPB7 deletion mutants (V5-staining) were analyzed by Western blot.

and HSPB5 increased luciferase refolding compared with cells co-expressing
mRFPruby (a non-chaperone control) (Figure 7B), while overexpression of the
other HSPB members, including HSPB7, did not enhance luciferase refolding
(Figure 7B). Overexpression of non-tagged HSPB proteins gave similar results
compared with the V5-tagged versions (data not shown), demonstrating that
the V5-tag had not affected their refolding activity. This suggests that HSPB7
overexpression does not enhance protein refolding at least not when firefly
luciferase is used as a substrate.

HSPB7 is not dependent on a functional HSPA machine to prevent
polyQ aggregation.
In vitro data have shown that many small HSPs, as ATP-independent
chaperones, can prevent aggregation itself, but depend on collaboration with
ATP-dependent chaperones like the HSPA machines for release and folding
of their clients(Narberhaus, 2002). To explore whether the action of HSPB7
on polyQ aggregation also depends on collaboration with HSPA members,
we initially aimed at downregulating HSPA8 and HSPA1, the endogenously
expressed HSPA members in HEK293 cells. However, this turned out to be
rather toxic to these cells (Hageman and Kampinga, unpublished data). We
therefore used an indirect approach to address this question and co-transfected
the HEK293 cells with HSPB7 and EGFP-HDQ74 with or without BAG1. BAG1
is a nucleotide exchange factor that accelerates the ATPase cycle of HSPA that
requires to be present in precise stoichiometry with HSPA
6 proteins in order
to form an adequate chaperone complex (Kampinga and Craig, 2010) In fact,
HSPB7 is a potent suppressor of polyQ aggregation
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both in vitro (Gassler et al., 2001) and cellular data (Bryantsev et al., 2007) have
revealed that elevated BAG1:HSP70 ratios poison the functionality of the HSP70
machine and inhibits refolding reactions. Consequently, HSP70 dependent
refolding reaction in cells such as supported by HSPB1 are also inhibited
(Bryantsev et al., 2007). Similarly, BAG1 could negate the HSPA1A dependent
effects of DNAJB8 on polyQ aggregation (Hageman et al., 2010). Also under
the experimental conditions used here, BAG-1 reduced the refolding activities
of HSPA1A on heat-inactivated cytosolic or nuclear luciferase (Figure 7C).
However, this BAG1 overexpression did not significantly affect the HSPB7
activity on polyQ aggregation (Figure 7D) indicating that HSPB7’s major route
of anti-aggregation does not require HSPA activity.

4

HSPB7 interacts with polyQ proteins
Under physiological conditions, HSPB7 is distributed diffusely throughout the
cell in HEK293 (Figure 8A, a-c) and NG-108 cells (Figure 8A, g-i), with some
speckled nuclear staining as shown before (Vos et al., 2009). When co-expressed
with polyQ proteins, the nuclear and cytoplasmic inclusions that do form under
such conditions also stain positive for the V5-antibody detecting the V5-tagged
HSPB7 (Figure 8A, j-o). Interestingly, HSPB7 shows a ring-like staining pattern
suggesting that it only associates with the periphery of the inclusions in both
cell types. This is not related to a staining artifact by an incomplete penetration
of the antibody in the inclusion since an mRFPruby-HSPB7 construct showed
similar staining patterns (Figure 8A, d-f). Moreover, we recently found that
DNAJB8, another powerful suppressor of polyQ aggregation can be detected
inside the core of the inclusions (Hageman et al., 2010).
To test whether HSPB7 indeed interacts directly with the inclusions, we used
fluorescence lifetime microscopy (FLIM) to measure fluorescence resonance
energy transfer (FRET) between an ECFP-tagged HSPB7 and EYFP-polyQ.
This ECFP tagging did not affect the suppressive effect of HSPB7 on polyQ
aggregation (Figure 8B). The FRET efficiency between EYFP-polyQ and ECFP
alone (negative control) was indeed low (Figure 8C). The FRET efficiency for
ECFP-HSPB7 and EYFP-polyQ was close to levels of co-aggregating ECFPHttQ74 and EYFP-polyQ (positive control) strongly suggesting that HSPB7
can bind polyQ proteins.
To test whether HSPB7 binding to polyQ proteins affects the nature of the
aggregates in cells, we analyzed the distribution of HSPB7 and EGFP-HttQ74
when expressed alone or together. As shown earlier (Figure 7A), HSPB7 was
primarily found in the low sucrose density fraction and this was not affected
upon co-expression of EGFP-HttQ74 (Figure 8D, upper two panels). Inversely,
EGFP-HttQ74 distribution was polydispersed and this did not change upon
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Figure 8: HSPB7 interacts with polyQ proteins. (A) Confocal microscopy of HEK293
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V5-HSPB7 (grey/ red signal) and (b) cytosolic HttQ119-EYFP (grey/green signal). (c)
Overlay of (a and b), dashed white line represents the nucleus. (d) mRFPruby-HSPB7
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functional, with below the corresponding Westernblot showing that the protein levels
are equal. (C) Cells transfected with HttQ119-EYFP and CFP-Tagged HttQ74, DNAJB8
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expressing combinations of V5-HSPB7 and EGFP-HttQ74 as indicated. HSPB7 was
detected using the anti-V5 antibody (upper two lanes), whereas HttQ74 was detected
with an anti-GFP antibody (lower two lanes).
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co-expression of HSPB7 (Figure 8D, lower two panels). Hence, the presence
and binding of HSPB7 in a ring around the polyQ inclusion may suggest a
late-stage co-aggregation as a result of a failed function in an early stage of
interaction.

4

HSPB7 does not target polyQ proteins for proteasomal degradation
Heat shock proteins such as HSPA1A, DNAJB1 and DNAJB2 have been shown
to be able to promote degradation of certain misfolded proteins through the
ubiquitin-proteasome system (Hageman et al., 2010;Bailey et al., 2002;Howarth
et al., 2007).
To test whether HSPB7 is a general stimulator of proteasomal degradation, we
co-expressed it with the proteasome activity reporter Ub-R-eGFP (Dantuma et
al., 2000). The relative eGFP expression increases when using the proteasomal
inhibitor MG132 and decreases upon co-expression of DNAJB1, known to be
able to support and accelerate proteasomal degradation (Bailey et al., 2002)
(Figure 9A and B). Co-expression with HSPB7, however, had no effect, neither
when expressed alone (Figure 9A and B) nor when co-expressed together with
polyQ proteins (HA-HttQ43) (Figure 9B). Although HSPB7 did not promote
overall proteasomal activity, it is still possible that HSPB7 depends on an
active proteasome to exert its protective effects against polyQ proteins. To test
this, we co-transfected cells with HSPB7 together with HttQ43 and treated
cells with the proteasome inhibitor MG132. Under such conditions, HSPB7 was
still active in preventing aggregate formation, whereas the protective action
of DNAJB1 was clearly reduced (Figure 9C), consistent with the finding that
the anti-aggregation effect of DNAJB1 but not HSPB7 is through stimulating
proteasomal degradation (Bailey et al., 2002).

HSPB7 needs a functional autophagosomal machine for its function
Evidence is emerging that rather than degradation via the proteasome,
autophagy-mediated degradation may be the mechanism of defense against
toxic aggregation of polyQ containing proteins (Iwata et al., 2005;Ravikumar et
al., 2004). At least one member of the small HSPB family (HSPB8) acts in concert
with its physiological partner BAG3 to reduce polyQ aggregation specifically
by stimulating phosphorylation of eIF2α, causing transcriptional shut-down
and stimulating autophagy (Carra et al., 2009;Carra et al., 2008;Carra et al.,
2008). To explore whether also HSPB7 also may inhibit polyQ aggregation via
an effect on autophagy, we tested the capacity of HSPB7 to suppress polyQ
aggregation in autophagy deficient (ATG5-/-) or -proficient (ATG5+/+) murine
embryonic fibroblasts (MEFs) (Hara et al., 2006). In ATG5+/+ cells, HSPB7
inhibited polyQ aggregation (Figure 10A); like in all other cell lines tested,
132

A

B
V5-HSPB7

+
+

+

+
+

+

+
+

4

α-V5

100

HSPB7

DNAJB1

MG132

α-GAPDH

Control

C

+

α-eGFP

200

0

V5-HSPB7

HA-Q43
Ub-R-eGFP

300

V5-DNAJB1

400

V5-DNAJB1

500

mRFP

Processing of Ub-R-eGFP
mRFP

EGFP-Fluorescence

600

mRFP
V5-DNAJB1
V5-HSPB7
HA-Q43 24hr

HA-Q43 48hr

HA-Q43 48hr +MG132

Figure 9: HSPB7 is not involved in proteasomal degradation. To monitor the activity
of proteasomal degradation, HEK293 cells were co-transfected with the N-end rule
proteasomal substrate Ub-R-GFP and V5-tagged DNAJB1 or HSPB7. GFP intensity was
measured by fluorescent activated cell sorting measurements (FACS) (A) showing that
DNAJB1, but not HSPB7, reduces the Ub-R-EGFP fluorescence. Graph is showing data
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were co-transfected with V5-tagged DNAJB1 or HSPB7 together with HA-HttQ43 at a
9:1 plasmid ratio. After 24 hour and 48 hours, samples were generated and analysed
by the filtertrap assay. In addition, cells were treated for 12 hours with the proteasome
inhibitor MG132.

this occurred without any detectable changes in soluble EGFP-HttQ74 levels
(Figure 10C). ATG5-/- cells show more polyQ aggregation, consistent with
the role of constitutive autophagy in clearance of polyQ aggregates (Jia et al.,
2007;Khan et al., 2008). Also in these ATG5-/- expression of HSPB7 reduced
aggregation of HttQ74 but the effects were reduced by approximately 40%
compared with the effects of HSPB7 in ATG5+/+ cells (Figure 10A and B,
quantified in E). Suppression of polyQ aggregation by BAG3 overexpression,
which leads to stabilization of endogenous HSPB8 (Carra et al., 2008), is also
reduced in ATG5-/- cells [(Carra et al., 2009); Figure 10A,B and E]. However,
various lines of evidence suggest that HSPB7 works by a different mechanism
from the HSPB8-BAG3 complex. First, in contrast to HSPB8, HSPB7 does not
form a stable complex with BAG3 [Supplementary material, Fig. S3A; (Carra
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et al., 2009)]. Second, unlike HSPB7, the HSPB8-BAG3 complex does reduce
total levels of polyQ proteins [(Brush et al., 2003), Fig. 10C] an effect that
could be attributed to an inhibitory effect of HSPB8-BAG3 on translation, via
induction of eIF2a phosphorylation. Consistently, we found that HSPB7 had
no effect on the phosphorylation status of eIF2a (Supplementary material, Fig.
S3B). Moreover co-expression of GADD34, which maintains eIF2α in the dephosphorylated state (Brush et al., 2003), abolished the protective effect of the
HSPB8 (Carra et al., 2009) but not that of HSPB7 (Figure S3C-F).
To test whether HSPB7 induces autophagy via an alternative, eIF2α independent
route, we analyzed its effects on the autophagy marker LC3. The ratio between
the LC3 and the lipidated form LC3II is considered to be a good indicator
of macroautophagy (Klionsky et al., 2008). Whereas we could confirm the
accumulation of LC3II upon overexpression of the HSPB8-BAG3 complex,
HSPB7 overexpression had a moderate effect on the formation of LC3II (Figure
10F). Together, these results indicate that HSPB7 functions via a different
mechanism than the HSPB8-BAG3 complex and by a yet unknown mechanism
utilizes but does not induce autophagy for its protective action against polyQ.

Discussion
When comparing the human HSPB members for their ability to prevent polyQ
aggregation, we identified HSPB7 as the most active member. HSPB7 was
found to be a non-canonical HSPB protein: unlike the more classical HSPB1
and HSPB5, HSPB7 did not form high-molecular weight oligomeric complexes
in cells and HSPB7 was unable to chaperone heat-denatured luciferase. Also,
unlike the refolding activity of HSPB1 and HSPB5, the anti-aggregation activity
of HSPB7 was found not to be dependent on a functional HSP70 machine.
For its anti-aggregation activity, HSPB7 does not enhance nor does it require
proteasomal activity. Unlike HSPB8, HSPB7 does not interact with BAG3,
does not induce the phosphorylation of eIF2α or seems to induce autophagy
(Carra et al., 2008)(this study). However, in ATG5 knockout cells that lack the
classical autophagosomal degradation route, the anti-aggregation effect of
HSPB7 is greatly impaired. HSPB7-like activities are evolutionarily conserved
and also prevent aggregate formation in neuronal-like cells. Moreover, HSPB7
reduces polyQ-related cytotoxicity in cells and in a Drosophila SCA3 model.
As described before, we found that the polyQ length is directly correlated
with the kinetics of aggregation and formation of inclusion bodies (Hackam et
al., 1998;Legleiter et al., 2010). This allowed us to compare the relative ability
of the diverse members of the HSPB family to prevent polyQ aggregation.
Whereas especially HSPB6, HSPB7, HSPB8 and HSPB9 showed suppressive
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activities against polyQ aggregation of relatively short repeat lengths (Q43),
HSPB9 and especially HSPB7 were the only members capable of delaying
the formation of aggregates by polyQ proteins with long repeats (Q119).
This indicates that although these different HSPB members all can act on
polyQ substrates, consistent with a presumed rather promiscuous substrate
recognition ability of small HSPs, the effectiveness of the various members
to handle (the same) substrates may differ substantially. The well-studied
HSPB1, HSPB4 and HSPB5 were all found to be able to assist in refolding
10 found to depend
of heat denatured luciferase in cells, an activity that was
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on a functional HSPA machine (Michels et al., 1995). These three proteins
were largely ineffective in preventing polyQ aggregation (Carra et al., 2005).
This might suggest that they either do not recognize polyQ proteins (or their
small aggregates) as clients or that the interaction with these polyQ proteins
is too transient to be effective, because of a rapid, HSP70 mediated release.
Intriguingly, for reducing polyQ aggregation, HSPB7 does not require a
functional HSPA machine and HSPB7 cannot assist in the (HSP70-dependent)
refolding of heat-denatured luciferase. In line with this, also HSPB8 and
HSPB9 (Zijlstra et al., manuscript in preparation) also do not require HSP70 for
the anti-aggregation activity and both members were also found to be unable
to support luciferase refolding (this manuscript). The data are also strikingly
in parallel with recent findings on the family of DNAJ proteins: here it also
is found that DNAJ proteins that suppressed polyQ aggregation acted in a
mere HSP70 independent manner and were not able to stimulate luciferase
refolding and vice versa (Hageman, 2008). It is still possible that the ability
of the above-mentioned HSPB and DNAJB members to support refolding is
substrate dependent. Alternatively, it can be speculated that the members of
these DNAJB and HSPB families have evolved to function in either one of the
two fundamentally different sections of the protein homeostasis, i.e. HSP70
dependent refolding or HSP70-independent chaperoning of non-refoldable
substrates (for degradation: see below).
Besides the (in) dependency on HSP70, another striking feature of HSPB7 is
that under the conditions used here, it is not found in (dynamic) oligomeric
complexes in cells as has been described for many small HSP both in cells
and in cell free experiments (Horwitz, 2000;Ehrnsperger et al., 1999) and as
confirmed here for, for example, HSPB5. Similar to HSPB7, also HSPB8 also
does not form large oligomers, but unlike HSPB7, HSPB8 interacts with BAG3
in cells (Carra et al., 2008). How far this is related to substrate specificity or/
and HSP70 dependency remains to be elucidated.
How the polyQ suppressive, non-canonical branch of the HSPB family handles
its clients remains to be elucidated in detail. But, HSPB7 and HSPB8 seem
to play mechanistically distinct roles in protein quality control. HSPB8 forms
a stochiometric complex with BAG3 (2:1). This complex induces autophagy
(Carra et al., 2008) and inhibits protein synthesis in an eIF2α-dependent
manner (Carra et al., 2009). Although HSPB7 in part also depends on active
autophagy, its mechanism of action seems distinct from the HSPB8-BAG3
complex: HSPB7 does not interact with BAG3, act via eIF2a, or up-regulate
autophagy. Together these data imply that the evolution of HSPB members
has not only occurred for gene regulatory or compartmentalization purposes
only, but also for functional divergence in client specificity and client handling.
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With regard to the details of the mechanisms by which HSPB7 works, we so
far only have a number of deterministic observations. HSPB7 was found to be
associated with polyQ protein aggregates as revealed by FLIM analyses and
immunofluorescent analysis revealed HSPB7 to be present at the periphery
of inclusions. This apparent association of HSPB7 with inclusions does not
affect its main distribution when analyzed on sucrose gradients, suggesting
its presence at inclusion could reflect a failed function at an earlier stage
of interaction with the client. By interacting with early polyQ intermediate
complexes, HSPB7 might prevent the nucleation reaction and allow a larger
time window to clear the other toxic intermediates without the requirement of
boosting proteasomal or autophagic clearance.

4

The lack of reduction in overall levels of the expressed polyQ proteins by
HSPB7 is likely due to technical limitations. Under the conditions used, only a
relatively small fraction (5-10%) of the expressed polyQ protein is aggregated.
Even if 50% of the aggregates would have been removed by HSPB7-assisted
autophagy, this would result in a loss of only 2.5-5% of the total amount of
protein, an effect that will not be detected by Western blotting. For HSPB8,
the situation is different since this protein, besides inducing autophagy, also
affects translation (Carra et al., 2009) and therefore HSPB8 expression does
affect total polyQ protein levels under such conditions.
The finding that the activity of HSPB7 is only decreased by 40% in cells lacking
ATG5 suggests that HSPB7 either acts upstream of the autophagic pathway
and/or can be, in part, uncoupled from the autophagy or that it is partly
mediated via another autophagic pathway. In support for the latter it became
recently clear that mouse cells lacking ATG5 are able to form autophagosomes/
autolysosomes, and still can perform autophagy-mediated protein degradation
by an ATG5/ATG7-independent alternative pathway (Nishida et al., 2009). The
possibility that macro-autophagy is not completely shutdown in ATG5-/- cells
may underestimate the importance of autophagy for the function of HSPB7.
Another yet poorly understood feature of HSPB7 is its association with nuclear
splicing (SC35) speckles (Vos et al., 2009). The main component of these nuclear
bodies, SC35, was proposed to be an RNA-binding protein that facilitates
transcriptional elongation (Lin et al., 2008). Binding of speckle components to
RNA was suggested to stabilize RNA and prevent RNA misfolding and/or to
loosen tertiary RNA structures. Triplet expansion diseases such as myotonic
dystrophy (MD) and (most likely) Huntington disease-like 2 are caused by
expansions in the 3’-untranslated region of the gene encoding MD protein
kinase and the junctophilin-3 gene, respectively (Brook et al., 1992;Rudnicki
et al., 2007). Both disorders are characterized by the presence of RNA foci
containing the mutant transcript(Rudnicki et al., 2008) in which the disease-
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associated mRNAs have entangled other mRNA species. In turn, this might
disrupt cellular homeostasis leading to a concurrent sensitivity for internal
and external stressors. In line with this, it was recently shown that untranslated
RNAs containing CAG’s can cause retinal degeneration and neuronal
dysfunction in Drosophila (Li et al., 2008). Whether CAG RNA toxicity also
contributes to the toxicity in polyQ diseases remains controversial (La Spada
and Taylor, 2010). But if so, HSPB7 might act as an SC35-speckle resident RNA
chaperone hereby preventing polyQ toxicity. This would be supported by our
data on HSPB7 mutants where we find a correlation between HSPB7 speckle
association (Vos et al., 2009) and ability to suppress polyQ aggregation (this
study). How such a mechanism would (in part) depend on autophagy remains
unclear. Clearly, this hypothesis requires much more experimental evidence.
Despite the original identification of HSPB7 in cardiovascular tissue (Krief et
al., 1999), HSPB7 messenger RNA is more widely expressed throughout the
body (Vos et al., 2009), and also in the brain albeit at lower levels than the
more abundant HSPB1, HSPB5, and HSPB8 (Supplementary Material Fig. S1).
Interestingly, gene arrays to identify genes that are altered by expression of
mutant Huntingtin in HeLa cells pointed to HSPB7 as one of the 70 transcripts
that were increased and preventing HSPB7 up-regulation by siRNA led to
an increased accumulation of Q103-CFP (Yamamoto et al., 2006). These data
indicate that there is a possible role for endogenous HSPB7 in combating
polyQ protein aggregation. Whereas under the experimental conditions used
here, we did not detect HSPB7 expression in the HEK293 nor NG108 cells,
irrespective of polyQ expression (Supplementary Material Fig. S4) all the data
combined suggest that boosting the expression of HSPB7, for example by
calcium panthotenate (Wiederholt et al., 2009), can provide a possible therapy
against polyQ disorders.

Supplementary Material methods:
Ni-NTA precipitation of His-tagged proteins.
Cells were washed with PBS and harvested in lysis buffer (150mM NaCl, 50
mM NH2PO4, 10 mM imidazole, 0.5% NP-40 (igepal), 1.5 mM MgCL2 , 3%
glycerol, 0.9 mM DTT and protease inhibitors, pH 8.0). Cells were lysed by
passage through a 26G needle for 5 times, and centrifuged at 17000xg for 15
minutes at 4°C. 30 µl of the supernatant was kept apart and mixed with 30 µl
2X sample buffer. The rest of the supernatant was transferred to a new vial
and 10 µl NiNTA agarose beads (Qiagen, Venlo, The Netherlands) was added
and incubated for 4°C for 1 hour with slow agitation. The beads were washed
4x with washbuffer (300 mM NaCl, 50 mM NH2PO4, 20 mM imidazole, 0.5%
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NP-40 (igepal), 1.5 mM MgCl2, 3% glycerol, pH 8.0), and beads were boiled in
30 µl lysisbuffer and 30 µl 2X sample buffer. Beads and input were analyzed
by Westernblot analysis using anti-BAG3 and anti-V5 (Invitrogen, Carlsbad,
California, USA) antibodies.

Tools for measuring phospho-eIF2α dependent effects.
The pVSV-GADD34 vector encoding for the C-terminal fragment of hamster
GADD34 (amino acid 292–590) was a kind gift from Dr. N. Lubsen. The rabbit
polyclonal anti-phospho-eIF2α was obtained from Sigma (Sigma-Aldrich, St.
Louis, Missouri, USA). The Myc-HSPB8 was described before (16).

4
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Supplementary data
HSPB gene expression in brain
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Figure S1: Relative gene expression
of HSPB members in brain.
Approximate gene expression of the
individual HSPB members in brain.
Values (transcripts per million) were
retrieved from NCBI Unigene EST
profile viewer (http://www.ncbi.nlm.
nih.gov/unigene).
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Figure S2: Evolutionary conservation of HSPB7 sequence and domain structure and
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the filtertrap assay. (C) Schematical overview of the HSPB7 topology and the deletion
mutants.

144

His-BAG3

Beads

V5-HSPB7

Control

B

Myc-HSPB8

V5-HSPB8

V5-HSPB7

V5-HSPB1

V5-HSPB8

V5-HSPB7

V5-HSPB1

A

α-P-eIF2

α-BAG3

α-Tubulin
Beads

4

α-BAG3

Input

α-V5

C

D
Control

Control
Myc-HSPB8

V5-HSPB7

Input

Myc-HSPB8

α-V5

V5-HSPB7

α-EGFP

F
Control

Control
Myc-HSPB8
V5-HSPB7

V5-HSPB7

E

Myc-HSPB8

EGFP-HttQ74

α-EGFP
EGFP-HttQ74 + GADD34

Figure S3: HSPB7 and HSPB8 work via different mechanisms. (A) Cells co-expressing
His-BAG3 with V5-tagged HSPB1, HSPB7 and HSPB8 proteins were lysed and coprecipitated with NiNTA beads. Expression of BAG3 and HSPB proteins was verified
with the anti-BAG3 and anti-V5 antibody respectively. HSPB8 is the only HSPB member
interacting with BAG3. (B) Cells expressing Myc-HSPB8 or V5-HSPB7. Westernblot
analysis using the anti-P-eIF2α antibody shows an increased phosphorylation of
eIF2α when myc-HSPB8 is expressed. Cells were co-transfected without (C) or with
GADD34 (E) and Myc-HSPB8 or V5-HSPB7 together with EGFP-HttQ74. Cell lysates
were analysed by filtertrap binding 48 hours after transfection, showing that the
suppressive effect of HSPB8 is inhibited in the presence of GADD34. (D) Westernblot
analysis shows that soluble pool of EGFP-HttQ74 is decreased by Myc-HSPB8 which is
not the case when GADD34 is present (F).

HSPB7 is a potent suppressor of polyQ aggregation

S3

145

+

SCA3-Q64

_

HttQ74

_

SCA3-Q64

HttQ74

mRFP
_

+ V5-HSPB7

α-eGFP

4

α-HSPB5
α-HSPB7
α-HSPB8
α-HSPA1A
α-Actin
Figure S4: HSPA1A and HSPB5, HSPB7 and HSPB8 expression in differentiated
NG108 cells with and without polyQ co-expression. (A) NG-108 cells were
differentiated into neuronal cells and transfected with EGFP-HttQ74 or SCA3Q64EYFP with and without V5-HSPB7. Endogenous expression of HSPB7 and HSPB9 (not
shown) was not detected irrespective of polyQ co-expression. Also, expression levels
of endogenous HSPB5, HSPB7, HSPB8 were not affected by polyQ expression nor by
ectopic expression of V5-tagged HSPB7.

146

5

HSPB9 is a polyglutamine suppressor with
activity related to the proteasome
Zijlstra MP, Vos MJ, Waarde-Verhagen MA, Kanon B,
Brunt E, Sibon OCM and Kampinga HH
Manuscript in preparation

Abstract

5

150

Heat shock proteins have been shown to protect against polyglutamine (polyQ)
aggregation and toxicity. Recently, we have compared the ability of the 10
different members of the HSPB family (HSPB1-10) for their ability to suppress
aggregate formation by polyQ proteins. Three aggregation suppressors
HSPB7, HSPB8 and HSPB9 were identified. HSPB7 turned out to be an HSP70
independent protein, which needs a functional autophagy system for its
activity. Interestingly, HSPB7 does not induce autophagy like HSPB8, which
forms a complex with BAG3 and in conjunction inhibit polyQ aggregation,
and stimulate the phosphorylation of eIF2α, leading to translational shutdown
and induction of autophagy. Here we focus on the pathway used by HSPB9,
the third HSPB member with anti polyQ activity. First, we show that it can
both inhibit polyQ aggregation and toxicity in tissue culture cells, including
neuronal like cells. In addition, in a Drosophila Melanogaster SCA3 model
transgenic expression of the human HSPB9 protects against polyQ mediated
eye-degeneration. Like for HSPB7 and HSPB8, the protective action of HSPB9
is independent of the HSP70 machine. However, in contrast to HSPB7 and
HSPB8, the protection by HSPB9 is not related to autophagy. Instead, the
protection mediated by HSPB9 seems to involve stimulation of proteasomal
activity. Consistently, HSPB9 suppression of polyQ aggregation is decreased
when the proteasome is inhibited. The data described here indicate that the
evolution of the human HSPB family at least in part involves a functional
differentiation to support different protein quality control routes.

Introduction
Polypeptides can have at least 3 different fates as they arise from the ribosomes
or when mis- or unfolded due to mutations or under conditions of stress:
refolding stimulated by molecular chaperones, degradation by the proteasome,
or by autophagy. Together these three components form the protein quality
control system (PQC). In cells they are responsible for the maintenance of the
tight balance of the protein homeostasis (Morimoto, 2008). The heat shock
proteins (HSP) as a subfamily of the molecular chaperones, play a important
role in the PQC by binding to substrates at risk, thereby keeping them in a state
competent for refolding or degradation (Kampinga and Craig, 2010). The heat
shock protein family comprises 5 subgroups, including the HSPA (HSP70),
HSPB (sHSP or HSP27), HSPC (HSP90) HSPD (HSP60), HSPH (HSP110) and
the DNAJ (HSP40) proteins (Kampinga et al., 2009). Here, we focus on the
human HSPB family that consists of ten family members. HSPB proteins are
ATP-independent chaperones that are characterized by the presence of an
α-crystallin domain (Kappe et al., 2002;Vos et al., 2008). Beyond this ACD,
HSPB proteins are diverse in sequence, with molecular weights ranging
from 15-40 kDa. Several HSPB proteins bind to cytoskeletal and contractile
elements (Schneider et al., 1998), and play an important role in maintaining
the integrity of actin and the intermediate filaments upon stress (Liang and
MacRae, 1997). Most HSPB proteins have been shown to form large (hetero)
oligomeric structures both in vitro and in vivo that are highly dynamic.
Oligomer dynamics are considered to be crucial for the role of HSPB proteins
as molecular chaperones (Haslbeck et al., 2005;Jakob et al., 1993), although the
details on the requirements for and mechanisms of oligomerisation in HSPB
action still remain unclear. It has become clear however, that HSPB proteins
alone can prevent aggregation of unfolded substrates, they are unable to
assist in their refolding. For the latter, assistance by the ATP-dependent
HSPA machinery is required (Lee and Vierling, 2000;Haslbeck et al., 2005).
However, using cellular (in vivo) approaches, we recently found that not all
HSPB members may act like the canonical dynamic oligomeric chaperones.
Using heat-unfolded luciferase as a model substrate, it was shown that only
HSPB1, HSPB4 and HSPB5 over-expression increased the cellular refolding
capacity. However, three other members of the family (HSPB7, HSPB8, and
HSPB9) were quite effective in suppressing the aggregation of misfolded
substrates like Huntingtin (Htt) or ataxin-3 (ATX3) that contained an
expanded polyglutamine (polyQ) repeat (Vos et al., 2010). HSPB8 had already
previously been shown to act different from the other HSPB members in that
it forms no oligomeric complexes in cells, but rather forms a stable complex
with BAG3 and that this complex stimulates clearance of misfolded proteins
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via autophagy in an HSP70-independent manner (Carra et al., 2005;Carra et
al., 2009). Also HSPB7 was found not to form oligomeric structures in cells
and was found to prevent polyQ aggregation in an HSP70-independent, noncanonical mechanism that requires an active autophagy machinery (Vos et al.,
2010). In the current manuscript, we report on the third non-canonical HSPB
member, HSPB9, and show that this member prevents polyQ aggregation by
assisting in proteasomal degradation, again in a manner that does not depend
on an active HSP70 machinery.

Materials & Methods
Cell lines, cell culture, transfections, differentiations
NG-108-15, mouse embryonic fibroblasts (MEF), human embryonic kidney 293
(HEK293) cells expressing the tetracycline repressor (Flp-In T-Rex HEK293,
Invitrogen Carlsbad, California, USA, and New England Biolabs, Ipswich,
Massachusetts, USA) and HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal calf serum (Greiner
Bio-one, Longwood, Florida, USA) at 37 °C under a humidified atmosphere
containing 5% CO2. HEK293 cells and MEF cells were transfected using
Lipofectamine and Lipofectamine 2000 respectively (Invitrogen Carlsbad,
California, USA, and New England Biolabs, Ipswich, Massachusetts, USA)
according to the manufacturer’s instructions using 1μg of plasmid DNA
per 35-mm dish. NG-108 cells were differentiated into neuronal-like cells by
addition of 2 ml differentiation medium (DMEM containing 1 mM sodium
pyruvate, 50 μM 3-Isobutyl-1-methylxanthine, 10 μM 5′-(N-Ethylcarboxamido)
adenosine, 0.5% FCS) to 35000 cells in a 35-mm dish. Seven days later, cells
were transfected using Jetpei (Polyplus Illkirch, France) according to the
manufacturer’s instructions using 3 μg of plasmid DNA per 35-mm dish.

Constructs
For CFP-HSPB9, HSPB9 cDNA was amplified from the V5-HSPB9 construct (Vos et al
speckle), with HSPB9 forward primer with BamHI restriction site, and HSPB9 reverse
primer with XhoI site (5’ACAACTCGAGTTACCGGGTCAGGTTGGAAGCC ’3reverse, 5’ ACCCGGATCCATGCAGAGAGTCGGTAACACCTTC ’3- forward.
PCR product was cloned into pcDNA5/FRT/TO CFP no stop vector (Hageman et
al., 2010). Presence of correct protein was sequence verified, protein expression
was verified by Western blotting, and functionality of the protein by Filter trap
analysis.
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The SCA3-Q82-YFP, V5-DNAJB1, CFP-DNAJB8, CFP-DNAJB8∆SSF-SST,
constructs were described before (Hageman et al., 2010). Moreover, the
constructs with SCA3Q64-EYFP (Vos et al., 2010), and HSPB-proteins were
also described before (Vos specle). Plasmids containing either HDQ43 or
HDQ74 were kindly provided by Dr. D. Rubinsztein (Cambridge, UK). The
Ub-R-EGFP construct was kindly provided by Dr. N. Dantuma (Karolinska
Institutet, Sweden). The constructs encoding His-BAG3 and HA-BAG1 have
been described before (Carra et al., 2008a;Nollen et al., 2000b).

Drosophila

5

Fly stocks were maintained at 22°C according to standard protocols. GAL4
driver stocks were obtained from the Bloomington Stock Centre (Indiana
University, USA). The GMR-UAS-SCA3Q78 fly used for the eye-degeneration
screen was generously provided by Dr. N. Bonini (University of Pennsylvania,
USA) and maintained at 25°C. V5-HSPB9 transgenic lines were generated by
Genetic Services Inc. (Sudbury, USA) by injection of the pUAS transformation
vector into the W1118 genetic background. The UAS-V5-HSPB9 transgenic line
was crossed with the TM3 balancer (UAS-V5-HSPB9/TM3, Ser1, Sb1) followed
by crossing with the act-GAL4 driver (Bloomington stock center) line to test for
transgene expression. To analyse effects on eye degeneration, the SCA3trQ78
transgenic line was crossed with either the W1118-TM3 strain (control) or
with the balanced UAS-V5-HSPB9 line. Resulting offspring was analyzed for
eye-degeneration by scoring >100 eyes of each line and quantifying the eye
degeneration in 4 different stages: Rough (unaffected), patched (affected),
speckled (affected) and collapsed (affected).

Western analysis
Samples were prepared in Laemmli sample buffer (250 mM Tris-Cl, 20%
glycerol, 4% SDS, 0,001% bromphenol blue and 10% β-mercaptoethanol). Equal
amounts of protein were separated on 10% or 12.5% SDS-PAGE gels and were
transferred onto nitrocellulose membranes and probed with the following
primary antibodies for 1 hour: Mouse anti-V5 tag (1:5000, Invitrogen, Carlsbad,
California, USA), mouse anti-EGFP (1:5000, JL-8, BD Bioscience, Franklin Lakes,
New Jersey, USA), mouse anti-GAPDH (1:10.000, RDI-TRK564-6C5, Fitzgerald
industries international Inc., Concord, MA, USA), mouse anti-HA tag (1:2000,
Covance, Princeton, New Jersey, USA) mouse anti-HSPA1A (1:5000, SPA-800)
rabbit anti-DNAJB1 (1:5000, SPA-400) rat anti-HSPA8 (1:5000, SPA-815,
Stressgen Biotechnologies, Victoria, Canada) followed by incubation with HRPconjugated secondary antibodies (1:5000, Amersham, GE Healthcare, Uppsala,
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Sweden). Detection was performed using enhanced chemiluminescence and
Hyperfilm (ECL, Amersham, GE Healthcare, Uppsala, Sweden).

Filtertrap assay

5

The filtertrap assay was performed as described by Vos et al (2010). Briefly,
transfected HEK293 cells grown in a 6 wells well were lysed FTA buffer (10
mM Tris-Cl pH 8.0, 150 mM NaCl) containing 2% SDS. 100 µg, 20 µg and
4 µg protein was diluted in FTA 2% SDS with 50 mM dithiothreitol (DTT)
boiled for 10 minutes and applied onto a prewashed (FTA, 0.1% SDS) 0,2
μM cellulose acetate filter (GE water and process technologies, Trevose,
USA) with 2 whattmanpapers (Bio-Rad, Hercules, California, USA) using
a Bio-Dot microfiltration apparatus (Bio-Rad, Hercules, California, USA).
Trapped material was probed with anti-GFP (1:5000) or anti-HA (1:2000)
followed by incubation with anti mouse HRP-conjugated secondary antibody.
Detection was performed using enhanced chemiluminescence and Hyperfilm
(ECL, Amersham, GE Healthcare, Uppsala, Sweden). Band intensities were
measured by densitometric analysis of the lanes (using GelPro Analyzer 4.5;
Media Cybernetics).

Microscopy
HEK293 cells were plated on poly-L-lysine (0.001%, Sigma-Aldrich, St.
Louis, Missouri, USA) coated coverslips, and transfected the next day using
Lipofectamine, (Invitrogen, Carlsbad, California, USA) and incubated for 24
or 48 hours depending of the polyQ constructs used (Q119 24 hours, other
constructs 48 hours). NG-108 cells were plated on non-coated coverslips,
differentiated for 7 days, and transfected with Jetpei (Polyplus Illkirch,
France). For fixation the cells were washed once with PBS and fixed with 3.7%
formaldehyde (Merck, White house station, NJ, USA) in PBS. After 3 washes
with 0.1% PBS-triton, cells were permeabilized in blocking solution (100 mM
glycine, 3% BSA, 0.1% triton) for 1 hour followed by 1 hour incubation with
the primary antibody (V5 anti-mouse, 1:200, Invitrogen, Carlsbad, California,
USA). After three washing steps, coverslips were incubated with anti mouse
CY3-conjugated (1:200 Amersham, GE Healthcare, Uppsala, Sweden) or
anti-mouse CY5-conjugated (1:200, Jackson Immunoresearch, West Grove,
Pensylvania, USA) for 1 hour. Aggregates were observed using the EGFP-tag.
Nuclei were visualized by staining for 10 minutes with 0.2 µg/ml 4’,
6-diamidino-2-phenylindole (DAPI). After three washing steps, the coverslips
were mounted using Citifluor mounting medium (Citifluor Ltd, London, UK).
Images were obtained using an inverted confocal laser scanning microscope
(TCS SP2, DM RXE, Leica, Wetzlar, Germany) with a 63×/1.32 NA oil objective.
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Fluorescence resonance energy transfer
HEK293 cells were plated on poly-L-lysine (0.001%, Sigma-Aldrich, St. Louis,
Missouri, USA) coated coverslips, and transfected the next day with using
Lipofectamine (Invitrogen, Carlsbad, California, USA) and incubated for 24
hours. For fixation the cells were washed once with PBS and fixed with 3.7%
formaldehyde (Merck, White house station, NJ, USA) in PBS for 15 minutes.
After 3 washes the coverslips were mounted using Citifluor mounting
medium (Citifluor Ltd Ltd, London, UK). FLIM experiments were performed
on an inverted Nikon TE2000 microscope using the LIFA frequency domain
lifetime attachment (Lambert Instruments; Roden, The Netherlands) and
LI-FLIM software. CFP was excited with light from an 1 W 445 nm LED using
the AQUA filter cube (EX 436/20, DM 455, BA 480/30), modulated at 40 MHz,
and emission was collected using an intensified CCD camera. Lifetimes were
referenced to a 10 mM solution of fluorescein in saline (pH 10) that was set at
4.00 ns lifetime. The measured lifetimes (calculated from phase differences) of
CFP in the absence of acceptors were 2.45 ns. FRET efficiency E was calculated
as E = 1 - (measured lifetime of FRET pair) / (measured lifetime of donor).
FRET efficiencies are means of 26-55 regions of interest (ROIs) per construct.

5

Proteasome inhibition, proteasome activity measurement and
autophagy analysis
Proteasomal activity was blocked by addition of 10 μM MG132 (Calbiochem,
Darmstadt, Germany) or 50 μM Lactacystin (Calbiochem, Darmstadt, Germany)
to the culture medium for 12 hours. Proteasomal activity was monitored by
co-transfection of Ub-R-EGFP followed by Westernblot- and FACS analysis.
The role of autophagy in reducing polyQ aggregation was analysed using
mouse embryonic fibroblasts (MEFs) proficient and deficient of autophagy by
knocking out the essential ATG5 gene (ATG5-/- and +/+) (kindly provided by
Dr. Mzushima (Okazaki, Japan). The induction of autophagy was measured
by transfecting HEK293T cells with Myc-LC3 constructs (Kabeya et al., 2000)
together with HSPB proteins or BAG3, followed by Western analysis.

Results
HSPB9 suppresses polyQ aggregation and associated
neurodegeneration.
In our comparative analysis on the functionality of the various members of the
HSPB family within mammalian cells (Vos et al., 2010), we found that HSPB9
belonged to the group of HSPB members that was rather efficient in preventing
HSPB9: a strong suppressor of polyQ aggregation
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Figure 1: HSPB9 overexpression
does not enhance the cellular
capacity to refold heat denatured
luciferase. HEK293 cells were cotransfected with constructs coding
for firefly luciferase together with
mRFPruby
(negative
control),
HSPA1A or HSPB1 (positive
controls), or HSPB9. Cells were heat
shocked at 43°C for 30 minutes and
allowed to recover for 1 hour at 37°C.
Plotted is the amount of reactivated
luciferase relative to the unheated
control. Error bars indicate the SD
of three independent experiments.

aggregation of polyQ containing proteins. Yet, when using heat-denatured
firefly luciferase as a model substrate (Michels et al., 1995) overexpression of
HSPB9 did not stimulate the refolding of heat denatured luciferase, unlike
e.g. what is seen for HSPB1(Figure 1) (Vos et al., 2010;Bryantsev et al., 2007),
HSPB4 or HSPB5 (Vos et al., 2010;Haslbeck et al., 2005). As such, this is rather
surprising given the results of in vitro, cell free data which suggested that
nearly all small HSPs from all species tested so far can prevent the aggregation
of heat- or chemically denatured proteins and assist in their refolding through
interaction with the ATP dependent HSP70 machine. However, a similar lack
of stimulation of in vivo refolding activity was also found for HSPB7 and
HSPB8 (Vos et al., 2010). Interestingly, also these two HSPB members were
found to have potent activity against polyQ aggregation and toxicity. The
differential outcome on refolding and polyQ toxicity of diverse HSPB members
is intriguing given the suggested promiscuous binding of members of small
HSP from different species and their ability to protect a wide range of proteins
against irreversible aggregation in vitro (Jakob et al., 1993;Horwitz, 1992;Lee
and Vierling, 2000). Together this suggests that, at least in humans, HSPB
members are functionally divergent either in terms of substrate specificity or
in client handling. It is also remarkable to note that whereas the refolding
activities of HSPB1, 4 and 5 were dependent on ATP dependent chaperones
like HSP70s for the dissociation and refolding their substrates (Mogk et al.,
2003), HSPB7 and HSPB8 enhanced aggregate clearance through autophagy
by mechanisms that were largely HSP70 independent (Carra et al., 2005;Vos et
al., 2010), suggesting non-canonical modes of action.
In the current study, we aimed to get further insight in the mechanism by
which HSPB9 acts, using its ability to suppress polyQ aggregation as a primary
156

A

B
HttQ119

100

Control

V5-HSPB9

Control

V5-HSPB9

Control

ATX3Q82

V5-HSPB9

Control

HttQ74

50

HSPB9
HEK293 EGFP-HttQ74

100

Control

GFP/YFP

35

HSPB9
HEK293 ATX3Q82-YFP

GAPDH

5

HEK293 HttQ119-YFP

D
+ HSPB9

- HSPB9

20

HSPB9

Control

0

80
60
40
20
0

120

EGFP-HttQ74
*

100
80
60
40
20
0

HSPB9

40

100

G

Control

60

**

% Nuclear Inclusions in NG-108

80

120

ATX3Q64-EYFP

HSPB9

**

100

F

Control

120

EGFP-HttQ74

% Inclusions in HEK293 cells

EGFP-HttQ74
% Inclusions in HEK293 cells

+HSPB9

ATX3Q64-EYFP

- HSPB9

E

7

HSPB9

HSPB9

C

100

Control

Figure 2: HSPB9 inhibits the aggregation of polyQ containing proteins in HEK293
cells and neuronal-like cells. HEK293 cells were transfected with constructs encoding
polyQ protein (EGFP-HttQ74, HttQ119-EYFP or ATX3Q82-EYFP) with or without
HSPB9 encoding constructs. A) Expression levels of the transfected proteins were
analyzed by Western Blotting. (B) Aggregation of the polyQ proteins measured using
filter trap assay.. Numbers next to the lanes represent the fraction of aggregated proteins
in HSPB9 co-expressing cells compared to that control cells (set at 100%). For confocal
microscopy HEK293 cells were transfected with EGFP-HttQ74 (C) or ATX3Q64-EYFP
(D) (grey signal) with or without HSPB9. Graphs (E, F) depict the number of GFP or
YFP positive cells containing an inclusion (> 500 positive cells were counted; statistical
significance was calculated using the Chi-square test (** p=0.01). (G) NG108 cells were
differentiated into neuronal cells and transfected with EGFP-HttQ74 with or without
HSPB9. The numbers of GFP positive cells containing an inclusion were counted; for
each condition >100 cells were scored and statistical significance was calculated using
the Chi-square test (* p=0.05).
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5

endpoint. Figure 2 shows the filter trap analysis (Scherzinger et al., 1997) of
lysates of HEK293 cells transfected with huntingtin (Htt) or Ataxin-3 (ATX3)
encoding plasmids, with or without HSPB9 co-expression (Figure 2A.) HSPB9
prevented EGFP-HttQ74, ATX3Q82-EYFP and EYFP-HttQ119 aggregation (Fig
2A) without having a detectable effect on the total level of soluble polyQ proteins
(Figure 2B). These results were confirmed by immunofluorescence analysis (Fig
2C and D): quantification of the fraction of EGFP-HttQ74 or ATX3Q64-EYFP
positive cells with visible inclusions revealed that HSPB9 significantly reduces
inclusion formation of both polyQ proteins (Figure 2E and F, p=0.01). Similar
effects were also found in the neuronal-like differentiated neuroblastoma x
glioma cells (NG-108) (Figure 2G). As previously reported (Vos et al., 2010)
polyQ aggregates in these cells, are mainly intra nuclear inclusions; yet also
here HSPB9 reduced the amount of nuclear aggregates significantly (Figure
2G, p=0.05), indicating that HSPB9 is effective in neuronal-like cells and its
action is not only limited to the cytosolic compartment.

HSPB9 decreases SCA3 toxicity in vivo
To determine whether the anti-aggregation activity of HSPB9 also results
in protection of the eye degeneration in a Drosophila Melanogaster model for
SCA3, just like HSPB7 (Vos et al., 2010) and HSPB8 (Carra et al., 2010), effects
of HSPB9 expression was investigated in the gmr-uas-trSCA3Q78 model (Bilen
and Bonini, 2007). The expression of the HSPB9 gene itself did not affect the eye
phenotype (Figure 3A.1 and 2). The gmr-uas-trSCA3Q78 model is characterized
by continuous expression of a truncated polyQ-expanded human SCA3-gene
(SCA3trQ78) in the compound-eyes, resulting in eye-degeneration, which can
be visualized by the presence of dark patches, speckles and collapsed eyes
(Figure 3A.3, vos 2010). Analysis of the eye-degeneration of the HSPB9/SCA3
transgenes showed a significant improvement of the eye phenotype (Fig 3A.4
3C). Since it is likely that inclusion formation might be a (late) cyto-protective
event to protect against diffuse, soluble, toxic intermediates of mutant polyQ
proteins (Saudou et al., 1998;Muchowski et al., 2002;Arrasate et al., 2004) this
suggests that HSPB9 prevents not only inclusion formation at an early stage,
but also prevents the formation of toxic intermediate aggregates species in vivo.

HSPB9 interacts with polyQ proteins
The findings that HSPB9 inhibits polyQ inclusion formation and protects
against polyQ mediated degeneration in the Drosophila SCA3 model suggest
that HSPB9 acts somewhere early in the polyQ oligomerization pathway
by binding to early folding intermediates keeping the proteins soluble for
disposal by protein quality control (PQC) pathways. To test whether HSPB9
indeed directly can interact with polyQ proteins, we used FLIM analysis. In
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non-stressed HEK293 cells, HSPB9 is diffusely distributed throughout the cell,
with enrichment in the cytoplasm (Figure 4A left), which is similar to what
is found for most small HSPB members, albeit that some members (but not
HSPB9) are found in nuclear speckles as well (Vos et al., 2009). Soluble EGFPHttQ74 is equally distributed throughout the cell (Fig 4A right) but inclusion
formation in these HEK293 cells is usually restricted to the cytoplasmic
(perinuclear) compartment (figure 4B), in contrast to the distribution of
EGFP-HttQ74 in differentiated NG-108 where only intra nuclear inclusions are
observed (data not shown). In the few cells showing inclusions despite HSPB9
overexpression, HSPB9 was found to be present in a ring like structure around
HSPB9: a strong suppressor of polyQ aggregation
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the edge of the inclusion of EGFP-HttQ74 and HttQ119-EYFP (Fig 4B and C)
and was directly bound to the polyQ proteins as indicated by the increased
FRET efficiency in these inclusions (figure 4D). The relatively large CFP-tag
(27kDa) had not affected HSPB9 function on polyQ aggregation (Figure 4E).
These data imply that HSPB9 can bind to the polyQ substrate. The finding
that is does end up in inclusions could be due to failed function when PQC
is saturated and no longer can handle HSPB9-bound clients. Of note is the
ring-like localization of HSPB9 around the polyQ inclusions (Figure 4 B,C).
This is similar to the localization of other HSP’s (like HSP70, DNAJB1, HSPB7,

160

CFP-HSPB9

Control

Figure 4: HSPB9 interacts with polyQ proteins.
Confocal microscopy of HEK293 cells expressing
EGFP-HttQ74 (A,B) or HttQ119-EYFP (C) and
V5-HSPB9. In many cells no inclusions were
GFP
found and both polyQ and HSPB9 were diffusely
CFP-HSPB9
distributed in the cytoplasm (A). In cells that did
show inclusions, anti-V5 antibodies decorated
GAPDH
the rim of the inclusions of EGFP-HttQ74 (B) and
HttQ119-EYFP (C). D) Cells were transfected
with HttQ119-EYFP together with either CFP-Tagged HttQ74 (positive control: coaggregation), or CFP (negative control), or HSPB9-CFP and analyzed for Fluorescence
Resonance Energy Transfer (FRET) using fluorescence lifetime (FLIM) analysis. FRET
efficiency is indicated as the mean ± SD measured in at least 26 individual cells. (E) Filter
trap assay showing that CFP-tagging to HSPB9 does not impair its ability to reduce
polyQ aggregation; the corresponding Western blot shows the protein expression
levels of Htt-Q74 (GFP) and CFP-HSPB9.

HSPB8) at inclusions (Chai et al., 1999;Vos et al., 2010;Carra et al., 2005), but
clearly distinct from the localization of DNAJB6 or DNAJB8, two other strong
suppressors of polyQ aggregation that are found in the center of inclusions
(Hageman et al., 2010) (Gillis et al, MS in preparation).

HSPB9 does not disaggregate existing inclusions
The localization of HSPB9 around inclusions could also suggest that HSPB9
may assist in the disaggregation of existing aggregates and/or removal of
inclusions. To test this, HEK293 cells were transfected with EGFP-HttQ74 and
HSPB9 and the expression of (the tetracycline inducible) HSPB9 was delayed
until 48 and 72 hours after transfection (Figure 5A). The late expression of
HSPB9 did not result in reduction of pre-formed aggregates (Figure 5B)
suggesting that HSPB9 is not able assist in the disposal of existing inclusions.

5

HSPB9 mediated protection against polyQ aggregation is not
dependent on a functional HSP70 machine and is still effective in
cells in which the HS response is abrogated
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Having established that HSPB9 over-expression leads to similar phenotypes (no
refolding, inhibition of polyQ aggregation) as over-expression of HSPB7 (Vos
et al, 2010) and HSPB8 (Carra et al., 2005, Carra et al., 2008a, Carra et al., 2008b,
Carra et al., 2009), we next asked whether its effect requires collaboration with
the HSP70 machine or not. First, we checked whether HSPB9 over-expression,
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Figure 5: HSPB9 does not disaggregate pre-existing aggregates. (A) Western blot and
filter trap assay (B) showing effects of HSPB9 expression on pre-existing aggregates.
Chaperone expression was induced at the indicated time points after transfection (for
details, see figure 2).
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with or without expression of polyQ proteins, induced a stress response, by
monitoring expression of the stress-inducible HSPA1A and DNAJB1; this was
found not to be the case (Figure 6A). Next we tested whether the activity of
HSPB9 was dependent on HSF-1 by using a tetracycline inducible dominant
negative HSF-1 (DNHSF-1) which blocks all HSF-1 dependent expression (Vos
et al., Heldens et al., 2010). HSPB9 remained active in the absence of HSF-1
(Figure 6B,C), just like what has been described before for HSPB7 (Vos et al.,
2010). Thus, HSPB9 does not induce the general heat shock response and the
polyQ suppressive effect of HSPB9 does not rely on co-induction of other
classical HSPs. Since knockdown of HSPA1A and HSPA8 turned out to be
toxic to the cells, an indirect approach was performed to test the dependency
of HSPB9 on a functional HSP70 machine. Hereto, we co-expressed BAG1
together with HSPB9 and the polyQ proteins; BAG1 is a nucleotide exchange
factor that accelerates the ATPase cycle of HSP70s (Takayama and Reed, 2001).
We previously showed that BAG1 over-expression in cells leads to a negative
effect on HSPA1A-mediated refolding (Nollen et al., 2000a) and hereby also
interferes with the effect of HSPB1 on protein refolding. To be able to observe
both inhibitory and synergistic effects of BAG1, suboptimal amounts of HSPB9
with EGFP-HttQ74 with or without BAG1 were co-transfected. BAG1 had
no effect on the activity of HSPB9 (Figure 6D, E), but seemed to stabilize the
turnover of HSPB9. This indicates that HSPB9 is not dependent on the ATPase
cycle of HSP70s and inhibits polyQ aggregation via a non-classical mechanism
just like HSPB7 and HSPB8 (Vos et al., 2010;Carra et al., 2009).

HSPB9 function is not dependent on autophagy
The 2 other HSPB members that could suppress polyQ aggregation either
did so by inducing autophagy (Carra et al., 2008b) or were dependent on
the constitutive autophagy machinery to suppress polyQ toxicity (Vos et al.,
2010). To test whether also HSPB9 is associated with autophagy, we first tested
whether HSPB9 could activate autophagy using LC3 lipidation as an endpoint.
As positive control, we overexpressed BAG3, that induces autophagy, which
is hallmarked by increased LC3 I and II levels (figure 7A). However, HSPB9
over-expression did not cause changes in LC3 I and II levels, indicating that it
does not directly activate autophagy (Figure 7A). Although HSPB9 does not to
induce autophagy, its function of polyQ aggregation may still (in part) depend
on the constitutively active (macro)autophagy machinery as was recently found
to be the case for the activity of HSPB7 (Vos et al., 2010). Hereto, we tested
the capacity of HSPB9 to suppress polyQ aggregation in autophagy deficient
(ATG5 -/-) or proficient (ATG5 +/+) murine embryonic fibroblasts (MEFs) (Hara
et al., 2006). However, in contrast to HSPB7, which shows a reduced activity in
suppressing Htt aggregation in ATG -/- cells (Figure 7B), the activity of HSPB9
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Figure 6: HSPB9 is not dependent on a functional HSP70 machine. (A) Western blot
analysis of HEK293 cells co-transfected with increasing amounts of V5-HSPB9 plasmid
DNA with or without plasmids encoding EGFP-HttQ74, using antibodies against V5
(HSPB9), EGFP (EGFP-HttQ74) and a variety of heat shock proteins (HSPA1A, HSPA8
and DNAJB1). HSPB9 and polyQ (either alone or when combined) do not increase
the expression levels of these HSPs. (B,C) HEK293 cells (left) or HEK293 cells stably
expressing a tetracycline inducible dominant-negative HSF-1 (dnHSF-1 (right) were
transfected with plasmids encoding V5-tagged HSPB5, HSPB7 or HSPB9 together with
plasmids encoding EGFP-HttQ74. This dnHSF-1 completely abrogates stress-induced
increases in expression of the HSF-1 dependent gene HSPA6 (Vos et al., 2010). Ectopic
polyQ and HSPB expressions were unaffected by the expression of the dnHSF-1 as
revealed by Western analysis (B) and HSPB9 effectively suppressed HttQ74 aggregation
irrespective of dnHSF-1 expression (C). Over-expression of BAG1, which ‘poisons’
HSP70 driven reactions, does not alter the levels of co-expressed EGFP-HttQ74 (D), but
increases the HSPB9 expression levels. BAG1 does not affect the ability of HSPB9 to
prevent polyQ aggregation as detected by Filter trap analysis (as done in figure 2) (E).

is the same in both cell lines, implying that the aggregate suppressive effect of
HSPB9 is not dependent on ATG5-dependent macroautophagy. Intriguingly,
however, the levels of soluble EGFP-HttQ74 were decreased in the ATG5 +/+
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cells when HSPB9 was co-expressed, and to a lesser extent in the ATG5 -/cells (Figure 7C). The latter observation suggested that, in contrast to HEK293
cells, HSPB9 stimulated clearance of non-aggregated, soluble Htt in MEF cells,
suggesting that this effect may be cell line dependent, and somehow related
to autophagy.

5

Next, we checked whether the actions of HSPB9 might be related to chaperone
mediated autophagy (CMA). Although the polyQ proteins used here lack the
pentapeptide motif that is usually required for CMA targeting (Levine and
Yuan, 2005), we did find a slight but detectable increase in polyQ aggregation
(Figure 7D upper vs lower panel), but not of soluble Htt (Figure 7E), in cells
where CMA was inhibited by ammonium chloride, which induces a collapse
of the acidic pH in lysosomes (Klionsky et al., 2007). This effect is possibly
caused by an increase of the amount of misfolded proteins, disturbing the
protein homeostasis and stimulating protein misfolding. The suppressive
effect of HSPB9 however, was not reduced when CMA was inhibited (Figure
7D), suggesting that HSPB9 is also not inhibiting polyQ aggregation via CMA.
All together, these data demonstrate that although working on the same
substrate (polyQ aggregates) and inducing similar protection in vitro and
in vivo, the mode of action of HSPB9 is not mediated via or dependent on
autophagy and therefore different from that of HSPB7 and HSPB8. This implies
that rather than for substrate specificity (only), HSPB members have evolved
for reasons of functional differentiation (substrate handling)

HSPB9 stimulates proteasomal degradation
We next tested whether HSPB9 may specifically support client degradation
by the ubiquitin proteasome system (UPS). Indeed, some heat shock proteins
(HSPA1A, DNAJB1 and DNAJB2) have been shown to assist in the proteasomal
degradation of certain misfolded proteins through the UPS (Bailey et al.,
2002;Westhoff et al., 2005;Howarth et al., 2007). Whereas some of these reactions
may be a mere consequence of preventing aggregation in iterative cycles of
client binding and release that, depending on the client, support both folding
and degradation (HSPA1A and DNAJB1) some chaperones like DNAJB2 may
specifically target clients for degradation (Howarth et al., 2007;Kampinga and
Craig, 2010). Although HSPB9 did not have a detectable effect on the soluble
HttQ74 levels in HEK293 cells (Figure 1A), soluble Htt-levels were lower in
the (ATG5 +/+ and -/-) MEFS (7C), which may indicate that degradation of
soluble polyQ proteins may be stimulated by HSPB9. To determine whether
HSPB9 indeed is able to stimulate proteasomal degradation, we co-expressed
it with the N-end rule proteasomal substrate Ub-R-GFP (Dantuma et al., 2000)
in HEK293 cells. In control cells, Ub-R-GFP becomes rapidly degraded which
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is visualized by low GFP expression, both when analysed by Western blotting
(figure 8A) and by flowcytometry (Figure 8B). Ub-R-GFP rapidly accumulates
when the proteasome is inhibited (Figure 8 A and B). Co-expression of
HSPB9 with Ub-R-GFP decreased the Ub-R-GFP levels in control cells by 50%
indicating that it can accelerate proteasomal degradation.
To test whether the anti-aggregation activity of HSPB9 may be related to its
ability to support proteasome degradation, HEK293 cells were transfected
with HttQ74 with or without HSPB9 and treated with the proteasome
inhibitor MG132. In contrast to HSPB7, of which the aggregate formation was
not affected by inhibition of the proteasome, the effectiveness of HSPB9 was
decreased although not abolished (Figure 8C). This implies that the aggregate
suppressing activity of HSPB9 is (in part) connected to its ability to facilitate
proteasomal degradation. Intriguingly, the expression levels of HSPB9
increased in the presence of MG132, suggesting that HSPB9 is co-degraded
with its polyQ substrate. Even more so, in cells not expressing polyQ proteins,
the turnover of HSPB9 appears high as for a given amount of transfected DNA,
expression levels of HSPB9 were always the lowest of all small HSPBs (Vos
et al., 2010). Consistently, MG132 treatment in cells transfected with HSPB9
only resulted in more than 20 times higher HSPB9 levels (Figure 8E) which
almost equals the effect of MG132 on Ub-R-GFP expression. The effects seem
specific for HSPB9 as the expression of other HSPB members like e.g. HSPB1
was largely unaffected under the same conditions (Figure 8F).

5

Discussion
In this study, we show that HSPB9 is a non-classical HSPB protein that (in
cells) does not form oligomers (data not shown) and that is not capable of
stimulating refolding of heat-unfolded luciferase. HSPB9 is a potent suppressor
of polyQ aggregation and toxicity, by a non-canonical mechanism, which is
HSP70-independent and does not require active autophagy, but is likely to be
related to proteasomal degradation.
Most of the classical HSPB proteins (HSPB1, HSPB4 and HSPB5) form large
oligomeric structures and evidence has accumulated over the years to suggest

HEK293 cells transfected with plasmids encoding HSPB1, HSPB9 or Ub-R-GFP were
next treated with or without MG132 and their expression levels were measured by
Western analysis. MG132 increased levels of HSPB9 and Ub-R-GFP but not of HSPB1.
% is the relative intensity of Ub-R-GFP compared to the control (A) and % of relative
aggregation compared to the control (C)

HSPB9: a strong suppressor of polyQ aggregation

167

5

that oligomerization dynamics are essential for the chaperone activity of
these members (Giese and Vierling, 2002). Although it has been assumed
that this may be true for all small HSP, we recently showed that HSPB7, a
strong inhibitor of toxic aggregation of polyglutamine proteins, did not form
large oligomeric structures in living cells (Vos et al., 2010). Also, yet another
polyQ suppressor, HSPB8, did not form large oligomers in cells, but rather
formed stoichiometric complex with the HSP70 co-chaperone BAG3 (Carra et
al., 2008b). Our current, preliminary data show that HSPB9, just like HSPB7,
is found in the low sucrose density fraction of cell lysates, suggesting that it
also does not form the canonical polydispersed oligomers (data not shown).
Interestingly, HSPB9 as well as HSPB7 and HSPB8, were unable to stimulate
the refolding of heat denatured luciferase in cells whilst HSPB1, HSPB4 and
HSPB5 that do form large oligomers could do so, in a manner that depended
on a functional HSP70 machinery (Vos et al., 2010;Bryantsev et al., 2007). This
suggests a link between the ability to form large oligomers and the ability
of HSPB members to assist in the refolding of the substrates by the HSPA
machine; this would be consistent with the in vitro data, but implies that such
activities are not retained by all human HSPB members in vivo.
Since HSPB7, HSPB8 as well as HSPB9 were able to suppress toxic polyQ
aggregation, an activity that was largely absent in oligomeric, refolding
potentiating members HSPB1, HSPB4 and HSPB5 (Vos et al., 2010), it is tempting
to suggest that HSPB proteins can be separated in (at least) two groups: 1)
classical members that form polydispersed oligomers and act in conjunction
with the HSP70 machine to assist in the refolding of heat denatured luciferase
and 2) the non-classical members that do not form oligomers and are largely
independent from the HSP70 machine, act to prevent aggregation and dispose
of misfolded proteins. Yet, how these non-classical members may assist in
disposal of the misfolded clients seems to be clearly distinct. Whilst the actions
of HSPB7 and HSPB8 are linked to autophagy, our current data link the action
of HSPB9 to enhanced proteasomal degradation of the misfolded client. Even
the action of HSPB7 and HSPB8 in the autophagic route are mechanistically
distinct: whereas HSPB8, by forming a complex with BAG3, induces
autophagy in an eIF2α-dependent manner (Carra et al., 2009), the action of
HSPB7 depends also on a functional autophagy system, but does not induce
autophagy and it acts in an eIF2α-independent manner. These data provide a
strong indication for the diversification of the HSPB proteins with respect to
differences in substrate specificity (classical versus non-classical chaperones)
and diversification in functional mechanisms of aggregate suppression.
With regard to the mechanism by which HSPB9 may stimulate proteasomal
polyQ degradation, several questions remain. So far, our data show that it
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can only prevent protein aggregation and that it can not disaggregate existing
aggregates, consistent with findings that large polyQ aggregates can no longer
be digested by the proteasome (Verhoef et al., 2002). The presence of HSPB9 at
the periphery of polyQ inclusion must therefore be interpreted as a failure of
its function, consistent with the trapping of proteasomal subunits in inclusion
(Matsumoto et al., 2006;Kim et al., 2002). Our FLIM data show that HSPB9
does directly interact with polyQ proteins (in inclusions, but possibly also
to intermediates of the aggregation pathway). This interaction may prevent
aggregation is such a manner that either the monomeric polyQ or some early
intermediates remain competent for proteasomal degradation. Why such
a chaperone-like action of HSPB9 would only support degradation and not
refolding remains an enigma. But, the enhanced degradation of Ub-R-GFP
suggests that HSPB9 may stimulate proteasomal degradation in a more general
manner and the fact that the protein itself is rapidly degraded would support
a model of chaperone-client co-degradation. Furthermore, preliminary data
show that HSPB9 is stabilized by BAG1 (figure 6D), a HSP70 co-chaperone
that also associates with the proteasome. Yet, BAG1 overexpression (that
annihilates HSP70-related folding) did not impair nor enhanced HSPB9related anti-aggregation effects. So, more experiments seem required to sort
out this hypothesis that BAG1 links HSPB9 and its clients to the proteasome.
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General introduction
The nine polyQ disorders are diseases of the central nervous system, caused by
a CAG triplet expansion in the affected genes, leading to protein aggregation
and inclusion formation of the mutant protein in neurons (Zoghbi and Orr,
2000). Heat shock proteins play a central role in protein homeostasis and by
preventing their aggregation they maintain proteins competent for folding
or degradation (Kampinga and Craig, 2010). HSPs may be crucial in polyQ
disease progression, since a gradual decline in HSP expression during ageing
may explain the usually adult manifestations and elevating HSP levels has been
shown to protect against polyQ aggregation and toxicity (Muchowski et al.,
2000;Wyttenbach et al., 2000;Rujano et al., 2007;Westhoff et al., 2005;Hageman
et al., 2010). A better understanding of the pathogenic mechanisms involved in
polyQ disorders and the mechanisms by which heat shock proteins interfere
with polyQ aggregation and toxicity may contribute to the development of
new therapies. The aim of this thesis was therefore to identify HSP members
which are involved in the endogenous defense against the proteotoxic stress
induced by polyQ disorders, and the identification of novel members that, by
boosting their expression, may suppress polyQ aggregation and toxicity.

6

Considering the slow progression and late onset of manifestations of polyQ
disorders in humans (30-40 years) (Zoghbi and Orr, 2000) it may be reasoned
that the PQC system is well capable of preventing the proteotoxic stress
induced by the polyQ proteins for a long time. Only when, during ageing,
parts of aberrant proteins accumulate and levels of HSPs decrease, this delicate
proteostatic balance seems to shift towards protein aggregation and toxicity.
Intra individual differences in HSP expression levels may therefore be one
of the factors affecting the variation in the AO among patients. In this thesis
(Zijlstra et al., 2010, Chapter 2), a correlation between the DNAJB1 levels (in
SCA3 fibroblasts) and the CAG independent AO was found, such that, for a
given CAG repeat length, patients with low DNAJB1 expression show the first
signs of disease earlier than patients with higher DNAJB1 levels. Although
DNAJB1 levels do not fully explain individual deviations of the expected AO,
the group analysis data do point to an important role for endogenous DNAJB1
in SCA3 onset and progression. Unfortunately, lack of sufficient material did
not allow extrapolating these data with fibroblasts to human post-mortem
brain material. Yet, semi-quantitative immunohistochemical analysis on the
distribution of DNAJB1 in affected and non-affected brain regions of SCA3
patients further pointed to DNAJB1 playing a critical role in neuronal cell
response to polyQ proteins (Chapter 3). Here, a complete sequestration
of DNAJB1 into the neuronal inclusions was found to be associated with a
neuronal stress response, which suggested that as long as endogenous DNAJB1
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is capable to defend neurons against polyQ toxicity, cell are stress-free and
stay alive. When, however, this fails (i.e. when DNAJB1 is recruited into NNI)
neurons may become stressed, lose their function and may ultimately die.
Combining these findings with our correlation study, prompts the suggestion
that patients with higher DNAJB1 expression may reach this point later and
thus have later AO than patient with lower DNAJB1 expression.

6

To increase the number of possible therapeutic targets, we focused in this thesis
on the members of the small HSPB family. From the 10 members in the human
HSPB family, 2 members have already been implicated in the suppression
of polyQ toxicity (HSPB1, Wyttenbach et al., 2001) and aggregation (HSPB8,
Carra et al., 2005) in polyQ disease models, and in this thesis we identified
2 additional, relatively unexplored HSPB members (HSPB7, and HSPB9) as
strong polyQ suppressors (Chapter 4, 5). HSPB7 and HSPB9 were both found
to suppress polyQ aggregation in non-neuronal cellular and differentiated
neuronal cell models for Htt and SCA3, and protected against toxicity in a
SCA3 Drosophila model. Neither HSPB7 nor HSPB9 did stimulate refolding of
heat denatured luciferase but both were still active against polyQ aggregation
in dnHSF-1 cells and following poisoning of the HSP70 machine by BAG1,
indicating that the activity of both proteins is not related to the heat shock
response (HSR) and independent of the HSPA machine. Interestingly, in
contrast to the similarities in the mode of action of both proteins, it was found
that the activity of HSPB7 is related to autophagy, while the mode of action of
HSPB9 is related to the proteasome.
Below, the mode of actions of the various HSPB and DNAJ members with antiaggregation activity will be discussed. Moreover, it will be further compared
and discussed which aggregate intermediates may cause toxicity (and how),
where in the aggregation pathway the different HSP members interfere, how
they protect against polyQ pathology and which members eventually will be
the most interesting candidates for therapy in patients.

1. HSPB proteins
As described above, 3 members of the HSPB family are particularly active
against polyQ aggregation. What do we now know about the mechanisms of
these HSPB proteins and how do they relate to each other?

1.1 HSPB7
HSPB7 was originally described as cvHSP because of its high expression in
cardiovascular and insulin-sensitive tissues (Krief et al., 1999). Although HSPB7
expression is indeed transcribed at high levels in heart tissue (even higher
178

than the other HSPB members), messenger RNA for HSPB7 is expressed more
widely throughout the body, including brain, where its expression is, however,
relatively low compared to e.g. HSPB1 (Vos et al., 2009). HSPB7 is found to be
upregulated in muscle fibers of x-linked muscular dystrophy (MDX) (Doran
et al., 2006) and aged skeletal muscle (Doran et al., 2007) possibly reflecting
a role for HSPB7 in stress response against damaged cytoskeletal networks
(Doran et al., 2007;Doran et al., 2006). HSPB7 has been shown to interact with
the C-terminal tail of α-filamin (Krief et al., 1999), a protein participating in
the anchoring of membrane proteins to the actin cytoskeleton. In addition to
its possible role in protecting the cytoskeleton, HSPB7 has been identified as
a SC35-specle associated protein under non-stressful conditions (Vos et al.,
2009). Speckles are rich in splicing-related proteins, linking them to RNA
processing and splicing (Lamond and Spector, 2003). Their nuclear speckle
localization is not associated with chaperone-assisted refolding, and possibly
reflects an additional biological function for HSPB7 in RNA chaperoning (Vos
et al., 2010).
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How any of the above data relates to our findings that HSPB7 is the most
potent inhibitor of polyQ aggregation within the HSPB family remains to
be elucidated. As we show in chapter 4, this HSPB7 activity is related to
autophagy, as the ability of HSPB7 is strongly reduced in the autophagy
deficient ATG5-/- cells.
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Figure 1: HSPB7 works independent of Chaperone Mediated Autophagy (CMA).
HEK293 cells were transfected with plasmids encoding EGFP-HttQ74 with or without
plasmids encoding HSPB7 and HSPB9 and treated with ammonium chloride to inhibit
Chaperone Mediated Autophagy (CMA). Irrespective of CMA inhibition, HSPB7 and
HSPB9 expression (A) equally well protected against polyQ aggregation as revealed by
the filter trap assay (B).
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Prelimenary results (figure 1) indicate that inhibition of Chaperone Mediated
Autophagy (CMA) by ammoniumchloride does not interfere with the HSPB7
function. As we found that HSPB7 can interact directly with polyQ aggregates
and is unlikely to regulate client release as it lacks ATPase activity, a model can
be envisioned in which HSPB7 may enhance recognition of polyQ proteins or
polyQ aggregates by (pre)autophagosomal vesicles or facilitate their enclosure
into such vesicles. This may relate to the before-mentioned binding of HSPB7
to alpha-filamin. By anchoring membrane proteins to the actin cytoskeleton
(Lee et al., 2010;Lee and Yao, 2010), alpha-filamin may ensure encapsulation
of HSPB7 and its bound clients into autophagosomes. This would support
efficient and selective degradation of aggregates without requiring the need
of autophagy upregulation. Such a model also would imply that HSPB7 is
co-degraded with its clients. Consistently, it has been found that the level of
ectopically expressed HSPB7 was always much lower than e.g. the folding
supporting HSPB1 or HSPB5.

1.2 HSPB8
HSPB8 is highly expressed in the human heart, brain and striated and smooth
muscles (Benndorf et al., 2001), but also shows moderate expression in other
tissues (Vos et al., 2009). Just like HSPB1 and HSPB5, HSPB8 is up-regulated
in brains from patients with AD, PD, and SCA3. For HSPB8, this up-regulation
occurs primarily in glial cells and only in the affected areas, which is different
for each disease (Seidel et al., submitted). In how far this up-regulation serves
protective purposes or merely reflects a stress response evoked in the glial
cells because of the neuronal cell degeneration remains to be determined.
HSPB8 was the first member of the HSPB family found to be able to reduce
polyQ aggregation in a cell model (Carra et al., 2005). HSPB8 is, like HSPB7, a
non-canonical HSP, which does not form oligomers in cells, but rather forms
a stable complex with BAG3 and suppresses huntingtin aggregation by an
HSP70 independent mechanism (Carra et al., 2008). The BAG3/HSPB8 complex
induces phosphorylation of the alpha-subunit of the translation initiator
factor eIF2alpha, which causes a transcriptional shut-down and stimulates
autophagy (Carra et al., 2009). Recently a complex of HSPB8, BAG3 and HSC70
was suggested to target damaged filamin (poly ubiquitinated by the HSP70
associated E3-ligase CHIP) via recruitment by p62 to the autophagosome, in a
process referred to as chaperone-assisted selective autophagy (CASA) (Arndt
et al., 2010). It is assumed that within the BAG3/HSPB8 complex, HSPB8 is
probably responsible for recognizing the misfolded proteins, while BAG3
might recruit and activate the autophagy machinery (Carra et al., 2008) but
this still requires experimental validation. The clear distinction between this
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HSPB8/BAG3 mechanism and that of HSPB7 is that HSPB7 does not depend
on eIF2alpha and does not increase autophagy.

1.3 HSPB9
HSPB9 was identified as a testis specific protein (Kappe et al., 2002), but this
expression is less restricted than originally described. Besides in testis, HSPB9
mRNA has been found in human lung and pancreas tissue (Vos et al., 2009),
and HSPB9 is upregulated in the tumors of these tissues (de Wit et al., 2004).
Moreover, HSPB9 interacts with the T-complex testis expressed protein 1
(TCTEL1, or DYNLT1), a component of the light chain component of dynein,
which has a potential function in cellular transport (de Wit et al., 2004). The
link between these findings and our observations that HSPB9 is a potent
suppressor of polyQ aggregation (Chapter 4 and 5) needs more investigation.
As we show (Chapter 5) HSPB9 enhances proteasomal degradation: HSPB9
protein levels are normally low, but increase when the proteasome is inhibited.
One possibility is that HSPB9 may stimulate proteosomal degradation of its
clients and that it is co-degraded with its associated clients. Interestingly,
preliminary data suggest that HSPB9 may functionally cooperate with BAG1
(data not shown). Since BAG1 has been linked to proteasomal degradation
(Luders et al., 2000), this may further support HSPB9 involvement in
proteosomal degradation. However, more experiments are required to identify
the functional link between HSPB9, BAG1 and the proteasome.

6

1.4 Functional divergence of the HSPB proteins: model
In contrast to the HSPB proteins described above, the remaining 7 HSPB
proteins were not active against polyQ aggregation. Actually HSPB6 showed
a weak anti aggregation activity on intermediate CAG repeat length, but this
effect was lost when the CAG length was increased. Interestingly, the most
investigated, canonical HSPB family members (HSPB1, HSPB4 and HSPB5)
were not able to suppress polyQ aggregation. Inversely, these 3 members,
which form oligomers and prevent irreversible protein aggregation in vitro
(Haslbeck et al., 2005;Lee and Vierling, 2000), were able to assist in the refolding
of heat denatured luciferase in cells as well, while the polyQ suppressors were
unable to do so.
This suggests that the HSPB proteins may be diverged in two branches 1) the
classical HSP’s which form oligomers, assist in HSP70 dependent refolding
of heat denatured luciferase, but have no anti-aggregation activity (Vos et al.,
2010) and 2) the non-classical HSPB proteins which do not form oligomers,
do not assist in refolding of luciferase (Vos et al., 2010), are not dependent
on an active HSP70/HSPA machine, and suppress polyQ aggregation (Vos et
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al., 2010;Carra et al., 2009) (Chapter 5). These data also demonstrate that this
distinction in functionality extends beyond client specificity, since the polyQ
aggregation suppressing HPSB members handle the same client differently.
Figure 2 summarizes the distinctions between the type I and the type II HSPB
proteins. Type I proteins are HSPA dependent proteins which form dynamic
oligomeric structures (2, step 1), bind to un- or misfolded substrates (2, step
2), thereby preventing irreversible protein aggregation (in vitro, 2, step 3) and
stimulate the refolding (heat denatured luciferase) by handing over of the
substrate to the HSPA folding system. The type II HSPB proteins and polyQ
suppressors perform their activity each via another distinct pathway; these
Type I

Type II

HSPB proteins

1

5
HSPA dependent
‘refolders’

HSPA independent
‘PolyQ suppressors’

HSPB1
HSPB4
HSPB5
2
6
Preventing polyQ
aggregation
7
HSPB7

3
Preventing aggregation
in vitro (non-polyQ)

8

9
HSPB9

HSPB8

DNAJ

ATP

HSPA

Using Autophagy
Using proteasomal
degradation

4
Stimulating HSPA
dependent refolding

Up-regulation of autophagy

Figure 2: Mode of action of the class I and class II HSPB proteins. Class I proteins
prevent the irreversible protein aggregation of non-polyQ substrates and assist
refolding in a HSPA dependent fashion, while the class II proteins inhibit polyQ
aggregation in a HSPA independent mode of action related to the proteasome (HSPB9)
and autophagy (HSPB7 and HSPB8).
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proteins do not form oligomers (2, step 5), and possibly recognize polyQ
proteins, bind them (2, step 6), and thereby shield them from the environment
and prevent interactions with other polyQ proteins, delaying the aggregation
pathway, or maybe by shielding toxic epitopes which otherwise would have
interfered with cellular processes. Each individual type II HSPB protein uses
a distinct pathway; HSPB7 uses autophagy (2, step 7 and chapter 4), HSPB8
works together with BAG3 and increase autophagy (2, step 8) and HSPB9 uses
the proteasome (2, step 9 and chapter 5).

6

2 . DNAJ proteins
DNAJ proteins were identified as co-regulators of the HSP70 machine and
are thought to drive the functionality of this machine (Kampinga and Craig,
2010). Besides regulating the ATPase activity of HSP70, most members have
client binding capacities themselves, some of them being rather promiscuous
and capable of, amongst others, preventing polyQ aggregation. As described
above DNAJB1, DNAJB2 and DNAJB6 share such anti polyQ aggregation
properties. The question that arises is: do these members also function via
different pathways, just as the HSPB proteins?

2.1 DNAJB1
Aberrantly folded substrates are likely to be recognized and bound by DNAJB1,
which primary is thought to transfer clients to the HSP70 machine. In binding/
release cycles, client aggregation is prevented. For foldable clients, such stimulates
refolding and if co-upregulated with HSP70, DNAJB1 has been shown to support
refolding in cells (Michels et al., 1997;Michels et al., 1999). However, the sole upregulation of DNAJB1 actually inhibits refolding (Michels unpublished data,
Hageman et al, in revision), and especially in this condition polyQ aggregation
is inhibited (Bailey et al., 2002;Rujano et al., 2007;Hageman et al., 2010). Here,
it seems that DNAJB1 keeps the substrate competent for degradation (Bailey
et al., 2002) in a reaction that still fully depended on interaction with HSP70
(Rujano et al., 2007). In fact, DNAJB1 over-expression alone also reduced the
half-life of luciferase, a phenomenon which was not observed when HSP70
was overexpressed alone (Michels, and Kampinga unpublished observations).
These data suggest that with higher ratios of DNAJB1: HSPA present, substrate
degradation by the proteasome is favored.

2.2 DNAJB2
In contrast to DNAJB1 that can both support refolding and degradation of
clients, DNAJB2a and b (HSJ1a and b) generally support client degradation.
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Both proteins seem to preferentially bind ubiquitinated substrates with their
ubiquitin interaction motif (UIM) domain. Hereby they suppress protein
aggregation and at the same time also prevent the trimming of the ubiquitin
chain, thus stimulating substrate sorting towards the proteasome (Westhoff et
al., 2005). DNAJB2a and b antagonize the HSP70/DNAJB1 mediated refolding
of heat denatured luciferase, and instead of stimulating the refolding, they
decrease the half life of luciferase, and while the remaining luciferase becomes
poly-ubiquitinated, in a mode of action dependent on the UIM domain as
well as on interaction with the HSP70 (Howarth et al., 2007). Therefore, it was
suggested that DNAJB2a and b specifically direct clients to the proteasome for
degradation (Howarth et al., 2007) thus resembling what we found for HSPB9
(Figure 2) although HSPB9 does not and DNAJB2 does depend on HSP70
(chapter 5, (Chapple et al., 2004).

2.3 DNAJB6/8
DNAJB6 and DNAJB8 were identified as the superior suppressors of polyQ
aggregation within the DNAJ family. For these members, interaction with
HSP70 was of minor importance, which is striking, given the fact that this was
also true for the best suppressors of polyQ aggregation within the HSPB family.
How clients bound to DNAJB6 and 8 are handled, remains to be elucidated,
but it is hypothesized that DNAJB6 and 8 specifically prevent aggregation of
polyQ peptides generated by proteasomal degradation of polyQ containing
proteins (Venkatraman et al., 2004;Raspe et al., 2009). These polyQ peptides
have been suggested to be relatively long-lived and highly aggregation prone
and thus may initiate the aggregation process (Raspe et al., 2009). Indeed,
DNAJB6/8 (but not DNAJB1, or HSPB8) could suppress aggregation by polyQ
peptides (Gillis, 2009) which has lead to the hypothesis that DNAJB6/8 keep
these peptides in a peptidase degradation competent form (Gillis, 2009).

2.4 Functional divergence of DNAJ proteins: model
So, like the HSPB proteins the DNAJB may also have diverged functionally in
a manner that goes beyond substrate specificity and that includes differential
handling of the same substrates (Figure 3). Folded proteins (3, step 1) may
become unfolded (3, step 2) by mutations or external stress and eventually
form oligomers (3, step 3), soluble aggregates (3, step 4) and inclusions (3, step
5). Unfolded monomers/fragments are recognized and bound by DNAJB1,
DNAJB2 and DNAJB6 and 8 (3, step 6) thereby preventing the aggregation
cascade. Through iterative binding/release cycles (3, step 7) DNAJB1 will
prevent aggregation in dependence of HSP70 and clients may either fold
or degrade, the fate being primarily dependent on the refoldability of the
client, although at high DNAJB1:HSP70 ratios degradation may be favored.
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Inefficient degradation of substrates by the proteasome (3, step 8) leads to the
formation of peptides in the cytoplasm which form the seed for aggregation.
This seed formation is inhibited by DNAJB6 and 8 (3, step 9). Rather than
by a stochastic event like DNAJB1, DNAJB2 specifically targets clients for
proteasomal degradation by affecting the ubiquitination status of the substrate
(3, step 10, and 11).
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Figure 3: Mode of action of the DNAJ proteins. Several DNAJ proteins inhibit polyQ
aggregation via different pathways. Details of the pathway are described in the text.

The acquired knowledge on the pathways used by the HSPs to prevent polyQ
aggregation and neurodegeneration also can be used to further understand
the mechanisms behind the polyQ pathology. Combined with the knowledge
from the literature, an integrated model for the progression of polyQ disease
is provided below.

3. PolyQ diseases: single gene, but
multifactorial disorders
The proteins implicated in polyQ disorders each have different and often
multiple functions including transcriptional regulation, RNA processing and
organization of the cytoskeleton (chapter 1). Part of the toxicity evoked by the
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repeat expansion may therefore be caused by a partial loss of these functions.
On the other hand, animal data have revealed that a polyQ stretch alone is
sufficient to induce pathology, irrespective of the gene where it is placed into
(Ordway et al., 1997). Depending on the cell type where it is expressed and
on the polyQ length, polyQ proteins can cause neuronal degeneration and
cell death (Marsh et al., 2000), implying that a toxic gain of function (GOF)
mechanism related to aggregation is sufficient to cause disease. This is further
supported by the chaperone work described above showing that reducing
aggregation protects polyQ toxicity and degeneration in cells and simple model
organisms. If and how aggregates lead to toxicity is still unclear, and will be
discussed below. Finally, a gain of the normal function (GOF) of the affected
protein has recently been suggested as another mechanism whereby polyQ
proteins may lead to disease. So, although that they are monogenic diseases,
polyQ disorders are likely multifactorial with several components contributing
to the toxicity cascade. Each of the 3 main contributing mechanisms will be
shortly discussed below.

3.1 Loss of function
Considering the involvement of wild type polyQ proteins in multiple cellular
pathways, loss of function (LOF) of the wild type protein may be involved
in the pathology. Yet, in general (conditional) knockout of the various polyQ
proteins was never found exclusively to result in disease-like phenotypes,
meaning that loss of function may contribute to, but not soley determine
disease. LOF may especially play a role in the differences between the polyQ
disorders and the disease-specific degeneration in different areas in the
brain. LOF could also be one of the factors involved in the variation in the
AO-CAG correlations that differ for each disease (Schols et al., 2004;van de
Warrenburg et al., 2005). Evidence for LOF mechanisms playing a role in
disease exists for HD (Van Raamsdonk et al., 2005), SCA1 (Crespo-Barreto
et al., 2010) and SCA6 (Todorov et al., 2006). For SCA3, this is still debatable:
although homozygotes seemed to be affected more than heterozygotes (Lerer
et al., 1996), and wildtype ataxin-3 was protective in a Drosophila SCA3 model
(Warrick et al., 2005), knockdown of wildtype ataxin-3 in rat model for SCA3
did not modify pathology (Alves et al., 2010). For SCA7 (to our knowledge)
no knockout models are described. For SCA17, LOF could not be tested since
the protein is essential (Martianov et al., 2002) and no conditional models
are available. Only for SCA2 (Kiehl et al., 2006) and DRPLA (Yu et al., 2009),
where knockout mice did not show any phenotype, LOF does not seem to
contribute to disease at all.
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3.2 Gain of function: novel toxic function mediated by polyQ tract
Central to all polyQ disorders seems the toxic gain of function mechanism
reflected by the aggregation initiation that occurs irrespective of the protein
that bares the polyQ tail and which even can be seen when polyQ tails are
attached to non-toxic proteins like GFP (Ordway et al., 1997). The fact that
prevention of this aggregation or clearance of aggregates e.g. by molecular
chaperones (Muchowski et al., 2000;Wyttenbach et al., 2000;Rujano et al.,
2007;Westhoff et al., 2005;Hageman et al., 2010), small molecules (Heiser et
al., 2000;Ehrnhoefer et al., 2006) or by inducing autophagy (Sarkar et al., 2009)
ameliorates disease in near all model systems, underscores that aggregationrelated toxicity is important in each of the diseases.
Before we discuss the mechanisms involved in the gain of function toxicity
mechanism it is important to characterize the aggregation pathway and
discuss what the possible (toxic) consequences of each of these intermediates
in the pathway are.

6

3.2.1 Protein processing
PolyQ disorders are often referred to as protein folding disorders, but
full length polyQ proteins seem to be soluble and do not show an altered
intracellular distribution (Trottier et al., 1998;Reina et al., 2010). Indeed full
length polyQ proteins were shown to be not very aggregation prone which is
why most cellular and animal studies employed small fragments of the polyQ
containing proteins. In affected brains, it has moreover been demonstrated
that the diverse inclusions contain predominantly polyQ-fragments (DiFiglia
et al., 1997;Goldberg et al., 1996;Merry et al., 1998). In fact, in several polyQ
disease models it was found that polyQ proteins are substrates of caspases
(SCA3 (Paulson, 1999); HD (Graham et al., 2006) and that mutants in which
these cleavage sites are removed have reduced aggregation-proneness and
neurotoxicity (Graham et al., 2006). So, protease processing may be an initial
step in triggering aggregation either directly, or by increasing proteasomal
degradation. As a result, the proteasome, which is unable to completely
degrade polyQ proteins (Holmberg et al., 2004;Venkatraman et al., 2004), will
generate higher amounts polyQ peptides. Such polyQ peptides are even more
aggregation-prone than the fragments since they lack flanking regions that
may shield the highly interactive polyQ surface from aggregating. Moreover,
these polyQ peptides cannot be (rapidly) digested by most peptidases and
require slowly acting specialized peptidases (Raspe et al., 2009). As long as the
(local) stoichiometry between (proteasomal) degradation and the specialized
peptidase are balanced, no aggregates will arise. However, either increased
generation of polyQ peptides or generation of peptides with longer stretches
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may function as the seed for protein aggregation, followed by recruitment
of N-terminal fragments, full length proteins (Raspe et al., 2009), heat shock
proteins and UPS components.

3.2.2 Monomers, oligomers, soluble aggregates and inclusions

6

Whereas aggregate formation in the cytoplasm and/or nucleus of neurons is
associated with neurodegeneration, it is yet unclear how the different aggregate
intermediates contribute to the pathophysiology of disease. Clearly, increasing
evidence exists that regulated inclusion formation may (initially) protect
cells from the presumably more toxic, early intermediates in the aggregation
pathway (Chapter 1). The greater toxicity of such earlier intermediates has
be attributed to the greater amount of exposed hydrophobic surfaces of these
intermediate polyQ aggregate species than present when in the inclusion state
(Kitamura and Kubota, 2010). The small oligomers are proposed to be also
more toxic than monomers, because oligomers are less likely to be degraded
‘easily’ by the proteasome because they are too large, whilst they are too
small for a proper engulfment by macro-autophagy (Kitamura and Kubota,
2010). But even if small oligomers may be the most toxic species, also polyQ
monomers have been shown to be cytotoxic in cultured cells (Nagai et al.,
2007). In addition, in time also the larger inclusions may ultimately impair cell
function and integrity if they are not disposed of.

3.2.3 Impairment of cellular functions
How precisely the various intermediates may contribute neuronal dysfunction
and cell death is still an enigma (Chapter 1), but may include one or more of
the following aspects.
»» Membrane leakage
Aggregates have been suggested to form pores in membranes that can
act as artificial (ion) channels, allowing influx of toxic ions such as Ca2+,
causing leakage of the lysosomal membrane or mitochondrial membrane
(Kagan et al., 2001). Likely this will involve monomers/fragments and small
oligomers. These artificial membrane channels may cause release and/or
activation of proteases that may directly lead to dysfunction or toxicity via
loss of essential proteins or by activating cell death pathways.
»» Impairment of the UPS
Another contributor of toxicity may relate to impaired activity of the
ubiquitin proteasome system (UPS). Monomers and/or small intermediates
cannot be unfolded by the AAA-ATPase of the proteasome, which may
inhibit (choke) the proteasome (Bence et al., 2001). Also, components of the
UPS are present in the larger inclusions (Gusella and MacDonald, 2000) in
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which they may be trapped leading to depletion of the amount of functional
proteasomes and hereby a reduced breakdown of other ubiquitinated,
aberrant proteins. Combined with age-related increases in the amount of
misfolded and metastable proteins, the proteasome overload may lead
to inadequate degradation of normally tightly regulated proteins, such
as transcription factors and cyclins, causing a disturbance in the cellular
homeostasis and cell stress.
Despite this generally accepted concept, mostly based on cell model systems,
recent findings in transgenic mouse models, where UPS reporter mice were
crossed with HD R6/2 mice, did not reveal any evidence for proteasomal
dysfunction (Ortega et al., 2010;Maynard et al., 2009). Our own data from
cellular models would also support the notion that the proteasome is not
affected, at least not in early stages of the disease. However, we did observe
accumulation of Ubb+1, a proteasomal substrate that is rapidly degraded
and non-detectable in healthy cells (Fischer et al., 2003), at late stage
human SCA3 brain tissue (Chapter 3). So, proteasomal dysfunction may
not be a primary cause for aggregation-induced disease and not associated
with formation of early aggregate intermediates, but upon growth of the
inclusion it may add to the progression of disease.

6

»» Sequestration of important cellular components by the aggregate
Besides the UPS, polyQ aggregates (inclusions) also seem to sequester
molecular chaperones (e.g., HSP90, HSP70 and HSP40). Hence, cellular
toxicity may result from the (secondary) loss of function these proteins
(Suhr et al., 2001;Nucifora, Jr. et al., 2001;Stenoien et al., 1999;Paulson, 1999).
Support for the sequestration hypothesis of chaperones is provided by
the observations in chapter 3 where complete recruitment of DNAJB1 into
the NNI in SCA3 post-mortem brain material induced the expression of
HSPA1A, indicative of a stress response. Yet, these events seem to occur
even at a later stage than when proteasomal dysfunction occurs and thus
long after manifestation of symptoms. Whereas the late induction of the
HSR further suggest that chaperone depletion by sequestration and hence
a lack of a functional heat shock system does not initiate disease, these
findings should not be taken to suggest that chaperones do not play a role
in disease initiation or progression. In fact, the main protective action of the
HSP chaperones seems to be to prevent the occurrence of aggregates, either
by preventing aggregate initiation (DNAJB6 and DNAJB8 (Hageman et al.,
2010)) or by assisting protein or protein aggregate removal via proteasomal
(HSPB9, DNAJB1, DNAJB2, Chapter 5, (Bailey et al., 2002;Howarth et al.,
2007) or autophagic routes (HSPB7, HSPB8, (Vos et al., 2010;Carra et al.,
2008)). The presence of aggregates in patient brains and the HSP association
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with these thus indicates that the endogenously expressed systems have
(partially) failed, but that there are still sufficient chaperones around for
dealing with house-keeping proteostatic balance. What the DNAJB1
recruitment/HSPA1A up-regulation data do point out is the importance
of endogenous DNAJB1 in preventing neuronal stress, which may again
support why DNAJB1 expression may be a CAG-independent modifier of
the AO (Chapter 2).

6

»» Transcriptional dysregulation
Finally, polyQ aggregates contain several important transcription factors
(e.g., CBP (Nucifora, Jr. et al., 2001), TBP (Huang et al., 1998), p53 (Steffan
et al., 2000) and Sp1 (Dunah et al., 2002). Besides this recruitment, soluble
mutant htt even has been shown to bind more tightly to Sp1 than aggregated
Htt (Dunah et al., 2002). Many of these transcription factors are glutamine
rich, which allows them to easily bind to, and co-aggregate with the polyQ
proteins. As a result transcription of genes that are critical for neuronal
function may be impaired. Indeed many reports show large changes in the
transciptomics of polyQ expressing cells and tissues (Luthi-Carter et al.,
2002;Evert et al., 2003;Cha, 2007). One intriguing example of sequestration
of transcription factors contributing to toxicity concerns the transcriptional
co-activator CREB-binding protein (CBP) that, when re-introduced in
polyQ expressing cells, alleviates polyQ toxicity (Nucifora, Jr. et al., 2001).
As CBP depletion was associated with nuclear inclusion formation, this
further supports that, although initially cytoprotective, in time, inclusion
formation may be toxic.
»» Dysruption axonal transport
Another mechanism by which polyQ aggregates could trigger neuronal
dysfunction is through disruption of axonal transport. This may occur
either by producing space-occupying (larger) aggregates within axons
that physically impair transport, or by sequestering and/or by abnormal
interactions of polyQ aggregates with various proteins involved in axonal
transport (Gunawardena and Goldstein, 2005). Indeed, trafficking motors
and mitochondrial components were found to be present in inclusions
isolated from human HD brain (Trushina et al., 2003). Perturbation of
axonal transport may however also occur even before microscopically
visible aggregation is detected (Orr et al., 2008), and thus related to
(early) intermediate aggregates or soluble polyQ proteins. This may also
imply that this mechanism could play a role in polyQ disorders where
cytoplasmic aggregates are rarely detected e.g. like in SCA3 (Seidel et al.,
2010) or where they were never detected like in SBMA, SCA1, SCA7 SCA17
and DRPLA (Zoghbi and Orr, 2000). Obstruction of axonal transport could
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thus be a very early event. It may trigger neurite retraction, which may
cause the onset of the symptoms at a stage where disease is still reversible
(Yamamoto et al., 2000;Xia et al., 2004;Alves et al., 2008;Latouche et al.,
2007). Progressive neurite retraction, which involves protease-mediated
cytoskeletal remodeling may (accidentally) causes fragmentation of the
polyQ containing proteins in smaller polyQ fragments that are more
aggregation-prone leading to formation of neuronal inclusions and the
induction of other cytotoxic cascades.

3.2.4 Multistep model for toxic GOF of the polyQ expansion
Based on the above, we like to propose a multistep model for the toxic GOF in
polyQ pathology (see figure 4).

6

Monomers and oligomers initiate the toxicity pathway by the formation of
membrane pores and the corresponding disruption of Ca2+ flux and formation
of reactive oxygen species (ROS). Additionally, aberrant interactions with
other proteins may disrupt the cellular homeostasis, and perhaps even
inhibit the axonal transport. Early aggregate intermediates and inclusions
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Figure 4: Multistep model for polyQ aggregate formation and related toxicity. Details
of the model are described below.
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in the cytoplasm next disrupt the axonal transport. Impaired transport
triggers cellular remodeling through the induction of caspases. These
caspases now also can cause (accidental) cleavage of polyQ proteins leading
to the generation of truncated polyQ fragments thus accelerate the kinetics
of the aggregation pathway that may frustrate the proteasome. Aggregate
sorting may temporarily delay cellular degeneration but, in time, lead to
the sequestration of components of the PQC system, disturbing the protein
homeostasis. Nuclear inclusions are thought to be more toxic than cytoplasmic
inclusions (chapter 1), likely because the recruitment of transcription factors
by NI, and clearance of inclusion by autophagy in the nucleus is not possible.

3.2.5 Gain of function: enhancement of normal function to toxic levels
Recent data have suggested that, in addition to a general aggregation-related
GOF, GOF via hyperactivity of the expanded protein may also play a role in
some polyQ diseases. For both AR (Nedelsky et al., 2010) and SCA1 (Duvick
et al., 2010), the mutant allele leads to increased protein-protein interactions
which are interfering with the normal function of AR and ataxin-1 enhancing
its activity (Emamian et al., 2003;Duvick et al., 2010), and thus may also
contribute to (disease specific facets of) toxicity (Duvick et al., 2010;Emamian
et al., 2003).
The data described above support the notion that it is likely that all 3
described toxicity mechanisms are involved, implying that polyQ disorders
are multifactorial disorders. It is expected that the toxic gain of function via
aggregation is the general and main contributor of the toxicity, while the
enhancement and loss of function mechanisms are likely to contribute to the
disease specific/brain area specific differences.

4. HSPs and polyQ diseases
As we demonstrate that various HSPs have protective effects in preventing
polyQ aggregation and the corresponding toxicity, it is expected that HSPs
only interfere with the toxic GOF related to aggregation. Therefore the question
remains at what stages of aggregate formation and pathology do they protect?
Figure 5 illustrates our current view.

4.1 HSPs can work at different steps in aggregate formation
Folded proteins (5, step 1) can adopt aberrant conformations (5, step 2) when
mutated or due to age or stress and are likely to expose residues which can
be recognized as aberrant by HSPs. The first line of defense against protein
misfolding is the HSPA machine which enables the substrate to obtain a proper
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Figure 5: PolyQ model and role of HSPs. Details of the model are described above.

conformation by iterative binding and release cycli, and keeping the substrate
in a degradation competent state. The ineffective proteasomal degradation
(5, step 3) of polyQ proteins results in the generation of polyQ peptides (5,
step 4) which can act as seeds for aggregation. DNAJB6 and DNAJB8 are able
to inhibit the aggregate initiation of these polyQ peptides (5, step 5) and are
therefore the strongest polyQ suppressors of polyQ inclusion formation (5,
step 6). Moreover, as described above, the polyQ monomeric proteins may
be processed (by e.g. caspases) leading to highly misfolding prone fragments
(5, step 2). These ‘fragments’ are likely to be recognized and bound by HSP’s
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(5, step 7) which initially prevents aggregation and aberrant interactions with
other cellular proteins, and thereby toxicity. These HSP-bound substrates can
have different fates: (5, step 8) DNAJB1, 6 and 8 may keep the substrate in a
degradation competent form, while DNAJB2 and HSPB9 may specifically assist
in the proteasomal degradation. In contrast to DNAJB1, 2, 6 and 8 and HSPB9
which are expected to act only on polyQ monomers (or peptides), HSPB7 (5,
step 9) is likely enabling the autophagic degradation of monomers, or small
oligomers (5, step 10, 11) by specifically sorting the substrate towards the
autophagic machine. In contrast to this, HSPB8 in concert with BAG3 (5, step
13) is thought to a-specifically induce autophagy and thereby stimulating the
autophagic degradation of the substrate (small oligomers 11, and aggregates
12). Eventually, when the substrates are not handled properly by the PQC, or
the HSP levels are not sufficient to cope with the amount of substrate, the HSP
bound substrates bind to each other and form an oligomer (5, step 14), soluble
aggregate (5, step 15) and eventually an inclusion (5, step 16). In the situation
where HSP’s were induced (5, step 7,10, 11 and 12) the aggregates or inclusions
may interact less with other cellular components because the aberrant epitopes
may be shielded by the HSPs and therefore less cellular stress is induced than
oligomers (5, step 14), soluble aggregates (5, step 15) and inclusions (5, step
16) (composed of mutant protein recruited PQC components and transcription
factors) when HSP’s are not present in high levels.

4.2 HSP’s as therapeutic targets, perspectives
Many efforts to delay polyQ disease progression are focused on boosting the
HSR. This is based on the findings that the cellular ability to boost HSPs through
HSF-1 declines during ageing (Heydari et al., 2000) and that disease onset in
accelerated in HSF-1 knockout C. elegans models (Hsu et al., 2003;Morley and
Morimoto, 2004). Although most HSF-1 regulated HSP70 members (HSPA1A
and HSPA6) are poor suppressors in vitro (Hageman et al., 2010) and often
also in vivo (Hay et al., 2004;Hansson et al., 2003) of aggregation, the HSF-1
regulated DNAJB1 may indeed be a good candidate for disease amelioration
(Chan 2000, this thesis, chapter 2 and 3). Indeed, the acute pharmacological
induction of the HSR has shown some positive results in some cellular models
(Hay et al., 2004;Fujikake et al., 2008), but e.g. the acute heat-induced activation
of the HSR was rather ineffective (Hageman et al., 2010). In addition, given
that HSF-1 pathway is self-regulating (Westerheide and Morimoto, 2005), it
remains to be shown whether chronic activation of HSF-1 effectively increases
the required HSP levels and also whether it is non-toxic since chronic HSF-1
activation may promote tumorigenesis (Dai et al., 2003;Mosser and Morimoto,
2004;Guo et al., 2005;Jaattela, 1999).
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Non-HSF-1 dependent boosting of individual HS members in the HSR (e.g.
DNAJB1) expression could be an alternative approach. Of the previously
identified polyQ suppressing HSPB and DNAJ proteins, DNAJB1, DNAJB2,
DNAJB6, and HSPB8 are expressed in brain (Hageman, 2008;Vos et al., 2009),
suggesting that those proteins may be involved in the battle of neurons against
polyQ toxicity. The data in chapter 2 and 3 as well as the data with experimental
cell models (Ghosh and Feany, 2004;Chan et al., 2000) suggests that DNAJB1
could be a candidate for up-regulation as therapeutic approach to delay
disease onset. Yet, there are at least 2 reasons why DNAJB1 may not be the
best candidate as target for therapy: 1) DNAJB1 over-expression may interfere
with its basic function in protein folding (Michels and Kampinga unpublished
observations) and indeed forced long-term DNAJB1 over-expression was
found to be toxic (Kampinga and Kanon, unpublished observations) ; 2)
DNAJB1 levels are highly regulated by HSF-1 and DNAJB1 boosting agents
likely may also induce many more HSF-1 related genes. In how far chronic
up-regulation of the entire heat shock response is tolerated or can be sustained
(since it is auto-regulated (Westerheide and Morimoto, 2005) remains to be
seen. 3) Within the DNAJB family, other members (e.g. DNAJB2, DNAJB6)
expressed in the brain seem to be regulated mainly independent of HSF-1, and
most importantly, are far better polyQ suppressors than DNAJB1 (Howarth
et al., 2007;Hageman et al., 2010). Therefore, of the DNAJ family, DNAJB2
and DNAJB6 may be better candidates for therapeutic modulation of polyQ
diseases, also since their chronic over-expression is well-tolerated (Cheetham,
unpublished data) (Hageman et al., 2010). Mouse models for DNAJB2 are
currently being tested for disease amelioration (Cheetham et al., unpublished
data) and also DNAJB6 transgenic mice have recently been generated and are
being characterized.

6

The novel HSPB proteins identified in this thesis are largely HSF independent
since HSPB7 and HSPB9 have been shown to be effective in cells expressing
the dnHSF-1, meaning they could work in aged cells that lack proper HSF-1
function. Also, none of them requires an up-regulation of or/and interaction
with the HSP70 machine to be effective. Finally, for HSPB7, HSPB8, and HSPB9
it was shown that their over-expression does not induce cell transformation,
does not affect cell proliferation and in vivo their expression is not affecting
growth and development (in flies).
Considering the fact that DNAJB6 and 8 are expected to act on the earliest
stage of the aggregation cascade: the polyQ monomers and peptides, they are
likely able to prevent the complete initiation of the toxicity cascade. However,
DNAJB6 and 8 cannot disaggregate already formed aggregates, suggesting
that a therapy based on these proteins may not be able to cure the symptoms,
General discussion and perspectives

195

but only prevent the disease initiation progression, which is promising for the
new generation of patients which carry the mutation, but have no symptoms
yet. However, for patients which are already affected an additional/combined
therapy may be required to ameliorate the manifestations.

6

DNAJB2 and HSPB9 likely target monomers/fragments for proteasomal
degradation, but based on the peptide hypothesis, the stimulation of
proteasomal degradation would produce more non-degradable peptides
leading to an accelerated aggregation cascade. This is contradictory with the
cellular and Drosophila data (chapter 5), where over-expression of HSPB9
protected against the eye-degenerative phenotype, but this may indicate that
there might be a chance HSPB9 and DNAJB2 will not be potent suppressors
in more long lived animal models and polyQ patients. Moreover, just like
DNAJB6, HSPB9 is not capable to disaggregate existing inclusions, which
would imply that, when active in other models, HSPB9 can only be useful for
prevention or delay of the disease onset, and just as DNAJB6 and 8 may be
useful as preventative therapy in carriers of the disease.
Different to the above mentioned HSP’s, HSPB7 and 8 are expected to work
later in the aggregation cascade: on monomers/fragments and oligomers
(HSPB7) or in the case of HSPB8 even on small aggregates. This may imply,
that they not only can prevent the first steps of aggregate toxicity, but also
on later stages when the first cellular damage is already present, which will
make them an interesting target for the therapy of patients which already
have symptoms, but this needs experimental validation. In the most ideal
situation, when the HSPs indeed are active in long-lived model systems and
patients, a combination therapy of DNAJB6 (preventing progression) and
HSPB7 (reversing symptoms) should provide the best treatment for patients
which already have symptoms, and DNAJB6 may be sufficient as a therapy
for the prevention of the disease onset in carriers of polyQ mutations. So,
in conclusion, a search for compounds that could up-regulate DNAJB6 and
HSPB7 could yield interesting therapeutic molecules against polyQ disorders.
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Addendum
Nederlandse samenvatting voor niet-ingewijden
Dankwoord
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Samenvatting voor niet-ingewijden
Achtergrond
Het menselijke lichaam is opgebouwd uit miljarden cellen. Deze cellen
bevatten een celkern met daarin het DNA (desoxyribonucleïnezuur) dat de
erfelijke genetische code bevat. Het DNA van de mens is gerangschikt in 42
chromosomen, waarop in totaal ongeveer 30.000 genen zitten die coderen
voor een nog veel groter aantal eiwitten die binnen en buiten de cel een
zeer grote verscheidenheid aan functies verzorgen. Om goed te kunnen
functioneren, moet een eiwit worden gevouwen tot een drie dimensionaal
eiwit. Omdat het cytoplasma gevuld is met ontzettend veel andere eiwitten
en macromoleculen kan dit proces niet spontaan verlopen. Hiervoor moet
het vouwingsproces begeleidt worden door moleculaire chaperonnes, een
heterogene groep van eiwitten waarvan de familie van heat shock eiwitten
(HSP) een groot onderdeel vormen. De chaperonnes voorkomen dat “naakte”,
nieuw gevormde polypeptideketens niet samenklonteren met andere, al
gevouwen, eiwitten door aan de nieuw gevormde eiwitten te binden en ze
zo van de buitenwereld af te schermen als een soort ‘Bodyguards’ totdat de
juiste vouwing is verkregen. De HSPs helpen niet alleen nieuwe eiwitten bij
de vouwing; ook bestaande eiwitten kunnen door allerlei oorzaken (cellulaire
stress) gedeeltelijk ontvouwen, waardoor er (gedeeltelijk) functie verlies op
kan treden of ongewilde interacties met andere eiwitten kunnen ontstaan
die kunnen leiden tot een opeenhoping van eiwit-klonten, of aggregaten,
die schadelijk kunnen zijn voor de cel. De aan HSPs gebonden ontvouwen
eiwitten kunnen, als de stress situatie is opgeheven, de juiste vouwing
terug krijgen of (als dat niet lukt) door cellulaire afbraaksystemen worden
afgebroken. Chaperonnes vormen daarom een centraal onderdeel van het
kwaliteitscontrole systeem van de cel dat zorgt voor een juiste eiwithomeostase,
ook wel proteostasis genoemd.

&

Er zijn 2 systemen die zorgen voor eiwit afbraak in de cel: het ubiquitine
proteasoom systeem (UPS) en autofagie. Het grootste gedeelte van de
eiwitafbraak wordt verzorgd door het ubiquitine proteasoom systeem. Eiwitten
die, om verschillende redenen, afgebroken moeten worden, kunnen door
gespecialiseerde eiwitten worden aangemerkt voor eiwit-afbraak door aan
deze eiwitten ubiquitine te binden. Het proteasoom, een groot eiwit-complex,
herkent het eiwit door de gebonden ubiquitine moleculen en kan eiwitten in
kleine stukjes (peptiden) knippen. Deze peptiden kunnen vervolgens door
andere eiwitten (peptidases) verder worden verwerkt tot losse aminozuren die
weer hergebruikt kunnen worden voor de bouw van nieuwe eiwitten. Autofagie
zorgt voor de afbraak van eiwitten met een lange levensduur; daarnaast kan
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het hele eiwitcomplexen en organellen afbreken. Dit process begint met een
omsluiting van het af te breken materiaal in membranen tot “autofagosomen”
die vervolgens samensmelten met lysosomen via een complex mechanisme. In
dit afgesloten systeem kunnen de materialen vervolgens worden afgebroken
door de zure inhoud en enzymen die zich in het lysosoom bevinden.

PolyQ ziekten

&

Ondanks deze kwaliteitscontrole systemen gaat het soms toch mis, en
ontstaan er klonteringen van eiwitten (eiwitaggregaten) die de normale
cellulaire processen ontregelen en leiden tot dysfunctie en dood van de
cellen. Een voorbeeld van een groep ziekten die gekarakteriseerd zijn door
de aanwezigheid van eiwitaggregaten zijn de polyglutamine (polyQ) ziekten.
Er zijn negen polyQ ziekten; de ziekte van Huntington, de ziekte van
Kennedy, of spinobulbaire musculaire atrofie, en de spinocerebellaire ataxia’s
(SCA1, SCA2, SCA3, SCA6, SCA7, SCA17 en DRPLA) die allemaal worden
veroorzaakt door een mutatie, waardoor de genetische code van het eiwit (per
ziekte verschillend) zo is veranderd dat er veel meer (meer dan 40) dan het
normale (ongeveer 10-20) aantal glutamines zijn ingebouwd in het eiwit. Deze
verlenging van de reeks glutamines in het ziekte-gerelateerde eiwit leidt, op nog
deelsonbekende wijze uiteindelijk tot ongewenste eiwitklontering (aggregatie)
in neuronen. Dit aggregatie proces is schadelijk voor de neuronen, en daardoor
worden de polyQ zieken gekarakteriseerd door degeneratie (afsterving) van
bepaalde hersengebieden waardoor patiënten o.a. moeite krijgen met lopen,
kijken, slikken en spreken. De eerste symptomen openbaren zich meestal
tussen het 35e en 45e levensjaar, maar dit hangt ook af van de lengte van de
polyQ keten (polyQ expansie): want hoe langer de verlenging, hoe eerder de
patiënten ziek worden. Op basis van de lengte van de glutamine stretch kan
een schatting gemaakt worden van de leeftijd waarop de patiënt de eerste
symptomen kan verwachten. Voor patiënten met dezelfde polyQ expansie zijn
er echter daarnaast grote verschillen in het moment van begin van de ziekte.
Dit wordt veroorzaakt door, nog onbekende, omgeving- of genetische factoren
die meespelen bij het beloop van het ziekte proces. Op het moment is er nog
geen therapie voor deze ziekten, en worden alleen medicijnen gegeven om de
symptomen te bestrijden.

Heat shock eiwitten en PolyQ ziekten
In cellulaire en muis-modellen die de polyQ ziekten nabootsen is gevonden
dat HSPs de eiwitaggregatie en de symptomen van de ziekte kunnen
verminderen, wat aangeeft dat HSPs de basis zouden kunnen vormen voor
een therapie tegen polyQ ziekten. De familie van heat shock eiwitten (HSP)
is groot, en werden vroeger onderverdeeld in groepen gebaseerd op de
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grootte van het eiwit, maar die nu op specifieke kenmerken zijn gerubriceerd:
De HSPA (HSP70s), HSPB (met als meeste bekende HSP27), HSPC (HSP90),
HSPD (HSP60), HSPH (HSP110) en de DNAJ (met als meest bekende HSP40)
eiwitten. In mensen komen veel verschillende HSP familieleden voor: 41
DNAJ, 13 HSPA en 10 HSPB eiwitten. Qua opbouw lijken de verschillende
HSP families niet op elkaar, maar de eiwitten binnen een eiwitfamilie wel:
ze hebben bepaalde familiespecifieke kenmerken (domeinen), maar daarnaast
zijn er verschillen in andere domein, waarvan wordt verondersteld dat ze van
belang zijn voor functionele verschillen tussen de familieleden. Veelal werken
HSPs samen.
Over het algemeen zijn de HSPA eiwitten betrokken als motor bij al deze
processen, zonder dat ze bijdragen aan de specificiteit. Wel lijken de concentratie
van HSPA eiwitten bepalen bij de eiwit(her)vouwing. HSPA eiwitten kunnen
eiwitten binden en loslaten waardoor de (misgevouwen) eiwitten meer tijd
krijgen om de correcte vouwing te krijgen of, wanneer vouwing niet lukt, om
gedegradeerd te worden. De werking van HSPA eiwitten is afhankelijk van
DNAJ eiwitten: die stimuleren niet alleen de cyclus van binden en loslaten van
HSPA aan eiwitten, maar zijn ook verantwoordelijk voor de specificiteit: DNAJ
herkennen het verkeerd gevouwen eiwit, recruteren HSPAs en dragen het eiwit
over aan HSPA’s. Daarnaast en/of daardoor bepalen DNAJ ook het lot van de
cliënt eiwitten; of het wordt opgevouwen, over een membraan getransporteerd
of dat het wordt afgebroken door het proteasoom. Bij deze laatste stap is
wellicht ook nog een andere groep eiwitten (de zogenaamde HSP70- nucleotide
exchange factors: NEFs) betrokken. Voor het vormen van een minimale “HSP70
machine” is een lid van de HSPA, DNAJ en NEF familie nodig. Aangezien elk
van deze families meerdere leden kennen zijn er een enorme hoeveelheid aan
combinaties voor specialisatie en differentiatie van functies.

&

De precieze functie van de HSPB eiwitten is nog verre van duidelijk. Behalve
dat de meest grondig onderzochte HSPB familieleden (HSPB1, HSPB4 en
HSPB5) ook (her)vouwings processen kunnen beïnvloeden (in de reageerbuis)
is hun functie in cellen nog steeds onduidelijk. HSPB1, HSPB4 en HSPB5 lijken
zich het cytoplasma te bevinden in grote complexen. Er wordt gedacht dat
deze complexen dienen als een soort reservoir van chaperonnes in het geval
van een acute stress waarbij eiwitten ontvouwen: tijdens zo’n een stress vallen
deze complexen namelijk direct uiteen en voorkomen eiwit aggregatie door
de ontvouwen eiwitten te binden en op te slaan in nieuwe grotere complexen
en het zo af te schermen van de buitenwereld. Op het moment dat de stress
in de cel is afgenomen zouden deze dan worden overgedragen aan de HSPA
machine voor hervouwing of afbraak.
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Doel van het onderzoek
Een beter begrip van de mechanismen betrokken bij de aggregatie en toxiciteit
van polyQ ziekten en de werkwijze waarop de HSPs de polyQ aggregatie
en toxiciteit kunnen voorkomen kan enorm bijdragen aan de ontwikkeling
van nieuwe therapieën. Daarom was het doel van dit onderzoek om HSPs te
vinden die betrokken zijn bij de endogene afweer tegen de cellulaire stress van
polyQ ziekten, en de identificatie van nieuwe HSP familieleden die, wanneer
de gehaltes ervan worden verhoogd in cellen, de polyQ aggregatie en toxiciteit
tegen kunnen gaan.

&
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Endogeen DNAJB1 en de ziekte leeftijd van SCA3
PolyQ ziekten komen pas tot uiting op latere leeftijd ondanks de aanwezigheid
van het ziekteverwekkende eiwit in alle lichaamscellen. Er wordt verondersteld
dat het eiwit kwaliteitscontrole systeem in de jaren voordat er verschijnselen
optreden uitstekend in staat is om de eiwitbalans op peil te houden. Bij
veroudering neemt de capaciteit van het eiwit kwaliteitscontrole systeem af,
en de totale hoeveelheid eiwitschade toe, waardoor de eiwitbalans omslaat,
eiwitten gaan samenklonteren en uiteindelijk ziekte symptomen ontstaan.
Zoals hierboven beschreven bestaat er een sterke correlatie tussen de lengte
van de glutamine verlenging en leeftijd waarop de ziekte begint. Echter,
voor een gegeven verlenging bestaan er daarnaast tussen patiënten grote
verschillen in de werkelijke leeftijd waarbij de eerste symptomen optreden.
Verschillende studies hebben uitgewezen dat, naast omgevingsfactoren, ook,
nog onbekende, erfelijke factoren zijn die het ziektebegin en de vooruitgang
beinvloeden. De observatie dat HSPs (HSPA1A, HSPA8, DNAJB1 en HSPB1)
bescherming kunnen bieden in enkele polyQ ziekte modellen heeft geleidt
tot het idee dat verschillen in de HSP gehaltes een van de factoren kan zijn
die bijdraagt aan het verschil in de ziekte leeftijd van patiënten met de zelfde
glutamine verlenging. Om dit te onderzoeken zijn de gehaltes van 4 HSPs
(HSPB1, DNAJB1, HSPA1A en HSPA8) gemeten in fibroblasten (huidcellen)
van patiënten met polyQ expansies in het ataxine-3 gen. Deze SCA3 patiënten
bleken hogere gehaltes van HSPB1 in de fibroblasten te hebben dan gezonden
vrijwilligers, iets wat ook gezien was in hersenen van die patiënten en
wat duidt op een soort stress reactie op de aanwezigheid van polyQ eiwit.
Bovendien werd ontdekt dat DNAJB1 lager tot expressie kwam in patiënten
die eerder ziek worden dan verwacht, en hoger in patiënten die juist later
symptomen kregen dan verwacht. Deze observatie wijst op een mogelijke
rol van DNAJB1 bij de ontwikkeling en voortgang van de ziekten in SCA3
patiënten. In hersenen van een beperkt aantal van deze patiënten werd deze
suggestie ondersteund door de waarneming dat zodra het DNAJB1 in polyQ

aggregaten ‘gevangen’ was, en er verder geen DNAJB1 meer in de hersencellen
aanwezig was, de cellen een stress reactie vertoonden en er “ziek” uit zagen.

Functionele diversiteit van de HSPB familie en hun impact op polyQ
aggregatie
Naast DNAJB eiwitten was ook van een aantal HSPB familieleden beschreven
dat ze enige bescherming zouden kunnen bieden tegen polyQ aggregatie.
Slechts voor 2 van de in totaal 10 menselijke HSPB genen (HSPB1-HSPB10)
was dit echter maar onderzocht. Zoals eerder genoemd verschillen de diverse
HSPB leden, behalve hun typische “familie domein”, aanzienlijk van elkaar
en besloten we ze alle 10 te vergelijken om te onderzoeken of ze polyQ
aggregatie zouden kunnen remmen en zo ja, welke van deze HSPBs dit het
beste zou kunnen en volgens welk mechanisme. Onze studies toonden aan dat
van de hele familie HSPB7 de meest sterke remmer van polyQ aggregatie en
toxiciteit. Parallel hieraan bleek HSPB7 te beschermen tegen de degeneratie
in een fruitvliegmodel voor polyQ ziekten. HSPB7 kan de afbraak van polyQ
eiwitten bevorderen, niet via het proteasoom, maar via het autofagie systeem..
De data suggereren dat HSPB7 waarschijnlijk de herkenning van (kleine)
polyQ aggregaten door het autofagosoom bevordert, waarbij HSPB7 zelf
samen met het polyQ aggregaat wordt afgebroken. Naast HSPB7 en HSPB8
bleek ook nog een ander lid van de HSPB familie, HSPB9, zeer efficient in het
onderdrukken van polyQ aggregatie en toxiciteit. Net als HSPB7 beschermt
HSPB9 ook tegen neurodegeneratie in een fruitvliegenmodel voor polyQ
ziekten. De werking van HSPB9 bleek echter, in tegenstelling tot HSPB7 niet
gekoppeld aan autofagie, maar HSPB9 bleek vooral gelieerd aan stimulering
van eiwitafbraak door het proteasoom.

&

Wat verder opviel tijdens dit onderzoek naar de HSPB eiwitten was dat de
een aantal, andere HSPB familieleden, die niet polyQ aggregatie kunnen
tegengaan, wel kunnen helpen bij de hervouwing van door warmte ontvouwen
eiwitten. Omgekeerd bleken de HSPB leden die actief zijn tegen PolyQ
aggregatie eiwithervouwing na warmte denaturatie niet kunnen bevorderen.
Hoewel slechts een beperkt aantal substraateiwitten is bekeken suggereren
deze waarnemingen dat de leden van HSPB familie mogelijk zijn onder
te verdelen is 2 functionele groepen: de “hervouwers” en de “afbrekers”.
Deze waarnemingen zijn nieuw en leveren meer fundamenteel inzicht in de
diversiteit van werking van HSPB eiwitten.

Conclusie
Tijdens dit onderzoek hebben we meer inzicht gekregen in de rol van endogene
HSP eiwitten (DNAJB1) in het ziekteverloop van polyQ ziekten. Verschillen in
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gehaltes van DNAJB1 tussen patiënten kan een van de oorzaken zijn, naast de
lengte van de polyQ keten, voor het verschil in de leeftijd waarbij de ziekte
bij SCA3 patiënten begint. Hoewel DNAJB1 dus een genetische factor kan
zijn voor het optreden van de ziekte is het mogelijk geen geschikte therapie
kandidaat: kunstmatige verhoging van DNAJB1 blijkt veelal toxisch voor cellen
en bovendien is opregulatie van DNAJB1 maar beperkt effectief gebleken in
onderdrukking van polyQ aggregatie. De in dit proefschrift beschreven
HSPB7 en HSPB9, en de eerder beschreven HSPB8 en DNAJB6 zijn niet alleen
effectiever in het remmen van polyQ aggregatie, maar hun overexpressie in
cellen en eenvoudige organismen (de fruitvlieg en klauwpad) lijkt mogelijk
zonder effect op celgroei en celdood. Ondanks dat een gedeelte van het
werkingsmechanisme is ontdekt, is het nodig om, voordat er een medicijn
gemaakt kan worden op basis van deze HSPs, dat het werkingsmechanisme
nog beter te onderzoeken o.a. door experimenten met zoogdieren (muizen,
ratten). Dus ondanks het feit dat de weg tot een effectieve therapie voor polyQ
ziekten nog lang is, bieden HSPs een potentiële therapie voor de polyQ ziekten,
waarvoor tot op heden nog geen therapie voor beschikbaar is.
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