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Aberrant protein aggregation is a defining feature of most neurodegenerative diseases. During
pathological aggregation, key proteins transition from their native state to alternative con-
formations, which are prone to oligomerize into highly ordered fibrillar states. As part of the
cellular quality control machinery, molecular chaperones can intervene at many stages of the
aggregation process to inhibit or reverse aberrant protein aggregation or counteract the tox-
icity associated with amyloid species. Although the action of chaperones is considered
cytoprotective, essential housekeeping functions can be hijacked for the propagation and
spreading of protein aggregates, suggesting the cellular protein quality control system con-
stitutes a double-edged sword in neurodegeneration. Here, we discuss the various mecha-
nisms used by chaperones to influence protein aggregation into amyloid fibrils to understand
how the interplay of these activities produces specific cellular outcomes and to define mech-
anisms that may be targeted by pharmacological agents for the treatment of neurodegener-

ative conditions.

he accumulation of protein aggregate depos-
Tits in the brain is a hallmark of most neuro-
degenerative conditions including Alzheimer’s
(AD), Parkinson’s (PD), and Huntington’s dis-
ease (HD) and amyotrophic lateral sclerosis
(ALS) (Chiti and Dobson 2017). Although many
neurodegenerative conditions arise sporadically,
hereditary cases link increased concentrations
or aggregation propensity of signature proteins
to disease severity and early onset, suggesting a
causal link between protein aggregation and dis-
ease phenotypes (Soto 2003).

Protein aggregates typically arise from the
failure of the cellular protein quality control
(PQC) machinery to refold or degrade mis-

folded species in a timely manner (Tyedmers
et al. 2010; Labbadia and Morimoto 2015). Dur-
ing aging, the capacity of the PQC network is
decreased and becomes less responsive to pro-
tein misfolding stress signals, while damaged
protein species accumulate (Blake et al. 1991;
Ben-Zvi et al. 2009). The age-related decline of
the PQC machinery has therefore been pro-
posed to be a contributing factor to the late onset
of protein aggregation in neurodegeneration
(Labbadia and Morimoto 2015). The flip side
to this hypothesis is that in early life, efficient
PQC systems are in place to delay the onset of
protein aggregation and, consequently, neuro-
degeneration. The effect of aging on protein ho-
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meostasis is further explored in Hartl (2018).
Molecular chaperones play central roles in
maintaining protein homeostasis in the cell as
modulators of protein conformational states
(Bukau et al. 2006; Kampinga and Craig 2010;
Saibil 2013; Balchin et al. 2016). Chaperone ac-
tion is therefore a key regulator in the patholog-
ical transition from the native protein confor-
mation into the amyloid fibril (Hipp et al. 2014;
Kampinga and Bergink 2016).

In this review, we discuss the various strate-
gies used by chaperones to interfere with protein
aggregation into amyloid fibrils and how their
action may affect the progression of disease phe-
notypes. We illustrate molecular mechanisms of
amyloid handling by the human chaperone ma-
chinery with specific case studies to provide an
overview of the various ways in which protein
aggregates can be targeted for therapeutic in-
tervention in the context of neurodegenerative
diseases.

PROTEIN AGGREGATION IN
NEURODEGENERATION

Protein aggregates associated with neurodegen-
eration are typically characterized by a highly
ordered, B-sheet-rich structure, termed amyloid
(Chiti and Dobson 2017; Eisenberg and Sawaya
2017) (for additional details on the link between
the amyloid state and human disease, see Dob-
son 2018). In vitro, the molecular mechanism of
protein aggregation into amyloid fibrils has been
described as a multistep pathway (Morris et al.
2009; Eichner and Radford 2011; Knowles et al.
2014) initiated by the stochastic or stress-in-
duced conversion of a native protein into a mis-
or unfolded and aggregation-prone state (Chen
etal. 2002). The accumulation, subsequent olig-
omerization, and conformational rearrange-
ment (Cremades et al. 2012; Neudecker et al.
2012) of such species leads to the formation
of aggregation nuclei or “seeds” that act as
templates of the amyloid conformation (Serio
et al. 2000; Tanaka et al. 2006). The rapid tem-
plated incorporation of native monomers
dramatically accelerates fibril growth. Fragmen-
tation (Knowles et al. 2009) and secondary nu-
cleation (Cohen et al. 2013), in which the surface

of existing fibrils facilitates the formation of ad-
ditional fibrillar seeds, exacerbate the phenotype
rapidly by multiplying the number of ends from
which aggregates can grow. Although the amy-
loid structure is energetically highly favorable
(Baldwin et al. 2011), amyloid fibrils are not stat-
ic entities but exist in equilibrium with monomer
and oligomeric species (Fig. 1) (Carulla et al.
2005).

In vivo, interaction with cellular factors, mo-
lecular crowding, as well as posttranslational
modifications and enzymatic processing all in-
fluence the aggregation behavior of amyloido-
genic proteins and peptides (Oueslati et al. 2010;
Stroo et al. 2017). Off-pathway oligomers and
disordered aggregates are likely to coexist with
the highly ordered amyloid conformation, each
constituting their own challenge to the cellular
PQC machinery (Lashuel et al. 2013; Kampinga
and Bergink 2016).

The self-templating properties of the amy-
loid conformation are central to the prion hy-
pothesis, which states that prions, the infectious
particles causing a number of fatal transmissible
neurodegenerative diseases, solely consist of an
alternative B-sheet-rich, self-propagating amy-
loid conformation (PrP%) of the a-helix-rich
cellular prion protein PrP® (Prusiner 1998).
The characteristic feature of the amyloid fold
provides an explanation of how a single protein
conformation can propagate without the trans-
mission of genetic information. On infection,
prions replicate not only at the molecular level,
but also at the cellular level. This involves inter-
cellular transmission of fibrillar seeds and the
subsequent initiation and propagation of the
amyloid conformation in naive cells (Prusiner
1998). Although this phenomenon is a defining
feature of infectious prion diseases, there is cur-
rently no epidemiological evidence that other
prevalent human neurodegenerative diseases
are contagious. However, a similar “prion-like”
propagation has been described for other amy-
loid-forming proteins, including AD-associated
amyloid B (AP) and tau and PD-associated
o-synuclein (osyn), with aggregation initially
developing in particular brain regions and sub-
sequently spreading toward more distal inter-
connected regions in a stereotypic manner as
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disease progresses (Brundin et al. 2010; Goedert
et al. 2010). Hence, given the similarities in ag-
gregate assembly, growth, and spreading, it is
not surprising that many amyloidogenic pro-
teins associated with neurodegenerative diseases
are now considered to be prion-like.

A complex relationship exists between the
various states of the amyloid equilibrium and
cellular toxicity, with both on- and off-pathway
oligomers as well as fibrillar species assigned to
pathogenicity (Cohen and Dillin 2008; Sun et al.
2015; Tipping et al. 2015; Ries and Nussbaum-
Krammer 2016). Moreover, as discussed in Ei-
senberg (2018) and Otzen and Riek (2018), not
all amyloid-forming proteins are linked to dis-
ease. Diverging observations may be explained
by inherent differences between various amyloi-
dogenic proteins (Chiti and Dobson 2017), con-
formational differences in the resultant struc-
tures of their aggregation (Gath et al. 2014;
Melki 2018), as well as the properties of flexible
regions accessible for interaction with other
cellular factors (Olzscha et al. 2011; Kim et al.
2016). For example, the amyloid structures of
AR peptides integrate the entire amino acid se-
quence into their B-sheet folds (Luhrs et al.
2005; Paravastu et al. 2008; Gremer et al. 2017).
Larger amyloidogenic proteins such as tau and
osyn only partially bury their polypeptide se-
quence in the final amyloid core, exposing
“fuzzy” coats of disordered overhang sequences
(Vilar et al. 2008; Tuttle et al. 2016; Fitzpatrick
et al. 2017; Guerrero-Ferreira et al. 2018). Small-
er fibrillar and less-ordered oligomeric species,
formed along the aggregation pathway, dis-
play proportionally larger hydrophobic surfaces
that may make aberrant interactions with other
cellular factors (Olzscha et al. 2011; Kim et al.
2016), sequester PQC machinery (Park et al.
2013; Yu et al. 2014; Guo et al. 2018), or disrupt
cellular membranes (Quist et al. 2005; Campioni
et al. 2010). The different properties of the olig-
omeric states that accumulate during protein
aggregation provide multiple opportunities for
the interaction with PQC components. Such
oligomers are thought to be the dominant cyto-
toxic species, whereas larger amyloid aggregates
are mainly regarded as inert and relatively cyto-
protective because their size and highly ordered

packing minimizes interactions with the cellular
environment.

MOLECULAR CHAPERONES AND PROTEIN
QUALITY CONTROL

In response to the threat of protein conforma-
tional instability, cells have evolved elaborate
networks of chaperone proteins responsible for
the folding, subcellular targeting, sequestration,
disaggregation, and degradation of aggregation-
prone, unfolded, and misfolded protein species
(Bukau et al. 2006; Kampinga and Craig 2010;
Saibil 2013; Balchin et al. 2016). The expression
of chaperones is up-regulated in a cell compart-
ment-specific manner in response to protein
misfolding stresses such as heat shock, oxidative
stress, nutrient starvation, or genomic instabili-
ty, to compensate for compromised protein ho-
meostasis. The mechanisms of stress-induced
up-regulation of chaperone expression and the
complex coordination of this response across
tissues in multicellular organisms are discussed
in more detail in Joutsen and Sistonen (2018)
and Morimoto (2018). Failure to elicit the cyto-
solic/nuclear heat shock response results in
large-scale protein aggregation and possibly
cell death. It is therefore noteworthy that some
aggregation events associated with neurode-
generation, such as that of the polyglutamine
(polyQ) expanded Huntingtin protein (Htt) in
HD, suppress this cellular response (Chafekar
and Duennwald 2012), leading to further exac-
erbation of the already impaired proteostasis.
Nevertheless, genetic or chemical activation of
the heat shock response reduces aggregation in
cell and animal models of PD and AD (Paris
et al. 2010; Pierce et al. 2013). Moreover, the
neuronal toxicity of aggregating asyn, tau, and
Htt was reduced in animal model of neurode-
generation on Hsfl overexpression or local ad-
ministration (Hay et al. 2004; Fujikake et al.
2008; Liangliang et al. 2010; Jiang et al. 2013).
The central cytosolic members of the chap-
erone network are the ATP-independent small
heat shock proteins (sHSPs) and several ATP-
dependent chaperone families: Hsp70s with
their cochaperones, in particular J-domain pro-
teins (Hsp40s) and nucleotide exchange factors
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(NEFs) such as Hspl110, Hsp90 and its co-
chaperones, and the chaperonin TriC/CCT (Bu-
kau et al. 2006; Kampinga and Craig 2010; Hartl
and Bracher 2011; Li et al. 2012). These chaper-
one systems differ fundamentally in their modes
of substrate binding, the conformational states of
the substrates they recognize, and the changes
theyimpose on their substrates. Figure 2 provides
an overview of the key members of this chaper-
one network, their domain organization, and
their substrate interaction modes. For further
details, Biebl and Buchner (2018) and Janowska
etal. (2018) elaborate on the complex functional
regulation of Hsp90 and sHsps, respectively.

Amyloid-type aggregates present unique
challenges for the cellular PQC machinery. In
particular, the constituent proteins of amyloids
do not display the typical characteristic of a
chaperone substrate, that is, high exposed hy-
drophobicity, but instead present highly repeti-
tive sequence and structural motifs resulting
from the ordered stacking of monomers in the
amyloid fibril. The cellular chaperone machin-
ery, therefore, has to rely on unconventional and
sometimes specialized molecular mechanisms
to counteract protein aggregation in the context
of neurodegeneration.

Chaperones appear to differ strongly in their
effect on the various amyloidogenic proteins,
highlighting both the strong similarities but
also differences between the aggregation events
underlying associated neurodegenerative condi-
tions (Kakkar et al. 2014). asyn and tau intra-
cellular aggregation, signatures of PD and AD,
respectively, are both reduced on induction of
the heat shock response in cell culture models
(Kakkar et al. 2014). Although generalized
ATP-dependent chaperones can act at all stages
of polyQ aggregation, noncanonical Hsp70 co-
chaperones, as well as sSHSPs are more effective at
preventing polyQ protein aggregation or coun-
teracting disease phenotypes (Kakkar et al.
2014). AP aggregation was shown to be strongly
affected by a range of sHSPs in vitro; however,
the physiological relevance of these observations
is unknown because of the extracellular localiza-
tion of AP aggregates. Known in vitro chaperone
interactions with amyloidogenic proteins are
summarized in Table 1.

A pattern begins to emerge where peptide
amyloids including AP and unflanked polyQ
stretches do not interact with the canonical
Hsp70 chaperone machinery (Kakkar et al.
2014). sHSPs and specialized ] domain chaper-
ones interact predominantly with oligomeric
states of these species to prevent further aggre-
gation and/or suppress cytotoxicity. In contrast,
relatively larger amyloidogenic proteins such as
osyn, tau, and as notable exception Htt Exonl
that contain flexible flanking sequences in addi-
tion to the amyloid forming polyQ region, do
interact with canonical Hsp70 cochaperones, in-
cluding in their monomeric state, suggesting
that it is not their amyloid-forming sequences
but rather neighboring regions that allow bind-
ing of these chaperones (Monsellier et al. 2015).

PREVENTION OF AGGREGATION
BY MOLECULAR CHAPERONES

As first line of defense against the formation of
amyloid fibrils, the cellular PQC machinery em-
ploys various molecular strategies to prevent the
(further) aggregation of the native protein pool.
Classical chaperone folding and refolding activ-
ities rescue destabilized or misfolded protein
species back to their native state. Transient in-
teractions with misfolded proteins or small olig-
omers prevent their coalescence into seeding
competent nuclei, while reducing accessibility
to fibril ends prevents the further conversion
of the native protein into amyloid fibrils. Finally,
the decoration by chaperones along the fibrillar
axis may interfere with the process of secondary
nucleation, which can be a dominant driving
force in accelerating protein aggregation under
conditions where fibril fragmentation is limited
(Fig. 1) (Cohen et al. 2013).

Chaperone “profolding” activities concern
only the ~35% subset of amyloidogenic proteins
that attain a stable tertiary structure when folded
to their native state (Chiti and Dobson 2017).
Examples are the secreted immunoglobin light
chain (Ig LC) and transthyretin (TTR) pro-
teins that require the endoplasmic reticulum
(ER) resident Hsp70 chaperone, HSPA5 (BIP),
for folding into the IgG quaternary-structure
and native tetramer, respectively (Blancas-Mejia

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033969 5


http://cshperspectives.cshlp.org/

g’é’gﬁb Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Downloaded from http://cshperspectives.cshlp.org/ on March 2, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

Chaperone family Reaction cycle

sHSPs
- Sequestration
Oligomer Activation Dimer
NTD  o-Crystalin  CTD 9 I

Misfolded
protein

]
I
|
|
I
I
|
Substrate interaction ! Disaggregation
et ) —
Oligomerization | HSP70
|
|

NBD SBDB SBDa:

|
I
Native
Class A : Q.s,tate .
o G aEne ! NEF
JD ZFD CTD1 CTD2 DD I
|
Class B 1
o  aGbaEse | ATP
JD CTD1 CTD2 DD 1 Misfolded
_— 1 protein
Hsp70  Substrate interaction |
interaction | ADP
: + Pi
HSP70 |
I
o e ®.-
I
I
|

Misfolded i ‘\ ATP
protein

HSP90
NBD MD DD

ATPase Substrate interaction

Mlsfolded
protein

ATP

B\ % Native
state
Pi ADP Q.

Figure 2. The cytosolic chaperone network. Chaperones in the human cytosol collaborate to identify,
sequester, and refold misfolded proteins back to their native state. Molecular chaperones recognize similar
hydrophobic motifs in substrates that are typically buried but become accessible on misfolding. Despite their
overlapping substrate pools, their domain organization and substrate-binding modes differ significantly. sHsps
rely on a complex oligomerization equilibrium to regulate their chaperoning activity in response to misfolding
stressors and to sequester misfolded proteins. The Hsp70 family chaperoning conformational cycle is regulated
by J-domain proteins, which target substrates to Hsp70, and NEFs that promote substrate release. Although J-
domain proteins can act as chaperones independently from Hsp70, chaperoning activity by NEFs is limited to the
Hsp110-type only. Additional cellular factors serve to bridge the Hsp70 machine to downstream chaperones:
Hsp90 and/or the class II chaperonin TriC/CCT. The nature of collaboration between the ATP-independent
sHSPs and the Hsp70 machinery remains unknown. Nucleotide states throughout the chaperone functional
cycles are indicated with “D” or “T” for ADP- or ATP-bound, respectively. CTD, carboxy-terminal domain; DD,
dimerization domain; inter, intermediate domain; JD, ] domain; MD, middle domain; NBD, nucleotide-binding
domain; NTD, amino-terminal domain; NEF, nucleotide exchange factor; SBD, substrate-binding domain; ZFD,
zinc finger domain.
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Table 1. Chaperones described to modulate amyloid aggregation in vitro

Chaperone Substrate Activity Interacting
family Member protein described species References
Small heat shock  HSPB1 (hsp27)  asyn Prevention of Oligomer ~ Wilhelmus et al. 2006a;
proteins ABao/an aggregation Fibrils Ojha et al. 2011;
(sHSPs) tau Neutralization Baughman et al. 2018;
Htt Cox et al. 2018
HSPB2/3 osyn Prevention of Bruinsma et al. 2011;
insulin aggregation Prabhu et al. 2012
HSPB5 osyn Prevention of Monomer  Bruinsma et al. 2011;
(0B-crystallin) ABo/a2 aggregation Oligomer Duennwald et al. 2012;
tau Neutralization Fibril Mannini et al. 2012;
B,-M Disaggregation Cox et al. 2016
HSPB6 ABo/a2 Prevention of Monomer  Lee et al. 2005;
asyn aggregation Wilhelmus et al. 2006a;
Bruinsma et al. 2011
HSPB8 AByo Prevention of Monomer  Wilhelmus et al. 2006b;
polyQ aggregation Bruinsma et al. 2011
asyn
J-domain DNAJA1 tau Prevention of Monomer Mok et al. 2018
proteins aggregation
(Hsp40) DNAJA2 tau Prevention of Monomer Mok et al. 2018
aggregation
DNAJBI1 osyn Prevention of Fibril Pemberton et al. 2011;
polyQ aggregation Duennwald et al. 2012;
IAPP Disaggregation Gao et al. 2015
DNAJB2 polyQ Prevention of Oligomer ~ Labbadia et al. 2012
aggregation
DNAJB6 AB Prevention of Oligomer Maénsson et al. 2014a,b;
asyn aggregation Aprile et al. 2017
polyQ
DNAJB8 osyn Prevention of Oligomer ~ Ménsson et al. 2014b;
polyQ aggregation Aprile et al. 2017
Hsp70 HSPAIA AB Prevention of Monomer  Wacker et al. 2004;
(Hsp70) asyn aggregation Oligomer Dedmon et al. 2005;
IAPP Evans et al. 2006;
IgG Chien et al. 2010;
tau Voss et al. 2012;
Rosas et al. 2016
HSPA5 IAPP Prevention of Davis et al. 2000;
(Bip) IgG aggregation Chien et al. 2010
HSPAS HttEx1 Prevention of Monomer  Muchowski et al. 2000;
(Hsc70) asyn aggregation Oligomer Pemberton et al. 2011;
tau Disaggregation Fibril Duennwald et al. 2012;
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Table 1. Continued

Chaperone Substrate Activity Interacting
family Member protein described species References
NEFs HSPH2 osyn Disaggregation Fibril Duennwald et al. 2012;
(Apg2) HttEx1 Gao et al. 2015
Hsp90 HSPC1 AB Prevention of Oligomers  Evans et al. 2006;
osyn aggregation Falsone et al. 2009;
tau Daturpalli et al. 2013;
Schirmer et al. 2016
Chaperonin TriC/CCT osyn Prevention of Monomer  Behrends et al. 2006;
polyQ aggregation Oligomer Tam et al. 2009;
Neutralization Fibril Shahmoradian et al. 2013;
Sot et al. 2017
Hsp60 tau Prevention of Monomer Mok et al. 2018
aggregation Oligomer
Ribosome- NAC osyn Prevention of Monomer  Martin et al. 2018
associated aggregation
chaperones
Brichos-domain ~ proSP-C Sp-C Prevention of Fibril Willander et al. 2012
proteins AByo/a2 aggregation
gastrokinel AByo Prevention of Monomer  Altieri et al. 2014
aggregation
Bri2 ABo/a2 Prevention of Fibril Willander et al. 2012;
IAPP aggregation Oskarsson et al. 2018
Extracellular 0l,-Macro- APy Prevention of Oligomer ~ Hughes et al. 1998;
chaperones globulin Calcitonin aggregation Yerbury et al. 2009;
HypF-N Neutralization Mannini et al. 2012
Lysozyme
Clusterin ABo/a2 Prevention of Monomer  Kumita et al. 2007;
ApoCII aggregation Oligomer Narayan et al. 2012;
osyn Neutralization Greene et al. 2015;
Calcitonin Mok et al. 2018
Lysozyme
tau
TDP43
TTR
Haptoglobin ABys Prevention of Oligomer  Yerbury et al. 2009
Calcitonin aggregation
Lysozyme
Other Prefoldin ABy Prevention of Oligomer Sakono et al. 2008;
Htt aggregation Tashiro et al. 2013
7B2 osyn Prevention of Helwig et al. 2013;
AByo/a2 aggregation Peinado et al. 2013
IAPP
ApoE ABao Prevention of Evans et al. 1995

aggregation
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and Ramirez-Alvarado 2013). Although unas-
sembled Ig LC and TTR monomers are typically
retained in the ER, reduced proteostasis capacity
leads to their aberrant secretion and subsequent
extracellular aggregation into amyloid fibrils (Lee
et al. 1999; Sorgjerd et al. 2006). Destabilization
of their native folds by mutation or the absence of
partner subunits promotes sustained HSPA5
(BIP) interaction (Melnick et al. 1994; Lee et al.
1999; Quintas et al. 2001; Sorgjerd et al. 2006).
This more stringent quality control reduces
the secretion of destabilized TTR and Ig LC and
thus suppresses extracellular protein aggregation
(Melnick et al. 1994; Davis et al. 2000). Con-
versely, chemical disruption of ER proteostasis,
reducing chaperone availability, results in an ac-
cumulation of extracellular aggregates (Chen
etal. 2016), demonstrating that indeed the pres-
ervation of native protein folds, in conjunction
with the timely ER retention and degradation of
nonnative folds by ER-associated degradation
(ERAD) is an efficient mechanism to suppress
amyloid formation (Fig. 1, “misfolding”).
Chaperones can prevent aggregation of mis-
folded proteins that escape the PQC machinery,
or of the predominant intrinsically disordered,
low-complexity proteins associated with neuro-
degeneration, through interference with pri-
mary nucleation. Transient interactions with
aggregation-prone regions in monomeric pro-
teins or sequences in close proximity, can pre-
vent their initial oligomerization into seeding
competent aggregates. This strategy corresponds
to the classical “holding” activity (Mattoo and
Goloubinoff 2014) of sHSPs and canonical J-
domain proteins as well as the activity of other
HSPs, including Hsp70 and Hsp110, where the
binding to a substrate sequence sterically inter-
feres with the aggregation process (Fig. 1, “olig-
omerization”). The native tau interactions with
the Hsp70 and Hsp90 chaperone machinery il-
lustrates this concept well. As an intrinsically
disordered protein, tau does not rely on these
chaperones for folding; however, its interaction
with chaperones is essential to regulate tau mi-
crotubule association, phosphorylation status,
and degradation (Jinwal et al. 2010; Thompson
et al. 2012; Karagoz et al. 2014). Perturbations
in these interactions result in the accumulation

and aggregation of hyperphosphorylated tau
(Jinwal et al. 2013; Wang et al. 2013; Young et
al. 2018). Chaperone “holding” activities may
also compete with the further elongation of
preexisting fibrils, as discussed in further detail
below.

Alternatively, primary nucleation can be
suppressed through the stabilization of in-
termediate, non-seeding-competent oligomeric
states before their conversion into aggregation
“seeds.” This particular mechanism appears to
be used by the noncanonical J-domain proteins,
DNAJB6, and DNAJB8. DNAJB6 effectively
suppresses the aggregation of various members
of the polyQ expanded protein family (Mansson
et al. 2014b) as well as AB,, (Mansson et al.
2014a) invitro and in cell culture models on over-
expression (Gillis et al. 2013), and improves cog-
nitive function in a mouse model of HD (Kakkar
etal. 2016). Kinetic analysis of the in vitro aggre-
gation behavior of polyQ proteins and AP in
the presence of DNAJB6 revealed that the chap-
erone predominantly inhibits primary nucle-
ation through interaction with small oligomers,
rather than monomeric species (Ménsson et al.
2014a; Arosio et al. 2016; Kakkar et al. 2016).
DNAJB6/8 contain, in addition to classical struc-
tural features of the DNAJB class (Fig. 2; Kam-
pinga and Craig 2010), a signature region rich in
serine and threonine residues that is hypothe-
sized to specifically interact with the B-hairpin
hydrogen bonding network of polyQ-containing
protein and possibly other amyloidogenic pro-
tein aggregates (Kakkar et al. 2016; Mansson
etal.2018; Soderbergetal. 2018). DNAJB6 forms
higher oligomeric complexes and therefore pre-
sents multiple substrate interfaces (Soderberg
et al. 2018), suggesting that its oligomeric status
conveys the ability to specifically recognize amy-
loidogenic oligomers (Fig. 1, “nucleation”).

Once nucleation occurs, aggregation “seeds”
can rapidly elongate through the templated
incorporation of monomers. Monomer seques-
tration by chaperones can compete with this
process through the depletion of the available
monomer pool (Wacker et al. 2004; Luheshi et
al. 2010). Conversely, chaperones may act on
the fibrillar state to sterically hinder further
monomer incorporation. The sHSPs HSPB1 and
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HSPB5 have been described to act in this way,
preventing the further elongation of AP,
and osyn amyloid fibrils at substoichiometric
chaperone concentrations (Waudby et al. 2010;
Shammas et al. 2011). The B-sandwich folds of
the a-crystallin domains of HSPB1/5 (Fig. 2) are
crucial for the interaction with amyloid fibrils.
It is likely that the B-sheet of the sHSP dimeri-
zation interface in the a-crystallin domain
matches the hydrogen bonding register of pre-
formed fibrils, effectively capping the fibrils
(Mainz et al. 2015). A side effect of this interac-
tion is that preformed fibrils are stabilized, as
preintegrated monomers can no longer dissoci-
ate (Fig. 1, “elongation”) (Raman et al. 2005).

Finally, chaperones can suppress aggrega-
tion through the inhibition of secondary nucle-
ation. Secondary nucleation events are aggrega-
tion events catalyzed by the surface of preformed
fibrils, which rapidly creates new fibrillar seeds
and thus increases protein aggregation rates.
Chaperones that interact with the surface of
amyloid fibrils can interfere with this phenom-
enon (Table 1). The best characterized example
of a chaperone family that uses this mechanism
is the BRICHOS domain-containing proteins.
BRICHOS domains appear to have evolved to
shield B-sheet-prone regions of their respective
proproteins from aggregation (Mao et al. 2016),
but additionally interfere in the oligomerization
of other amyloidogenic proteins, in particular
AB,, (Willander et al. 2012). In vitro, ARy, ag-
gregation is reduced predominantly through the
inhibition of secondary nucleation (Cohen et al.
2015); BRICHOS domains thus do not prevent
the initial formation of amyloid fibrils but
suppress the amplification effects of new aggre-
gation seeds. The underlying molecular interac-
tions have thus far not been described. Overex-
pression of the Bri2 BRICHOS domain strongly
inhibits A aggregation in a Drosophila model of
AD (Fig. 1: “secondary nucleation”) (Poska et al.
2016).

The development of detailed kinetic anal-
yses of in vitro aggregation data has greatly
contributed to our understanding of the chap-
eroning mechanisms that act to prevent the ag-
gregation of amyloidogenic proteins and the
oligomeric state that they act on (Arosio et al.

2016). The inherent promiscuity of chaperone
interactions with their substrates means that
chaperones often act on multiple conformation-
al species that accumulate during aggregation
and thus interfere with various microscopic pro-
cesses simultaneously (Table 1). A case in point
are the sHSPs that not only act to prevent elon-
gation through interaction at fibril ends but also
reduce secondary nucleation through similar in-
teractions along the fibril axis. Moreover, their
presence makes preformed fibrillar species more
susceptible to disaggregation by the Hsp70
machinery (see section on Chaperone-Driven
Disaggregation of Amyloid Species). Their in-
teraction with oligomeric species stabilizes non-
seeding-competent conformations, and a subset
of sHSP may act to neutralize such oligomeric
species through the regulated aggregation and
sequestration into quality control compart-
ments (see next section).

NEUTRALIZATION/DETOXIFICATION
OF PROTEIN AGGREGATES

An additional consequence of the interaction
of chaperones with oligomers and fibrils of
amyloidogenic proteins is the detoxification of
such species in the cell. A first approach to coun-
teracting the toxicity of, in particular, smaller
oligomeric states is reducing the total exposed
hydrophobicity by increasing the size of aggre-
gates. Indeed, formation of large intracellular in-
clusion bodies correlates with increased survival
of neurons expressing mutant Htt (Arrasate etal.
2004).

Chaperones, including sHSP HSPB1 and
extracellular chaperones clusterin, o, macro-
globulin, and haptaglobin (Ojha et al. 2011;
Mannini et al. 2012), interact with protein olig-
omers in vitro to form higher-order complexes
of amyloid-forming proteins, including AB42,
IAPP, and HypF-N. Such sequestration does
not dramatically alter the structure of the aggre-
gates (as judged by thioflavin T fluorescence and
circular dichroism analysis) but strongly reduces
their cellular toxicity (Ojha et al. 2011). Detox-
ification relies not only on the increased size of
the aggregate, but also on the shielding action of
chaperone binding, which prevents unspecific
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interactions with other cellular proteins (Beeg
et al. 2016). Notably, the chaperonin TRiC/
CCT, which prevents the aggregation of Hitt
Exonl through transient interactions with olig-
omeric and fibrillar species (Tam et al. 2006;
Shahmoradian et al. 2013; Pavel et al. 2016),
can additionally act to detoxify polyQ proteins
by promoting the assembly of soluble, nontoxic
oligomeric species that are larger in size (~500
kDa) than their toxic counterparts (~200 kDa)
(Behrends et al. 2006).

A “sequestrase” activity of sSHSPs, which me-
diates the formation of organized protein foci
(Spechtetal. 2011; Escusa-Toret et al. 2013; Mil-
ler et al. 2015), was shown to be essential for
survival of yeast cells subjected to severe and
repetitive protein misfolding stresses (Escusa-
Toret et al. 2013; Ungelenk et al. 2016; Mogk
etal. 2018). Although an analogous role for their
sHSP repertoire has not yet been shown, mam-
malian cells respond similarly to the proteotoxic
stress associated with proteasomal impairment,
by sequestering misfolded proteins into large
deposits termed aggresomes located near the
centrosome (Johnston et al. 1998). Polyubiquiti-
nated substrates are targeted to this site by Hsp70
and its NEF cochaperone BAG3 as well as the
adaptor proteins 14-3-3 or HDACS, which cou-
ple the aggregate cargo to dynein for trafficking
(Gamerdinger et al. 2011; Xu et al. 2013). The
aggresome is considered a storage site for aggre-
gates facilitating clearance by autophagy (Kopito
2000). It should be noted that aggresome struc-
tures have mainly been described in cell culture
models and do not necessarily correspond to
inclusion bodies associated with neurodegener-
ative diseases. However, they clearly represent a
cytoprotective stress response and their studies
shed light on how cells manage acute protein
misfolding stress. Finally, in Caenorhabditis ele-
gans, long-lived daf-2 mutants show increased
accumulation of large insoluble aggregates as
compared with wild type (WT), suggesting that
intracellular sequestration of aggregation-prone
proteins is beneficial to organismal longevity
(Waltheretal. 2015). Nevertheless, the biological
relevance of (sHSP-mediated) sequestration of
aggregates formed by amyloidogenic proteins
in mammalian cells remains to be established.

Detoxification of amyloids by chaperones
can also follow an indirect mechanism, in which
rather than acting on the aggregate itself, chap-
erones such as the Hsp70 system extract coag-
gregated protein species from deposits. This
may counteract cellular toxicity induced by the
sequestration of essential proteins (e.g., tran-
scription factors) (Olzscha et al. 2011). Con-
versely, such extraction activity may sequester
essential PQC components toward amyloid-in-
duced deposits and away from essential house-
keeping functions (Hinault et al. 2010). That
chaperone sequestration by aggregates can per-
turb housekeeping functions was shown for the
role of the constitutive Hsp70, HSPA8 (Hsc70),
in endocytosis on protein aggregation (Yu et al.
2014). In yeast, the aggregation of overexpressed
polyQ proteins results in the sequestration of J-
domain protein DNAJB1 homolog Sis1, block-
ing a PQC pathway that shuttles target proteins
for proteasomal degradation in the nucleus
(Park et al. 2013). Moreover, oligomeric species
of amyloidogenic proteins can block proteaso-
mal activity through direct ubiquitin-indepen-
dent interaction with the 20S subunit, reducing
overall cellular degradative capacity (Thibau-
deau et al. 2018). Beyond its burden on the
PQC network as a substrate, oligomer and am-
yloid species formed by amyloidogenic proteins
can thus interfere with standard housekeeping
functions of the PQC in unexpected ways.

CHAPERONE-DRIVEN DISAGGREGATION
OF AMYLOID SPECIES

Once amyloid fibrils are formed, molecular
chaperones may act to reverse protein aggrega-
tion. A priori, amyloid disaggregation by molec-
ular chaperones can occur through either pas-
sive or active processes. In the passive process,
monomers that spontaneously dissociate from
the fibrils are captured by chaperones, thus
shifting the amyloid equilibrium to a soluble
state. In the active process, chaperones act on
the fibrillar state to accelerate depolymerization
of monomers or destabilize the fibril core to
such extent that fibrils fragment.

To date, the best characterized and apparent
most versatile disaggregase activity in the hu-
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man cell is provided by the Hsp70 machinery
(Fig. 3). The Hsp70 chaperone family acts
through the regulated conformational cycling
of Hsp70 between an open ATP-bound state
and a closed, high-substrate affinity ADP-bound
state. Substrate binding and trapping through
ATP hydrolysis is assisted by J-domain proteins,
while ADP release, and timed substrate release
on ATP rebinding are driven by NEFs (Fig. 2).
Hsp70s recognize a degenerate motif of about
five residues enriched in hydrophobic amino
acids, flanked by positively charged amino
acids (statistically occurring every 30-40 resi-
dues in protein sequences) (Rudiger et al.
1997). Surface exposure of this peptide motif
in protein substrates allows for Hsp70 binding
to a wide range of conformers from unfolded
nascent peptides and protein aggregates to near
native conformations. Importantly, the J-do-
main proteins belonging to the class A and
class B families have substrate-binding activi-
ties themselves (Rudiger et al. 2001). The en-
gagement of substrates by J-domain proteins, at
binding sites in proper distance to Hsp70-bind-
ing sites, precedes or coincides with the associ-
ation of Hsp70 partner chaperones. J-domain
proteins are therefore substrate-targeting fac-
tors for Hsp70s.

DNAJB1

O 4
@ e -

snfity
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HSPH2
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(11

Because of their broad substrate specificity,
J-domain proteins and Hsp70s act at multiple
levels of the amyloid aggregation equilibrium
in vitro, including preventing the aggregation
of asyn, AP, tau, as well as polyQ-containing
aggregates through transient interaction with
monomers and oligomers, removal of coaggre-
gated protein species, and solubilization of pre-
formed amyloid fibrils (Table 1).

Efficient disaggregation of osyn (Duenn-
wald et al. 2012; Gao et al. 2015) and Htt Exonl
(Scior et al. 2018) amyloid fibrils by human
HSPAS8 (Hsc70), relies on the canonical class B
J-domain protein DNAJB1 and Hspll10-type
NEFs (Fig. 2). Other J-domain proteins such
as DNAJA1 and DNAJA2, implicated in the dis-
solution of disordered protein aggregates (Nil-
legoda et al. 2015), cannot substitute in vitro,
suggesting a specific function for DNAJBI in
the recognition of amyloid substrates. In C. ele-
gans, however, J-domain proteins of both class A
and class B appear to act synergistically to re-
duce polyQ aggregate load (Kirstein et al. 2017).
To what extent this observation can be attrib-
uted to differential roles of the J-domain protein
classes in prevention of aggregation versus dis-
aggregation remains to be characterized in fur-
ther detail. A recent study on chaperone modu-

ATP

/%@&&@

\\»ADP

Figure 3. Amyloid disaggregation by the human Hsp70 machinery. DNAJBI identifies substrates as Hsp70
machinery targets based on sequence and structural features (I). DNAJBI substrate engagement allows the
recruitment of HSPA8-ATP to the fibril surface (2). Catalyzed ATP hydrolysis converts the HSPA8/fibril
complex to a long-lived, high-affinity state (3). Recruitment of the Hsp110-type nucleotide exchange factor
HSPH2 (Apg2) displaces ADP and allows ATP rebinding to HSPAS, resulting in substrate release (4). Reinitiated
recruitment of HSPA8 by DNAJBI to remaining fibrillar fragments allows for complete solubilization of amyloid
fibrils. The pulling energies required for amyloid disaggregation are putatively generated during phase 2 and 3 as

w »

indicated by the “>” symbols.
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lators of tau aggregation (Mok et al. 2018) cor-
roborates the idea that J-domain proteins of
class A may preferentially act to prevent amyloid
formation, acting predominantly on small ag-
gregate species or monomers, while members
of class B target fibrils and large oligomers to
disaggregation (Nillegoda et al. 2015).

The disaggregation activity of Hsp70 fur-
ther relies on the NEF activity of Hsp110-type
cochaperones. It is worth noting that other
NEFs (Fig. 2) cannot complement well in dis-
aggregation activity, suggesting that a particular
feature of the Hsp110 family is essential to tun-
ing the Hsp70 machinery for disaggregation.
One such defining feature may be the unique
ability of Hsp110s to bind to substrates them-
selves (Xu et al. 2012). Hsp110-substrate inter-
actions are typically short-lived but can provide
additional “holding” activity to the existing J-
domain protein and Hsp70 substrate interac-
tions. Alternatively, the HSPH2-mediated re-
lease of HSPA8 from oasyn fibrils was strongly
accelerated compared with that mediated by
BAGI, even after compensating for differences
in NEF activity (Gao et al. 2015). Kinetic fac-
tors relating to the rate of Hsp70 recycling may
therefore provide an alternative explanation for
the unique ability of Hsp110s to support dis-
aggregation.

In bacteria, yeast, and plant cells, the Hsp70
machinery is additionally complemented by the
Hsp100 AAA™ ATPase that provides consider-
able threading power to extract polypeptides
from protein aggregates (Mogk et al. 2018;
Shorter and Southworth 2018). The molecular
mechanism of the stand-alone HSPAS8 disag-
gregation activity of amyloid fibrils in metazo-
an is, however, poorly understood. The high
stability of amyloid fibrils, and the observation
that the Hsp70 machinery can act along the
axis of fibrils suggests that the conformational
cycle of Hsp70 generates considerable pulling
forces. It has been proposed that cochaperone-
assisted Hsp70 binding may exert pulling forces
on flexible sequences within the amyloid fibrils
owing to the strong reduction in available con-
formational space at the fibril surface. In an
attempt to reduce the entropic penalty associ-
ated with such binding events, entropic pulling

forces up to 10-20 pN, which corresponds ap-
proximately to the stability of a small protein
domain, may be generated to extract the bound
fragment from the fibrillar core (De Los Rios
et al. 2006; Goloubinoff and De Los Rios 2007;
Mogk et al. 2018; Nillegoda et al. 2018). Alter-
native mechanisms rely on the coordinated ac-
tion of Hsp70 and Hsp110 to either generate a
sudden power stroke on coordinated substrate
release (Gao et al. 2015), or alternate binding
and release cycles that act as a ratchet for ran-
dom fluctuation in the amyloid structure (Mat-
too et al. 2013).

Hsp70-mediated disaggregation of asyn fi-
brils produces both monomeric and oligomeric
species that, overall, have reduced cytotoxicity
compared with the untreated fibrils on extracel-
lular application (Gao et al. 2015). The oligo-
meric species produced may, however, act as a
conformational template for further protein ag-
gregation within the cell. Indeed, such a mech-
anism seems to be essential for the maintenance
of prions in yeast, in which the disaggregating
activity of Hsp104 produces smaller seeds that
are more efficiently transmitted to daughter cells
and recruit soluble proteins into the growing
aggregates (Chernoff et al. 1995). Consequently,
inhibiting Hsp104 function cures yeast cells of
multiple yeast prions. The effect of Hsp70 dis-
aggregation on the propagation of amyloids
within metazoan host cells and the resulting cy-
totoxicity has thus far not been probed.

ROLE OF MOLECULAR CHAPERONES
IN THE DEGRADATION OF AMYLOID
FORMING PROTEINS

Alternative PQC strategies to counteract the cy-
totoxicity associated with protein aggregation
into amyloid fibrils relies on the timely degra-
dation of aggregation-prone soluble or aggre-
gated species. Here, chaperones again play an
essential role in substrate selection and facilita-
tion of the degradation process.

Terminally misfolded proteins are targeted
for degradation via the ubiquitin—proteasome
system (UPS) or the autophagy-lysosomal path-
ways (ALPs). The cochaperones CHIP and
BAGI convey functional specificity to Hsp70 in
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targeting substrates toward proteasomal degra-
dation (Késtleand Grune 2012). Their binding to
Hsp70 slows down the protein-refolding pro-
cess, which is necessary for the switch from re-
folding to degradation (Késtle and Grune 2012).
CHIP is an E3 ubiquitin ligase that ubiquitinates
both Hsp90/Hsp70/BAG1-bound substrate
complexes as well as the chaperones themselves,
and mediates the targeting of the complexes to
the proteasome (Kistle and Grune 2012). The
NEEF activity of BAGI is responsible for the re-
lease of substrates to the proteasome by decreas-
ing the affinity of Hsp70 to the substrate (Liiders
et al. 2000; Kastle and Grune 2012).

Although the UPS is only able to process
monomeric protein species, it may still act on
aggregates with the help of the Hsp70/Hsp110
disaggregase machinery (Hjerpe et al. 2016).
Polyubiquitinated proteins that have been ex-
tracted from an aggregate by the action of
Hsp70 and Hsp110 are recognized by ubiquilin
2 (UBQLN2) and shuttled to the 26S protea-
some (Hjerpe et al. 2016). Mutations in
UBQLN?2 have been linked to familial cases of
ALS, highlighting the significance of this path-
way for maintaining protein homeostasis in mo-
tor neurons (Deng et al. 2011).

The lysosome constitutes the cellular organ-
elle for a second pathway of protein degradation,
which not only handles monomeric substrates
but also multimeric assemblies as a whole, such
as oligomers and larger aggregates. Cytosolic
cargo is delivered to the lysosome by a process
termed autophagy, which comprises three major
pathways: macroautophagy, microautophagy,
and chaperone-mediated autophagy (CMA).
In both microautophagy and CMA, the consti-
tutively expressed Hsp70, HSPAS, recognizes
cargo proteins by directly binding to specific
motifs such as the five amino acids “KFERQ”
in RNase A (Chiang and Dice 1988). In CMA,
HSPAS8 delivers the substrate to the lysosomal
membrane protein LAMP2A (Tekirdag and
Cuervo 2018). Subsequent translocation re-
quires multimerization of LAMP2A and a pool
of HSPAS8, which resides in the lysosomal lu-
men. The exact mechanisms by which HSPA8
is transported to the lysosome and how it is able
to facilitate translocation within this acidic en-

vironment are unknown (Tekirdag and Cuervo
2018). Other cochaperones may be implicated in
this process as well, but their exact role remains
elusive (Agarraberes and Dice 2001).

In microautophagy, HSPAS (Hsc70) targets
its substrates to the endosomal membrane by
electrostatic interactions with a cationic region
in the substrate-binding domain (Sahu et al.
2011). Although microautophagy was first ob-
served in yeast and describes a process in which
the vacuole directly engulfs cytosolic cargo, in
mammalian cells it refers to a similar process
that occurs not in lysosomes, but instead in late
endosomes (LEs)/multivesicular bodies (MVBs)
in an ESCRT-dependent manner (Sahu et al.
2011). Therefore, it is also referred to as endo-
somal microautophagy in mammalian cells
(eMI). In contrast to CMA, the KFERQ-like
targeting motif is not sufficient for directing
protein cargo to mammalian endosomes. More-
over, an unfolding of substrates is not required,
allowing the recruitment of higher molecular
weight complexes (Tekirdag and Cuervo 2018).
Although the exact structural requirements
and additional cofactors and cochaperones still
await discovery, it is tempting to speculate that
eMI might share components with the “mis-
folding-associated protein secretion” (MAPS)
pathway, in which cytosolic cargo proteins like-
wise get targeted to the endosome, albeit for
secretion (see below). This might (partially)
explain the considerable cross talk between (au-
tophagic) degradation and intercellular spread-
ing of disease proteins (Lopes da Fonseca et al.
2015).

In addition to a sequence-mediated selection
process, chaperones also play a role in targeting
specific proteins to macroautophagy. This path-
way involves the formation of a limiting mem-
brane, and the sequestration of substrates with-
in a double-membrane-bound autophagosome,
which eventually fuses with the lysosome for the
degradation of its contents. Macroautophagy
was long considered to be an unspecific bulk
degradation process of cytoplasmic material,
but there is increasing evidence that cargo can
be removed selectively. This is accomplished by
specific adaptor proteins that recruit the sub-
strate protein to lipidated LC3 in the autophago-
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somal membrane. For the selective clearance of
aggregated proteins, including those of amyloi-
dogenic proteins, Hsp70 functions in concert
with the sHsp HSPB8 and the NEF BAGS3, as
well as the ubiquitin adaptor p62/SQSTMI to
deliver ubiquitinated aggregates to the autopha-
gosome (Gamerdinger et al. 2009).

Of note, the same set of chaperones is also
involved in a pathway termed “chaperone-assist-
ed selective autophagy” (CASA) (Arndt et al.
2010), which mediates the disposal of damaged
components of the Z disc, a large protein com-
plex essential for muscle function, by the actinin-
associated LIM protein (ALP). These results
imply that this chaperone network acts prefer-
entially on large protein assemblies regardless of
whether they consist of amorphous aggregates or
highly ordered structures such as the Z disc or
amyloid fibers.

In closing, it is worth mentioning that pro-
teasomal and lysosomal degradation pathways
are not mutually exclusive but rather compensate
for each other (Ji and Kwon 2017). It is therefore
not surprising that amyloidogenic proteins have
been shown to be subjected to both proteasomal
or lysosomal degradation, depending on the
physiological state of the cell. Nevertheless, it is
clear that the function of both pathways declines
as a result of a chronic challenge by misfolded
proteins or during aging. Boosting these systems
might help to delay the onset of age-related dis-
eases. The further roles of protein degradative
pathways in human disease are examined in Fin-
ley (2018) and Finkbeiner (2018).

SPREADING OF AMYLOID FIBRILS IS
FACILITATED BY CHAPERONE MACHINERY

In stark contrast to the various strategies by
which molecular chaperones modulate the ac-
cumulation of oligomers and fibrils of amyloi-
dogenic species in the cytoplasm stands the pu-
tative role that chaperones play in the cell-to-cell
transmission of protein aggregates (Fig. 4).
Molecular chaperones, as part of their func-
tional versatility, play important roles in pro-
cesses related to cellular trafficking. Although
the precise mechanism of aggregate spreading
to neighboring cells is still subject of current

research, different intercellular transport path-
ways have been identified that involve chaper-
ones. These include a transfer of lysosome-resi-
dent aggregates through tunneling nanotubes
(TNTs), which are membrane-enclosed protru-
sions connecting the cytosol of two cells (Fig. 4;
Victoria and Zurzolo 2017). This pathway re-
quires the accumulation of misfolded proteins
within lysosomes, which at least in part requires
HSPAS (as outlined above).

An alternative route appears to be the afore-
mentioned MAPS pathway, which mediates the
secretion of cytosolic misfolded proteins by an
unconventional, ER/Golgi-independent path-
way (Lee et al. 2016). This pathway involves
the ER-associated deubiquitinase USP19 and
the pair of J-domain proteins DNAJC5 (also
known as cysteine string protein o. [CSPa]) and
HSPAS (Fontaine et al. 2016; Lee et al. 2016; Xu
etal. 2018). MAPS substrates are first recognized
by USP19 and recruited to the ER surface, and
subsequently transferred to DNAJC5 (and pre-
sumably HSPAS8), which localizes to LEs and
mediates the uptake of cargo into the vesicle
lumen. Endosomes then fuse with the plasma
membrane resulting in the release of the
DNAJC5/client complex into the extracellular
space (Xu et al. 2018). Although these results
showed the export of free proteins, another re-
cent study found that the coexpression of
DNAJC5 leads to the secretion of misfolded pro-
teins via extracellular vesicles (Deng et al. 2017),
suggesting that some cargo proteins might get
sorted into intraluminal vesicles of MVBs for
their release (Fig. 4).

Of note, long before being implicated in
MAPS, DNAJC5 has been intensively investi-
gated for its function in synaptic vesicle exocy-
tosis. Genetic studies suggest that it is essential
for the assembly of the soluble NSF attachment
protein receptor (SNARE) complex (Sharma
et al. 2012; Burgoyne and Morgan 2015). This
body of work suggests that DNAJC5 could also
play a more indirect role in MAPS by facilitating
secretory vesicle fusion through mediating cor-
rect SNARE complex assembly.

Outside the cell, disease proteins encounter
extracellular chaperones that modulate their
toxicity, infectivity, and oligomeric status. ER-
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Figure 4. Role of chaperones in cellular trafficking and propagation of amyloid fibrils. Amyloidogenic species can
spread from cell to cell, hijacking preexisting cellular trafficking pathways (light blue). Additional, misfolded
substrate-specific pathways exist to release protein aggregates into the extracellular space. Extracellular chaper-
ones can sequester these species into larger deposits that are less readily taken up by recipient cells (red). The
successful transmission of aggregation-prone species to a naive cell can trigger amyloid formation in this cell
through templated incorporation of native monomers (orange).

resident chaperone DNAJB11 (Erdj3) can even
be cosecreted with destabilized proteins under
conditions of ER misfolding stress in an appar-
ent attempt to reduce extracellular proteotoxic-
ity (Genereux et al. 2015). A similar function
can be attributed to the extracellular chaperone
clusterin. Both chaperones function in an ATP-
independent manner to suppress the extracellu-
lar aggregation of AR and TTR and reduce tox-
icity (Yerbury et al. 2007; Narayan et al. 2012;
Greene et al. 2015). Clusterin additionally acts to
sequester small oligomers into large extracellu-
lar aggregates (Narayan et al. 2012) that are
no longer readily taken up by recipient cells
(Whiten et al. 2018). Although elevated clus-
terin levels in the brain of AD patients and the
association of clusterin variants with AD in mul-

tiple genome-wide association studies (GWAS)
highlight the importance of clusterin in AD,
its exact role in disease progression needs fur-
ther investigation (Yu and Tan 2012).
According to current knowledge, multiple
pathways for the uptake of disease-associated
proteins into recipient cells exist (Brettschneider
et al. 2015). The ones involving chaperones in-
clude clathrin-mediated endocytosis (CME), in
which DNAJC6 (auxilin) and HSPAS8 (Hsc70)
function by uncoating clathrin-coated vesicles
during endocytosis (Sousa and Lafer 2015).
CME is one of the pathways that has been linked
to the internalization of aisyn both, as free pro-
tein and as exosome-associated cargo (Oh et al.
2016; Ngolab et al. 2017). Moreover, mutations
in DNAJC6 have been recently identified in
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GWAS for juvenile parkinsonism (PARK19)
(Lin and Farrer 2014). DNAJC13 (receptor-
mediated endocytosis-8, RME-8) is another J-
domain-protein-type cochaperone of HSPA8
that has been recently linked to familial forms
of PD (PARK21) (Lin and Farrer 2014). It was
first discovered in a C. elegans screen for genes
involved in receptor-mediated endocytosis
(Zhang et al. 2001). Subsequent studies point
toward a more indirect effect on endocytosis by
regulating downstream endosomal tubulation
and sorting of cargo proteins (Shi et al. 2009;
Freeman et al. 2014). However, how alterations
in endosomal trafficking and homeostasis caused
by dysfunctional DNAJC13 might aggravate
osyn-induced neurotoxicity, and whether it is
implicated in asyn spreading needs further in-
vestigation. Moreover, although these reports
underscore the significance of the endocytic/en-
dosomal vesicle trafficking pathway in synucle-
inopathies and reveal a role of particular Hsp70
cochaperones specific to these diseases, their
implication in the toxicity and spreading of amy-
loidogenic proteins associated with other neuro-
degenerative diseases remains to be proven.

CONCLUSION AND PERSPECTIVES

Amyloid formation is a complex process that
presents a multitude of opportunities for inter-
vention. What becomes apparent is both the di-
versity in molecular mechanisms and the func-
tional versatility of chaperones that interfere in
this process. With this flexibility comes the ca-
veat that the cellular outcome of chaperone ac-
tion is a complex summation of various, often
competing activities. The therapeutic potential
of chaperones to suppress protein aggregation in
the context of neurodegeneration will therefore
hinge on our ability to grasp the complex inter-
play of the various chaperoning mechanisms
and the identification of factors that may provide
functional specificity such as the cochaperones.
A promising example of such an approach is the
development of a small molecule inhibitor of the
Hsp90 cochaperone Ahal, which reduces tau
aggregation in vitro, cell culture, and mouse
model of AD by enhancing monomeric tau deg-
radation (Shelton et al. 2017).

An additional layer of complexity stems
from our current inability to unequivocal attri-
bute cytotoxicity to one or more aggregate states
produced along the amyloid formation pathway.
The emerging theory that the cytotoxicity ob-
served in neurodegeneration is predominantly
caused by oligomers or prefibrillar species rather
than amyloid fibrils would suggest that while
preventing initial aggregation is the holy grail
to combat aggregation associated diseases, pro-
moting the more rapid conversion to the amy-
loid state by suppressing chaperoning activities
that prevent fibril elongation may be an alterna-
tive strategy to minimize cytotoxicity in later
stages of disease progression.

With our current level of mechanistic in-
sight, we can begin to envisage specific thera-
peutic strategies designed to replicate chaperone
activities by small molecules. This includes
chemicals and peptides designed to inhibit ag-
gregation (Briggs et al. 2016; Valera and Masliah
2016) or small protein domains engineered to
sequester and neutralize protein aggregates or
assist in the intra- and extracellular clearance
(Messer and Joshi 2013; Manoutcharian et al.
2017). All these developments will be much aid-
ed by a better understanding of the effects of the
global cellular environment on the aggregation
process, as the highly ordered amyloid fibrils
discussed in this review are likely to represent
only a fraction of the protein aggregate popula-
tions present in neurodegeneration.
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