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Maintaining functional protein homeostasis (proteostasis) is a constant challenge in the face
of limited protein-folding capacity, environmental threats, and aging. Cells have developed
several quality-control mechanisms that assist nascent polypeptides to fold properly, clear
misfolded molecules, respond to the accumulation of protein aggregates, and deposit po-
tentially toxic conformers in designated sites. Proteostasis collapse can lead to the develop-
ment of diseases known as proteinopathies. Here we delineate the current knowledge on the
different layers of protein quality-control mechanisms at the organelle and cellular levels
with an emphasis on the prion protein (PrP). We also describe how protein quality control is
integrated at the organismal level and discuss future perspectives on utilizing proteostasis
maintenance as a strategy to develop novel therapies for the treatment of proteinopathies.

THE MATURATION OF NASCENT
POLYPEPTIDES IN THE SECRETORY
PATHWAY

Nascent polypeptides undergo a complex,
multistep process of maturation to attain

their correct spatial structure, obtain proper
posttranslational modifications, and become
functional proteins. Arrays of specialized chap-
erones assist newly synthesized cytosolic (Hartl
and Hayer-Hartl 2002) and secreted molecules
(Hebert and Molinari 2007) to complete this
process successfully and form proper intra-
and intermolecular interactions. Because the
prion protein (PrP) is a secreted protein, here
we focus on the mechanisms that support pro-
tein folding, maturation, and quality control
within the secretory pathway (Fig. 1). Like other
secreted proteins, PrP bears a short endoplas-
mic reticulum (ER) localization signal in its

N-terminus, which is first translated by the ri-
bosome. The appearance of the signal peptide,
and its recognition by the signal recognition
particle (SRP) (Lauffer et al. 1985), mediates
an interaction between the ribosome and the
ER channel protein sec61p (Sanders et al.
1992). The bound ribosome cotranslationally
translocates the nascent PrP molecule into the
ER lumen (Fig. 1I). Molecules that fail to enter
the ER are degraded by the proteasome (II)
(Drisaldi et al. 2003). Upon entry into the ER,
the signal peptide is cleaved by a signal pepti-
dase (III), oligosaccharides are attached to as-
paragine residues of the molecule, and a glyco-
sylphosphatidylinositol (GPI) anchor is added
to the protein’s C-terminus (IV) (Stahl et al.
1990). A specialized set of ER folding chaper-
ones then catalyzes the folding of the new PrP
molecule (V). The ER chaperones calnexin
(Wang et al. 2010) and calreticulin (Shiraishi
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et al. 2011) interact with PrP and assist its fold-
ing. Likewise, the protein disulfide-isomerase
(PDI) catalyzes the formation of the single cys-
teine bond in the sequence of PrP (between
residues Cys178–Cys213 of the murine pro-
tein), and the ER-resident cis–trans isomerase
cyclophilin B utilizes specific proline residues
to convert the protein from the cis to trans po-
sition (Cohen and Taraboulos 2003). Finally,
the new PrP molecule (VI) is shuttled to the
Golgi apparatus (VII), whereas molecules that
failed to fold properly are retro-translocated

to the cytosol and degraded by proteasomes
(VIII). In the Golgi apparatus, PrP molecules
undergo additional maturation steps (IX) and
are then transported to the cell surface (X),
where they are anchored to unique lipid assem-
blies known as lipid rafts (XI) (Naslavsky et al.
1997).

Despite the assistance and supervision of
the specialized network of chaperones, subsets
of nascent polypeptides fail to fold properly and
often expose hydrophobic domains that are
otherwise buried within the core of the correct-
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Figure 1. Folding and quality control of nascent prion protein (PrP) molecules. As a secreted protein, PrP bears
an endoplasmic reticulum (ER)-localization signal (red) that mediates its cotranslational translocation into the
ER (I). A fraction of the nascent PrP molecules stays cytosolic and is designated for degradation by the ubiquitin-
proteasome system (II). In the ER, the localization signal is cleaved (III), and a glycosylphosphatidylinositol
(GPI) anchor and glycans are attached to the protein (IV). Next, the molecule undergoes a series of chaperone-
assisted folding events that involve the formation of a single cysteine–cysteine bridge, cis– trans isomerization by
cyclophilin B, and calnexin/calreticulin-assisted folding (V). Successfully folded molecules (VI) are transported
to the Golgi apparatus (VII) for further processing, whereas molecules that failed to fold properly are directed for
degradation by the ER-associated degradation mechanism (VIII). After additional maturation steps at the Golgi
apparatus (IX), mature PrP molecules are shuttled to the cell surface (X), where they are presented on membrane
rafts (XI). SP, Signal peptide.
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ly processed protein. ER-resident chaperones
recognize these misfolded molecules, preclude
their shuttle to the Golgi (Ellgaard and Helen-
ius 2003), and designate them for degradation
by the ER-associated degradation (ERAD)
mechanism. This culling process is constantly
performed by a highly conserved set of ERAD
components that mediate the retro-translo-
cation of misfolded polypeptides to the cytosol,
mostly promote their ubiquitination by spe-
cialized E3 ubiquitin ligases, and confer their
digestion by the proteasome (for review, see
Ruggiano et al. 2014). Like many other aggre-
gation-prone proteins, subpopulations of PrP
species misfold during the maturation process
and are designated by the ERAD for proteaso-
mal degradation (Ma and Lindquist 2001; Yedi-
dia et al. 2001).

Although the main topological form of the
prion protein is anchored to the membrane via
a C-terminal GPI, other proteins require the
insertion of transmembrane domains into the
lipid bilayer in the desired and functional ori-
entation. Recent data display that the upregu-
lation of a ubiquitin-dependent ER resident
intramembrane protease RHBDL4 upon ER
stress leads to cleavage of unstable membrane
proteins, which are subsequently degraded by
canonical ERAD (Fleig et al. 2012). This mech-
anism promotes the clearance of membrane-
integrated misfolded proteins.

Under normal and unstressed conditions,
folding, quality control, and degradation mech-
anisms maintain protein homeostasis (proteo-
stasis) (Balch et al. 2008). However, when stress
is applied, either in late stages of life or when a
load of mutated, aggregation-prone proteins
challenge the proteostasis network, misfolded
molecules evade the cellular surveillance mech-
anisms and form toxic aggregates. Uncontrolled
accumulation of aggregated proteins underlies
the development of diseases that are collectively
known as proteinopathies (Paulson 1999). Neu-
rodegenerative maladies such as Alzheimer’s
disease (AD), Parkinson’s disease (PD) (Selkoe
2003), Huntington’s disease (HD) (Bates 2003),
amyotrophic lateral sclerosis (ALS) (Ticozzi
et al. 2011), and other neurodegenerative dis-
eases caused by PrP aggregation constitute a

subgroup of late onset (Amaducci and Tesco
1994) proteinopathies.

Aggregation of PrP triggers the develop-
ment of at least four clinically distinct human
neurological disorders: Creutzfeldt–Jakob dis-
ease (CJD), which onsets either sporadically,
as a mutation-linked familial disease or as
an infectious malady; Gerstmann–Sträussler–
Scheinker syndrome (GSS) and fatal familial
insomnia (FFI), which exclusively manifest as
mutation-linked illnesses; and kuru, which
was transmitted among individuals who partic-
ipated in cannibalistic rituals (for review, see
Aguzzi and Calella 2009).

Because the accumulation of toxic protein
aggregates (proteotoxicity) presents major risks
to cellular and organismal functionality and
viability, cells have developed several defense
mechanisms to respond to the accumulation
of hazardous protein conformers, attempting
to detoxify them and restore proteostasis.

CELLULAR UNFOLDED PROTEIN
RESPONSES

Different cellular organelles respond to the ac-
cumulation of precarious, misfolded proteins
by activating stress programs that signal to the
nucleus and modulate gene expression (Fig. 2).
These changes reduce the expression of various
genes to alleviate aggregation load and induce
the production of chaperones, which act in con-
cert to restore proteostasis. The heat-shock re-
sponse (HSR) is the first mechanism that was
identified as a cellular response to the accumu-
lation of misfolded proteins in the cytosol
(Lindquist 1986; Morimoto 1998). Upon expo-
sure to heat, the heat-shock factor 1 (HSF-1),
which under unstressed conditions is retained
in the cytosol, trimerizes, enters the nucleus,
and induces the expression of different genes,
including those that encode for the subset
of heat-shock proteins (HSPs) (Sarge et al.
1993). HSPs assist the refolding of damaged
proteins and help the cell regain functionality.

The accumulation of misfolded proteins
within the ER activates at least four stress-re-
sponse pathways, collectively known as the ER
unfolded protein response (UPRER). Three
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highly conserved UPRER mechanisms share
common principles. Upon sensing an accumu-
lation of misfolded proteins within the ER lu-
men, ATF6, IRE1, and PERK initiate the migra-
tion of transcription factors (ATF6[N], XBP1,
and ATF4, respectively) to the nucleus, where

they modulate gene expression programs. Al-
though all transcription factors elevate the ex-
pression of genes encoding for proteins that in-
crease the folding capacity of the ER, PERK and
IRE1 also reduce the production of proteins that
require the assistance of ER chaperones to ma-
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Figure 2. Cellular unfolded protein response mechanisms. The accumulation of misfolded proteins activates
organelle-specific complex mechanisms that modulate gene expression in an attempt to restore proteostasis.
Upon accumulation of misfolded proteins within the cytosol, heat-shock factor 1 (HSF-1) trimerizes, enters the
nucleus, and activates the expression of various genes, including the subset of chaperones of the heat-shock
protein group. Protein misfolding in the mitochondria activates the mitochondrial unfolded protein response
(UPRmt), which activates the expression of genes that encode for mitochondrial chaperones. This expression is
promoted by transcription factors such as CHOP. Similarly, at least three signaling cascades can respond to the
accrual of unfolded proteins within the ER. The ER unfolded protein response (UPRER) mechanisms are based
on the sensing of folding stress membrane proteins (ATF, IRE1, and PERK), the migration of transcription
factors into the nucleus (such as ATF6[N] and XBP1), and the induction of chaperone-encoding genes. Lyso-
somes also signal to activate gene expression in the nucleus of Caenorhabditis elegans. The lysosomal acid lipase
LIPL-4 signals to confer the nuclear localization of the lipid chaperone LBP-8, which induces gene expression.
This pathway was shown to promote longevity; however, its possible roles in the maintenance of protein quality
control are yet to be explored.
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ture properly (for review, see Walter and Ron
2011). The observation that the PERK pathway
is activated in mice that express aggregation-
prone PrP species directly links PrP toxicity
and the UPRER (Herrmann et al. 2015). A
fourth UPRER pathway that is activated when
the canonical mechanisms are blocked was
identified in the nematode Caenorhabditis ele-
gans (Urano et al. 2002).

A signaling pathway that responds to pro-
teostasis perturbations also exists in the mito-
chondria. Like the UPRER, the mitochondrial
unfolded protein response (UPRmt) senses pro-
tein-folding imbalance and induces the expres-
sion of genes that encode for mitochondrial
chaperones, which act to restore proteostasis
(Martinus et al. 1996; Haynes and Ron 2010).

Recently, a lysosome-to-nucleus mecha-
nism was discovered in C. elegans (Folick et al.
2015). This signaling pathway shares key fea-
tures with the HSR and UPR pathways. It is
activated by a lysosomal lipid chaperone and
modulates gene expression in the nucleus.
However, it is yet to be determined whether
it responds to the accumulation of aggregated
proteins.

Various experimental findings indicate that
the aforementioned stress response mecha-
nisms have limited capacity, and under a heavy
load of misfolded proteins, they cannot prevent
the accumulation of hazardous species. Thus,
to avert disastrous damage, cells have developed
mechanisms that remove toxic aggregates from
the cellular environment and deposit them in
designated sites.

THE DEPOSITION OF AGGREGATES IS
A HALLMARK OF NEURODEGENERATIVE
PROTEINOPATHIES

The deposition of hazardous protein aggregates
in cellular sites emerges as an additional arm
of the cellular protein quality-control network,
which is activated when the proteostasis net-
work is overwhelmed. Cells actively accumulate
disease-linked aggregates in different types of
specialized deposition sites. Accordingly, the
presence of deposition sites that contain aggre-
gated proteins is a neuropathological hallmark

of various neurodegenerative disorders (Soto
2003).

According to the amyloid hypothesis (Har-
dy and Higgins 1992), AD ensues from the pro-
teolytic digestion of the amyloid precursor pro-
tein (APP) by the b and g secretases, which
release the family of aggregation-prone amy-
loid-b peptides (Ab). Small Ab oligomers are
thought to be the most toxic species (Shankar
et al. 2008; Cohen et al. 2009). Thus, their as-
sembly into large aggregates of lower toxicity
that are deposited in designated sites is proba-
bly protective. This notion is strongly sup-
ported by the observation that the inhibition
of the insulin growth factor 1 (IGF-1)-signaling
pathway protects worms (Cohen et al. 2006)
and mice (Cohen et al. 2009) from Ab toxicity
while inducing the hyperaggregation of this tox-
ic peptide.

It is important to note that the amyloid hy-
pothesis has been seriously challenged by stud-
ies showing that, in some cases, AD develops
as a result of loss of g-secretase activity (Ben-
Gedalya et al. 2015; Xia et al. 2015). Moreover,
in many cases, brains of individuals who suf-
fered from AD contain no excess of Ab (Szaruga
et al. 2015), and transmissibility experiments
strongly suggest that different, prion-like Ab
strains exist (Meyer-Luehmann et al. 2006).
Together, these studies propose that different
mechanisms underlie AD, and protein aggrega-
tion is not necessarily deleterious.

PD, the most prevalent movement disorder,
is pathologically characterized by the presence
of cytosolic inclusions known as Lewy bodies
(LBs) (Holdorff 2002). LBs contain aggregated
a-synuclein (Spillantini et al. 1997), attract pro-
teasomes (McNaught et al. 2002), and react
with ubiquitin antibodies (Love et al. 1988).
These observations suggest that LBs serve as
quality-control compartments that enable effi-
cient digestion of toxic a-synuclein assemblies.
Recent studies show that a-synuclein prion-
like assemblies cause multiple system atrophy,
which shares many features observed in PD
(Watts et al. 2013; Prusiner et al. 2015).

The deposition of aggregated PrP species in
rod-like amyloidogenic structures is a common
feature of CJD (Prusiner 1998) and other prion
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disorders (Salmona et al. 2003). Similarly to
Ab, small PrP oligomeric structures are the
most infectious prion species (Silveira et al.
2005). In addition, the stabilization of PrP fi-
brils was found to reduce infectivity (Margalith
et al. 2012). Together, these observations suggest
that the assemblage of PrP oligomers to create
large prion rods reduces toxicity.

The idea that hyperaggregation and seques-
tration of small oligomers reduce toxicity is fur-

ther supported by the finding that chaperones
that exhibit protective properties of disaggrega-
tion when the concentrations of aggregative
proteins are low induce aggregation when the
challenge of aggregation is increased (Shorter
and Lindquist 2004).

Because of the limitations in the research of
human brain tissues, it was necessary to develop
laboratory models to investigate the biological
and metabolic features of protein aggregate se-
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Figure 3. Aggregated proteins are deposited in cellular sites. (A) The overwhelming of protein quality-control
mechanisms by massively overexpressing certain aggregation-prone proteins, proteasome inhibition, or the
impairment of chaperone activity leads to the deposition of aggregated proteins in juxtanuclear inclusion bodies
known as aggresomes. Aggresomes are confined by collapsed vimentin fibers, co-localize with the microtubule-
organizing center (MTOC), attract chaperones and proteasomes, and serve as protein quality-control centers.
(B) The juxtanuclear quality control compartment (JUNQ) shares key features with the aggresome. It localizes
next to the nucleus, possibly associated with the MTOC, and serves as a dynamic inclusion body. Lipid droplets
(LDs) are found in close proximity with the JUNQ of yeast that overexpress aggregation-prone proteins. LDs
secrete sterols that assist in clearing protein aggregates. (C) Terminally aggregated proteins accumulate in an
insoluble protein deposit (IPOD). Proteins within the IPOD exhibit a low rate of molecular exchange with the
cytosol and are highly immobile. (D) Under certain circumstances, proteins that aggregate within the ER are
deposited in the ER-derived quality-control compartment (ERQC), which can serve as a platform for protea-
some-mediated protein degradation.
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questration and deposition sites. These cellular
models have enabled us to address the question
of whether deposition sites actually serve as pro-
tective entities or perhaps as sources of toxicity.

CELLULAR DEPOSITION SITES

The formation of aggregate deposition sites in
cultured cells was achieved by the overexpres-
sion of aggregation-prone proteins, the inhibi-
tion of protein degradation mechanisms, or the
combination of both. An early study unveiled
that the inhibition of proteasomes results in the
accumulation of dense proteinaceous material,
which cross-reacted with ubiquitin antibodies,
in a juxtanuclear localization. The formation of
these “proteolysis centers” was prevented by the
inhibition of protein synthesis, and they were
dispersed by the disruption of microtubules
(Wojcik et al. 1996). These discoveries indicate
that when cultured cells fail to clear damaged
proteins, which under normal conditions are
digested by proteasomes, these molecules are
convoyed to a designated cellular location in a
microtubule-dependent manner. Later, it was
reported that concurrent overexpression of dis-
ease-linked, mutated, aggregation-prone pro-
teins, and proteasome inhibition result in a
similar phenomenon of protein deposition in
a cytosolic, nucleus-adjacent location. These
sites, which are termed aggresomes (Johnston
et al. 1998), contain ubiqutinated proteins, are
located at the microtubule-organizing center
(MTOC), and are confined by collapsed fibers
that are labeled by antibodies against the inter-
mediate filament protein vimentin. The asso-
ciation of aggresomes with neurodegenerative
maladies was demonstrated by accumulation
of the familial AD (fAD)-linked, mutated pre-
senilin 1 (PS1) carrying the A246E mutation
(PS1 is an active component of the g-secretase
complex) in these structures (Johnston et al.
1998). Interestingly, PS1 molecules that har-
bor other fAD-causing mutations accumulate
within the ER upon proteasome inhibition
(Ben-Gedalya et al. 2015), showing that distinct
conformers of the same protein can be sorted to
distinct cellular deposition sites. Toxic PrP spe-
cies (Kristiansen et al. 2005), disease-causing

PrP mutants (Cohen and Taraboulos 2003;
Mishra et al. 2003), and PD-associated, aggre-
gated a-synuclein (Tanaka et al. 2004; Wong
et al. 2008) were also shown to be deposited
in aggresomes of mammalian cells, further link-
ing these sites with human illnesses. However,
the question of whether the accumulation of
aggregated proteins in an aggresome is pro-
tective or deleterious to the cell remains largely
unanswered.

If aggresomes serve as protein quality-
control centers, it is expected that molecular
chaperones and components of cellular degra-
dation machineries will be attracted to these
structures. Several research groups examined
these assumptions and found that a-synu-
clein-containing aggresomes (McNaught et al.
2002) and aggresomes that harbor aggregates of
GSS-linked, mutated PrP (Ben-Gedalya et al.
2011) attract folding chaperones and protea-
somes. We further scrutinized this question
by testing whether the deposition of aggregated
PrP in aggresomes enabled its digestion. We
fused PrP and yellow fluorescent protein (PrP-
YFP), induced the formation of PrP-containing
aggresomes, and followed the dynamics of the
chimeric, fluorescently tagged protein aggre-
gates within these deposits. Using live-imaging
techniques, we found that PrP-YFP molecules
are highly mobile within the aggresomes, and
these structures exhibit a high rate of molecular
exchange with the cytosol (Ben-Gedalya et al.
2011). Yet, although these indirect observations
support the notion that the aggregate deposi-
tion sites are protective entities, it was required
to directly test the relationships between these
sites and cell survival.

A direct indication for the protective roles of
deposition sites was provided by a live imaging
technique. Visualization of neurons that either
contain deposition sites that harbor aggregated,
HD-linked polyQ stretches or lack such struc-
tures, unveiled that cells that contain deposition
sites exhibit higher survival rates compared
with their counterparts that do not contain
such foci (Arrasate et al. 2004). This finding
coincides with the finding that soluble polyQ
oligomers, rather than large fibrils, activate the
UPRER (Leitman et al. 2013). Nevertheless, a

Protein Quality Control in Health and Disease

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a023523 7



recent article that describes long-term surveil-
lance of deposition sites containing aggregated
a-synuclein indicated that over time these de-
posits are associated with cell death (Osterberg
et al. 2015). This apparent contradiction can be
explained by at least two models. One suggests
that different types of deposition sites exhibit
different properties (some are protective, where-
as others are poisonous). An alternative expla-
nation proposes that deposition sites are initial-
ly protective entities; however, over time, they
become sources of toxicity that eventually lead
to cell death (Ben-Gedalya and Cohen 2012).

AGGREGATE DEPOSITION SITES—BEYOND
AGGRESOMES

To better characterize the nature of protein dep-
osition sites, several groups used fluorescently
tagged, aggregation-prone proteins and ad-
vanced microscopic techniques.

Using yeast and cultured mammalian cells
that overexpress aggregation-prone proteins, it
was discovered that different aggregative pro-
teins are triaged to two distinct types of de-
position sites that concurrently exist within a
single cell (Kaganovich et al. 2008). One site
that was found to be located in a juxtanuclear
localization and to function as a dynamic qual-
ity-control deposition structure was termed
the juxtanuclear quality control compartment
(JUNQ). The JUNQ and aggresome share basic
features (Fig. 3). They both are located proximal
to the nucleus, contain highly mobile protein
aggregates, exhibit a high rate of molecular ex-
change with the cytosol, and recruit molecular
chaperones and proteasomes (Garcia-Mata
et al. 1999; Ben-Gedalya et al. 2011). Interest-
ingly, vimentin fibers are also important in
the regulation of JUNQ and were found to con-
trol an asymmetric inheritance of JUNQ in
mammalian cells (Ogrodnik et al. 2014). Unlike
aggresomes, the JUNQ does not necessarily co-
localize with the yeast’s spindle pole body
(equivalent to the MTOC of mammalian cells)
or with the MTOC (Kaganovich et al. 2008).

A recent study proposes that the JUNQ re-
sides within the nucleus and serves as a deposi-
tion center for nuclear as well as for cytosolic

aggregated proteins (Miller et al. 2015). Ac-
cordingly, this site was termed the intranuclear
quality-control compartment (INQ). Another
study, which was based on a yeast screen, un-
veiled that lipid droplets are associated with the
JUNQ and play key functional roles in the clear-
ance of its content. This mechanism is proposed
to be based on the secretion of hydroxyl sterols
(Moldavski et al. 2015). Together, these studies
indicate that different subtypes of dynamic
quality-control compartments exist within cells
and raise interesting questions. For instance,
why is a certain aggregative protein deposited
in a specific type of site, whereas other proteins
are targeted to sites displaying different fea-
tures? In addition, are there cell-type-specific
preferences for the formation of a certain type
of deposition site?

Another type of cellular deposition site,
which is called an insoluble protein deposit
(IPOD), contains immobile proteins, shows a
low rate of exchange with the cytosol, is located
away from the nucleus, and does not recruit
proteasomes. The IPOD sequesters terminally
aggregated, nondegradable proteins (Kagano-
vich et al. 2008). The recruitment of the fluo-
rescently tagged, autophagy-related protein
ATG8 to the IPOD increased the prospects
that this site was a pre-autophagosome that later
mediated the digestion of its content by the ly-
sosome. This argument may be strengthened by
the finding that autophagy is crucial for the
clearance of some neurodegeneration-linked
protein aggregates (Wong and Cuervo 2010);
however, the possibility that IPODs are linked
to autophagy requires further elucidation.

The export of proteins that misfold in the
ER to the cytosol is probably a prerequisite
for their deposition in aggresomes, the JUNQ,
or the IPOD. However, in some cases, misfolded
proteins are retained in the ER and accumulate
in a suborganelle that contains misfolded ER-
resident proteins and that is known as the ER-
derived quality-control compartment (ERQC)
(Kamhi-Nesher et al. 2001). Recently, the ERQC
was shown to serve as an intermediate stage for
ERAD substrates, indicating that this suborga-
nelle plays a cytoprotective role (Leitman et al.
2014).

T. Dubnikov et al.

8 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a023523



AD-linked, mutated PS1 that bears either
the P264L or P267S substitution has been re-
cently found to accumulate in the ERQC (Ben-
Gedalya et al. 2015). This observation shows a
direct link between this deposition site and cer-
tain cases of familial AD.

The aforementioned stress response and ag-
gregate deposition mechanisms mediate inter-
organelle communication and transport within
the individual, stressed cell. Therefore, it is com-
monly thought that each cell responds to stress
in an autonomous manner. However, accumu-
lating evidence shows that intertissue signaling
cascades play a key role in the orchestration of
protein quality control in the organism.

PROTEIN QUALITY CONTROL AT THE
ORGANISMAL LEVEL

The transparency of C. elegans and the availabil-
ity of genetic tools applicable in this organism
enabled concurrent gene knockdown in a tis-
sue-specific manner while visualizing the ex-
pression of fluorescent proteins in other tissues.
This approach allowed the characterization of
an intricate nexus of intertissue communica-
tion mechanisms that regulate stress responses
and protein quality control at the organismal
level (Fig. 4). One example of an intertissue
link is the connection between the AFD neu-
rons, their neighboring AIY interneurons, and
distal tissues. These neurons are known to be
crucial for heat sensing (Mori and Ohshima
1995). This function is dependent on the activ-
ity of the guanylyl cyclase gcy-8 in AFD neurons
(Inada et al. 2006) and the LIM homeobox gene
ttx-3 in AIY cells (Hobert et al. 1997). The ac-
tivity of this neural circuit was shown not to
be restricted to thermosensation but needed
for HSR activation, because the knockdown of
either gcy-8 or ttx-3 averts the expression of
HSPs in remote tissues of heat-stressed animals
(Prahlad et al. 2008). These findings indicate
that the HSR is regulated at the organismal level
by neuron-to-soma signaling. Serotonin is in-
volved in this communication mechanism (Ta-
tum et al. 2015), which not only activates the
HSR but also modulates proteotoxicity in distal
tissues (Prahlad and Morimoto 2011; Teixeira-

Castro et al. 2015). The HSR activating network
involves additional types of neurons. We found
that gtr-1, which encodes a G-protein-coupled
receptor that is expressed in chemosensory neu-
rons, is also critically needed for HSR activation
in non-neuronal tissues (Maman et al. 2013),
and signals that originate from these neurons
differentially control the activation of HSR-pro-
moting transcription factors (Volovik et al.
2014).

The regulation of protein quality-control
mechanisms by neurons is not limited to the
HSR. The expression of a constitutively active
isoform of the transcription factor XBP (XBPs)
in neurons activates the UPRER in distal tissues
(Taylor and Dillin 2013). Further evidence sup-
porting the roles of neurons in the regulation of
UPRER was recently provided by the report that
the overactivation of IRE1 in ASI neurons pro-
motes apoptosis of the worm’s germ cells (Levi-
Ferber et al. 2014), cells whose ablation confers
proteostasis in muscle cells (Shemesh et al.
2013). Similarly, UPRmt is activated in the nem-
atode intestine by the inhibition of the electron
transport chain in neurons (Durieux et al. 2011).

Proteostasis is also maintained in the nem-
atode by a neuron-independent signaling mech-
anism. The expression of misfolding-prone pro-
teins in muscle cells was shown to activate a
communication mechanism that leads to the
elevation of Hsp90 expression in muscle, intes-
tinal, and pharyngeal cells (van Oosten-Hawle
et al. 2013). This study shows that cell nonau-
tonomous activation of hsp-90 is regulated by
direct communication between somatic tissues.

Taken together, these findings show that in-
tertissue communication coordinates the acti-
vation of proteostasis-maintaining mechanisms
at the organismal level. Moreover, these findings
present new research opportunities to develop
treatments for proteinopathies based on the or-
chestration of proteostasis (Carvalhal Marques
et al. 2015).

THE THERAPEUTIC POTENTIAL OF
PROTEOSTASIS STABILIZATION

Because proteostasis failure underlies the devel-
opment of various proteinopathies, the stabili-
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zation of proteostasis has a great potential to
efficiently restore proteome integrity, postpone
the manifestation of these maladies, and slow
their progression once they have emerged. Sev-
eral mechanisms can be targeted to rebalance
the proteostasis network (for review, see Powers
et al. 2009). First, small molecules that serve as
chemical chaperones can directly assist nascent
metastable proteins to fold properly and be
located appropriately. This approach is suitable
foremost for diseases that emanate from the loss
of function of a single mutated protein. One
prominent example of such a compound is Iva-
caftor, which was approved for the treatment
of certain cases of cystic fibrosis (CF). These
cases stem from the mutation G551D in the
sequence of the CF transmembrane conduc-
tance regulator (CFTR), which does not affect
the protein’s localization but impedes its ac-
tivity. Ivacaftor binds the mutated CFTR
molecules, modulates their spatial structure, en-
hances their activity, and alleviates CFTR symp-
toms (Van Goor et al. 2009). Recently, Ivacaftor
was approved for the treatment of CF patients
who carry additional mutations that impair CF
folding (Carter et al. 2015).

Reducing the levels of toxic oligomers by
stabilizing large amyloidogenic fibrils has
emerged as an additional therapeutic approach.
Accordingly, compounds that specifically bind
amyloids were shown to alleviate neurodegen-
eration-linked toxicity in nematode-based
models (Alavez et al. 2011).

Next, compounds that activate stress-re-
sponse mechanisms have the potential to re-
store proteostasis and serve as treatments for
proteinopathies. Proteotoxicity models of C. el-
egans and mammalian cultured cells serve as
efficient platforms for the screening of com-
pound libraries and the investigation of specific
drugs. Several promising HSR-activating com-
pounds have been identified in such a screen
(Calamini et al. 2012); however, this approach
requires careful examination, because the acti-
vation of HSF-1 supports the progression of
various types of cancer (Dai et al. 2007). UPRER

activation has also been proposed as a proteo-
stasis-restoring intervention that may have ther-
apeutic potential (Halliday and Mallucci 2014).

Similarly, it is conceivable that UPRmt activa-
tion may be useful for the treatment of certain
mitochondrial syndromes.

Finally, it is apparent that compounds that
target pathways that regulate aging have the
potential to simultaneously activate several
mechanisms that maintain protein quality con-
trol and rebalance proteostasis in the entire
organism (Alavez and Lithgow 2012). As part
of this approach, we discovered that NT219, a
potent inhibitor of the IGF-1 signaling cascade
that controls aging, protects model nematodes
from phenotypes that stem from neurode-
generation-linked proteotoxicity (El-Ami et al.
2014). A careful analysis unveiled that although
it enhances the expression of certain folding
chaperones, NT219 reduces the activity of pro-
tein-degradation cellular machineries (Moll
et al. 2016). These surprising results show the
complexity of the proteostasis-maintaining
mechanisms.

CONCLUDING REMARKS

The understanding that the maintenance of
protein quality control is crucial for health
and our deepening knowledge on the complex-
ity of the proteostasis network provide new op-
portunities for the development of novel ther-
apies for presently incurable proteinopathies.
Accordingly, we will probably witness signifi-
cant efforts to develop proteostasis-restoring
drugs that function at all levels: assisting the
folding of a single mutated protein aiming to
restore its functionality, activating stress-re-
sponse pathways, and modulating the mecha-
nisms that control aging. The variable nature of
neurodegenerative disorders and their complex
effects on different brain regions suggest that,
in the future, combinations of compounds will
be personally tailored to restore proteostasis ac-
cording to the needs of specific patients.

It is also important to intensify basic re-
search to further explore the proteostasis net-
work. With this in mind, it will be imperative
to comprehensively examine whether specific
types of deposition sites serve as protective en-
tities or sources of toxicity, how lipid droplets
contribute to proteostasis, and what roles cyto-
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skeletal components play in protein deposition
(Ogrodnik et al. 2014) and quality control
(Baird et al. 2014).
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