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Regulating extracellular proteostasis capacity through
the unfolded protein response

Joseph C Genereux and R Luke Wiseman*

Department of Molecular & Experimental Medicine; Department of Chemical
Physiology; The Scripps Research Institute; La Jolla, CA USA

ABSTRACT. The extracellular aggregation of proteins into proteotoxic oligomers and amyloid fibrils is
implicated in the onset and pathology of numerous diseases referred to as amyloid diseases. All of the
proteins that aggregate extracellularly in association with amyloid disease pathogenesis originate in the
endoplasmic reticulum (ER) and are secreted through the secretory pathway. Disruptions in ER protein
homeostasis or proteostasis (i.e., ER stress) can facilitate the aberrant secretion of misfolded protein
conformations to the extracellular space and exacerbate pathologic protein aggregation into proteotoxic
species. Activation of an ER stress-responsive signaling pathway, the Unfolded Protein Response (UPR),
restores ER proteostasis through the transcriptional regulation of ER proteostasis pathways. In contrast,
the functional role for the UPR in regulating extracellular proteostasis during ER stress is poorly defined.
We recently identified ERdj3 as a UPR-regulated secreted chaperone that increases extracellular
proteostasis capacity in response to ER stress, revealing a previously-unanticipated direct mechanism by
which the UPR impacts extracellular proteostasis. Here, we discuss the functional implications of ERdj3
secretion on extracellular proteostasis maintenance and define the mechanisms by which ERd;3 secretion
coordinates intra- and extracellular proteostasis environments during ER stress.

KEYWORDS. unfolded protein response, extracellular chaperones, proteostasis, amyloid disease,
protein aggregation

ABBREVIATIONS. ER, endoplasmic reticulum; UPR, unfolded protein response; AD, Alzheimers’
disease; CJD, Creutzfeldt-Jakob disease; SA, systemic amyloidoses; TTR, transthyretin; ROS,
reactive oxygen species; TPrP, toxic prion protein

INTRODUCTION onset and pathology of over 30 diseases includ-

ing Alzheimer disease (AD), Creutzfeldt-Jakob

The extracellular aggregation of proteins or disease (CJD), and the systemic amyloidoses
peptides is causatively associated with the (SA)."? In each of these so-called amyloid
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diseases, a specific protein fails to form or
maintain a well-folded structure, facilitating its
aggregation into proteotoxic soluble oligomers
and amyloid fibrils. These aggregates deposit
on post-mitotic tissues such as neurons and the
heart, disrupting organ function and ultimately
resulting in death. The misfolding or misassem-
bly of proteins that leads to proteotoxic aggre-
gation in these diseases reflects an imbalance in
extracellular protein homeostasis (or proteosta-
sis), providing motivation to identify pathways
that regulate and maintain extracellular proteo-
stasis in the context of human disease.

The most direct mechanism by which extra-
cellular proteostasis is maintained is through
the activity of secreted chaperones.* These
include well-established secreted chaperones
such as clusterin and abundant chaperone-like
proteins such as albumin.>® Unlike the intracel-
lular environment, where intricate proteostasis
networks rely on the activity of ATP-dependent
chaperones, 10°- to 10%-fold lower levels of
ATP”® in the extracellular environment neces-
sitate that secreted chaperones regulate extra-
cellular proteostasis through a mechanism
independent of ATP. As such, secreted chaper-
ones bind to misfolded proteins in extracellular
environments such as the blood or cerebral spi-
nal fluid through an ATP-independent ‘holdase’
activity, preventing the proteotoxic aggregation
of misfolded proteins. Furthermore, binding to
secreted chaperones promotes the removal of
misfolded proteins from the extracellular envi-
ronment through increased targeting to endo-
cytic pathways and subsequent lysosomal
degradation in cells such as macrophages.**'°
Other chaperones including cytosolic Hsp70s,
the ER Hsp70 chaperone BiP, the ER lectin cal-
reticulin, and the mitochondrial Hsp60 chaper-
onin are presented on the cell surface, although
the extracellular populations of these chaper-
ones appear to primarily function for immuno-
logical signaling as opposed to extracellular
proteostasis maintenance.'' ">

Significant genetic and clinical evidence
demonstrate the importance of secreted chaper-
ones in the pathogenesis of amyloid diseases.
For example, alterations in clusterin activity
have been implicated in the pathologic aggre-
gation of the amyloidogenic Af peptide and

the amyloidogenic protein transthyretin (TTR)
in mouse models of AD and SA, respec-
tively.'®!'” Similarly, altered clusterin activity
is associated with the pathogenesis of AD and
SA in patients.'”'? Clusterin also accumulates
in protein aggregates observed in patients suf-
fering from amyloid diseases including AD,
CJD, and SA.!182021 Thege results indicate that
secreted chaperones are critically important for
regulating extracellular proteostasis in the
pathology of amyloid diseases.

Apart from secreted chaperones, extracellu-
lar proteostasis is maintained by the activity of
the endoplasmic reticulum (ER) — the first
organelle of the secretory pathway.””>* The
ER is responsible for the folding and trafficking
of nearly all proteins found in extracellular
environments, including all secreted proteins
that aggregate in association with amyloid dis-
eases. In the ER, these proteins engage ER-
localized chaperones and folding enzymes that
facilitate their folding into native 3-dimen-
sional conformations that are then trafficked to
downstream environments of the secretory
pathway including the extracellular space. Pro-
teins unable to attain a folded conformation in
the ER are targeted to degradation pathways
that remove misfolded proteins from the ER
lumen and direct them to proteasomal or lyso-
somal degradation. The partitioning of proteins
between ER protein folding/trafficking and
degradation pathways, also called ER quality
control, is the mechanism by which the ER pre-
vents the aberrant secretion of misfolded pro-
teins to the extracellular environment where
the}ézcg}ﬂd aggregate into proteotoxic oligom-
ers.

Although ER quality control -efficiently
attenuates the secretion of highly-destabilized
proteins, disease-associated amyloidogenic
proteins are typically only moderately destabi-
lized, allowing them to evade ER quality con-
trol and be efficiently secreted to the
extracellular space.>* Upon secretion into the
serum, these destabilized proteins are then sub-
ject to misfolding and subsequent aggregation
into soluble oligomers and amyloid fibrils, the
pathogenic species responsible for distal pro-
teotoxicity.**2® The inability for ER quality
control to identify destabilized, amyloidogenic
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proteins and reduce their secretion has been
shown to influence the severity and pathogene-
sis of TTR amyloid disease in patients, demon-
strating the critical importance of ER quality
control in dictating amyloid disease pathogene-
sis in vivo.?’

Proteostasis capacity has been demonstrated
to influence the accumulation and trafficking of
misfolded proteins.”*' Declines in proteostasis
capacity, in particular, are associated with an
impaired ability for cells and organisms to pre-
vent amyloidogenesis.**** Pathologic insults
that induce the accumulation of misfolded pro-
teins in the ER, i.e., ER stress, present a partic-
ular challenge to the extracellular proteostasis
environment. When ER stress overwhelms the
capacity for ER quality control pathways to
maintain ER proteostasis, protein secretion to
the extracellular space can become dysregu-
lated. Furthermore, ER stress increases intracel-
lular ROS that damage the cellular proteome,
increasing aggregation propensity and further
challenging ER proteostasis maintenance.**
Impaired ER quality control can then impact
downstream environments of the secretory path-
way, including the extracellular space, through
increased trafficking of misfolded or damaged
proteins. While increased trafficking during ER
stress allows some misfolded proteins, such as
the prion protein, to access a distinct quality
control mechanism leading to lysosomal degra-
dation,> misfolded or damaged proteins that
are secreted to the extracellular space could
aggregate into proteotoxic conformations.
Indeed, ER stress is associated with the pathol-
ogy of numerous amyloid diseases.***°

In order to protect the secretory pathway
from ER stress, cells activate the Unfolded Pro-
tein Response (UPR). The UPR consists of 3
integrated signaling pathways activated down-
stream of the ER stress sensing proteins IRE1,
ATF6 and PERK.>**7 The activation of these
signaling pathways restores ER proteostasis by
reducing the import of newly-synthesized pro-
teins that enter the ER (i.e., reducing ER pro-
teostasis load) and by activating downstream
transcriptional programs that induce proteins
involved in ER protein folding, trafficking and
degradation pathways. UPR-dependent activa-
tion of these pathways enhances ER quality

control and has been shown to attenuate the
secretion and extracellular aggregation of amy-
loidogenic proteins associated with multiple
amyloid diseases.?*3%

While it is clear that the UPR can indirectly
influence extracellular proteostasis through the
regulation of ER quality control, the involve-
ment of the UPR in regulating the extracellular
concentration and activity of secreted chaper-
ones is poorly understood. Interestingly, none
of these well-established secreted chaperones is
a transcriptional target of the UPR. In contrast,
the secretion of the prominent secreted chaper-
one clusterin decreases in response to ER
stress.*! Considering that ER stress has the
potential to facilitate the aberrant secretion of
misfolded protein conformations to the extra-
cellular space, it was surprising that the UPR
had no known mechanism to increase extracel-
lular proteostasis capacity to protect the extra-
cellular environment from damaged or
misfolded proteins. In a recent manuscript,*?
we addressed this issue by identifying a UPR
regulated secreted chaperone that increases
extracellular proteostasis capacity, revealing a
previously unanticipated mechanism through
which the UPR can prevent the potentially
toxic aggregation of misfolded proteins that
escape ER quality control and accumulate in
the extracellular space during ER stress.

ERdj3 is a UPR-Regulated Secreted
Chaperone

In order to identify potential UPR-regulated
secreted chaperones, we identified ER proteins
that: 1) are known transcriptional targets of
UPR signaling pathways, 2) lack an ER reten-
tion motif, and 3) are known to bind misfolded
protein conformations through an ATP-inde-
pendent ‘holdase’ activity. Through this analy-
sis, we identified the ER HSP40 co-chaperone
ERdj3 as a potential UPR-regulated secreted
chaperone. Intracellularly, ERdj3 functions as a
canonical HSP40 co-chaperone for the ER
HSP70 BiP.***** In this role, ERdj3 delivers
misfolded proteins to BiP for ATP-dependent
chaperoning and thus directly influences ER
proteostasis for numerous secreted proteins
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including glucocerebrosidase and immunoglob-
ulin light and heavy chains.*>*

Despite this intracellular role for ERdj3, we
found that ERdj3 is efficiently secreted to the
extracellular space in response to ER stress.
The addition of ER stressors such as thapsigar-
gin to cultured cells increases extracellular
ERdj3 levels without significantly affecting
intracellular ERdj3 levels. Similarly, inducing
hepatic ER stress in mice increases ERdj3
serum levels from 25 nM to 50 nM, indicating
that ER stress also promotes ERdj3 secretion in
vivo. Extracellular ERdj3 levels are similarly
increased by the stress-independent activation
of the UPR-associated transcription factor
ATF6, demonstrating that extracellular ERdj3
is regulated by the canonical UPR signaling
pathway activated downstream of ATF6. Inter-
estingly, metabolic labeling experiments show
that a substantial fraction (>40 %) of newly-
synthesized ERdj3 is trafficked to the extracel-
lular space following ER stress or ATF6 activa-
tion. This high level of secretion is quite
surprising for a protein predicted to primarily
function in intracellular ER protein folding
pathways and is more consistent with secreted
proteins that have extracellular functions. By
contrast, only minor fractions of other ER chap-
erones (e.g., BiP) are trafficked to the plasma
membrane in the presence or absence of ER
stress.'%!? This suggests the intriguing possibil-
ity that ERdj3 has an important extracellular
function during conditions of ER stress. Con-
sistent with this prediction, genetic perturbation
of ERdj3 did not influence cellular viability or
UPR activation in response to ER stress, indi-
cating that ERdj3 is not a critical regulator of
ER proteostasis under these conditions.

ERdj3 binds misfolded proteins in the
ER.** Thus, we evaluated the potential for
secreted ERdj3 to promote extracellular proteo-
stasis through the binding of misfolded, aggre-
gation-prone proteins. We found that secreted
ERdj3 maintains the capacity to bind misfolded
proteins through an ATP-independent ‘holdase’
activity common to all secreted chaperones.”*
Furthermore, ERdj3 inhibits the aggregation of
amyloidogenic Apfj.49 at substoichiometric
concentrations. Other secreted chaperones such
as clusterin also inhibit AB aggregation at

substoichiometric concentrations, preventing
further aggregation into proteotoxic conforma-
tions through a mechanism involving binding
to AB oligomers.*’”* The substoichiometric
inhibition of AB aggregation by ERdj3 is likely
also mediated through binding to oligomeric
conformations, although this mechanism
remains to be explicitly demonstrated. Regard-
less, our results indicate that ERdj3 is a
secreted chaperone that functions to promote
extracellular proteostasis during ER stress
through a mechanism similar to that observed
for other secreted chaperones.

We next sought to evaluate the potential for
secreted ERdj3 to attenuate the proteotoxicity
of a misfolded extracellular protein. Recently,
a particularly toxic conformation of the prion
protein, denoted TPrP, was identified.>® TPrP is
a primarily o-helical and protease-resistant
monomer that can be chromatographically puri-
fied from recombinant prion protein subjected
to denaturation and refolding. Incubation of
TPrP on neurons in vitro and in vivo recapitu-
lates the molecular signatures, including cellu-
lar vacuolization, observed in animal models
and patients with prion disease.>® The structural
characterization and highly potent cellular tox-
icity (20 nM) of TPrP make it an attractive
model for evaluating proteotoxicity in cell cul-
ture. We evaluated whether media conditioned
on cells overexpressing ERdj3 could influence
this TPrP-induced vacuolization. We found a
significant reduction in vacuolization when
cells were treated with TPrP in conditioned
media containing about 4 times the concentra-
tion of secreted ERdj3 to that observed in
mouse serum. In contrast, TPrP added to neuro-
blastoma cells in media conditioned on cells
RNAi-depleted of ERdj3 showed an exacer-
bated vacuolization phenotype, as compared to
cells treated with TPrP added to media contain-
ing ERdj3 at concentrations ~1/6 that observed
in serum. These results indicate that even mod-
est serum concentrations of ERdj3 could pre-
vent proteotoxicity of amyloidogenic proteins
in vivo.

Collectively, our results support a model
wherein ERdj3 is a secreted chaperone that
attenuates aggregation and proteotoxicity of
extracellular proteins during conditions of ER
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stress.*> The capacity of the UPR to respond to
ER stress by inducing ERdj3 secretion provides
a previously unanticipated mechanism to
enhance extracellular proteostasis capacity and
prevent pathological aggregation of aberrantly
secreted misfolded proteins under conditions
where the integrity of the extracellular prote-
ome is threatened, (i.e., when misfolded protein
accumulates in the secretory pathway) (Fig. 1).

ERdj3 Secretion links Intra- and
Extracellular Proteostasis During ER Stress

ERdj3 is an important component of the ER
BiP chaperoning pathway, yet our results indi-
cate that its UPR-induced secretion is a mecha-
nism to regulate extracellular proteostasis. We
wondered how these 2 important yet distinct
functions might be coordinated during ER
stress. Since ERdj3 can bind to misfolded pro-
tein conformations in the ER and also traffic
through the secretory pathway, we hypothe-
sized that ERdj3 could perhaps be co-secreted
in complex with misfolded protein substrates
that evade ER quality control during ER stress.
This co-secretion mechanism would avoid the
need for ERdj3 to form encounter complexes
with substrates in the extracellular space, and
thus preemptively protect the extracellular
environment from potentially toxic misfolded
protein conformations.

By using a transfection paradigm that
allowed us to distinguish between ERdj3-sub-
strate complexes formed intracellularly, as
opposed to extracellularly, we showed that
ERdj3 is co-secreted with destabilized amyloi-
dogenic proteins including the disease-associ-
ated A25T variant of TTR (TTR**T) and
amyloid precursor protein (the precursor to
amyloidogenic A peptides). Interestingly, this
co-secretion is dependent on the destabilization
of the protein fold. ERdj3 does not co-secrete
with wild-type TTR, which is much more stable
than TTR**". Similarly, the addition of small
molecules that bind and stabilize TTR**T in
mammalian cells also prevents ERdj3-TTR**T
co-secretion. These results show that ERdj3-
substrate co-secretion requires substrate desta-
bilization. One surprising characteristic of these

co-secreted ERdj3-substrate complexes is that
they are resistant to washing in high-detergent
buffer, indicating that ERdj3-substrate co-
secretion offers a mechanism to provide pre-
emptive chaperoning to destabilized secreted
proteins and also enhances the integrity of the
complexes to avoid disassociation following
secretion.

Critically, the capacity for ERdj3 to co-
secrete with destabilized proteins does not
promote the secretion of terminally misfolded
proteins to the extracellular space. For exam-
ple, ERdj3 overexpression does not increase
extracellular levels of the highly-destabilized,
non-secreted TTR variant TTR®'®C. In con-
trast, clusterin overexpression substantially
increases extracellular levels of TTRDISG, indi-
cating that clusterin can promote the secretion
of terminally misfolded protein conformations
to the extracellular space. This latter result sug-
gests an adaptive reason for why clusterin
secretion is reduced during ER stress, as the
secretion of clusterin in complex with highly-
destabilized, misfolded proteins could over-
whelm the extracellular proteostasis environ-
ment and promote proteotoxic protein
aggregation.

The differential capacity for ERdj3 and clus-
terin to co-secrete with terminally misfolded
proteins suggests distinct biological mecha-
nisms are involved in regulating the trafficking
of these complexes through the secretory path-
way. Since ERdj3 functions in the intracellular
BiP chaperoning pathway by delivering mis-
folded proteins to BiP, while clusterin is not
known to associate with any intracellular ER
proteostasis pathway, we predicted that ERd;j3-
substrate co-secretion could be regulated
through the activity of BiP. Consistent with this
prediction, increasing BiP activity through
either activation of ATF6 (the transcription fac-
tor responsible for inducing BiP during UPR
activation®®) or BiP overexpression reduces co-
secretion of ERdj3-substrate complexes to the
extracellular space. Alternatively, increasing
BiP activity has no effect on the co-secretion of
substrates bound to the ERdj3 H53Q variant —
an ERdj3 mutant that disrupts functional inter-
actions between ERdj3 and BiP.** These results
indicate that ERdj3 co-secretes  with
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FIGURE 1. ERd;j3 secretion restores extracellular proteostasis during ER stress. In response to ER
stress, the intracellular accumulation of misfolded proteins in the ER can facilitate the aberrant
secretion of misfolded proteins to extracellular environments. The UPR-dependent increase in
ERdj3 provides a mechanism to increase extracellular chaperoning capacity and attenuate the
potentially proteotoxic accumulation and aggregation of these misfolded protein conformations in

the extracellular space.
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destabilized substrates under conditions where
BiP activity is overwhelmed, such as occurs
during ER stress.

These co-secretion results reveal a unique
mechanism to regulate extracellular proteosta-
sis during conditions of stress through ERdj3
secretion (Fig. 2). In response to ER stress
where BiP chaperoning pathways are over-
whelmed, ERdj3 can be co-secreted in complex
with misfolded proteins that could challenge
the extracellular proteostasis environment, pre-
emptively protecting the extracellular space
from proteotoxic protein aggregates. As BiP
activity is increased through the activity of the
UPR, ERdj3 is still secreted to the extracellular
environment as an unbound protein that can
alleviate the pathologic protein misfolding of
proteins aberrantly secreted during the initial
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phases of ER stress, providing another level of
extracellular proteostasis regulation through
the UPR.

OUTSTANDING QUESTIONS
AND PERSPECTIVES

Our initial report identified UPR-induced
ERdj3 secretion as a mechanism by which
extracellular proteostasis capacity is directly
enhanced during conditions of ER stress. As
we continue to explore the implications of
extracellular proteostasis regulation by the
UPR, important questions emerge. Below we
highlight 4 of these questions and discuss their
implications in defining the functional role for
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FIGURE 2. ERdj3 segregates proteotoxic protein conformations to protect the extracellular envi-
ronment. ERd]3 can be secreted either as an unbound protein or bound to a destabilized protein. In
the extracellular environment, unbound ERdj3 can complex with misfolded protein conformations
or oligomers, preventing proteotoxic protein aggregation into soluble oligomers or amyloid fibrils
that induce cellular toxicity. Based on comparisons with other secreted chaperones, ERdj3-sub-
strate complexes are likely cleared from extracellular environments through a mechanism involving
endocytosis and subsequent lysosomal degradation. ER stress and consequently increased secre-
tion of misfolded, aggregation-prone proteins could have a particular impact on the cell types near
the site of ER stress. Thus, increased ERdj3 secretion through the UPR could represent a mecha-
nism to protect these local extracellular environments from proteotoxic protein conformations. In
this model, ERdj3 and ERdj3-substrate complexes could potentially be locally cleared to protect
the environment most threatened by the secretion of misfolded protein conformations to the extra-

cellular space.
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ERdj3 secretion in extracellular proteostasis
maintenance.

What are the Endogenous, Extracellular
Substrates of ERdj3?

We have shown that ERdj3 binds to desta-
bilized, misfolding prone proteins, including
disease-associated TTR variants and APP,
but the endogenous, extracellular proteins
bound by ERdj3 in the presence or absence
of stress have not been identified. Since ER

stress and proteotoxic protein misfolding are
intricately associated in amyloid disease
pathogenesis, it is likely that ERdj3 binds
secreted destabilized, misfolding-prone pro-
teins associated with amyloid diseases and
other protein aggregation disorders. This
would suggest that ERdj3 activity has an
important role in defining extracellular pro-
teotoxic protein aggregation involved in
amyloid disease pathology (see below). Simi-
larly, ERdj3 secretion might also be one
of the mechanisms by which organisms
maintain extracellular proteostasis under
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physiological stress conditions such as those
that occur during development, preventing
the potentially toxic accumulation of mis-
folded proteins in extracellular environments.
As endogenous, extracellular ERdj3 sub-
strates are identified, the role for ERdj3 in
regulating extracellular proteostasis during
ER stress in these and other biologic path-
ways will become clear, providing significant
insights into the physiologic roles for UPR-
dependent ERdj3 secretion in organismal

physiology.

What is the Fate of ERdj3-Substrate Com-
plexes in the Extracellular Environment?

The moderate levels of ERdj3 in serum are
inconsistent with the efficient secretion of
ERdj3 from mammalian hepatic and neuronal
cells, suggesting that ERdj3 is efficiently
cleared from extracellular environments. In
particular, ERdj3-substrate complexes must be
cleared from the extracellular space to prevent
accumulation of the destabilized protein sub-
strates. We predict that as with other secreted
chaperones, ERdj3 and ERdj3-substrate com-
plexes are removed from extracellular environ-
ments through increased targeting to endocytic
pathways and subsequent lysosomal degrada-
tion (Fig. 2). Because ERdj3 secretion and co-
secretion is local to the cells undergoing ER
stress and/or secreting destabilized protein, it is
conceivable that ERdj3 clearance is mediated
by proximal cells or the same cells that secrete
ERdj3, providing a mechanism to locally
enhance extracellular proteostasis capacity
around a specific tissue experiencing ER stress.
This is opposed to a mechanism suggested for
other secreted chaperones that globally regulate
extracellular proteostasis environments such as
the serum. Furthermore, in this local context,
cell-surface expression of BiP and other ATP-
dependent chaperones under ER stress condi-
tions might allow functional interactions with
ERdj3-substrate complexes, although this
potential mechanism remains to be demon-
strated. Identifying the underlying molecular
mechanisms involved in ERdj3 clearance will

be critical in defining the specific roles for
ERdj3 in regulating local and global extracellu-
lar proteostasis in response to ER stress.

What is the Role for UPR-Dependent
ERdj3 Secretion in the Pathophysiology
of Amyloid Diseases?

Age is one of the most important risk factors
for amyloid diseases. The relationship between
aging and disease has led to the proteostasis
hypothesis of amyloid disease — that with age,
proteostasis networks lose their capacity to
maintain the integrity of the proteome in
response to proteotoxic stress.”'>* In particular,
impaired UPR activation has been implicated in
multiple amyloid diseases.>® Our results indi-
cate that ERdj3 is a critical regulator of extra-
cellular proteostasis during conditions of ER
stress, suggesting that alterations in UPR-
dependent ERdj3 secretion could exacerbate
proteotoxic protein aggregation and amyloid
disease onset. It will be interesting to monitor
ERdj3 levels in cerebrospinal fluid and serum
of amyloid disease patients to evaluate whether
disease onset correlates with alterations in
ERdj3 levels in these extracellular environ-
ments. Such a correlation would suggest that
alterations in extracellular ERdj3 activity are a
critical factor involved in disease pathogenesis,
revealing a molecular mechanism that could
contribute to the age-dependence of amyloid
disease pathology.

Is There Therapeutic Potential for
Attenuating Pathologic Protein
Aggregation Involved in Amyloid Disease
Pathology by Inducing UPR-Dependent
Increases in Secreted ERdj3?

Small molecule approaches to intervene in
amyloid diseases have suffered from the struc-
tural diversity of implicated proteins and the
unclear etiology of individual pathologies. We
have shown that stress-independent activation
of ATF6 is a potential strategy to enhance ER
quality control and reduce the secretion and
subsequent aggregation of amyloidogenic
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proteins associated with multiple systemic
amyloid diseases.’®*™* Our new results show
that ATF6 activation also directly promotes
extracellular proteostasis through ERdj3
secretion. Hence, ATF6 activation offers a
unique opportunity to combat proteotoxic
extracellular protein aggregation through the
complementary mechanisms of both increas-
ing ER quality control stringency (thus reduc-
ing secretion of destabilized, aggregation-
prone proteins) and increasing extracellular
proteostasis capacity (thus attenuating extra-
cellular proteotoxic aggregation of amyloid
proteins). This potentially dual protective
function of ATF6 suggests that activating this
UPR signaling pathway could offer a broadly-
applicable opportunity to ameliorate proteo-
toxic protein aggregation involved in amyloid
disease pathology, further motivating ongoing
efforts to identify small molecule activators of
ATF6.

CONCLUDING REMARKS

Our initial manuscript identifies UPR-depen-
dent increases in secreted ERdj3 as a direct
mechanism to regulate extracellular proteosta-
sis capacity in response to ER stress. As we
continue to address the questions outlined
above and others, we will learn more of the
functional role for UPR activation and ERdj3
secretion in extracellular proteostasis mainte-
nance, which we predict will reveal new
insights into underlying mechanisms involved
in amyloid disease pathology and new strate-
gies to intervene in these devastating disorders.
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