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BACKGROUND: The integrated stress response
(ISR) is an evolutionarily conserved intra-
cellular signaling network that helps the cell,
tissue, and organism to adapt to a variable
environment and maintain health. In response
to different environmental and pathological
conditions, including protein homeostasis
(proteostasis) defects, nutrient deprivation,
viral infection, and oxidative stress, the ISR
restores balance by reprogramming gene ex-
pression. The various stresses are sensed by
four specialized kinases (PERK, GCN2, PKR
and HRI) that converge on phosphorylation
of a single serine on the eukaryotic transla-
tion initiation factor eIF2. eIF2 phosphoryl-
ation blocks the action of elF2’s guanine
nucleotide exchange factor termed eIF2B,
resulting in a general reduction in protein
synthesis. Paradoxically, phosphorylation of
elF2 also triggers the translation of specific
mRNAs, including key transcription factors,
such as ATF4. These mRNAs contain short
inhibitory upstream open reading frames in
their 5’-untranslated regions that prevent trans-
lation initiation at their canonical AUGs. By
tuning down general mRNA translation and
up-regulating the synthesis of a few proteins
that drive a new transcriptional program, the
ISR aims to maintain or reestablish physiolog-
ical homeostasis. However, if the stress cannot
be mitigated, the ISR triggers apoptosis to elim-
inate the damaged cell.

ADVANCES: Our understanding of the central
mechanisms that govern the ISR has advanced
vastly. The ISR’s central regulatory hub lies in
the elF2-eIF2B complex, which controls the
formation of the e[F2¢GTP+methionyl-intiator
tRNA ternary complex (TC), a prerequisite for
initiating new protein synthesis. Assembly of
functional TC is inhibited by eIF2-P, which
blocks elF2B noncompetitively. In mamma-
lian cells, the phosphorylation of eIF2 is a
tightly regulated process. In addition to the
four specialized elF2 kinases that phosphoryl-
ate elF2, two dedicated phosphatases antago-
nize this reaction. Both phosphatases contain
a common catalytic core subunit, the protein
phosphatase 1 (PP1), and a regulatory subunit
(GADD34: or CReP), which render the phospha-
tase specific to elF2. Structural and biophysical
approaches have elucidated the mechanism
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of action of eIF2B and its modulation by ISR
inhibitors and activators. Gene expression
analyses have revealed complex ISR-driven
reprogramming. Although it has been long
recognized that, in the brain, long-term mem-
ory formation requires new protein synthesis,
recent causal and convergent evidence across
different species and model systems has shown
that the ISR serves as a universal regulator
of this process. Briefly, inhibition of the ISR en-
hances long-term memory formation, whereas
activation of the ISR prevents it. Consistent with
this notion, unbiased genome-wide association
studies have identified mutations in key compo-
nents of the ISR in humans with intellectual
disability. Furthermore, age-related cognitive
disorders are commonly associated with the
activation of the ISR. Most notably, oxidative
stress, misfolded proteins, and other stressors
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induce the ISR in several neurodegenerative
disorders, including Alzheimer’s disease. Re-
cent genetic and pharmacological evidence
suggest that tuning the ISR reverses cognitive
dysfunction as well as neurodegeneration
in a wide range of mem-
ory disorders that result
Read the full article  from protein homeostasis
at https://dx.doi. defects. Thus, long-term
org/10.1126/ memory deficits may pri-
science.aat5314 marily result as a conse-
quence of ISR activation
rather than from the particular proteostasis
defects that lead to its induction. Finally, the ISR
is also implicated in the pathogenesis of a
plethora of other complex diseases, including
cancer, diabetes, and metabolic disorders.

OUTLOOK: The ISR is emerging as a central
regulator of protein homeostasis at both the
cellular and organismal level. Mechanistically,
much remains to be understood regarding ad-
ditional inputs into the eIF2B-elF2 regulatory
hub controlling TC concentration, as well as
the IRS’s connectivity to other intracellular
signaling networks. As yet, little is known
about the role of the specific proteins whose
synthesis is altered during acute and persist-
ent ISR activation and how these effectors col-
laborate to compute the life or death decisions
cells make upon ISR activation. ISR gene ex-
pression signatures and functional consequences
will need to be mapped across different tis-
sues, cell types, and developmental stages. In
addition, it will be invaluable to generate ad-
ditional genetic and molecular tools that permit
the direct temporal and spatial manipulation
of ISR pathway in specific cells and circuits
to determine their function. From a medical
perspective, the ISR is implicated in the etiology
of several disorders, and manipulation of the
ISR is emerging as a promising therapeutic
avenue for the treatment of a variety of dis-
eases. The use of innovative mouse models,
patient-derived induced pluripotent stem cells,
and human organoids will greatly enhance our
ability to explore the ISR’s clinical relevance
further and help define therapeutic windows
in which ISR modulation may prove ben-
eficial. Identifying additional specific small-
molecule inhibitors and activators of the ISR
will offer valuable opportunities to dissect the
role of the ISR pharmacologically in health
and disease. Finally, discovery and mechanis-
tic understanding of additional ISR modula-
tors will increase the repertoire of therapeutic
targets and may further enable clinical devel-
opment in a wide range of age-related human
diseases.

The list of author affiliations is available in the full article online.
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Protein quality control is essential for the proper function of cells and the organisms that they make up.
The resulting loss of proteostasis, the processes by which the health of the cell's proteins is
monitored and maintained at homeostasis, is associated with a wide range of age-related human
diseases. Here, we highlight how the integrated stress response (ISR), a central signaling network that
responds to proteostasis defects by tuning protein synthesis rates, impedes the formation of long-term
memory. In addition, we address how dysregulated ISR signaling contributes to the pathogenesis of
complex diseases, including cognitive disorders, neurodegeneration, cancer, diabetes, and metabolic
disorders. The development of tools through which the ISR can be modulated promises to uncover new
avenues to diminish pathologies resulting from it for clinical benefit.

o0 maintain cell health, proteins must be

synthesized in proper amounts; folded

with high fidelity; and assembled, appro-

priately localized, and degraded. Special-

ized mechanisms respond to malfunction
in these essential processes to maintain or re-
establish protein homeostasis (proteostasis),
when intracellular signaling networks are trig-
gered by a variety of stress sensor molecules.
The unfolded protein response (UPR) senses
misfolded protein accumulation in the endo-
plasmic reticulum (ER), whereas the heat shock
response (HSR) operates from the cytosol, en-
hancing the cell’s protein folding and degrada-
tion capacity (I-3). By contrast, the integrated
stress response (ISR), a central and evolution-
arily conserved signaling network, responds
to stress conditions from both the lumen of the
ER and the cytosol (4). Indeed, ISR induction
can be coupled to UPR and HSR activation
(5, 6). The ISR operates by reprogramming
translation, the last step of gene expression.
Its name derived from the realization that ISR
signaling nucleates diverse stress inputs—
including proteostasis defects, nutrient depriva-
tion, viral infection, and redox imbalance—and
leads to a central output: the reduction in gen-
eral translation initiation rates and the in-
crease in translation of specific messenger RNAs
(mRNAs). These two processes reprogram gene
expression to maintain cellular equilibrium,
sustain protein-folding capacity, support dif-
ferentiation, and respond to injury. When the
stress cannot be mitigated, the ISR triggers
apoptosis to eliminate the damaged cell. We
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provide an overview of our current under-
standing of the ISR pathway and its role in
cell and organismal physiology. In addition,
we highlight how abnormal ISR signaling
contributes to the pathogenesis of complex
diseases, including cognitive dysfunction, neuro-
degeneration, diabetes mellitus, myelination,
and metabolic disorders. Finally, we review
the new pharmacological tools through which
the ISR can be modulated and discuss the
potential therapeutic opportunity that tar-
geting the ISR offers.

Mechanism of the integrated stress response
The ISR’s central regulatory switch lies in elF2
ternary complex formation

The salient feature of ISR signaling lies in the
modulation of the cellular concentration of
the ternary complex (TC). The TC is composed
of the heterotrimeric eukaryotic translation
initiation factor eIF2 (consisting of an o, B,
and y subunit), guanosine 5'-triphosphate
(GTP), and charged methionyl-initiator tRNA
(Met-tRNA;) (Fig. 1). The TC is instrumental
in initiating translation of AUG-initiated open
reading frames (ORFs) in the cell’s transcrip-
tome (7). AUG codon recognition triggers GTP
hydrolysis in the TC, releasing Met-tRNA; to
the ribosomal P site. eIF2-GDP (guanosine 5'-
diphosphate) then dissociates, which allows
the assembly of the ribosome that commences
the elongation phase of protein synthesis.
Exchange of the elF2-bound GDP for GTP re-
cycles elF2 to its active state. This nucleotide
exchange reaction is rate limiting for TC for-
mation and hence for AUG-initiated mRNA
translation.

elF2 phosphorylation regulates TC formation

For the TC to form, eIF2 must first be charged
with GTP (Fig. 1) (8). Because the intrinsic rate
of GDP release from eIF2 is low, the exchange
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reaction is catalyzed by elF2’s dedicated gua-
nine nucleotide exchange factor (GEF) elF2B.
elF2B is composed of two copies of five differ-
ent subunits (o, B, §, ¥, and €) that assemble
into a large twofold symmetric heterodecamer
(9, 10) (Fig. 2A). The building blocks of this
complex are stable subcomplexes: two het-
erotetramers (eIF2BByde) and a homodimer
(eIF2Ba,) (9, 11) (Fig. 2B). The structure of
the eIF2B is highly conserved from yeast to
mammals, reflecting its ancient evolution-
ary origin in eukaryotic cells (10-12).

elF2B’s catalytic nucleotide exchange activ-
ity resides in eIF2Be (13), suggesting that the
remainder of the complex plays a regulatory
role(s). The elF2e subunits are positioned at
opposing ends of the decamer. Structures
of human eIF2B complexed with its substrate,
elF2, illuminate the mechanism of guanine
nucleotide exchange and explain why the eIF2B
decamer is more active than its incompletely
assembled building blocks (14, 15) (Fig. 2C).
elF2B-bound elF2 adopts an extended con-
formation. The guanine nucleotide binding
site in eIF2y is sandwiched between two do-
mains of e[F2Be. This bipartite interaction of
elF2y with elF2Be stabilizes the nucleotide
binding pocket in an open state, thus releas-
ing GDP and readying elF2 for loading with a
fresh GTP present in the cytosol in large excess
over GDP.

Whereas the e[F2Be-elF2y interaction occurs
at either end of the elF2B decamer, elF2a in-
teracts at a composite binding site bridging
elF2B’s central symmetry interface. Therefore,
the eIF2 binding sites on eIF2B are only com-
plete in the assembled enzyme.

elF2 phosphorylation transforms elF2 from an
elF2B substrate into an elF2B inhibitor

Upon stress, the a subunit of eIF2 is phos-
phorylated at Ser”, yielding eIF2-P and ISR
activation. This modification leads to a pro-
found structural rearrangement in elF2a, form-
ing a hydrophobic surface patch on eIF2-P that
displays strong affinity for a different binding
site on elF2B (Fig. 2D) (14-18). Binding of eIF2-P
to elF2B sterically interferes with proper posi-
tioning of elF2 to the catalytic domain of e[F2Be
(Fig. 2D). In this way, eIF2-P acts as a potent
noncompetitive inhibitor of eIF2B.

The pharmacologic ISR inhibitor ISRIB
targets elF2B

ISRIB is a recently developed drug-like small-
molecule ISR inhibitor that is bioavailable
in vivo, blood-brain barrier penetrant, and
highly potent. ISRIB binds to eIF2B and en-
hances its activity by promoting its assembly
11, 12, 19-21).

When active eIlF2B decamers become de-
pleted during the ISR because of their seques-
tration into inactive eIF2B+elF2-P complexes,
ISRIB replenishes the stock by assembling
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new elF2B decamers from its subcomplexes.
As such, ISRIB functions as an elF2B ac-
tivator. It accomplishes this task akin to a
molecular staple by binding to eIF2B in a
deep binding pocket that bridges across the
elF2B tetramer-tetramer symmetry interface
(Fig. 2A). This mode of action has intriguing
mechanistic consequences because ISRIB can
only act as an eIF2B activator if there is a pool
of unassembled elF2B tetramers available. As
the concentration of eIF2 phosphorylation
increases and more eIF2B becomes trapped
in inhibited, stable eIF2BeelF2-P complexes,
the assembly equilibrium of eIF2B shifts, lead-
ing to a depletion of elF2B tetramers. There-
fore, as the eIF2-P concentration exceeds a
certain threshold—that is, when the ISR is
strongly activated—ISRIB can no longer replen-
ish the depleted pool of eIF2B decamers. Under
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these conditions, therefore, ISRIB does not
inhibit the ISR (Fig. 2E) (22, 23). The resulting
bell-shaped response to increasing stress ex-
plains why ISRIB displays no overt toxicity
when administered in vivo—even at saturating
concentrations. Thus, ISRIB does not abolish
the ISR’s cytoprotective effects in cells in which
the ISR is strongly activated.

Four kinases converge on elf2 to activate
the ISR

The ISR responds to a variety of different
stress conditions that lead to alterations in
cellular homeostasis. In metazoans, these
stresses are sensed by at least four different
Kkinases that each phosphorylate Ser” in eIF20,
to activate the ISR (24) (Fig. 1). In the yeast
Saccharomyces cerevisiae and mammalian
cells, the ancestral kinase Gen2 (general amino
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acid control nonderepressible 2) responds to
nutrient deprivation (25), whereas in meta-
zoans the repertoire of sensor kinases has
expanded to include HRI (heme-regulated
inhibitor, gene name EIF2AKI), PKR (double-
stranded RNA-dependent protein Kinase, gene
name EIF24AK2), and PERK (PKR-like ER Kki-
nase, gene name EIF2AK?2) in addition to GCN2
(gene name EIF2AK2). All four kinases contain
both conserved kinase domains and diver-
gent regulatory domains that enable them to
respond to different stimuli. Stress signals
detected by the regulatory domains trigger
kinase activation by dimerization and trans-
autophosphorylation (26).

GCN2 contains a regulatory domain homol-
ogous with histidyl-tRNA synthetase and when
amino acids are scarce, binding of deacylated
His-tRNA triggers its activation (25, 27). GCN2
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can also be activated by other stresses, includ-
ing ultraviolet light, viral infection, serum star-
vation, and oxidative stress. Recent work shows
that GCN2 strongly activates by binding to
ribosomal protein uL10, a component of the
P1/P2 stalk of the large ribosomal subunit,
suggesting that GCN2 actively monitors mRNA
translation and not just aminoacyl-tRNA avail-
ability (28-30). However, the precise mecha-
nism(s) underlying these vastly different
activation modalities remain unknown.

PERK, a transmembrane kinase (31), medi-
ates the translation arm of the UPR (6). Its
N-terminal domain is located in the ER lumen
and associates with the Hsp70 family chaper-
one BiP (binding immunoglobulin protein)
(32, 33). After BiP release, mis- or unfolded ER
proteins can directly activate PERK by binding
its ER lumenal domain (34). PERK can also be
activated by changes in lipid bilayer fluidity,
bypassing the actuator function of its lumenal
domain (35).

PKR contains a double-stranded RNA (dsRNA)
binding domain. dsRNA of viral origin and sec-
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ondary structures resembling dSRNA on mRNAs
trigger PKR activation (36, 37). In the brain, PKR
is activated in a variety of neurological disorders
(38, 39); however, the underlying molecular
mechanism of this activation remains poorly
understood.

HRI contains an N-terminal domain that
binds heme. When heme concentrations are
low, HRI is activated. Although HRI was long
thought to have a specialized role in erythroid
cells dedicated to hemoglobin synthesis (40),
it is now recognized that HRI is widely ex-
pressed in several cell types and organs (41)
and responds to multiple other forms of cel-
lular cell stress, such as oxidative and mito-
chondrial stress, heat shock, and cytosolic
protein aggregation (42).

ISR kinases are sentinels for a broad and
partially overlapping spectrum of stress con-
ditions, and much remains to be learned about
their relative importance in different tissues
and cell types. The development of small-
molecule inhibitors for all of the eIF2 kinases
(23, 43-50) has provided invaluable tools to
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Fig. 2. The structure and assembly of elF2B. (A) Top view of the human elF2B
decamer bound to ISRIB. The cryo-EM density at a resolution of 2.7 A shows ISRIB
bound in a deep central binding pocket. (B) Model of elF2B decamer assembly
mediated by ISRIB. Top and side views of the same assembly path are shown (11).
(C) Model of the elF2B-elF2aBy complex. The interaction stabilizes the open
conformation of elF2y's GTP binding site, thus catalyzing GTP exchange. (D) Model of
elF2B bound to its inhibitor elF2-P. elF2-P binds to a different site on elF2B,
noncompetitively blocking elF2B's GEF activity. (E) Bell-shaped response of ISR
inhibition by ISRIB. ISRIB blocks the ISR only at intermediate activation levels, as

better understand their cellular function. Un-
fortunately, their therapeutic promise remains
hampered by their relative lack of specificity
(57) and substantial toxicities, such as pancre-
atic toxicity associated with the use of the
PERK inhibitor (52).

The ISR reprograms gene expression at both
translational and transcriptional levels

Diminishing TC availability as a consequence
of elF2 phosphorylation leads to reprogram-
ming of protein synthesis. As expected, mRNA
translation rates are reduced globally as TCs
become rate-limiting for translation initiation
(Fig. 1). Paradoxically, however, lowered TC
availability also increases the translation of a
subset of mRNAs. The mechanism that allows
preferential translation upon ISR activation
was first elucidated over 25 years ago for the
yeast mRNA encoding the stress response tran-
scription factor Gen4 (25). In metazoans, the or-
tholog of Gen4 is ATF4, the best-characterized
effector of the ISR (27). GCN4 and ATF4 mRNAs
contain short inhibitory upstream open reading
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frames (uORFs) in their 5-untranslated re-
gions (5'UTRs) that prevent initiation at their
canonical AUGS (25, 53, 54). ISR-induced re-
duction in TC enables a portion of scanning
ribosomes to initiate at the canonical AUG of
the GCN4/ATF4 ORFs instead. Other uORF-
containing mRNAs are also translated in
response to ISR activation, including those en-
coding ATF5 (55); CHOP (C/EBP-homologous
protein) (56); GADD34 (57); and in neurons,
OPHNI1 (58). However, the precise mechanism
by which these mRNAs are translationally
controlled remains unclear. Although it is as-
sumed that they reinitiate at downstream
codons, nascent peptides that emerge upon
translation of uORFs could cause ribosome
stalling (59). In the case of mRNAs encoding
the transcription regulators ATF4, ATF5, and
CHOP, their translational derepression leads
to reprogramming of the cell’s transcriptional
activities. Such regulation is instrumental in
responding to extrinsically induced stresses
or developmental cues.

Two phosphatase complexes reset elF2-P to
counteract ISR activation

The dephosphorylation of eIF2-P is a tightly
regulated process carried out in mammalian
cells by two phosphatase complexes. Both
phosphatase complexes contain a common
catalytic core, the protein phosphatase 1 (PP1,
gene name PPPICA) and a regulatory subunit,
GADD34 (gene name PPPIR15A) or CReP (gene
name PPPIRI15B), which render the phospha-
tase specific to eIF2 (Fig. 1).

CReP is constitutively expressed, leading to a
slow but steady rate of elF2-P dephosphoryl-
ation (60). By contrast, GADD34: expression is
induced as a consequence of increased eIF2-P
abundance, thus acting in a feedback loop that
antagonizes the relative strength of ISR activa-
tion (61). Two synergistic mechanisms increase
GADD34 expression as the ISR progresses: (i)
The mRNA encoding GADD34 bears uORFs in
its 5-UTR and is translationally controlled in a
manner similar to that of CHOP mRNA (62);
and (i) GADD34 mRNA is transcriptionally up-
regulated by ATF4, which further increases its
cellular abundance and GADD34 protein con-
centrations (61). Both phosphatase complexes,
GADD34+PP1 and CReP+PP1, can be activated
by association with G-actin, suggesting that
the ISR feedback loop may be tied to cell
processes connected to actin polymerization
(63, 64).

Small-molecule inhibitors of the phospha-
tase complexes offer the opportunity to dissect
pharmacologically the physiological role of the
ISR feedback loops in healthy cells and disease
models. Salubrinal (65) and its more potent
and soluble derivative Sal003 (66) inhibit both
phosphatase complexes (GADD34+PP1 and
CReP+PP1), but their precise mechanism of ac-
tion remains unclear. Inhibitors of the individ-
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ual phosphatase complexes have also been
recently reported: Guanabenz and sephinl
inhibit GADD34+PP1 (67, 68), whereas raphinl
selectively inhibits CReP+PP1 (69). Although
these findings are currently under active dis-
cussion (70-73), identification of putative other
targets for these inhibitors and structural in-
formation of inhibitor-bound enzymes might
help to resolve this puzzle.

ISR activation leads to complex,
cell-wide changes

On the surface, the molecular wiring of the
ISR appears seductively simple: A few kinases
sense different stresses and converge on phos-
phorylation of a single serine on elF2; phos-
phorylation causes a drop in the cell’s TC
concentration, which reprograms translation.
However, the resulting consequences are
amazingly complex and remain poorly under-
stood. The transcription factors (e.g., ATF4,
ATF5, CHOP) that are made in response to
ISR activation would be useless, for example,
if the mRNAs of their transcriptional targets
could not be translated. Therefore, the TC con-
centration must not fall to zero, and the ISR
must act as a rheostat rather than an on-off
switch controlling TC abundance.

More recently, genome-wide studies iden-
tified 5 uORFs in ~50% of all mRNAs (74, 75).
How only a subset of genes containing 5’
uORFs are translationally controlled by the
ISR remains unknown. Similarly, it remains
to be examined whether the same set of these
mRNAs is affected when the different ISR
sensor kinases are activated, and, if not, how
this specialization of the ISR output might be
orchestrated molecularly. Other signaling net-
works can also impinge on eIF2B activity—for
example, by posttranslationally modifying
elF2B subunits (76) and thus tune TC avail-
ability and mRNA translation independent of
or together with eIF2 phosphorylation (77).

It likewise remains unknown how mRNA
structural features and cis-regulatory elements
adjacent to AUG codons affect translation
under conditions of limiting TC availability.
Additional complexities arise from cell-type
differences and the complex kinetic controls
imposed by both constitutive slow deactivation
operating through CReP+PP1 and the ISR-
dependent negative feedback loop operating
through GADD34<PP1. In yeast, amino acid
deprivation-induced eIF2 phosphorylation
leads to increased ribosome footprints at non-
AUG sites (74), further adding to the long list
of regulatory complexities that should be in-
vestigated in both yeast and mammalian cells,
when the ISR is activated.

Physiology and pathology of the integrated
stress response

Homozygous disruption of eIF2 phosphoryl-
ation or ablation of the eIF2 kinase PERK
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leads to postnatal lethality in mice (78, 79),
underscoring the essential role of the ISR in
normal physiology and mammalian develop-
ment. Similarly, persistent activation of the
ISR in mice lacking the two eIF2 phosphatase
complexes is incompatible with life, likely due
to shutdown of protein synthesis during em-
bryogenesis (80). Milder forms of ISR dysre-
gulation often result in disease.

Mutations in ISR components in human disease

The organs that are most affected by altera-
tions in the ISR are the brain and pancreas.
Homozygous loss-of-function mutations in the
gene encoding CReP are associated with in-
tellectual disability, short stature, and diabe-
tes (81, 82). These rare mutations map to the
PP1 binding site of CReP and destabilize the
CReP+PP1 phosphatase complex, thereby in-
creasing elF2-P. Other mutations that reduce
TC formation—and consequently induce the
ISR’s translational program—similarly cause
cognitive dysfunction. Patients with MEHMO
(mental deficiency, epilepsy, hypogenitalism,
microcephaly, and obesity) syndrome, an X-linked
intellectual disability syndrome, carry mutations
in the gene encoding elF2y (83-86). Although
different mutations affect eIF2 function in a
mechanistically different manner (some impair
the binding of elF2y to elF2p, whereas others
impair the binding of Met-tRNA;M to elF2), all
of them reduced TC formation (87).

Mutations in each of the five subunits of
elF2B occur in a rare autosomal recessive
leukoencephalopathy with vanishing white
matter (VWM) (88, 89). Studies in yeast mod-
els of VWM indicate that eIF2B mutations
cause disease by reducing eIF2B activity and,
consequently, TC concentrations. VWM is char-
acterized by myelin loss and progressive neu-
rological symptoms, such as ataxia, spasticity,
cognitive deterioration and, ultimately, death
(90). Notably, the pathologies associated with
cells and mice bearing human hypomorphic
VWM mutations can be rescued by ISRIB and
ISRIB-like molecules (2BAct), which enhance
the cellular pool of available TC and restore
translation rates (91, 92).

It is not clear why different mutations that
reduce TC availability cause diverse patholo-
gies and selectively affect specific tissues and
cell types. Mutations in eIF2B selectively lead
to myelin loss resulting from ISR activation in
oligodendrocytes and astrocytes (91), whereas
mutations in eIF2y or CReP affect a broader
spectrum of tissues. Mutations in eIF2 not only
decrease TC concentration and consequently
general translation, but also reduce the strin-
gency of AUG start codon selection (93), hence
leading to translation initiation at noncanon-
ical codons engendering the production of
different protein isoforms, of completely dif-
ferent proteins. Whether all mutations that
reduce TC complex also alter start codon
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selection and whether some mRNAs are dif-
ferentially sensitive to the effect remains un-
known. That said, in the context of nucleotide
repeat expansions associated with neuro-
degenerative disorders, activation of the ISR
promotes non-AUG (RAN) translation (94, 95).
Tt will be of interest to test whether compounds
that inhibit the ISR, such as ISRIB, prevent
neurodegeneration in these disorders. In addi-
tion, it will be important to examine the expression
levels and posttranslational modification status
of ISR components in different tissues and cell
types in development and adulthood.

Unlike mutations that activate the ISR, loss-
of-function mutations in the genes encoding
PERK and GCN2 impair its induction. Mu-
tations in PERK are associated with a rare
autosomal recessive disease, Wolcott-Rallison
syndrome (WRS), characterized by early-onset
diabetes and multiple epiphyseal dysplasia
(96). PERK knockout mice recapitulate the
human phenotype, showing growth retarda-
tion, neonatal diabetes, and skeletal malfor-
mation (97, 98). Both individuals with WRS
and mice lacking PERK are thought to be un-
able to cope with the stress caused by mis-
folded proteins or protein overload in the ER
of secretory cells. This may explain why tis-
sues that support high protein secretion loads
and that express more PERK are most sus-
ceptible to its absence.

Mutations in the gene encoding GCN2 have
been identified in a rare form of pulmonary
arterial hypertension (99). This pathology
arises from disruption of GCN2’s role in pro-
moting angiogenesis in response amino acid
deprivation (100). However, the precise mech-
anism by which these mutations cause disease
remains unknown.

The ISR is a molecular rheostat during
long-term memory formation

In the brain, the formation of long-term mem-
ory occurs in two temporally distinct steps:
First, short-term memories lasting minutes to
hours are formed; next, these can be consol-
idated into long-term memories, lasting days,
weeks, and even a lifetime (701, 102). De novo
protein synthesis is required for forming long-
lasting memories in all species (ranging from
invertebrates to mammals) (102-106). In re-
sponse to activity, neurons rapidly regulate
local protein synthesis at dendrites without
altering mRNA synthesis and/or transport
(107). The synthesized proteins in turn mod-
ulate the strength of synaptic connections
during memory consolidation. Although other
translation control mechanisms also modulate
long-term memory formation (708, 109), trans-
lational reprogramming by the ISR emerges as
a primary way to regulate mmnemonic processes.

This conclusion rests on numerous, con-
vergent discoveries in several animal models
and across different levels of analysis.

Costa-Mattioli et al., Science 368, eaat5314 (2020)

For example, genetic inhibition of the ISR in
mice lacking GCN2 or PKR, or eIF2 heterozy-
gous knock-in mice, in which in one allele of
eIF2(c) Ser” is replaced by alanine, facilitate
long-term memory formation (710-113).

Furthermore, memory enhancement upon
genetic ISR inhibition parallels the pharmaco-
logical inhibition of different ISR components;
PKR and PERK inhibitors, and ISRIB, enhance
long-term memory in rodents (19, 112-114) and
birds (115).

By contrast, ISR activation by manipula-
tions that promote eIF2-P abundance impairs
long-term memory formation: hippocampal
or basolateral amygdala injection of Sal003
(65, 66), or pharmacogenetic activation of PKR
in the hippocampus, impairs long-term mem-
ory in both rodents and birds (111, 115-118).

Accordingly, mutations in key components
of the ISR in humans that activate the ISR,
such as in the genes encoding eIF2y and CReP,
are linked to intellectual disability (81-86).

Moreover, activity-dependent dependent
modulation of synaptic function induced by
long-term potentiation (or L-LTP) (110, 119, 120),
behavioral training (111, 121-123), or different
drugs of abuse (124-127) negatively regulates
the ISR, as determined by reduced eIF2-P con-
centrations in the hippocampus and ventral
tegmental area (VTA), the brain regions im-
plicated in memory and addiction, respectively.
Accordingly, in the hippocampus, behavioral
training induces a protein synthesis signa-
ture that mimics that of animals in which the
ISR is reduced, as determined by ribosome
profiling (121).

Finally, the ISR also modulates the two major
forms of synaptic plasticity in the mammalian
brain—protein synthesis-dependent LTP and long-
term depression (LTD) (58, 111, 117, 120, 124, 128)—
that are crucial for long-term memory forma-
tion (729). Two mechanisms by which the ISR
controls activity-dependent changes in synap-
tic function in principal neurons are through
regulation of translation of (i) OPHNI, a rho-
GAP implicated in AMPA receptor down regu-
lation (58, 124, 130) and (ii) ATF4, a repressor
cAMP response element binding protein (CREB)-
mediated gene expression, which is required
for L-LTP (102, 131).

Thus, causal and convergent evidence across
different species and model systems supports
the notion that the ISR serves as a universal
protein synthesis regulator of long-term mem-
ory formation.

The ISR in cognitive and
neurodegenerative disorders

Protein misfolding and aggregation, mitochon-
drial dysfunction, and oxidative stress are all
common features of age-associated protein-
opathies. As a consequence, protein synthesis,
folding, and degradation are altered in these
disorders. Because it acts as a central regulator
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of protein homeostasis, the ISR is activated in
a wide range of disorders of the brain. This
activation is evidenced by detection of eIF2-P
and phosphorylation of PKR, PERK, and
GCN2 in post-mortem brains from individuals
and animal models of cognitive and neuro-
degenerative disorders, including Alzheimer’s
disease, Parkinson’s disease, Huntington dis-
ease, amyotrophic lateral sclerosis (ALS), trau-
matic brain injury, Down syndrome, and
Charcot-Marie-Tooth disease (30, 109, 132-136).
Notably, ISR activation causes cognitive de-
fects in mouse models of traumatic brain in-
jury (137, 138), aging (114), and Alzheimer’s
disease (139-143), although negative results
have also been reported (144, 145).

Genetic and pharmacological inhibition of
the upstream ISR-sensor kinase PKR or acti-
vation of eIlF2B with ISRIB reverses the ab-
errant translational program and deficits in
synaptic plasticity and long-term memory in
a mouse model of Down syndrome, the most
common genetic cause of intellectual disability
in humans (746). Down syndrome is charac-
terized by a high incidence of Alzheimer’s dis-
ease, with most Down syndrome individuals
developing Alzheimer’s disease-type dementia
at age 45 (147). Thus, tuning of the ISR emerges
as a promising avenue to reverse the cognitive
dysfunction in a wide range of memory disor-
ders that result from disruption in protein
homeostasis.

Reversal of ISR-mediated translation re-
programming also results in neuroprotection.
In a mouse model of prion disease, genetic
and pharmacological suppression of the ISR
by either overexpressing GADD34 in the brain,
or treatment with ISRIB, PERK inhibitor, or
trazodone, an antidepressant claimed to in-
crease TC complex formation by an unknown
mechanism, rescued neuronal loss and improved
neuronal survival (23, 148-150). Consistent with
these data, pharmacological inhibition of PERK
was neuroprotective in two different Drosophila
models of early-onset Parkinson disease (151),
as well as in a mouse model of frontotempo-
ral dementia (152). Moreover, genetic inhibi-
tion of PERK prevented neurodegeneration in
a mouse model of Alzheimer’s disease (153).
Pharmacological and genetic suppression of
PKR rendered neurons more resistant to ex-
citotoxicity (154) and B-amyloid accumulation
(155). A potential mechanism by which inhibi-
tion of the ISR leads to neuroprotection is
through inhibition of hypoxia-induced cell
death, which has been linked with the patho-
genesis of several neurodegenerative disor-
ders (156) and can be prevented by ISRIB in a
human cellular three-dimensional (3D) model
of hypoxic brain injury (157). Other conditions,
including hearing loss and neurodegeneration
following NGF withdrawal, also activate the
ISR, and its pharmacological inhibition with
ISRIB improves the pathology (158, 159). Thus,
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inhibition of ISR-mediated translational re-
programming emerges as a promising ther-
apeutic avenue for the treatment of cognitive
disorders and neurodegenerative disorders
(Fig. 3).

Given that myelinating cells from either
the central or the peripheral nervous system
synthesize a large amount of myelin proteins
and lipids, they typically accumulate mis-
folded or unfolded proteins and activate both
the UPR and the ISR. In myelination disor-
ders, the role of the ISR in pathology is com-
plex. In some conditions, activation of the ISR
is protective: Whereas GCN2 protects oligo-
dendrocytes and white matter during branch
amino acid deficiency (160), PERK protects
from demyelination and axonal degeneration
in a mouse model of experimental autoimmune
encephalomyelitis (161). Correspondingly, in
mouse models of Charcot-Marie-Tooth disease
that exhibit increased elF2-P concentrations,
germline ablation (162, 163) or pharmaco-
logical inhibition of GADD34 with sephinl
improved motor function and reduced demy-
elination (764). Counterintuitively, in the same
model, removing one copy of PERK in all or
just in Schwann cells partially reversed the
pathology (165, 166). Thus, inhibition of the
ISR could have disease-protective or disease-
causing effects. However, the molecular mech-
anisms underlying these two opposing outcomes
remain unclear.

Similarly, in a mouse model of ALS, activa-
tion and inhibition of specific branches of the
ISR by genetic deletion of ATF4, GADD34,
CHOP, or PERK, or treatment with salubrinal,
guanabenz, or sephinl, led to conflicting re-

Frontotemporal

Dementia

Alzheimer’s
Disease

Amyotrophic
Lateral Sclerosis

Age-related Cognitive
Decline

Multiple Sclerosis

sults regarding disease onset and survival
(167-171). The disparate results obtained by
different groups may result from use of dif-
ferent mouse models and transgenic lines,
differences in bioavailability and potential
off-target effects of the pharmacological com-
pounds, and differential effects of blocking
activation of the ISR during development or
adulthood. In the future, it will be important
to discern how ISR activation or inhibition in
different cell types (astrocytes, myelinating
cells, and neurons) affects ALS pathology.

The ISR in metabolic disorders

The ISR connects with glucose homeostasis
and diabetes development. Recessive loss-of-
function mutations in PERK in humans lead
to WRS, which is characterized by early-onset
diabetes and growth retardation (96). The
human phenotype associated with B-cell dys-
function and hyperglycemia is recapitulated in
mice in which the ISR has been genetically
inhibited (e.g., in PERK-deficient mice, or in
mice in which eIF2 cannot be phosphorylated)
(78, 97, 172, 173). As with mutations in the
insulin gene, it is thought that B-cells with a
constitutively inhibited ISR cannot properly
adjust to an overload of misfolded proteins,
and the stress resulting from it compromises
the ability of islets to maintain glycemic
control.

Permanent activation of the ISR, as deter-
mined by increased eIF2-P, is also not toler-
ated by pancreatic B-cells. Patients carrying a
specific mutation in eIF2(y), which results in a
decrease in TC and translation fidelity, exhibit
hyperglycemia and diabetes (86, 174). Accord-

Traumatic Brain
Injury

Parkinson’s
Disease

Down
Syndrome

Vanishing White
Matter Disorder

Prion Disease

INTEGRATED STRESS
RESPONSE (ISR)

COGNITION
BRIAN HEALTH

Fig. 3. The ISR in brain disorders. The ISR is a causative mechanism underlying the cognitive deficits and
neurodegeneration in a wide broad range of brain disorders.
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ingly, reduced TC owing to a loss-of-function
mutation in CReP has been associated with
diabetes (81). CReP-deficient B-cells are more
susceptible to apoptosis: It seems that persist-
ent activation of the ISR and ATF4 translation
induces the transcription of the proapoptotic
transcription factor CHOP, which promotes
apoptosis (175).

Thus, in B-cells, precise ISR-mediated trans-
lation regulation is important for adequate ER
stress management. The observation that both
enhancement and inhibition of the ISR lead to
pathology indicates that normal B-cell func-
tion requires elF2-P abundance to be main-
tained in a narrow range and/or that the
ISR needs to switch on and off dynamically.
Compound-based strategies that compensate
for deviating eIF2-P abundance by adjusting
the extent of ISR activation or inhibition will
be required to improve pathology associated
with these disorders. Thus, depending on the
disease, either ISR inhibition or ISR activa-
tion may be beneficial therapeutically (Fig. 4).

An intriguing mechanism by which the ISR
may control cellular metabolism is through the
regulation of mitochondrial function. Mito-
chondrial stress associated with the loss of the
AAA+ mitochondrial protease LONP1, which
is essential for mitochondria proteostasis, ac-
tivates the ISR (176). In addition, mitochon-
drial dysfunction triggers the induction of
mitochondrial chaperones (defined as mito-
chondrial UPR), a process that is mediated by
the transcription factors ATFS-1 and ATF5 in
Caenorhabditis elegans and mammals, respec-
tively (177, 178). Of interest, ATF5 induction
during mitochondrial stress is required to main-
tain mitochondrial activity and homeostasis.
Future experiments should focus on elucidat-
ing how mechanistically the different ISR
kinases and effectors signal to the mitochon-
dria and vice versa.

The ISR in cancer

Aberrant cell survival and reduced cell death
are hallmarks of cell transformation and cancer
progression, and genetic alteration in several
translation regulatory proteins has been asso-
ciated with cancer (779, 180). In addition, most
oncogenic pathways found in human cancers
lead to various forms of protein synthesis dys-
regulation. Given that (i) the ISR controls
protein synthesis and proteostasis, (ii) over-
expression of Met-tRNA; promotes prolifer-
ation in human epithelial cells (Z81), and (iii) the
ISR target genes CHOP and ATF4 are crucial
regulators of the balance between survival and
cell death, it comes as no surprise that the ISR
is exploited by cancer cells. Indeed, three ISR
kinases (PKR, PERK, and GCN2) have been
implicated in cancer. Early studies showed
that inhibition of either the PKR branch of the
ISR or phosphorylation of eIF2 led to transfor-
mation of mouse fibroblasts and increased
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Optimal does not require the ATF4 axis of the ISR
' (200, 201).
Desensitized Hypersensitized In addition, NF-xB activation in response
Maladaptive Maladaptive to intracellular pathogens is crucially de-

Fitness —

Sephin1

e

ISRIB

—

ISR activation —

Fig. 4. Model for proteostasis control by the ISR. Different pathologies may have distinct homeostatic
set points that relate to phenotypic fitness, such as cognition. As considered here, either reduced or
increased ISR activation can be maladaptive. Therefore, depending on the disease or pathology and the
optimal homeostatic set point for a particular phenotype, activation of the ISR (e.g., with sephinl) or
inhibition of the ISR (e.g., with ISRIB) would restore homeostasis to optimal cell fitness.

tumor formation in immune-deficient mice
(182-185). Paradoxically, deletion of PKR or
overall reduction of eIF2-P in mice was not
tumorigenic in vivo (78, 186, 187). The reso-
lution to the paradox may lie in the complexity
of ISR regulation, which controls both prosur-
vival and pro-death mechanisms, including
the activation of nuclear factor kB (NF-xB),
phosphatidylinositol 3-kinase (PI3K), and
c-Jun N-terminal kinase (JNK) pathways
(188), which may be differentially important
in cancers with diverse origins and/or may
present differently in cell culture and animal
models.

In many cancers, mutations in tumor sup-
pressor genes, such as PTEN (phosphatase and
tensin homolog), or the activation of onco-
genes, such as MYC, results in increased protein
synthesis, which can saturate the cells’ proteo-
stasis machinery and activate the ISR. As the
capacity for protein folding becomes limiting,
translation is reduced to rebalance proteostasis.
In this way, the ISR acts as a governor keeping
protein synthesis in check. If this control fails to
cope with the protein-folding problem, the cell
enters apoptosis. In the context of a cancer
cell and its microenvironment, activation of
the ISR by the protein misfolding kinase PERK
promotes tumor initiation and progression
(189-191). Accordingly, in mouse and human
models of aggressive metastatic prostate can-
cer, in which the tumor suppressor PTEN is
ablated and the oncogene MYC is overex-
pressed, the PERK branch of the ISR is ac-
tivated and limits protein synthesis rates.
Removing this regulation with ISRIB selec-
tively Kkilled patient-derived metastatic pros-
tate cancer cells in xenograft mouse models
(192). Similarly, acute deletion of the ISR ef-
fector ATF4 substantially delays MYC-driven
tumor progression and increases survival in
mice (193).

Costa-Mattioli et al., Science 368, eaat5314 (2020)

Finally, GCN2, a crucial regulator of amino
acid metabolism (194, 195), is necessary for
metabolic homeostasis of tumor cells. Tu-
mors lacking GCN2 or ATF4 grow more slowly
(196, 197). Thus, in cancers where amino acids
are scarce, targeting the GCN2 branch of the
ISR may be beneficial. Indeed, combination
treatment with r-asparinase and GCN2 inhib-
itors causes apoptosis in several cancer cell
types (43).

In conclusion, depending on the gene mu-
tation and cellular context, targeting the ISR
can selectively tilt the balance of cancer cells
toward apoptosis, rendering the ISR a prom-
ising chemotherapy target for many different
types of cancers.

The ISR in immunity

Several lines of evidence indicate that the ISR
is intimately embedded in the cell’s innate
immune response (798, 199). All four ISR ki-
nases play parts in immunity and inflamma-
tion. ISR activation leads to secretion of
inflammatory cytokines, such as interleukin
1B (IL-1B) and IL6. In this way, ISR signaling
does not remain cell autonomous and pro-
motes communication between neighbor-
ing cells in a state of local inflammation.
Pharmacologic ISR inhibition may therefore
have broadly beneficial anti-inflammatory
consequences.

Activation of the proinflammatory transcrip-
tion factor NF-xB that drives transcription of a
large set of proinflammatory genes crucially
depends on the activation of the ISR. In its
latent state, NF-xB is anchored in the cyto-
plasm by its inhibitor IxB. Because IxB is a
short-lived protein, it needs to be constantly
replenished by new synthesis. The trans-
lation inhibition exerted by the ISR activates
NF-xB activation by lowering IxB’s steady-
state concentration. Notably, this control
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pendent on the ISR kinase HRI (202). Both
liberation of the chaperone HSPBS8 from
autophosphorylated HRI and the additional
transcriptional up-regulation of HSPB8 mRNA
downstream of ATF4 lead to HSPB8 binding
to the pattern recognition receptors NOD1/2,
which in turn assemble into large inflamma-
some complexes. The inflammasome serves
as a scaffold that assembles the molecular
machinery, including ubiquitylation enzymes,
which accelerate IkB degradation, thus acti-
vating NF-«xB. Pro-caspase 1 also binds to in-
flammasome platforms where it activates by
autoproteolysis and then cleaves cytoplasmic
pools of pro-IL-1B, producing mature IL-1B,
which in turn is secreted from the cell by a
signal sequence-independent nonconventional
mechanism. Another inflammatory cytokine,
IL-6, is transcriptionally up-regulated by ATF4
and hence is encoded by a direct ISR target
gene (203).

Saturated fatty acids, abundant in Western
diets, promote cardiovascular disease, includ-
ing atherosclerosis. They induce the ISR by
causing ER stress that is sensed by the UPR.
In bone-derived macrophages, saturated fatty
acid treatment induces the UPR and ISR kinase
PERK (204), which leads to caspase 1 activation
and IL-1B secretion. Notably, inhibition of the
ISR with ISRIB blocked lipid-induced inflam-
masome activation, inflammation, and athero-
sclerotic progression in mouse models.

Activated PKR also links to inflammasome
activation through direct coassembly with NOD-
like receptors (205). This activation mode occurs
upstream of PKR’s role in eIF2 phosphorylation.
ATF4 however, which is produced downstream
of eIF2 phosphorylation, drives transcription
of at least one NOD-like receptor (NLRP1) (206).
Thus, even in this scenario, bona fide ISR in-
duction is an important facet in regulating the
response. In addition, PKR responds to nu-
trients and ER stress to regulate insulin and
metabolism through the proinflammatory ki-
nase JNK (207).

Future perspectives

Research in the past two decades has pro-
vided great progress in the identification of
key components of the ISR and resulted in a
detailed understanding of the mechanism by
which the ISR regulates cell physiology and
function. It is now clear that the ISR serves as
amolecular control center for long-term mem-
ory formation. In addition, state-of-the-art
pharmacological and genetic manipulations
have begun to elucidate how activation of the
ISR contributes to different diseases.
Although all four eIF2 kinases converge on
elF2, it is estimated that each kinase in the
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human kinome phosphorylates on average
more than 10 substrates (208). Thus, the pau-
city of other substrates for the elF2 Kkinases is
surprising, and it will be important to rule
in or out the possibility that other substrates
functionally modulate the ISR, such Nrf2,
which is phosphorylated by PERK (209). In
this light, it will be important to assess whether
activation of the different kinases leads to the
same translational reprogramming or whether
bifurcation of the signal at the level of the ISR
kinases modulates the translational outcome in
different cell types and pathological contexts.
Recent advances in functional genomic tools,
including CRISPRi- and CRISPRa-based ap-
proaches that allow for silencing or activating
any gene in vivo (210), provide opportunities
to identify new components and regulatory
complexities of the ISR and to test for their
effects in an unbiased manner.

In the brain, little is known about the na-
ture of the specific proteins whose synthesis
is controlled by the ISR during long-term
memory formation. It would be interesting to
examine whether the ISR selectively regulates
translation locally at dendrites, where most of
the mRNAs are engaged with single ribosomes
(monosomes), vis-a-vis the cell body, where
mRNAs are bound to multiple ribosomes (211).

Finally, a major focus of ISR research will be
to develop new and more specific molecules
that tune the activity of the ISR up or down
and to address diseases for which such drug-
like molecules may open therapeutic windows
for ISR manipulation in the clinic. The mo-
lecular identification of drug targets, mecha-
nism of action, and structural basis of their
activity will crucially enable preclinical devel-
opment. In addition, the use of convergent
models, from mouse models to human derived
induced pluripotent stem cells to organoids,
will further accelerate the process of linking
basic mechanistic discoveries to tangible clin-
ical applications.
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Proteostasis dISRupted

Despite their importance, many crucial networks for protein quality control within cells diminish with age. The
resulting loss of proteostasis, the process by which the health of a cell's proteins is monitored and maintained, is
associated with a wide range of age-related human diseases. Costa-Mattioli and Walter review the integrated stress
response (ISR), a central signaling network that responds to proteostasis defects by tuning protein synthesis. The ISR is
activated in a wide range of pathological conditions, so a mechanistic understanding of its pathway may help in the
development of therapeutic tools through which it can be modulated.
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