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Review
The endoplasmic reticulum (ER) and mitochondria form
physical interactions involved in the regulation of bio-
logic functions including mitochondrial bioenergetics
and apoptotic signaling. To coordinate these functions
during stress, cells must coregulate ER and mitochon-
dria through stress-responsive signaling pathways such
as the ER unfolded protein response (UPR). Although the
UPR is traditionally viewed as a signaling pathway re-
sponsible for regulating ER proteostasis, it is becoming
increasingly clear that the protein kinase RNA (PKR)-like
endoplasmic reticulum kinase (PERK) signaling pathway
within the UPR can also regulate mitochondria proteos-
tasis and function in response to pathologic insults that
induce ER stress. Here, we discuss the contributions of
PERK in coordinating ER–mitochondrial activities and
describe the mechanisms by which PERK adapts mito-
chondrial proteostasis and function in response to ER
stress.

ER stress impacts mitochondrial function through
interorganellar signaling
The traditional view of ER and mitochondria as discreet
intracellular organelles has been profoundly altered in
recent years. Unlike the well-defined organelles described
in cell biology textbooks, the ER and mitochondria are
highly dynamic and undergo continuous structural and
spatial reorganization in response to specific cellular
signals. An interesting aspect of these organelles is that
they form physical ER–mitochondrial contacts (reviewed
in [1–3]). These contacts facilitate the transfer of metab-
olites, including lipids and Ca2+, between the ER and
mitochondria that are involved in the regulation of biologic
functions including lipid homeostasis, mitochondrial me-
tabolism, and the regulation of apoptotic signaling (Box 1).
Thus, ER–mitochondrial contacts serve as a platform for
interorganellar communication, essential for the coordina-
tion of cellular function.

A consequence of the physical and functional interaction
between ER and mitochondria is that mitochondria
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function is sensitive to pathologic insults that induce ER
stress (defined by the increased accumulation of misfolded
proteins within the ER lumen). ER stress can be transmit-
ted to mitochondria by alterations in the transfer of me-
tabolites such as Ca2+ or by stress-responsive signaling
pathways, directly influencing mitochondrial functions.
Depending on the extent of cellular stress, the stress
signaling from the ER to mitochondria can result in pro-
survival or proapoptotic adaptations in mitochondrial
function.

During the early adaptive phase of ER stress, ER–
mitochondrial contacts increase, promoting Ca2+ transfer
between these organelles [4]. This increase in Ca2+ flux into
mitochondria stimulates mitochondrial metabolism
through the activity of Ca2+-regulated dehydrogenases
involved in the tricarboxylic acid (TCA) cycle. The in-
creased activity of these dehydrogenases promotes mito-
chondrial respiratory chain activity, resulting in a
transient increase in mitochondrial ATP synthesis during
the initial phase of ER stress. This surge in bioenergetic
capacity increases the available energetic resources to
mount an adaptive response and alleviate ER stress. Al-
ternatively, chronic exposure to ER stress negatively
impacts cellular metabolism by reducing mitochondrial
respiration and decreasing cellular ATP levels [4,5]. This
has been shown to lead to depletion of Ca2+ stores in the ER
and increased Ca2+ within mitochondria ([6,7] and dis-
cussed below). Ultimately, this signaling results in mito-
chondrial fragmentation and the opening of the
mitochondrial permeability transition pore (MPTP), which
initiates intrinsic apoptotic signaling and programmed cell
death. Varying levels of ER stress in multiple cell types
have also been reported to impact other mitochondrial
functions including mitochondrial DNA (mtDNA) biogene-
sis [8], the transcription of respiratory chain subunits [5],
and increases in mitochondrial-derived reactive oxygen
species (ROS) [5,9,10], further reflecting the capacity for
ER stress to influence mitochondrial function.

Many metabolic diseases including nonalcoholic fatty
liver disease, type 2 diabetes (T2D), and obesity are asso-
ciated with unresolved ER stress, suggesting that mito-
chondrial dysfunction in these diseases may be
dysregulated through mechanisms involving ER stress-
dependent alterations in ER–mitochondria communica-
tion [11,12]. For example, stress-dependent alterations
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Box 1. Metabolite transfer through ER–mitochondrial contacts

ER and mitochondria form tight physical junctions stabilized by tethering

complexes anchored in the ER and mitochondrial outer membrane

(reviewed in [1–3]). In higher eukaryotes, these tethers are mediated by

interactions between ER-localized MFN2 with MFN2 and MFN1 in the

mitochondrial outer membrane. These tight interactions facilitate the

transfer of metabolites between the two organelles (Figure I).

Transfer of Ca2+ between the ER and mitochondria is a major

function for ER–mitochondrial contacts and is carried out through the

IP3R and VDAC transporters localized to the ER and mitochondria

outer membranes, respectively (see [1–3]). These channels form a

tight interaction stabilized by the cytosolic isoform of the mitochon-

drial HSP70 chaperone HSPA9/GRP75/mortalin. Ca2+ is imported into

the mitochondrial matrix through the high-capacity, low-affinity

mitochondrial Ca2+ uniporter (MCU). The close physical proximity

between these various Ca2+ transporters at ER–mitochondrial con-

tacts increases local Ca2+ concentration to levels sufficient to drive

import through MCU into the mitochondrial matrix.

Flux of Ca2+ through the ER–mitochondrial contacts is highly

regulated by accessory proteins both at the ER and mitochondria

membranes [1–3,6]. ER-localized phosphofurin acidic cluster sorting

protein 2 (PACS2) recruits the chaperone calnexin to the ER luminal

face of MAMs to mediate their formation and stability. The ER Sigma-

1 receptor stabilizes IP3R and promotes protective ER to mitochondria

Ca2+ exchange in response to ER Ca2+ depletion. Alternatively, MCU

regulators including MICU1 and MCUR1 have also been identified to

influence ER–mitochondria Ca2+ transfer and Ca2+-regulated mito-

chondrial activities [1–3,6]. ER–mitochondrial Ca2+ transfer is also

influenced by a truncated isoform of SERCA (S1T) localized to MAMs

that can promote ER Ca2+ leakage and mitochondria Ca2+ overload

associated with cellular death [1–3]. These regulators provide a

significant level of control over ER–mitochondrial Ca2+ transfer,

reflecting the importance of this process in cellular physiology.

Apart from Ca2+, other metabolites including lipids are also

transferred between the ER and mitochondria through ER–mitochon-

drial contacts [1–3]. Lipid biosynthesis enzymes involved in the

synthesis of phospholipids, cholesterol metabolites, and sphingolipids

localize to the ER and mitochondrial membranes. Lipid transfer

between the ER and mitochondria is required for the biosynthesis of

these critical metabolites, including cardiolipin (CL). CL has been shown

to have a variety of essential functions in the mitochondria including

maintaining membrane curvature at cristae tips and providing

structural integrity to both electron transport chain and mitochondrial

import complex components [93–96]. The synthesis of CL involves the

transfer of ER-derived phosphatidic acid to the mitochondrial inner

membrane followed by the action of a cascade of mitochondrial

enzymes including cardiolipin synthase (CLS). Thus, maintaining ER–

mitochondrial contacts is critical for the proper synthesis of essential

lipids, such as CL, and for maintaining normal mitochondrial function

and cellular physiology.
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Figure I. Illustration of the components and interactions of proteins localized to

ER–mitochondrial contacts. The colored proteins represent core components of

ER–mitochondrial contacts required for organelle tethering (MFN2 and MFN1) or

Ca2+ transfer between these organelles (IP3R, VDAC, MCU, and HSPA9). The

white proteins are regulatory factors that influence the Ca2+ signaling through

ER–mitochondrial contacts. Abbreviations: ER, endoplasmic reticulum; MFN,

Mitofusin; IP3R, inositol trisphosphate receptor; VDAC, voltage-dependent anion-

selective channel; MCU, mitochondrial Ca2+ uniporter.
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in ER–mitochondrial Ca2+ transfer has been proposed to
contribute to the pathophysiology of T2D where increased
cytosolic calcium leads to aberrant insulin signaling in the
pancreas and disrupted routine metabolic functions (e.g.,
gluconeogenesis) in the liver [13]. Increased activation of
TOR signaling has also been linked to the development of
metabolic disease [14]. Interestingly, in addition to pro-
moting a diabetic phenotype, ablation of tuberous sclerosis
complex (TSC), a suppressor of TOR activity, also induces
chronic ER stress. Alleviation of this ER stress reestab-
lishes insulin sensitivity even in the background of sus-
tained TOR activation suggesting that chronic UPR
activation has detrimental metabolic consequences [15].

ER stress and mitochondrial dysfunction are also intri-
cately linked in the pathology of other diseases including
a1-antitrypsin deficiency [16,17], cardiovascular disorders
[18,19], and neurodegenerative diseases such as Alzhei-
mer’s disease [20,21], Parkinson’s disease [22,23], and
amyotrophic lateral sclerosis [24,25]. Despite the patho-
logic relationship between ER stress and mitochondrial
dysfunction in these diseases, the specific contributions of
altered ER–mitochondrial communication in disease path-
ogenesis are only beginning to come to light. For example,
2

familial Alzheimer’s disease is associated with mutations
in presenilins 1 and 2 (PS1 and PS2), which are involved in
the generation of the toxic Amyloid b (Ab) peptide [20,21].
PS1 and PS2 are enriched in a subcompartment of the ER
physically associated with mitochondria called mitochon-
drial-associated ER membranes (MAMs) and appears to be
involved in coordinating ER–mitochondrial Ca2+ and lipid
transfer, suggesting that these mutations could directly
contribute to disease pathogenesis through alterations in
ER–mitochondrial signaling [20,21,26–29]. These data
suggest that dysregulation of ER–mitochondrial signaling
could broadly contribute to the pathogenesis of human
diseases with diverse etiologies. Therefore, the possibility
of intervening in the transfer of chronic ER stress to
mitochondria could be a promising avenue for therapeutic
development for many of the debilitating diseases men-
tioned above.

The PERK signaling pathway of the UPR regulates
mitochondrial function during ER stress
The predominant stress-responsive signaling pathway
that regulates cellular physiology during ER stress is
the UPR (reviewed in [30–32]). The UPR consists of three
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integrated signaling pathways activated downstream of
the transmembrane ER stress sensor proteins inositol
requiring enzyme 1 (IRE1), activating transcription factor
6 (ATF6), and PERK. ER stress-dependent activation of
these pathways protect essential ER activities and relieve
ER stress through transient translational attenuation and
the transcriptional upregulation of stress-responsive genes
primarily involved in the regulation of ER protein homeo-
stasis (or proteostasis). Although ATF6 and IRE1 primari-
ly function to regulate ER proteostasis and function [30–
32], it is becoming increasingly apparent that, in addition
to its role in regulating ER proteostasis, the PERK arm of
the UPR also has an important role in regulating mito-
chondrial proteostasis and function during conditions of
ER stress.

PERK activation influences cellular physiology during ER

stress through translational attenuation and

transcriptional signaling

PERK signaling is initiated in response to ER stress by the
dissociation of the ER heat shock protein 70 (HSP70)
chaperone binding immunoglobulin protein (BiP) from
the PERK sensing domain localized to the ER lumen
(Figure 1) [30–32]. Dissociation of BiP leads to the activa-
tion of PERK through a mechanism involving PERK di-
merization and autophosphorylation of the cytosolic PERK
kinase domain. The active, phosphorylated PERK kinase
selectively phosphorylates the serine 51 residue of the a

subunit of eukaryotic initiation factor 2 (eIF2a) [33]. This
phosphorylation inhibits the activity of the eIF2B GTP
exchange factor involved in ribosomal translation initia-
tion [34,35]. Thus, the initial impact of PERK on cellular
physiology is a global attenuation of new protein synthesis
that reduces the folding load of newly synthesized proteins
entering the ER lumen, freeing ER proteostasis factors to
alleviate the toxic accumulation of malfolded proteins
within the ER lumen.

Interestingly, eIF2a phosphorylation also results in the
activation of stress-responsive proteins. Transcripts of
these proteins are selectively translated during conditions
of eIF2a phosphorylation through a mechanism depen-
dent on upstream open reading frames (uORFs) in their
mRNA [34,35]. One of the predominant genes translated
downstream of PERK-dependent eIF2a phosphorylation
is the stress-responsive transcription factor ATF4 [9,36].
ATF4 induces the expression of a variety of stress-respon-
sive genes involved in critical biologic processes including
cellular redox maintenance, amino acid biosynthesis, and
other stress-responsive transcription factors including the
C/EBP homologous protein (CHOP/GADD153) [9,36].
CHOP in turn is involved in the induction of additional
stress-responsive genes including ER oxidase 1 (ERO1)
and the protein phosphatase 1 (PP1) regulatory subunit
GADD34/PPP1R15A [37–39], which dephosphorylates
eIF2a and restores translational integrity in a well-
established negative feedback loop of PERK signaling
[40,41]. Additionally, in response to chronic ER stress
and subsequent PERK activation, high levels of CHOP
can also promote activation of intrinsic apoptotic signaling
pathways (discussed below). Thus, through this dual
prosurvival/proapoptotic signaling mechanism, PERK
serves as a critical regulator of cellular fate during condi-
tions of ER stress. Importantly, whereas ER stress induces
eIF2a phosphorylation through PERK, other eIF2a

kinases such as PKR (interferon-induced, double-strand-
ed RNA-activated protein kinase), GCN2 (general control
nonderepressible 2), and HRI (heme-regulated inhibitor)
induce eIF2a phosphorylation in response to other cellular
insults including viral infection, nutrient deprivation,
heme deficiency, and oxidative stress [35,42].

PERK coordinates ER–mitochondrial activities in the

presence and absence of ER stress

PERK is intimately involved in defining ER–mitochondrial
interorganellar signaling. PERK is enriched in MAMs (the
subcompartment of the ER that interacts with mitochon-
dria), localizing this ER stress sensor to ER–mitochondrial
contact sites [43,44] (Box 1). PERK has been proposed to
interact with the mitochondrial tethering protein Mitofusin-
2 (MFN2), indicating that PERK may stabilize ER–
mitochondrial contacts [45]. Consistent with this prediction,
genetic depletion of PERK disturbs ER morphology and
reduces the number of ER–mitochondrial contacts [43].
Furthermore, PERK depletion in MFN2–/– mouse embryon-
ic fibroblasts (MEFs) reduces ROS, normalizes mitochon-
drial respiration, and improves mitochondrial morphology
[45]. These results suggest a functional interaction between
MFN2 and PERK involved in dictating ER–mitochondrial
contacts, although the underlying physical relationship
between these proteins requires further characterization.
The stabilizing effects of PERK on ER–mitochondrial inter-
actions appear to be dependent on the PERK cytosolic
kinase domain as overexpression of PERK lacking this
domain does not rescue defects in ER–mitochondrial con-
tacts [43]. By contrast, overexpression of a kinase dead
PERK restored ER–mitochondrial contacts to levels similar
to those observed in wild type cells [43]. This indicates that
stabilization of ER–mitochondrial contacts afforded by
PERK is likely to be structural in nature and not dependent
on canonical PERK signaling through eIF2a.

Apart from the structural role for PERK in stabilizing
ER–mitochondrial contacts, cells deficient in PERK signal-
ing have defects in mitochondrial functions. PERK-
deficient cells show defects in regulating electron transport
chain activity reflected by increased basal and maximal
respiration [45]. They also show perturbed responses to ER
stress including an abnormal increase in ROS and defects
in mtDNA biogenesis [8–10]. The regulation of intrinsic
apoptosis is also impaired in PERK-deficient cells.
PERK–/– cells are hypersensitized to apoptosis induced
by the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA)
inhibitor thapsigargin or the inhibitor of N-linked glyco-
sylation tunicamycin [39,43,46], while these same cells are
more resistant to apoptosis induced by ER-derived ROS
[43]. Disrupting downstream PERK signaling also sensi-
tizes mitochondria to stress in vivo. For example, condi-
tional knockin of the nonphosphorylatable serine 51 to
alanine (S51A) eIF2a mutant (eIF2aS51A; a mutant resis-
tant to ER stress-induced, PERK-dependent eIF2a phos-
phorylation [33]; Figure 1) into the pancreas leads to
mitochondrial damage in pancreatic b cells – a cell type
highly dependent on UPR signaling due to maintain high
3
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Figure 1. PERK-dependent signaling through eIF2a phosphorylation. In response to ER stress, the ER Hsp70 chaperone BiP dissociates from PERK, inducing PERK

autophosphorylation and dimerization (step 1). Active PERK selectively phosphorylates the a subunit of eIF2 (eIF2a) (step 2). Phosphorylated eIF2a inhibits the eIF2B GTP

exchange factor, resulting in global translation attenuation (step 3). This results in the downstream degradation of the core TIM23 subunit Tim17A and reduced

mitochondrial protein import. Alternatively, certain stress-responsive genes such as the transcription factor ATF4 are selectively translated during conditions of eIF2a

phosphorylation through upstream open reading frames (uORFs) localized to the 50 UTR, allowing synthesis of these proteins during stress (step 4). Active ATF4 induces

expression of cellular proteostasis genes involved in cellular redox and amino acid biosynthesis, as well as additional stress-responsive transcription factors such as CHOP

(step 5). CHOP in turn is involved in the induction of additional stress-responsive genes including ER oxidase 1 (ERO1), the protein phosphatase 1 (PP1) regulatory subunit

GADD34 and cell death factors (step 6). This pathway is repressed through dephosphorylation of eIF2a through the activity of PP1 mediated by the constitutively expressed

regulatory subunit CReP/PPP1R15B or the stress-induced regulatory subunit GADD34/PPP1R15A (step 7). Mitochondrial quality control factors including LON, HSPA9, and

PARKIN are also transcriptionally induced during ER stress through PERK-dependent ATF4 activation, although the specific downstream transcription factors required for

their transcription are currently undefined. Adapted from [30]. Abbreviations: PERK, protein kinase RNA (PKR)-like endoplasmic reticulum kinase; ER, endoplasmic

reticulum; Hsp70, heat shock protein 70; BiP, binding immunoglobulin protein; eIF2a, a subunit of eukaryotic initiation factor 2; TIM23, translocase of the inner membrane

23; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein.
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levels of insulin secretion [32]. Furthermore, PERK muta-
tions in humans have been suggested to induce hepatic
mitochondrial dysfunctions associated with the rare dis-
ease Wolcott–Rallison syndrome, although this genetic
relationship requires further study [47,48].

Altered PERK activity contributes to the pathogenesis of

metabolic diseases

ER and mitochondria in specialized tissues such as the
pancreatic islets and liver are critical for maintaining
4

glucose and lipid homeostasis in organisms. Metabolic
disease states such as T2D and obesity have been clearly
linked to both ER and mitochondria dysfunction. Although
cellular studies have suggested a protective role for the
PERK arm of UPR in the acute phase of ER stress, sus-
tained activation of PERK is detrimental, promoting apo-
ptosis and tissue inflammation [49]. In chronic metabolic
disease such as diabetes associated with obesity, sustained
activation of PERK may overwhelm the ability of cells
to restore homeostasis and favor pathogenesis. For
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example in diabetic ob/ob mice, ER stress appears to
promote diabetic pathology including insulin insensitivity
and glucose intolerance. Chemical chaperones such as
4-phenylbutyric acid (4-PBA) or tauroursodeoxycholic acid
(TUDCA) alleviate ER stress by facilitating the folding of
proteins in the ER. Administration of these molecules
attenuates UPR signaling and restores metabolic homeo-
stasis [50]. Further supporting a role for dysfunction in
ER–mitochondrial communication in the pathology of met-
abolic disease, ablation of MFN2 in liver or skeletal muscle
likewise leads to diabetic phenotypes. These are associated
with sustained PERK activation and mishandling of glu-
cose in these tissues [51]. Cell based studies suggest that
suppression of PERK signaling either by knockdown of
PERK or alleviating ER stress improve the metabolic
disruptions in MFN2–/– cells [45]. These data suggest that
although typical transient UPR signaling may be beneficial
in resolving ER stress and preserving mitochondrial func-
tion, sustained activation of the UPR can promote patho-
physiologic changes in metabolism and disease.

The above results suggest that PERK has a protective
role in regulating mitochondrial function in the presence or
absence of ER stress. Despite this evidence, it is difficult to
determine whether the mitochondrial defects in PERK-
deficient cells reflect a decreased capacity for PERK to
directly regulate mitochondrial function or an indirect
consequence of aberrant PERK signaling that impair mi-
tochondrial function. Regardless, new results are emerging
that highlight a protective role for PERK in regulating
mitochondrial proteostasis and function in response to
acute ER stress, which are discussed below.

The regulation of mitochondrial quality control through
PERK signaling
Mitochondrial quality control pathways regulate mitochon-
drial proteostasis during stress to prevent the accumulation
of misfolded proteins that can lead to mitochondrial
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their proteome on three distinct organizational levels: mo-
lecular, organellar, and cellular fate via apoptosis [52,53].
The capacity to differentially influence mitochondrial pro-
teostasis through these pathways provides a mechanism
to sensitively regulate mitochondrial integrity in response
to the diverse extents and types of cellular insults encoun-
tered in human physiology. As discussed below, PERK
directly influences mitochondrial quality control at each
organizational level, suggesting that PERK signaling is a
primary mechanism for regulating mitochondria proteosta-
sis and function during ER stress (Figure 2).

PERK-dependent regulation of molecular quality control

pathways

In response to moderate levels of stress, mitochondrial
proteostasis is maintained by a network of quality control
factors involved in mitochondrial protein import, folding,
and proteolytic pathways (Box 2). PERK affects the com-
position and activity of these pathways through both tran-
scriptional and post-translational mechanisms, directly
increasing cellular capacity to protect the mitochondrial
proteome from damage that can occur in response to ER
stress (e.g., increased ROS).

PERK activation induces the downstream expression of
mitochondrial quality control factors such as the matrix-
localized AAA+ quality control protease LON during ER
stress [9,37,54] (Figure 1). Although the specific transcrip-
tion factors required for the increased expression of LON
remain to be identified, this process requires the activity of
the PERK-regulated transcription factor ATF4 [54]. LON
is a critical regulator of mitochondrial proteostasis that
functions in many aspects of mitochondrial biology includ-
ing the degradation of oxidatively damaged mitochondrial
proteins [55–57], the assembly of electron transport chain
complex IV [54,58], and the regulation of mtDNA tran-
scription and replication through the degradation of the
nellar
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nellar, and cellular level. In response to increasing levels of stress, cells regulate

ontrol pathways. PERK activity directly influences each of these levels of quality

 control pathways through the transcriptional induction of mitochondrial proteases

ion factor ATF4. PERK activation also adapts mitochondrial protein import activity

derate levels of ER stress, PERK influences mitochondrial quality control on the

ation of ER–mitochondrial interactions through the transcriptional upregulation of

itochondrial-derived intrinsic apoptotic signaling through both transcriptional and

ytochrome c release, and caspase activation. Abbreviations: PERK, protein kinase

locase of the inner membrane 23; ATF4, activating transcription factor 4.
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Box 2. Molecular mitochondrial quality control pathways

The vast majority of the mitochondrial proteome is encoded by the

nuclear genome. These proteins are synthesized on cytosolic ribo-

somes and are directed to mitochondria by mitochondrial-targeting

sequences (MTS) localized to the N terminus or internally within the

polypeptide sequence (reviewed in [60,71]). These targeting se-

quences direct nuclear-encoded mitochondrial proteins to the translo-

case of the outer mitochondrial membrane (TOM) complex, which

facilitates translocation across the outer mitochondrial membrane

into the intermembrane space (IMS) (Figure I). In the IMS, polypep-

tides are sorted to specific multisubunit translocases and pathways

that facilitate targeting to different intramitochondrial environments.

For example, the 2/3 of the mitochondrial proteome targeted to the

mitochondrial matrix as soluble proteins or single-pass inner

membrane proteins are directed to the translocase of the inner

membrane 23 (TIM23) by N-terminal targeting sequences. TIM23

facilitates translocation across the inner membrane into the mito-

chondrial matrix in a process dependent on the ATP-dependent

activity of the mitochondrial HSP70 HSPA9/mortalin/Grp75 in the

presequence associated motor (PAM) complex and the electrochemi-

cal gradient across the inner mitochondrial membrane. Once

localized, the N-terminal targeting sequence is removed by mitochon-

drial processing peptidase (MPP), releasing the mature polypeptide to

engage colocalized mitochondrial chaperoning pathways including

the mitochondrial HSP70 chaperoning pathway [HSPA9 (mortalin)/

DNAJA3 (Tid1)/GRPEL1], the HSP60 chaperonin (HSP60/HSP10), and

the mitochondrial HSP90-like chaperone TRAP1 of the mitochondrial

matrix [97]. The interactions with these chaperones and folding

factors facilitate the proper folding of mitochondrial proteins into

their functional conformation. Alternatively, proteins unable to fold

into functional conformations or those that are damaged or misfolded

during stress are degraded by ATP-dependent mitochondrial quality

control proteases localized throughout mitochondria including the

soluble matrix proteins LON and CLPP/CLPX and the inner membrane

proteases AFG3L2 and paraplegin (with active sites directed towards

the mitochondrial matrix) and YME1L (with active sites directed

towards the IMS) [52].

The importance of these quality control pathways is evident, as

mutations in genes encoding many of these quality control factors

including HSP60, SPG7, and AFG3L2 predispose individuals to

numerous diseases including many neurodegenerative disorders

[53]. Furthermore, the expression of these proteins is highly regulated

during stress through stress-responsive signaling pathways such as

the mitochondrial unfolded protein response (UPRmt) – a stress-

responsive signaling pathway that induces mitochondrial proteosta-

sis genes following mitochondrial matrix stress [73]. Thus, through

the activity of these mitochondrial proteostasis pathways and through

their regulation by stress-responsive signaling pathways such as the

UPRmt and the PERK arm of the UPR mitochondrial proteostasis is

maintained in response to a wide range of pathologic insults,

preventing the aberrant accumulation of misfolded proteins within

mitochondria that can disrupt mitochondrial function.
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Figure I. Illustration showing the molecular pathways responsible for the import,

folding, and proteolysis of nuclear-encoded mitochondrial proteins targeted to

the mitochondrial matrix. Mitochondrial matrix-targeted proteins and single-

pass inner membrane proteins are directed to the TOM–TIM23 import pathway

for translocation across the outer and inner mitochondrial membranes in a

mechanism dependent on the ATPase activity of HSPA9 in the PAM complex and

the electrochemical gradient across the outer and inner mitochondrial

membranes. Following translocation, the N-terminal targeting sequence is

removed by MPP, releasing the mature polypeptide to interact with

mitochondrial chaperones that facilitate folding into a functional conformation.

Proteins unable to fold or those unable to maintain their folded conformation are

degraded by the activity of mitochondrial quality control proteases.

Abbreviations: TOM, translocase of the outer membrane; TIM23, translocase of

the inner membrane 23; MPP, mitochondrial processing peptidase; PAM,

presequence associated motor.
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mitochondrial transcription factor TFAM [59]. Overex-
pression of LON and LON variants has been shown to
prevent mitochondrial dysfunction in response to Brefeldin
A-induced ER stress [54], suggesting that PERK-depen-
dent increases in LON protect the mitochondrial proteome
during ER stress.

Other mitochondrial quality control factors such as the
HSP70 ATP-dependent chaperone HSPA9/GRP75/morta-
lin are also induced downstream of PERK during ER stress
through a mechanism dependent on ATF4 [9,54] (Figure 1).
HSPA9 is involved in several protective mitochondrial
proteostasis functions including the import of newly syn-
thesized proteins into mitochondria [60,61], the refolding
of misfolded or aggregated proteins within the mitochon-
drial matrix [62], and the cytosolic linking of ER–mito-
6

chondrial contacts through interactions with inositol
trisphosphate receptor (IP3R), a membrane glycoprotein
Ca2+ channel activated by inositol trisphosphate, and volt-
age-dependent anion-selective channel protein 1 (VDAC1),
a major component of the outer mitochondrial membrane
[63]. Again, overexpression of HSPA9 attenuates ROS and
increases cellular viability during ER stress induced by
glucose deprivation, suggesting that PERK-dependent
increases in HSPA9 protect mitochondrial function during
ER stress [64]. Similarly, HSPA9 overexpression attenu-
ates cell toxicity induced by proteotoxic Ab involved in
Alzheimer’s disease [65,66], whereas HSPA9 knockdown
sensitizes cells to Ab toxicity [65,67]. The importance for
HSPA9 regulation is also evident in vivo, where alterations
in HSPA9 post-translational modifications and/or protein
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levels have been found in patients with neurodegenerative
disorders such as Parkinson’s disease and Alzheimer’s
disease [68].

PERK also influences mitochondrial proteostasis
through translational attenuation. The core Tim17A sub-
unit of the translocase of the inner membrane 23 (TIM23)
import complex is selectively degraded following transla-
tional attenuation induced by eIF2a phosphorylation [69].
TIM23 is responsible for importing mitochondrial proteins
across the inner mitochondria membrane (Box 2). Adapt-
ing TIM23-dependent import, such as through Tim17A
degradation, has been proposed to promote mitochondrial
proteostasis through multiple mechanisms [69]. Reduced
TIM23 import will decrease mitochondrial accumulation of
newly synthesized, unfolded proteins that challenge mito-
chondrial proteostasis pathways, reducing the folding load
on mitochondrial chaperones and proteases and freeing
these factors to protect the integrity of the established
mitochondrial proteome – a protective mechanism similar
to that afforded to the ER environment by PERK-depen-
dent translational attenuation. Adapting TIM23 subunit
composition could also alter the selectivity of mitochondri-
al protein import, providing a mechanism to directly adapt
mitochondrial proteome composition and function during
ER stress, a mechanism similar to that mediated by post-
translational phosphorylation of the translocase of the
outer membrane (TOM) [70,71]. Finally, attenuation of
TIM23-dependent import provides a mechanism for the
activation of stress-responsive transcription factors such
as the mammalian homolog of Caenorhabditis elegans
ATFS-1 (activating transcription factor associated with
stress-1) – a transcription factor involved in the upregula-
tion of mitochondrial proteostasis genes whose activation
requires stress-dependent reductions in mitochondrial pro-
tein import [72,73].

The capacity for PERK to regulate mitochondrial pro-
teostasis pathways during ER stress displays distinct
parallels to the role for the UPR in regulating ER proteos-
tasis pathways involved in ER protein folding, trafficking,
and degradation. These results demonstrate an emerging
role for UPR signaling in coordinating the regulation of ER
and mitochondrial environments during ER stress through
PERK signaling. Similarly, other eIF2a kinases have also
been shown to influence mitochondrial quality control in
response to stresses including inflammation, mitochondrial
dysfunction, and lipotoxicity [74–76]. This indicates that
eIF2a phosphorylation is a general mechanism to protect
mitochondria during conditions of stress. As new transcrip-
tional and proteomic approaches are being applied to study
the impact of stress on cellular physiology, additional mito-
chondrial proteostasis factors will likely be identified to be
transcriptionally or post-translationally regulated through
PERK or other eIF2a kinases, further defining the intricate
role for this pathway in regulating mitochondria proteos-
tasis environments in response to pathologic insults.

PERK-dependent regulation of organellar quality control

Global mitochondrial dysfunction induced by stress can be
further corrected through organellar quality control path-
ways involved in mitochondrial fusion and fission process-
es (reviewed in [77,78]). Mitochondrial fusion can rescue
global defects in specific mitochondrial pathways (e.g.,
electron transport chain) through content mixing, allowing
restoration of pathway integrity in the absence of new
protein synthesis. Mitochondrial fusion proteins can also
promote protective interactions with other organelles such
as the ER, facilitating the exchange of metabolites that can
stimulate mitochondria function. Alternatively, mitochon-
drial fission allows cells to segregate dysfunctional mito-
chondria (often identified by depolarization of the
mitochondrial membrane). Once segregated, these mito-
chondria can be targeted to organellar degradation by the
lysosome in a process referred to as mitophagy.

Above, we discuss the structural role for PERK in
stabilizing ER–mitochondrial contacts, reflecting a protec-
tive role for PERK in mitochondrial organellar quality
control. During ER stress, PERK signaling can also regu-
late organellar mitochondrial quality control through the
transcriptional upregulation of the E3 ligase Parkin
through the downstream activation of the PERK-regulated
transcription factor ATF4 [79,80]. Parkin overexpression
increases ER–mitochondrial interactions favoring interor-
ganellar Ca2+ exchange and mitochondrial bioenergetics
[81]. Conversely, depletion of Parkin decreases ER–mito-
chondrial contacts, indicating a defect in ER–mitochondri-
al tethering [81]. Parkin overexpression also attenuates
ER stress-induced cell death, suggesting a protective role
for PERK-dependent Parkin induction [79–82]. Parkin has
many functions that could be protective during ER stress
including the ubiquitination of specific substrates to target
them to proteasomal degradation, removal of damaged
mitochondria through mitophagy, and nondegradative
functions that promote cellular physiology during stress
[83]. Although the specific contributions of PERK-depen-
dent increases in Parkin expression on ER–mitochondrial
or mitochondrial organellar quality control remain to be
further established, the capacity for cells to increase Par-
kin during conditions of ER stress provides an additional
level of mitochondrial quality control to promote mitochon-
dria proteostasis and function.

PERK-dependent regulation of cellular fate

In response to cellular insults too severe to be corrected by
adaptive responses such as those described above, cellular
quality control pathways initiate apoptotic signaling and
programmed cell death (reviewed in [7,84]). Severe ER
stress has been connected to multiple cell death cascades
including calpain activation, caspase-12 activation, and
most prominently mitochondrial initiation of intrinsic ap-
optosis. In this latter process, ER stress leads to MPTP
opening, membrane depolarization, and release of cyto-
chrome c through a mechanism involving oligomerization
of BAX and BAK, the central proapoptotic BCL-2 (B cell
lymphoma 2) family proteins, on the mitochondrial outer
membrane [7,85]. Free cytochrome c in the cytosol induces
formation of the apoptosome, activation of initiator cas-
pase-9, and subsequent activation of the executioners cas-
pase-3/caspase-7 that mediate the cell death program.

The PERK arm of the UPR extensively connects ER
stress to intrinsic apoptosis. Chronic activation of PERK by
sustained ER stress induces high expression of the tran-
scription factor CHOP downstream of ATF4. CHOP–/–
7



Box 3. Outstanding questions

� What are the contributions of ER stress-dependent alterations in

ER–mitochondrial signaling for the pathophysiology of human

diseases?

� What are the molecular factors that interact with PERK at sites

of ER–mitochondrial contact sites and how do they influence

PERK-dependent regulation of mitochondrial function?

� How does PERK-dependent adaptation of mitochondrial quality

control pathways influence mitochondrial proteostasis and func-

tion during conditions of ER stress?

� What are the specific molecular factors that underlie the complex-

ity of mitochondrial-derived apoptotic signaling induced down-

stream of PERK?
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cells show a significant attenuation in ER stress-induced
apoptosis, implicating this transcription factor in ER
stress-induced cellular death [86,87]. CHOP appears to
play multiple roles in apoptosis related to the regulation
of mitochondrial-derived apoptotic signaling. It can drive
the transcription of proapoptotic BCL-2 protein family
members such as BiM (BCL-2 interacting mediator of cell
death) and PUMA (p53 upregulated modulator of apopto-
sis) and repress production of the prosurvival BCL-2 pro-
tein thus favoring the oligomerization of BAX/BAK at the
mitochondrial outer membrane [88,89]; however, this is
not observed in all cells suggesting cell type-specific sig-
naling [37]. In addition, translational attenuation induced
by PERK suppresses the activity of prosurvival MCL-1 due
to its short half-life compounding the promotion of proa-
poptotic signaling induced by CHOP [90]. Similarly,
PERK-dependent translational attenuation and ATF4 ac-
tivation decreases levels of prosurvival X-linked inhibitors
of apoptosis (XIAP), which directly inhibits caspase activi-
ty [91]. CHOP-dependent expression of other target genes
including GADD34 and ERO1 have also been proposed to
induce apoptosis through increased ROS [92]. CHOP has
also been suggested to promote the expression of ATF5,
which can enhance apoptotic signaling through the in-
creased expression of NOXA, a proapoptotic BCL-2 family
protein that promotes BAX/BAK-dependent apoptosis [39].
Finally, the coactivation of ATF4 and CHOP downstream
of PERK is suggested to influence cell survival by increas-
ing protein synthesis, leading to increases in ROS and
depleting ATP to trigger apoptotic signaling [37].

Despite the heavy focus on CHOP, overexpression of
CHOP alone is insufficient to induce apoptosis, indicating
that other mechanisms must similarly contribute to PERK-
dependent apoptotic signaling [37]. This could be, in part,
attributed to contributions of other UPR signaling path-
ways, such as the IRE1-dependent recruitment of tumor
necrosis factor receptor-associated factor 2 (TRAF2) and
induction of c-Jun N-terminal kinase (JNK) signaling
(reviewed in [7,84]). The inherent complexity of UPR-
mediated apoptotic signaling likely reflects the requirement
for multiple checks and balances when defining cellular fate
following pathologic insults that induce ER stress; such a
level of redundancy results from the dual nature of the UPR
in dictating prosurvival and proapoptotic signaling in
response to ER stress. Additionally, different cells likely
depend on distinct pathways to influence ER stress-induced
cellular death through direct modulation of mitochondrial
effectors (e.g., BAK/BAX oligomerization) or through post-
translational regulation of proapoptotic signals such as Ca2+

mobilization and ROS. Ultimately, this level of complexity
underscores the importance of ER–mitochondrial coordina-
tion and PERK signaling in dictating cell fate decisions in
response to pathologic insults that induce ER stress.

Concluding remarks and future perspectives
The study of ER–mitochondrial contacts and the regula-
tory pathways that coordinate their interorganellar func-
tions is in its infancy. Despite significant progress in
the past 5 years, we are only beginning to understand
the critical regulatory role of signaling pathways in
coordinating ER–mitochondrial function in the context
8

of cellular stress. Here, we describe our current under-
standing of the contributions of PERK and PERK-
regulated signaling on ER–mitochondrial communica-
tion and the regulation of mitochondrial proteostasis.
These results demonstrate the capacity for PERK to
coordinate ER and mitochondrial function in response
to ER stress as part of the global UPR. In addition to the
questions brought up in the context of this review (Box 3),
new exciting questions are emerging as ongoing research
efforts define the molecular mechanisms by which stress-
responsive signaling pathways such as those regulated
by PERK influence mitochondrial proteostasis and func-
tion. For example, does PERK signaling intersect with
other stress-responsive signaling pathways involved
in regulating mitochondrial proteostasis and function
during stress (e.g., other arms of the ER UPR or the
mitochondrial UPR)? Do other stress-responsive eIF2a

kinases similarly influence mitochondrial proteostasis
and function in response to non-ER stress based cellular
insults (e.g., nutrient deprivation, oxidative stress, viral
infection)? Is there a therapeutic opportunity to attenu-
ate mitochondrial dysfunction in human disease by
targeting adaptive PERK signaling pathways that
promote mitochondrial proteostasis and function or in
suppressing chronic signaling that may promote pathol-
ogy? These are just a few examples of the exciting
questions that make the study of UPR-dependent regu-
lation of mitochondrial function an exciting area for
future research.

Acknowledgments
We apologize to all of the researchers whose work we were unable to
reference owing to space limitations. We thank Cole Haynes (Memorial
Sloan Kettering Cancer Center, MSKCC) and Jonathan Lin (The
University of California, San Diego, UCSD) for comments on this
manuscript. This work was funded by the Ellison Medical Foundation
and Arnold and Arlene Goldstein.

References
1 de Brito, O.M. and Scorrano, L. (2010) An intimate liaison: spatial

organization of the endoplasmic reticulum–mitochondria relationship.
EMBO J. 29, 2715–2723

2 Kornmann, B. (2013) The molecular hug between the ER and the
mitochondria. Curr. Opin. Cell Biol. 25, 443–448

3 van Vliet, A. et al. (2014) New functions of mitochondria associated
membranes in cellular signaling. Biochim. Biophys. Acta http://
dx.doi.org/10.1016/j.bbamcr.2014.03.009

4 Bravo, R. et al. (2011) Increased ER–mitochondrial coupling promotes
mitochondrial respiration and bioenergetics during early phases of ER
stress. J. Cell Sci. 124, 2143–2152

http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0005
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0005
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0005
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0010
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0010
http://dx.doi.org/10.1016/j.bbamcr.2014.03.009
http://dx.doi.org/10.1016/j.bbamcr.2014.03.009
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0020
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0020
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0020


Review Trends in Endocrinology and Metabolism xxx xxxx, Vol. xxx, No. x

TEM-969; No. of Pages 10
5 Koo, H.J. et al. (2012) Endoplasmic reticulum stress impairs insulin
signaling through mitochondrial damage in SH-SY5Y cells.
Neurosignals 20, 265–280

6 Rizzuto, R. et al. (2012) Mitochondria as sensors and regulators of
calcium signalling. Nat. Rev. Mol. Cell Biol. 13, 566–578

7 Urra, H. et al. (2013) When ER stress reaches a dead end. Biochim.
Biophys. Acta 1833, 3507–3517

8 Zheng, M. et al. (2012) Sensing endoplasmic reticulum stress by protein
kinase RNA-like endoplasmic reticulum kinase promotes adaptive
mitochondrial DNA biogenesis and cell survival via heme
oxygenase-1/carbon monoxide activity. FASEB J. 26, 2558–2568

9 Harding, H.P. et al. (2003) An integrated stress response regulates
amino acid metabolism and resistance to oxidative stress. Mol. Cell 11,
619–633

10 Cullinan, S.B. and Diehl, J.A. (2004) PERK-dependent activation of
Nrf2 contributes to redox homeostasis and cell survival following
endoplasmic reticulum stress. J. Biol. Chem. 279, 20108–20117

11 Gentile, C.L. et al. (2011) Fatty acids and the endoplasmic reticulum in
nonalcoholic fatty liver disease. Biofactors 37, 8–16

12 Lee, J. and Ozcan, U. (2014) Unfolded protein response signaling and
metabolic diseases. J. Biol. Chem. 289, 1203–1211

13 Lim, J.H. et al. (2009) Coupling mitochondrial dysfunction to
endoplasmic reticulum stress response: a molecular mechanism
leading to hepatic insulin resistance. Cell. Signal. 21, 169–177

14 Laplante, M. and Sabatini, D.M. (2012) mTOR signaling in growth
control and disease. Cell 149, 274–293

15 Ozcan, U. et al. (2008) Loss of the tuberous sclerosis complex tumor
suppressors triggers the unfolded protein response to regulate insulin
signaling and apoptosis. Mol. Cell 29, 541–551

16 Perlmutter, D.H. (2011) Alpha-1-antitrypsin deficiency: importance of
proteasomal and autophagic degradative pathways in disposal of liver
disease-associated protein aggregates. Annu. Rev. Med. 62, 333–345

17 Teckman, J.H. (2013) Liver disease in a-1 antitrypsin deficiency:
current understanding and future therapy. COPD 10 (Suppl. 1), 35–43

18 Doroudgar, S. and Glembotski, C.C. (2013) New concepts of
endoplasmic reticulum function in the heart: programmed to
conserve. J. Mol. Cell. Cardiol. 55, 85–91

19 Verdejo, H.E. et al. (2012) Mitochondria, myocardial remodeling, and
cardiovascular disease. Curr. Hypertens. Rep. 14, 532–539

20 De Strooper, B. and Scorrano, L. (2012) Close encounter: mitochondria,
endoplasmic reticulum and Alzheimer’s disease. EMBO J. 31, 4095–
4097

21 Schon, E.A. and Area-Gomez, E. (2013) Mitochondria-associated ER
membranes in Alzheimer disease. Mol. Cell. Neurosci. 55, 26–36

22 Cali, T. et al. (2011) Mitochondria, calcium, and endoplasmic reticulum
stress in Parkinson’s disease. Biofactors 37, 228–240

23 Mercado, G. et al. (2013) An ER centric view of Parkinson’s disease.
Trends Mol. Med. 19, 165–175

24 Prell, T. et al. (2013) Calcium-dependent protein folding in amyotrophic
lateral sclerosis. Cell Calcium 54, 132–143

25 Boillee, S. et al. (2006) ALS: a disease of motor neurons and their
nonneuronal neighbors. Neuron 52, 39–59

26 Area-Gomez, E. et al. (2009) Presenilins are enriched in endoplasmic
reticulum membranes associated with mitochondria. Am. J. Pathol.
175, 1810–1816

27 Area-Gomez, E. et al. (2012) Upregulated function of mitochondria-
associated ER membranes in Alzheimer disease. EMBO J. 31, 4106–
4123

28 Kipanyula, M.J. et al. (2012) Ca2+ dysregulation in neurons from
transgenic mice expressing mutant presenilin 2. Aging Cell 11, 885–
893

29 Zampese, E. et al. (2011) Presenilin 2 modulates endoplasmic
reticulum (ER)–mitochondria interactions and Ca2+ cross-talk. Proc.
Natl. Acad. Sci. U.S.A. 108, 2777–2782

30 Wiseman, R.L. et al. (2010) SnapShot: the unfolded protein response.
Cell 140, 590.e2

31 Walter, P. and Ron, D. (2011) The unfolded protein response: from
stress pathway to homeostatic regulation. Science 334, 1081–1086

32 Wang, S. and Kaufman, R.J. (2012) The impact of the unfolded protein
response on human disease. J. Cell. Biol. 197, 857–867

33 Scheuner, D. et al. (2001) Translational control is required for the
unfolded protein response and in vivo glucose homeostasis. Mol. Cell 7,
1165–1176
34 Hinnebusch, A.G. (2014) The scanning mechanism of eukaryotic
translation initiation. Annu. Rev. Biochem. 83, 779–812

35 Sonenberg, N. and Hinnebusch, A.G. (2009) Regulation of translation
initiation in eukaryotes: mechanisms and biological targets. Cell 136,
731–745

36 Harding, H.P. et al. (2000) Regulated translation initiation controls
stress-induced gene expression in mammalian cells. Mol. Cell 6, 1099–
1108

37 Han, J. et al. (2013) ER-stress-induced transcriptional regulation
increases protein synthesis leading to cell death. Nat. Cell Biol. 15,
481–490

38 Marciniak, S.J. et al. (2004) CHOP induces death by promoting protein
synthesis and oxidation in the stressed endoplasmic reticulum. Genes
Dev. 18, 3066–3077

39 Teske, B.F. et al. (2013) CHOP induces activating transcription factor 5
(ATF5) to trigger apoptosis in response to perturbations in protein
homeostasis. Mol. Biol. Cell 24, 2477–2490

40 Novoa, I. et al. (2001) Feedback inhibition of the unfolded protein
response by GADD34-mediated dephosphorylation of eIF2a. J. Cell.
Biol. 153, 1011–1022

41 Ma, Y. and Hendershot, L.M. (2003) Delineation of a negative feedback
regulatory loop that controls protein translation during endoplasmic
reticulum stress. J. Biol. Chem. 278, 34864–34873

42 Wek, R.C. et al. (2006) Coping with stress: eIF2 kinases and
translational control. Biochem. Soc. Trans. 34, 7–11

43 Verfaillie, T. et al. (2012) PERK is required at the ER–mitochondrial
contact sites to convey apoptosis after ROS-based ER stress. Cell Death
Differ. 19, 1880–1891

44 Liu, Z.W. et al. (2013) Protein kinase RNA-like endoplasmic reticulum
kinase (PERK) signaling pathway plays a major role in reactive oxygen
species (ROS)-mediated endoplasmic reticulum stress-induced
apoptosis in diabetic cardiomyopathy. Cardiovasc. Diabetol. 12, 158

45 Munoz, J.P. et al. (2013) Mfn2 modulates the UPR and mitochondrial
function via repression of PERK. EMBO J. 32, 2348–2361

46 Gupta, S. et al. (2012) NOXA contributes to the sensitivity of PERK-
deficient cells to ER stress. FEBS Lett. 586, 4023–4030

47 Engelmann, G. et al. (2008) Recurrent acute liver failure and
mitochondriopathy in a case of Wolcott–Rallison syndrome. J.
Inherit. Metab. Dis. 31, 540–546

48 Sovik, O. et al. (2008) Wolcott–Rallison syndrome with 3-
hydroxydicarboxylic aciduria and lethal outcome. J. Inherit. Metab.
Dis. 31 (Suppl. 2), S293–S297

49 Hotamisligil, G.S. (2010) Endoplasmic reticulum stress and the
inflammatory basis of metabolic disease. Cell 140, 900–917

50 Ozcan, U. et al. (2006) Chemical chaperones reduce ER stress and
restore glucose homeostasis in a mouse model of type 2 diabetes.
Science 313, 1137–1140

51 Sebastian, D. et al. (2012) Mitofusin 2 (Mfn2) links mitochondrial and
endoplasmic reticulum function with insulin signaling and is essential
for normal glucose homeostasis. Proc. Natl. Acad. Sci. U.S.A. 109,
5523–5528

52 Baker, M.J. et al. (2011) Quality control of mitochondrial proteostasis.
Cold Spring Harb. Perspect. Biol. 3, a007559

53 Rugarli, E.I. and Langer, T. (2012) Mitochondrial quality control: a
matter of life and death for neurons. EMBO J. 31, 1336–1349

54 Hori, O. et al. (2002) Transmission of cell stress from endoplasmic
reticulum to mitochondria: enhanced expression of Lon protease. J.
Cell Biol. 157, 1151–1160

55 Bender, T. et al. (2010) The role of protein quality control in
mitochondrial protein homeostasis under oxidative stress.
Proteomics 10, 1426–1443

56 Ngo, J.K. and Davies, K.J. (2009) Mitochondrial Lon protease is a
human stress protein. Free Radic. Biol. Med. 46, 1042–1048

57 Bota, D.A. and Davies, K.J. (2002) Lon protease preferentially
degrades oxidized mitochondrial aconitase by an ATP-stimulated
mechanism. Nat. Cell Biol. 4, 674–680

58 Fukuda, R. et al. (2007) HIF-1 regulates cytochrome oxidase
subunits to optimize efficiency of respiration in hypoxic cells. Cell
129, 111–122

59 Matsushima, Y. et al. (2010) Mitochondrial Lon protease regulates
mitochondrial DNA copy number and transcription by selective
degradation of mitochondrial transcription factor A (TFAM). Proc.
Natl. Acad. Sci. U.S.A. 107, 18410–18415
9

http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0025
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0025
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0025
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0030
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0030
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0035
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0035
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0040
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0040
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0040
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0040
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0045
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0045
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0045
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0050
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0050
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0050
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0055
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0055
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0060
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0060
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0065
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0065
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0065
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0070
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0070
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0075
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0075
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0075
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0080
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0080
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0080
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0085
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0085
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0090
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0090
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0090
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0095
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0095
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0100
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0100
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0100
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0105
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0105
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0110
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0110
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0115
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0115
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0120
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0120
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0125
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0125
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0130
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0130
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0130
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0135
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0135
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0135
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0140
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0140
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0140
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0140
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0145
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0145
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0145
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0145
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0150
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0150
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0155
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0155
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0160
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0160
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0165
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0165
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0165
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0170
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0170
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0175
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0175
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0175
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0180
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0180
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0180
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0185
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0185
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0185
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0190
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0190
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0190
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0195
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0195
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0195
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0200
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0200
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0200
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0205
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0205
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0205
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0210
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0210
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0215
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0215
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0215
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0220
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0220
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0220
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0220
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0225
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0225
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0230
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0230
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0235
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0235
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0235
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0240
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0240
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0240
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0245
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0245
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0250
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0250
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0250
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0255
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0255
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0255
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0255
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0260
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0260
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0265
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0265
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0270
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0270
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0270
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0275
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0275
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0275
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0280
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0280
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0285
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0285
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0285
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0290
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0290
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0290
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0295
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0295
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0295
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0295


Review Trends in Endocrinology and Metabolism xxx xxxx, Vol. xxx, No. x

TEM-969; No. of Pages 10
60 Schmidt, O. et al. (2010) Mitochondrial protein import: from
proteomics to functional mechanisms. Nat. Rev. Mol. Cell Biol. 11,
655–667

61 Chacinska, A. et al. (2009) Importing mitochondrial proteins:
machineries and mechanisms. Cell 138, 628–644

62 Iosefson, O. et al. (2012) Reactivation of protein aggregates by mortalin
and Tid1 – the human mitochondrial Hsp70 chaperone system. Cell
Stress Chaperones 17, 57–66

63 Szabadkai, G. et al. (2006) Chaperone-mediated coupling of
endoplasmic reticulum and mitochondrial Ca2+ channels. J. Cell
Biol. 175, 901–911

64 Liu, Y. et al. (2005) Effect of GRP75/mthsp70/PBP74/mortalin
overexpression on intracellular ATP level, mitochondrial membrane
potential and ROS accumulation following glucose deprivation in PC12
cells. Mol. Cell Biochem. 268, 45–51

65 Qu, M. et al. (2011) Mortalin overexpression attenuates b-amyloid-
induced neurotoxicity in SH-SY5Y cells. Brain Res. 1368, 336–345

66 Qu, M. et al. (2012) Inhibition of mitochondrial permeability transition
pore opening is involved in the protective effects of mortalin
overexpression against b-amyloid-induced apoptosis in SH-SY5Y
cells. Neurosci. Res. 72, 94–102

67 Park, S.J. et al. (2014) Down-regulation of mortalin exacerbates Ab-
mediated mitochondrial fragmentation and dysfunction. J. Biol. Chem.
289, 2195–2204

68 Kaul, S.C. et al. (2007) Three faces of mortalin: a housekeeper,
guardian and killer. Exp. Gerontol. 42, 263–274

69 Rainbolt, T.K. et al. (2013) Stress-regulated translational attenuation
adapts mitochondrial protein import through Tim17A degradation.
Cell Metab. 18, 908–919

70 Schmidt, O. et al. (2011) Regulation of mitochondrial protein import by
cytosolic kinases. Cell 144, 227–239

71 Harbauer, A.B. et al. (2014) The protein import machinery of
mitochondria – a regulatory hub in metabolism, stress, and disease.
Cell Metab. 19, 357–372

72 Nargund, A.M. et al. (2012) Mitochondrial import efficiency of ATFS-1
regulates mitochondrial UPR activation. Science 337, 587–590

73 Haynes, C.M. et al. (2013) Evaluating and responding to mitochondrial
dysfunction: the mitochondrial unfolded-protein response and beyond.
Trends Cell Biol. 23, 311–318

74 Baker, B.M. et al. (2012) Protective coupling of mitochondrial function
and protein synthesis via the eIF2a kinase GCN-2. PLoS Genet. 8,
e1002760

75 Viader, A. et al. (2013) Aberrant Schwann cell lipid metabolism linked
to mitochondrial deficits leads to axon degeneration and neuropathy.
Neuron 77, 886–898

76 Rath, E. et al. (2012) Induction of dsRNA-activated protein kinase links
mitochondrial unfolded protein response to the pathogenesis of
intestinal inflammation. Gut 61, 1269–1278

77 Youle, R.J. and van der Bliek, A.M. (2012) Mitochondrial fission, fusion,
and stress. Science 337, 1062–1065

78 Chan, D.C. (2012) Fusion and fission: interlinked processes critical for
mitochondrial health. Annu. Rev. Genet. 46, 265–287
10
79 Sun, X. et al. (2013) ATF4 protects against neuronal death in cellular
Parkinson’s disease models by maintaining levels of parkin. J.
Neurosci. 33, 2398–2407

80 Bouman, L. et al. (2011) Parkin is transcriptionally regulated by ATF4:
evidence for an interconnection between mitochondrial stress and ER
stress. Cell Death Differ. 18, 769–782

81 Cali, T. et al. (2013) Enhanced parkin levels favor ER–mitochondria
crosstalk and guarantee Ca2+ transfer to sustain cell bioenergetics.
Biochim. Biophys. Acta 1832, 495–508

82 Imai, Y. et al. (2000) Parkin suppresses unfolded protein stress-induced
cell death through its E3 ubiquitin-protein ligase activity. J. Biol.
Chem. 275, 35661–35664

83 Winklhofer, K.F. (2014) Parkin and mitochondrial quality control:
toward assembling the puzzle. Trends Cell Biol. 24, 332–341

84 Tabas, I. and Ron, D. (2011) Integrating the mechanisms of apoptosis
induced by endoplasmic reticulum stress. Nat. Cell Biol. 13, 184–190

85 Brunelle, J.K. and Letai, A. (2009) Control of mitochondrial apoptosis
by the Bcl-2 family. J. Cell Sci. 122, 437–441

86 Zinszner, H. et al. (1998) CHOP is implicated in programmed cell death
in response to impaired function of the endoplasmic reticulum. Genes
Dev. 12, 982–995

87 Oyadomari, S. et al. (2002) Targeted disruption of the Chop gene delays
endoplasmic reticulum stress-mediated diabetes. J. Clin. Invest. 109,
525–532

88 Puthalakath, H. et al. (2007) ER stress triggers apoptosis by activating
BH3-only protein Bim. Cell 129, 1337–1349

89 Reimertz, C. et al. (2003) Gene expression during ER stress-induced
apoptosis in neurons: induction of the BH3-only protein Bbc3/PUMA
and activation of the mitochondrial apoptosis pathway. J. Cell Biol.
162, 587–597

90 Fritsch, R.M. et al. (2007) Translational repression of MCL-1 couples
stress-induced eIF2a phosphorylation to mitochondrial apoptosis
initiation. J. Biol. Chem. 282, 22551–22562

91 Hiramatsu, N. et al. (2014) Translational and posttranslational
regulation of XIAP by eIF2a and ATF4 promotes ER stress-induced
cell death during the unfolded protein response. Mol. Biol. Cell. 25,
1411–1420

92 Song, B. et al. (2008) Chop deletion reduces oxidative stress, improves
beta cell function, and promotes cell survival in multiple mouse models
of diabetes. J. Clin. Invest. 118, 3378–3389

93 Osman, C. et al. (2011) Making heads or tails of phospholipids in
mitochondria. J. Cell Biol. 192, 7–16

94 Shinzawa-Itoh, K. et al. (2007) Structures and physiological roles of 13
integral lipids of bovine heart cytochrome c oxidase. EMBO J. 26,
1713–1725

95 Gebert, N. et al. (2009) Mitochondrial cardiolipin involved in outer-
membrane protein biogenesis: implications for Barth syndrome. Curr.
Biol. 19, 2133–2139

96 Tatsuta, T. et al. (2014) Mitochondrial lipid trafficking. Trends Cell
Biol. 24, 44–52

97 Voos, W. (2013) Chaperone-protease networks in mitochondrial protein
homeostasis. Biochim. Biophys. Acta 1833, 388–399

http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0300
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0300
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0300
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0305
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0305
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0310
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0310
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0310
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0315
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0315
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0315
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0315
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0320
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0320
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0320
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0320
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0325
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0325
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0330
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0330
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0330
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0330
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0335
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0335
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0335
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0340
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0340
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0345
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0345
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0345
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0350
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0350
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0355
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0355
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0355
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0360
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0360
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0365
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0365
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0365
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0370
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0370
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0370
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0375
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0375
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0375
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0380
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0380
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0380
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0385
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0385
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0390
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0390
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0395
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0395
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0395
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0400
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0400
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0400
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0405
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0405
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0405
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0405
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0410
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0410
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0410
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0415
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0415
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0420
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0420
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0425
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0425
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0430
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0430
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0430
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0435
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0435
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0435
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0440
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0440
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0445
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0445
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0445
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0445
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0450
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0450
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0450
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0455
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0455
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0455
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0455
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0460
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0460
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0460
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0465
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0465
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0470
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0470
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0470
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0475
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0475
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0475
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0480
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0480
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0485
http://refhub.elsevier.com/S1043-2760(14)00106-4/sbref0485

	Stress-responsive regulation of mitochondria through the ER unfolded protein response
	ER stress impacts mitochondrial function through interorganellar signaling
	The PERK signaling pathway of the UPR regulates mitochondrial function during ER stress
	PERK activation influences cellular physiology during ER stress through translational attenuation and transcriptional signaling
	PERK coordinates ER-mitochondrial activities in the presence and absence of ER stress
	Altered PERK activity contributes to the pathogenesis of metabolic diseases

	The regulation of mitochondrial quality control through PERK signaling
	PERK-dependent regulation of molecular quality control pathways
	PERK-dependent regulation of organellar quality control
	PERK-dependent regulation of cellular fate

	Concluding remarks and future perspectives
	Acknowledgments
	References


