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Mitochondrial–nuclear communication, known as retrograde signaling, is important for reg-
ulating nuclear gene expression in response to mitochondrial dysfunction. Previously, we
have found that p32/C1qbp-deficient mice, which have a mitochondrial translation defect,
show endoplasmic reticulum (ER) stress response and integrated stress response (ISR)
gene expression in the heart and brain. However, the mechanism by which mitochondrial
translation inhibition elicits these responses is not clear. Among the transcription factors
that respond to mitochondrial stress, activating transcription factor 4 (ATF4) is a key tran-
scription factor in the ISR. Herein, chloramphenicol (CAP), which inhibits mitochondrial
DNA (mtDNA)-encoded protein expression, induced eukaryotic initiation factor 2 α subunit
(eIF2α) phosphorylation and ATF4 induction, leading to ISR gene expression. However, the
expression of the mitochondrial unfolded protein response (mtUPR) genes, which has been
shown in Caenorhabditis elegans, was not induced. Short hairpin RNA-based knockdown of
ATF4 markedly inhibited the CAP-induced ISR gene expression. We also observed by ChIP
analysis that induced ATF4 bound to the promoter region of several ISR genes, suggesting
that mitochondrial translation inhibition induces ISR gene expression through ATF4 activa-
tion. In the present study, we showed that mitochondrial translation inhibition induced the
ISR through ATF4 activation rather than the mtUPR.

Introduction
Mitochondria are important not only for ATP production by oxidative phosphorylation (OXPHOS), but
also for lipid metabolism, iron–sulfur cluster biogenesis, calcium signaling and apoptosis regulation [1].
Impaired mitochondrial translation causes severe combined respiratory chain dysfunctions, usually due
to functional deficiency of all proteins encoded by the mitochondrial DNA (mtDNA). Thus, altered ex-
pression of mitochondrial proteins is increasingly associated with various human diseases [2].

Mitochondrial p32/C1qbp, which functions as an RNA and protein chaperone, interacts with mi-
tochondrial mRNA and is indispensable for mitochondrial function through its regulation of mito-
chondrial translation in cultured mouse embryonic fibroblast (MEF) cell lines [3]. It has been re-
ported that four individuals from unrelated families have biallelic mutations of C1QBP that cause
a defect in mitochondrial energy metabolism [4]. Cardiomyocyte-specific deletion of p32 resulted
in contractile dysfunction, cardiac dilatation and cardiac fibrosis, compared with hearts in con-
trol mice [5]. These mice showed decreased CoxI expression, decreased oxygen consumption rates
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and increased oxidative stress. We have found that the endoplasmic reticulum (ER) stress response and the expres-
sion levels of mitokines such as Fgf21 and of integrated stress response (ISR) genes were significantly increased in
these mice [5]. Neuron-specific deletion of p32 showed compromised mitochondrial respiration and shifted cellular
metabolism toward glycolysis, leading to leukoencephalopathy and ER stress response [6]. However, the mechanism
by which p32 knockout (KO) elicits these responses in mice is not clear.

Along with the mitochondrial α-proteobacterial origin, the antibiotics which affect the ribosome inhibit mito-
chondrial translation [7]. Chloramphenicol (CAP) inhibits mitochondrial translation elongation by occupying the
ribosomal A-site [8], but has quite a different effect on cell proliferation [7].

The ISR is an evolutionarily conserved homeostatic program activated by specific pathological states. These include
iron deficiency, amino acid deprivation, viral infection and misfolded proteins within the ER. Though different, each
of these stresses increases the phosphorylation of the transcription initiation factor, eukaryotic initiation factor 2 α

subunit (eIF2α), and induces the activation of activating transcription factor 4 (ATF4) and the downstream gene
expression, and protects against stress [9].

ATF4 plays a pivotal role in cell responses to stresses that induce eIF2α phosphorylation [10,11]. ATF4 target genes
are involved in biosynthesis, folding and assembly of proteins, metabolism, transport of nutrients, protection against
oxidative stress and regulation of apoptosis.

In response to accumulation of unfolded proteins or misfolded proteins at levels above the organelle’s chaperone
capacity, the cell initiates a mitochondrial unfolded protein response (mtUPR) [12]. In Caenorhabditis elegans, this
mtUPR is a mitochondrial signaling pathway leading to the induction of mitochondrial protective genes including
mitochondrial molecular chaperones and proteases to re-establish protein homeostasis [13–15]. However, the mech-
anism of the mammalian mtUPR and regulated transcription factors is still unclear.

Interestingly, in human patients with mitochondrial myopathy caused by OXPHOS deficiencies, the cytokine,
fibroblast growth factor 21 (FGF21), is secreted from muscle tissues, suggesting that OXPHOS dysfunction may
mimic fasting and induce the secretion of the fasting-induced hormone, FGF21 [16]. These observations suggest
that mtUPR, ISR and FGF21 expression act as protective responses against various mitochondria-related diseases.

In the present study, as ATF4 can be activated by mitochondrial translation inhibition, we analyzed the regulation of
ATF4 expression such as mitochondrial translation inhibition, to better understand the signaling pathways triggered
by mitochondrial dysfunction. The investigation of these stress signaling pathways may help to better characterize
mitochondrial diseases associated with impaired mitochondrial translation.

Materials and methods
Cell preparation and retrovirus-mediated gene transfer
MEFs were maintained at 37◦C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Sigma–Aldrich,
St. Louis, MO, U.S.A.) supplemented with 10% FBS [3]. pSUPER retro puro GFP small hairpin RNA (shRNA)
was a gift from Dr. John Gurdon from Cancer Research UK Gurdon Institute, Cambridge, UK (Addgene plasmid
#30519). The retroviral vector, pSUPER retro puro, was used to generate a plasmid encoding GFP shRNA or ATF4
shRNA. The shRNA target sequences were: Mouse ATF4 #1: 5′-AAGAGAAGGCAGATTCTCT-3′ and ATF4 #2:
5′-GAGCATTCCTTTAGTTTAG-3′. These plasmids were transfected into Platinum-E packaging cells using Fu-
GENE 6 transfection reagent (Roche Applied Science, Penzberg, Germany). The cell culture supernatants were har-
vested 48 h after transfection, supplemented with polybrene (5 μg/ml; Sigma–Aldrich) and used to infect MEFs.

Reagents
CAP, doxycycline, and actinonin were obtained from Wako Pure Chemicals, Osaka, Japan. Antibodies against ATF4,
p-eIF2α Ser51 (3795S), and eIF2α (9722S) were purchased from Cell Signaling Technology (Danvers, MA, U.S.A.).
Anti-COXI (Ab14705) was from Abcam, Cambridge, U.K. COXIII and SDHA antibodies were from Thermo Fisher
Scientific, Waltham, MA, U.S.A. The secondary antibodies, anti-mouse horseradish peroxidase (HRP)-conjugated
IgG (#7076) and anti-rabbit HRP-conjugated IgG (#7074), were from Cell Signaling Technology.

Real-time PCR analysis
Total RNA was extracted using the RNeasy kit (Qiagen, Hilden, Germany). cDNA was synthesized using total RNA,
random hexamer primers and the PrimScript™ RT reagent Kit (TaKaRa, Otsu, Japan). The reverse transcription (RT)
product was then subjected to real-time PCR analysis with SYBR Premix ExTaq™ II and the StepOnePlus Real-Time
PCR System (Applied Biosystems, Carlsbad, CA, U.S.A.). Total mRNA from wild type and homozygous p32loxP/loxP
mice (nestin-Cre+/−, p32loxP/loxP) were previously described [6]. Mouse experiments and protocols were performed
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in accordance with the guidelines of the animal ethics committee of Kyushu University Graduate School of Medicine,
Japan (#A29-052-0). All experimental procedures confirmed to the Guide for the Care and Use of Laboratory Ani-
mals, eighth edition, updated by the U.S. National Research Council Committee in 2011 and approved by the guide-
lines by the Kyushu University Animal Care and Use Committee. The primer sequences used in the PCRs are listed
in Supplementary Table S1. The expression level of each mRNA was normalized to the level of 18S ribosomal RNA,
obtained from the corresponding RT product.

Immunoblotting analysis
For protein extraction, cells were kept on ice and scraped in lysis buffer (20 mM Tris, pH 7.4, 150 mM KCl, 1 mM
EDTA and 1% Triton X-100) containing protease inhibitor cocktail (cOmplete™, Roche) and a phosphatase inhibitor
mixture (1 mM NaVO3, 10 mM p-nitrophenyl phosphate, 10 mM β-glycerophosphate and 5 mM NaF). Clear lysates
from MEF cells were retrieved from the supernatant of cell lysates after a 10-min centrifugation at 13000 rpm at 4◦C.
The protein concentration was determined using the Pierce 660 nm Protein Assay (Thermo scientific, 22660). Signals
were visualized with HRP-conjugated anti-rabbit IgG and an enhanced chemiluminescence reagent (GE Healthcare,
Piscataway, NJ, U.S.A.). Chemiluminescence was recorded and quantified with a chilled charge-coupled device cam-
era (LAS 4000, GE Healthcare).

Statistical analysis
Experiments were performed at least in triplicate, and the results shown are representative of n=3 independent bi-
ological experiments. Data are expressed as means +− SD or means +− SEM of the indicated number of replicates.
Statistical analyses of the data were performed using two-tailed Student’s t test. P<0.05 was considered statistically
significant (*P<0.05, **P<0.01 and ***P<0.001).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) was performed using the MAGnify Chromatin Immunoprecipitation Sys-
tem (49–2024; Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer’s instructions with some modifica-
tions [17]. In brief, CAP-treated MEFs were cross-linked with 1% (w/v) formaldehyde for 10 min and lysed in the
buffer provided. Nuclear extracts from 3 × 106 were used per immunoprecipitation reaction. Sonicated nuclear ex-
tracts were immunoprecipitated for 2 h at 4◦C with anti-ATF4 (sc200×, 3μg) or IgG isotype negative control (sc2027,
3 μg) antibodies (Cell Signaling Technology). DNA was eluted and purified as previously described [18]. Eluted DNA
was quantified with quantitative PCR (qPCR) using SYBR Green chemistry (StepOnePlus; Applied Biosystems, Foster
City, CA, U.S.A.). The primer sequences used in the PCRs are listed in Supplementary Table S2.

Pulse-labeling of mitochondrial translation products
Mitochondrial translation products were pulse-labeled in vitro with [35S]-(methionine and cysteine) (GE Health-
care). In experiments where the label was chased, MEF cells were incubated for 6 min with 100 μg/ml emetine or 250
μg/ml CAP prior to labeling for 60 min. Labeled cells were then rinsed with an isotonic buffer (25 mM Tris-HCl, pH
7.4, 137 mM NaCl, 10 mM KCl and 0.7 mM Na2HPO4). After centrifugation at 1150×g for 5 min, cell pellets were
resuspended in loading buffer consisting of 93 mM Tris-HCl, pH 6.7, 7.5% glycerol, 1% SDS, 0.25 mg/ml Bromophe-
nol Blue and 3% mercaptoethanol. The total lysate was then subjected to 15% SDS/PAGE for 3 h at 180 V. Gels were
examined using a Fujifilm BAS-2500 Bio Imaging Analyzer (Fujifilm, Tokyo, Japan) [3].

Mating of transgenic mice
Mouse experiments and protocols were performed in accordance with the guidelines of the animal ethics committee
of Kyushu University Graduate School of Medicine, Japan (#A29-052-0). All experimental procedures confirmed to
the Guide for the Care and Use of Laboratory Animals, eighth edition, updated by the U.S. National Research Council
Committee in 2011 and approved by the guidelines by the Kyushu University Animal Care and Use Committee.
p32cKO mice (nestin-Cre+/−, p32loxP/loxP) were generated as previously reported [6].

Results
CAP inhibits mitochondrial translation
First, we investigated whether CAP directly affects mitochondrial translation of MEF cells. We observed that CAP
treatment decreased the expression of CoxI and CoxIII, which are encoded by mtDNA, in a time- and dose-dependent
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Figure 1. CAP inhibits mitochondrial translation

(A) CAP-mediated inhibition of mitochondrial translation efficiency was monitored by Western blot analysis of the abundance of

CoxI and CoxIII proteins encoded by mtDNA. MEFs were incubated with control or 100 μg/ml CAP-containing medium for 24 and 48

h. Immunodetection of GAPDH and SDHA was used as the loading control. All experiments were done in triplicate. Quantification

is shown in the right panel. ***P<0.005. (B) Antibiotics such as Chloramphenicol (CAP)- and Doxycycline (DOX)-mediated CoxI

expression was monitored by Western blot analysis for 48 h in MEF cells. Immunodetection of β-actin was used as the loading

control. (C) In vivo mitochondrial translation was performed for 60 min. The products were labeled during the reaction with a

mixture of [35S]-methionine and [35S]-cysteine in the presence of emetine and/or CAP, and then detected by autoradiography after

SDS/PAGE (left panel). Deficient translation was observed in CAP-treated MEFs. Equal loading was confirmed by CBB staining

(right panel). The proteins indicated are representative proteins based on their molecular weight.
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Figure 2. CAP induces the ER stress response

(A) The levels of eIF2α phosphorylation at Ser51 and ATF4 expression were evaluated in MEFs incubated with or without 100 μg/ml

CAP for 48 h. The abundance of both phosphorylated and total eIF2α was assessed by Western blotting. Immunodetection of

β-actin was used as the loading control. All experiments were done in triplicate. Quantification is shown in the right panel. *P<0.05

**P<0.01, ***P<0.001 vs control. (B) Chop-10 mRNA abundance was evaluated by RT-qPCR in MEFs treated with CAP. Chop-10

mRNA abundance was also evaluated in MEFs treated with the antibiotics, actinonin (50 μM), doxycycline (100 μg/ml) and CAP

(100 μg/ml), for 48 h. Chop-10 mRNA was normalized to 18S rRNA, which was the loading control. All experiments were done in

triplicate; *P<0.05.

manner (Figure 1A,B). Another antibiotic, doxycycline, also decreased the expression of the mitochondrial-encoded
core subunits of CoxI (Figure 1B). However, the GAPDH,β-actin and SDHA expression did not decrease. Next, to in-
vestigate the defect in mitochondrial protein synthesis, MEFs were pulse-labeled with a mixture of [35S]-methionine
and [35S]-cysteine. Electrophoresis of whole-protein extracts from emetine-treated cells, which is a specific inhibitor
of cytoplasmic protein synthesis, showed radioactive bands in the control (Figure 1C, lane 1). This profile clearly
showed at least nine products of mitochondrial protein synthesis. However, the synthesis of these proteins was com-
pletely inhibited by CAP pretreatment for 12 h (Figure 1C, lane 2), confirming that CAP inhibits mitochondrial
protein synthesis.

CAP induces the ER stress response
Previously, we observed that knockout of the mitochondrial protein, p32/C1qbp, in mice caused the dysfunction of
mitochondrial translation and ER stress induction, leading to induction of ISR genes [5,6]. As shown in Figure 2,
eIF2α phosphorylation at Ser51, a well-established indicator of ER stress, was increased 2–4 h after CAP treatment
MEF cells. Furthermore, ATF4 was up-regulated in MEFs from 4 to 48 h in response to CAP (Figure 2A), similar
to p32−/− MEFs, suggesting that mitochondrial translation inhibition induced eIF2α phosphorylation and ATF4
expression.

Several studies have described the induction of CHOP-10 upon different kinds of mitochondrial dysfunction [19].
Thus, we next assessed CHOP-10 mRNA expression. The mRNA abundance of CHOP-10 assessed by RT-qPCR
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indicated that it was significantly increased after CAP treatment in a time-dependent manner (Figure 2B). We also
observed that other antibiotics, such as actinonin, peptide deformylase (PDF) inhibitor and doxycycline, induced
CHOP-10 expression (Figure 2B).

Mitochondrial dysfunction triggers ISR gene expression
ATF4 is induced by eIF2α phosphorylation and regulates the ISR to protect cells from metabolic consequences of
ER stress. mtUPR has not been described in mammals, whereas cell signaling activated by accumulation of unfolded
proteins has been described in C. elegans [13]. To investigate whether CAP induces ISR gene expression or mtUPR,
we performed RT-qPCR analysis in MEF cells. We observed ISR activation (e.g., Ddit3/Chop-10, Fgf21 and GDF15)
after CAP treatment (Figure 3A). Actinonin also induced the ER stress response as shown by ATF3 and CHOP-10
expression, suggesting that mitochondrial translation inhibition is involved in ISR (Figure 3B). However, the mRNA
expression of the mtUPR markers, Hsp70, Hsp60, ClpP and Hsp10, was not significantly up-regulated in CAP or
actinonin-treated MEFs (Figure 3C,D). Next we evaluated the gene expression in p32 knockout mouse brain that
inhibits mitochondrial translation. We also observed that increased levels of ISR gene mRNA, but not mtUPR marker
gene expression in p32 conditional knockout mouse brain (Figure 3E,F). These results indicated that mtUPR was not
induced in mammalian cells after mitochondrial translation inhibition.

ATF4 knockdown suppresses gene expression
To examine the direct effect of ATF4 pathway activation on ISR gene expression in CAP-treated MEFs, we developed
two cell lines using hairpin RNA-based knockdown of ATF4 (shATF4#1 and shATF4#2). Because ATF4 is not ex-
pressed in steady state, we confirmed the reduced ATF4 expression after treatment with CAP. We observed the ATF4
is induced by CAP treatment, but not in ATF4 knockdown MEF cells (Figure 4A).

Next, we examined the expression of ISR genes (e.g., Fgf21, Gdf15, Gadd34, Angptl6, Gadd45a, Trib3, Cdsn,
Acot2 and Chop-10) after CAP treatment. ATF4 knockdown cells had decreased ISR gene expression in the presence
of CAP in MEF cells (Figure 4B). These results indicate that inhibition of mitochondrial translation also regulates
CAP-mediated ISR gene expression through ATF4 activation, similar to the loss of p32.

To study the physiological function of the ISR induced during mitochondrial translation deficiency, we performed
the CoxI protein expression in control and shATF4 cells after CAP treatment. CoxI expression were similarly reduced
in shGFP and shATF4 cells (Figure 4A), suggesting that ATF4-mediated ISR signaling did not affect the mitochondrial
translation and may affect intracellular metabolic process.

ATF4 binds to ISR gene promoters upon CAP treatment
Characterization of individual genes as well as ChIP analysis revealed a consensus ATF4 binding domain: C/EBP-ATF
responsive element (CARE) sequence (5′-TGATGXAAX-3′) [20]. To confirm the direct recruitment of ATF4 to the
promoters of ISR genes such as Trib3, we performed a ChIP assay using anti-ATF4 antibodies and CAP-treated MEFs.
Non-treated MEFs and anti-IgG antibodies were used as a negative control. We observed that ATF4 was immunopre-
cipitated with the ATF4 antibody only in CAP-treated MEFs (Figure 5A). Furthermore, signals from the promoter
region of genes such as Sestrin2, Cdsn, Gadd34, Trib3, Atf6 and Atf3, containing CARE, were significantly increased
upon treatment with CAP (Figure 5B). We did not observe binding of ATF4 to the IL-6 exon region, which does not
have an ATF4-binding site (Figure 5B). These data suggest that ATF4 directly activates the promoter of ISR genes
such as Fgf21, Sestrin2, Cdsn, Gadd34, Trib3, Atf6 and Atf3.

Discussion
Coordinated expression of both genomes and communication between the mitochondrion and the nucleus are critical
for maintaining proper cell function and protecting the cell from oxidative stress. Our study showed that mitochon-
drial translation inhibition led to ER stress and ATF4-dependent ISR gene expression. The major new findings of the
present study are: (1) mitochondrial translation inhibition induced elF2α phosphorylation and ATF4 induction. (2)
Induced ATF4 directly bound to the promoter of ISR genes and ATF4 silencing did not induce CAP-dependent ISR
gene induction. (3) In mammalian cells, mitochondrial translation inhibition did not induce mtUPR, which has been
observed in C. elegans.

It has been reported that transcription regulators are key players in mitochondrion-to-nucleus communication, as
they orchestrate the expression of nuclear genes in response to both external challenges and organelle dysfunction, to
regulate processes such as mitochondrial biogenesis, cell proliferation, metabolism and apoptosis [21]. In our previous
study, decreased heart function in vivo was observed in p32cKO mice based on both echocardiography and gene
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Figure 3. Interfering with mitochondrial translation in wild type MEFs triggers the ISR, but not the mtUPR

(A,B) The mRNA abundance of the ISR-related gene markers, Trib3, Atf3 and Gadd45, in MEFs treated with 50 μM CAP (A) or 50 μM

Acti (actinonin) (B) for 48 h was assessed by RT-qPCR. Results are expressed the mean +− SD of three independent experiments.

(C,D) The abundance of ClpP, Hsp70, Hsp10 and Hsp60 mRNA in MEFs treated with CAP (C) or Actinonin (D) for 24 and 48 h was

assessed by RT-qPCR. Results are expressed as the mean +− SD of three independent experiments. (E) FGF21 and GDF15 gene

expression were up-regulated in 6-week-old p32cKO brain compared with control brain. Results are expressed as the mean +−
SD of three independent experiments. (F) qRT-PCR analysis confirmed that ISR gene is up-regulated, but not mtUPR marker gene

expression in 6-week-old p32cKO brain compared with control brain. Results are expressed the mean +− SD of three independent

experiments. *P<0.05 **P<0.01, ***P<0.005 vs. control.
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Figure 4. Effect of ATF4 silencing on CAP-induced ISR gene expression

(A) MEFs stably transfected with either non-targeting shRNA (shGFP) or with two different shRNAs against ATF4 (shATF4) for

24 h was replaced with control medium or with medium containing CAP (100 μg/ml) for 24 h. CAP induced CoxI decline were

assessed by Western blotting. Immunodetection of GAPDH was used as the loading control. All experiments were done in triplicate.

Quantification is shown in the right panel.*P<0.05, ***P<0.005 vs control. (B) MEFs which were stably transfected were incubated

with or without CAP (100 μg/ml) for 12 h. The mRNA expression of ISR and mtUPR-related genes was evaluated by RT-qPCR.

Results are expressed as fold change to control and are expressed the mean +− SD of three independent experiments. ***P<0.005

vs. control.
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Figure 5. ATF4 directly activates ISR gene promoters

(A) ATF4 was immunoprecipitated with anti-ATF4 antibodies after formaldehyde cross-linking of MEFs treated with CAP. We used

anti IgG antibody for negative control. (B) Chromatin was immunoprecipitated, followed by quantitation by PCR analysis of the

region containing the CARE site in ISR gene promoters (Fgf21, Gadd45, Sestrin2 Cdsn, Trib3, Atf3, Atf6). Il-6 exon 2 was used as

a negative control. Results are expressed as the mean +− SD of three independent experiments.

expression of heart failure markers. However, these mice did not die until the age of approximately 1 year [5]. ATF4
is a master regulator of the ISR. In ISR, a variety of stresses, including amino acid starvation, glucose starvation, ER
stress, hypoxia and oxidative stress, can promote eIF2α phosphorylation, followed by ATF4 up-regulation, which
activates the expression of stress-responsive genes [10,22]. These results suggest that the ATF4-induced ISR gene
expression was protective against heart failure for approximately 1 year.

In C. elegans, CHOP-10 is associated with the UPR of the ER (erUPR) [23]. However, Hoogenraad and colleagues
have reported that CHOP-10 is also activated in mtUPR [12]. Although several mechanisms of mtUPR have been re-
cently described in C. elegans [13], the mammalian counterpart is less defined. In addition, among the different gene
markers that are potentially overexpressed in response to mitochondrial translation inhibition in mammals [24], it
has been reported that only the genes encoding ClpP and HSPD1 have been consistently assessed in subsequent stud-
ies dealing with mito–nuclear protein imbalance [25,26]. Considering our results, it appears that canonical mtUPR
after mitochondrial translation inhibition in C. elegans is different from that in mammalian cells, suggesting that in
mammals there is another response pathway against mitochondrial dysfunction.
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FGF21 is generally considered to be a hepatic hormone involved in the control of glucose, lipid and energy
metabolism. Recently, Gdf15 has been shown to be a novel diagnostic marker for mitochondrial diseases [27,28].
FGF21 released by cardiomyocytes acts as an antioxidant factor in the heart, preventing accumulation of reactive
oxygen species induced by inflammatory or hypertrophic conditions [29]. The FGF21 functions promote the main-
tenance of health, and thus increase the lifespan [30,31]. Taken together, our findings suggest that the ISR may also
contribute to the induction of Fgf21 and Gdf15 expression in response to defective energy metabolism. Additionally,
the ISR may play a role in protecting the heart in association with alterations in the hypertrophic response [32,33],
and therefore it may extend the lifespan. It has been reported that neuron-specific, inducible in vivo ablation of the
mitochondrial fission protein, Drp1, causes ER stress, leading to activation of the ISR, culminating in neuronal ex-
pression of the cytokine, Fgf21 [34]. We also found that neural-specific p32 depletion induced ATF4-dependent Fgf21
expression. However, p32-KO mice died young, suggesting a different mechanism is involved.

In normal cells, ATF3 and ATF6 are highly regulated transcription factors that are implicated in a wide range
of pathophysiological conditions. Both proteins are induced by several stress-induced signaling pathways, includ-
ing ER stress and amino acid deficiency, and are regulated by an ATF4-dependent pathway [20]. ATF4 is a major
hub of the cellular adaptive–response network including protein chaperons, cell survival and metabolic homeosta-
sis. Sestrins have antioxidant functions and enforce homeostasis, stress resistance and protection against deleterious
oxidation-induced DNA modifications and mutations [35]. We found that up-regulation of SESN2 by mitochondrial
dysfunction provides homeostatic feedback that attenuates the biosynthetic process during transient loss of energy
supply from the mitochondria. Hence, we suggest that these responses are important for adaptive and viable responses
of the cell.

Using a multiomics approach in mammalian cells treated with four types of mitochondrial stressors (CCCP, DOX,
Actinonin and MitBlock6), they also found that ATF4 as the main regulator of ISR, but not UPR [36]. Inhibiting
mitochondrial translation activated an ATF4-dependent cascade leading to coordinated repression of cytosolic trans-
lation and activate ISR gene expression, which could be targeted to promote longevity [37]. In eukaryotic cells, the
ER and the mitochondria have a tight interplay, which is structurally and functionally modulated through a tether
formation at specific subdomains of the ER membrane, described as mitochondria-associated membranes (MAMs)
[38]. Mitochondrial translation inhibition by antibiotics, which induces a mito–nuclear imbalance and mitochondrial
dysfunction [26], can also trigger ATF4–mediated expression of stress genes [39]. However, the mechanisms linking
MAM integrity and ER stress after mitochondrial translation dysfunction remain poorly understood.

In the present study, we discovered that the mitochondrial translation inhibition immediately induced elF2α phos-
phorylation and ATF4 induction, and activated ATF4 directly induced ISR gene expression. ATF4 recruitment to the
CARE site within the promoter of various ISR genes was responsible for transcriptional control of ISR genes.
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