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Adaptation to mitochondrial stress requires 
CHOP-directed tuning of ISR
Sophie Kaspar1,2, Christian Oertlin3, Karolina Szczepanowska1,2, Alexandra Kukat1,2, 
Katharina Senft1,2, Christina Lucas1, Susanne Brodesser1, Maria Hatzoglou4, Ola Larsson3, 
Ivan Topisirovic5, Aleksandra Trifunovic1,2*

In response to disturbed mitochondrial gene expression and protein synthesis, an adaptive transcriptional re-
sponse sharing a signature of the integrated stress response (ISR) is activated. We report an intricate interplay 
between three transcription factors regulating the mitochondrial stress response: CHOP, C/EBP, and ATF4. 
We show that CHOP acts as a rheostat that attenuates prolonged ISR, prevents unfavorable metabolic alterations, 
and postpones the onset of mitochondrial cardiomyopathy. Upon mitochondrial dysfunction, CHOP interac-
tion with C/EBP is needed to adjust ATF4 levels, thus preventing overactivation of the ATF4-regulated transcrip-
tional program. Failure of this interaction switches ISR from an acute to a chronic state, leading to early 
respiratory chain deficiency, energy crisis, and premature death. Therefore, contrary to its previously proposed 
role as a transcriptional activator of mitochondrial unfolded protein response, our results highlight a role of CHOP 
in the fine-tuning of mitochondrial ISR in mammals.

INTRODUCTION
Mitochondrial diseases are a heterogeneous group of devastating 
disorders characterized by respiratory chain dysfunction (1). Al-
though mitochondrial disorders have distinct tissue and organ pre-
sentation, they seem to activate common stress responses evolved to 
mitigate the negative impact of respiratory deficiency on cellular 
and organismal metabolism (1). It appears that mitochondrial stress 
responses precede respiratory chain deficiency, thereby suggesting 
that they constitute an early event in pathogenesis of mitochondria- 
related diseases (2). This suggests that monitoring the activation 
and/or alteration of mitochondrial stress responses may provide early 
diagnostic markers in these conditions. Moreover, manipulation of 
mitochondrial stress responses may be beneficial for patients with 
mitochondrial disease and thus therapeutically exploited (3, 4).

Initially, the mitochondrial unfolded protein response (UPRmt) 
was postulated to be a common stress response to respiratory chain 
dysfunction (5). UPRmt constitutes a transcriptional program that 
up-regulates mitochondrial chaperones and proteases aimed to re-
store the loss of organelle proteostasis. Notwithstanding that UPRmt 
was first described to be triggered by the accumulation of misfolded 
proteins within the mitochondrial matrix in mammalian cells (5), 
most of the subsequent mechanistic studies were performed in 
Caenorhabditis elegans (6). In contrast, many aspects of the mam-
malian UPRmt signaling are less well understood. In mammalian 
cells, it is thought that mitochondrial proteotoxic stress leads to 
CHOP [CCAAT/enhancer binding protein (C/EBP) homology protein] 
up-regulation resulting in up-regulated transcription of UPRmt-  

responsive genes (5, 7). The CHOP-binding sites in the UPRmt gene 
promoters are presumably flanked by two conserved regions named 
the mitochondrial UPR elements 1 and 2 (MURE1 and MURE2) 
(7, 8). The role of CHOP in governing transcription of UPRmt genes 
is however controversial as the transcription factors that bind to 
MURE1 and MURE2 elements have not been identified (7, 9). Never-
theless, multiple studies confirmed up-regulation of the CHOP mRNA 
in cells derived from patients with various mitochondrial disorders, as 
well as mitochondrial disease models (2, 10–12). This illustrates that 
although CHOP plays a pivotal role in mammalian mitochondrial stress 
responses, the underpinning mechanisms of its actions in the context 
of mitochondrial dysfunction are still obscure.

Recently, it became clear that unlike in C. elegans, mammalian 
UPRmt may not be the primary response to mitochondrial dysfunc-
tion but rather function as a part of more complex mitochondrial 
stress response (11–14). Mammalian cells treated with mitochon-
drial toxins exhibit transcriptional reprogramming mimicking the 
integrated stress response (ISR) arm of the UPR, which is centered 
on the activating transcription factor 4 (ATF4) (13, 14). Consistent 
with this, studies carried out in models with defects in different 
steps of mitochondrial DNA (mtDNA) expression and protein syn-
thesis revealed activation of ISR transcriptional signatures (11, 12). 
ISR hallmarks are increased eIF2 phosphorylation, reduction in 
ternary eIF2:tRNAi

Met:guanosine 5′-triphosphate (GTP) complex 
levels, and subsequent inhibition of global protein synthesis that is 
paralleled by selectively induced translation of a subset of inhibitory 
upstream open reading frame (uORF) containing stress-responsive 
mRNAs, including ATF4, CHOP, and GADD34 (15). CHOP induc-
tion during ISR is thought to lead to cell death via induction of Growth 
Arrest and DNA Damage-Inducible Protein 34 (GADD34)–mediated 
eIF2a dephosphorylation and activation of Endoplasmic Reticulum 
Oxidoreductase 1 Alpha (ERO1A) endoplasmic reticulum (ER) oxi-
dase (16).

CHOP is a multifunctional transcription factor that dimerizes with 
members of the C/EBP and ATF/cyclic adenosine 3′,5′-monophosphate 
response element binding protein families (17). Although up-regulated 
in response to a wide variety of stresses such as growth arrest and 
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DNA damage, amino acid and glucose deprivation, hypoxia, and 
ER stress, the role of CHOP in cellular physiology is incompletely 
understood. CHOP is considered to induce apoptosis, but its tran-
scriptional targets largely overlap with those of ATF4, including genes 
promoting cell survival and growth (16, 18). These findings highlight 
the intricate interaction partner–dependent roles of CHOP under 
different stresses and in various tissues. They also point out the impor-
tance of understanding the context-dependent role of CHOP under 
different physiological conditions. In the context of mitochondrial 
respiratory chain dysfunction, the role of CHOP is particularly im-
portant as CHOP was proposed to be the main transcription factor 
that conveys specificity of the mitochondrial stress response (5).

Here, we aimed to decipher the role of CHOP in the regulation 
of the mitochondrial stress response. As a model for the most com-
mon cause of mitochondrial diseases, namely, loss of mitochondrial 
translation, we used mice deficient in the mitochondrial aspartyl 
transfer RNA (tRNA) synthase DARS2 specifically in heart and 
skeletal muscle (DARS2 KO) (2). We demonstrate a beneficial role 
of CHOP in mitochondrial mutants as its loss leads to a marked 
shortening of life span in DARS2/CHOP double knockout (DKO) 
as compared to DARS2 KO animals. The beneficial effects of CHOP 
appear to be independent of UPRmt activation but rather mediated 
by attenuation of harmful overactivation of the ISR and a conse-
quent metabolic imbalance. We also provide mechanistic evidence 
that these effects stem from the interplay between CHOP, ATF4, 
and C/EBP in regulation of mitochondrial ISR targets.

RESULTS
CHOP delays pathological changes caused by DARS2 
deficiency in heart
To determine the in vivo function of CHOP in the context of mam-
malian mitochondrial dysfunction, we intercrossed whole-body 
Chop−/− mice (CHOP KO) with heart and skeletal muscle-specific 
DARS2-deficient mice (Dars2fl/fl; Ckmm-Cre+/tg; DARS2 KO) (fig. 
S1, A and B) (2). The resulting animals deficient in both CHOP 
(whole body) and DARS2 (heart and skeletal muscle) (Dars2fl/fl; 
Ckmm-Cre+/tg; Chop−/− and DKO) were born in Mendelian ratios 
(fig. S1C). We previously showed that DARS2 depletion mediated 
by Ckmm-Cre expression induces dilated cardiomyopathy preced-
ing any pathological phenotypes in skeletal muscle (2). Hence, we 
monitored the effects of CHOP loss on pathologies caused by 
DARS2 abrogation in the heart.

Approximately from 2 weeks of age, a large number of DKO 
mice became increasingly susceptible to sudden death during a rou-
tine ear-clipping handling for genotyping. This procedure was tol-
erated well up to postnatal day 13 (P13) by mice of all four genotypes; 
hence P13 (±1) was defined as the early stage of heart dysfunction in 
DKO animals (DKOE). It appeared that the deterioration of the 
health status of DKO mice characterized by lower spontaneous cage 
activity, piloerection, unsteady gait, and overall droopiness is a very 
rapid process as the interval from the first apparent symptoms to 
death of the mice at around P17 (±2) was between 24 and 48 hours. 
This interval was defined as the late/terminal stage in DKO mice 
(DKOL). Consequently, the life expectancy of DKOs was severely 
reduced (>60%) compared to DARS2 KOs, signifying the essential 
role for CHOP in adaptation to impaired mitochondrial protein 
synthesis in heart (Fig.  1A). CHOP deficiency in the absence of 
DARS2 resulted in dilated cardiomyopathy (Fig. 1B and fig. S1, D to 

F) characterized by increased expression of mRNAs encoding car-
diac hypertrophy markers Nppa and Nppb (Fig. 1C). Although no 
gross morphological changes were observed upon hematoxylin and 
eosin (H&E) staining, ultrastructural analyses suggested a disrupted 
myocardial organization, characterized by severely disorganized 
sarcomeric structures, expected to cause disturbances in contrac-
tile function of DKOL hearts (Fig. 1, D and E). Therefore, DKOL 
animals display very similar pathological changes, as compared to 
the terminal stage DARS2 KO mice (2), whereby the onset of these 
pathologies is markedly accelerated upon CHOP loss.

Mitochondrial dysfunction is aggravated by the loss of CHOP
We next sought to identify pathways that are affected by the CHOP 
deficiency in the context of DARS2 KO. To this end, we compared 
global changes in mRNA levels to corresponding changes in the 
proteome in CHOP KO, DARS2 KO, and DKOL versus control hearts 
using the anota2seq algorithm (19). Scatter plots comparing mRNA 
and protein changes in DARS2 KO hearts revealed alterations in pro-
tein levels that were mainly independent of the mRNA levels, thus 
arguing for a prevalent impact of translational and/or protein stability 
changes on the proteome (Fig. 2A, fig. S2A, and table S1). In contrast, 

Fig. 1. Phenotypic characterization of DKO animals. (A) Kaplan-Meyer survival 
curves for wild-type (WT; n = 36), CHOP KO (n = 35), DARS2 KO (n = 47), and DKO 
animals (n = 60). The life span of DKO in comparison to DARS2 KO mice is signifi-
cantly decreased (P < 0.0001; log-rank test and Gehan-Breslow-Wilcoxon test). The 
viability of CHOP KO mice was WT-like in a 12-month follow-up. (B) Heart gross 
morphology. (C) Fold changes of the cardiac hypertrophy markers Nppa and Nppb 
obtained from the RNA sequencing dataset at P17 (±2) (n = 4). Bars represent 
means ± SD [multivariate analysis of variance (MANOVA) followed by one-way ANOVA 
and Tukey’s multiple comparisons test, **P < 0.05, ***P < 0.001, and ****P < 0.0001]. 
(D) H&E staining; (n = 3) at P17 (±2). Scale bars, 50 m. (E) Transmission electron 
microscopy–based analyses of cardiac tissue biopsies; (n = 1) at P17 (±2). Scale 
bars, 2 m.
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DKOL animals primarily showed congruent changes in mRNA and 
protein levels, which accounted for ~75% of detected alterations in 
protein levels (Fig. 2A, fig. S2A, and table S1).

Gene Ontology (GO) analysis performed using ClueGO (20) and 
annotation from the GO consortium (21) on genes whose expres-
sion was reduced indicated that oxidative phosphorylation, electron 

transport, complex I assembly, adenosine 5′-triphosphate (ATP) 
biosynthesis, fatty acid oxidation, and heart contraction are pre-
dominantly disrupted in DKO hearts (Fig. 2B). This is consistent 
with the impairment of mitochondrial energy production and heart 
failure in DKO animals and similar to other models of mitochondri-
al cardiomyopathy (11). In contrast, translation, tRNA metabolism, 
mitochondrial RNA, and glutathione metabolism were primarily 
up-regulated pathways (Fig. 2B). We observed further perturbations 
in apoptotic pathways, amino acid catabolism, and purine nucleotide 
metabolism that contained a combination of up- and down-regulated 
gene expression changes (Fig. 2B).

A general down-regulation of steady-state levels of individual oxi-
dative phosphorylation (OXPHOS) subunits detected in DARS2 KO 
hearts was further decreased in DKOL animals (Fig. 2C and fig. S2B). 
Intriguingly, while in DARS2 KO animals, most of the changes in the 
levels of OXPHOS subunits were not accompanied by alterations in 
mRNA abundance, numerous OXPHOS subunit-encoding genes 
exhibited congruent changes in mRNA and protein levels in DKOL 
animals (Fig. 2C). These include three of four subunits of succinate 
dehydrogenase (SDH; complex II), a complex fully encoded by nu-
clear DNA, usually up-regulated upon mitochondrial translation 
defects. This was further confirmed using an enzyme-histochemical 
assay, showing that substantial cyclooxygenase (COX) deficiency ob-
served in DKOL animals is not accompanied by a compensatory 
SDH up- regulation (fig. S2C), as observed in DARS2 and other 
mitochondrial mutants (2, 22). Furthermore, while we detected a 
general compensatory up-regulation of OXPHOS assembly factors 
in DARS2 KO hearts, many were either unaltered or down-regulated 
in DKOL samples (Fig. 2D).

Although Dars2 deletion primarily interferes with mitochondri-
al protein synthesis, at P17, only a moderately dysbalanced mito-
chondrial translation was observed in DARS2 KO (Fig.  2E). In 
contrast, mitochondrial de novo protein synthesis in DKOL mice 
was significantly decreased and severely dysregulated, whereas the 
protein turnover remained unaffected (Fig.  2E). The exaggerated 
translation defect observed in DKOL animals was not caused by a 
decrease in mtDNA or mtRNA levels (fig. S2, D and E). Some mtRNAs 
were up-regulated (e.g., mt-COX3 and mt-ND1) in both DARS2 KO 
and DKO hearts, possibly as a compensatory response to defective 
protein synthesis (Fig. 2E and fig. S2E).

Severe dysregulation of mitochondrial translation in DKOL was 
accompanied with a strong decrease in the respiration capacity of 
all inducible states in mitochondria isolated from DKOL hearts 
(Fig. 2F). In contrast, no major defects in DARS2 KO heart mito-
chondria respiration were observed, thus suggesting compensation 
for the mitochondrial protein synthesis defect (Fig. 2F).

Unexpectedly, a comparable defect at the level of assembled re-
spiratory chain complexes and supercomplexes was detected in 
DARS2 KO and DKOL mice despite higher levels of individual 
OXPHOS subunits in DARS2 KO (Fig. 2C and fig. S2F). These data 
suggest that, at early stages of DARS2 deficiency, nascent nuclear- 
encoded OXPHOS subunits are not efficiently incorporated in re-
spiratory chain complexes in DARS2 KO hearts and are likely turned 
over at higher rates. Although DKOL and DARS2 KO mitochondria 
have comparable levels of respiratory chain supercomplexes (fig. 
S2F), DKOL mitochondria fail to sustain normal respiration (Fig. 2F). 
This suggests that the OXPHOS activity is further indirectly affected 
by CHOP deficiency that might lead to disruption of mitochondrial 
integrity or supply of critical metabolites.

Fig. 2. Loss of Chop causes strong respiratory defects that can only partially 
be explained by an exacerbated defect in mitochondrial translation. (A) Scat-
ter plots of total mRNA and protein fold changes (FC) comparing CHOP KO, DARS2 
KO, or DKOL to WT. The numbers of significantly regulated genes are indicated for 
translation/protein stability (red), and mRNA abundance (green). RNA sequencing 
and quantitative proteomics were performed on hearts of animals at P17 (±2) 
(n = 4). (B) A GO network of overrepresented terms among genes regulated via 
changes in translation/protein stability (up-regulated, light red; down-regulated, 
dark red) and mRNA abundance (up-regulated, light green; down-regulated, dark 
green) in DKO versus WT. Nodes represent identified GO terms, while the pie chart 
within each node indicates the proportion of genes regulated. (C and D) Heatmap 
of protein expression (P) and total mRNA (T) log2 fold changes of (C) the OXPHOS 
subunits grouped in respective complexes and (D) OXPHOS assembly factors (n = 4). 
(E) In organello translation assay (left) of cardiac mitochondria at P17 (±2). De novo 
protein synthesis was determined after 1 hour of 35S-methionine pulse labeling; 
protein turnover was assessed after 3 hours of the cold chase. Coomassie brilliant 
blue–stained gel was used as a loading control. Relative protein synthesis and turnover 
rates (right) (n = 3). (F) Oxygen consumption of intact cardiac mitochondria at P17 
(±2). State 3: adenosine 5′-diphosphate (ADP)–stimulated respiration using CI or 
CI + CII substrates. State 4: Respiration upon addition of oligomycin. ETS, maximum 
respiration upon mitochondrial uncoupling (CI) and after addition of rotenone (CII) 
(n = 3 to 4). Bars represent means ± SD (MANOVA followed by one-way ANOVA and 
Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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CHOP deficiency causes a transcriptional reprogramming 
characterized by amplified ISR
CHOP deficiency in the context of mitochondrial dysfunction is ex-
pected to blunt the mitochondrial stress response (5). Therefore, by 
analyzing changes in the transcriptome, we compared pathways 
that are affected in DARS2-deficient hearts before and after CHOP 
depletion (table S2).

In DARS2 KO heart, relatively few mRNAs changed their ex-
pression, and most were up-regulated. Notably, using Cytoscape 
plug-in iRegulon, we demonstrated that two-thirds of these tran-
scripts overlapped with an ISR signature activated by ATF4, which 
was also identified as the most prominent regulator of gene expres-
sion in DARS2 KO hearts (Fig. 3A and tables S2 and S3) (18, 23, 24). 
The most up-regulated transcripts in DARS2 KO hearts encoded 
enzymes involved in one-carbon metabolism, serine biosynthesis, 
and trans-sulfuration, as well as Gdf15 and Fgf21 (Fig. 3, A and B, 
and table S2), the two cytokines shown to be excreted from tissues 
upon OXPHOS deficiency (25, 26). Similar changes (Fig. 3A) were 
previously described in other cellular and in vivo models for mito-
chondrial OXPHOS defects, confirming that DARS2 deficiency 
causes a stress response relevant for many mitochondrial disease 
states (11–14).

The ISR activation in DARS2 KO hearts was confirmed by in-
creased eIF2 phosphorylation, accompanied by up-regulation of 
ATF4 (Fig. 3, C and D). These effects were further potentiated by 
CHOP loss, whereby induction of both eIF2 phosphorylation and 
ATF4 was more pronounced in DKOL relative to DARS2 KO hearts 
(Fig. 3, C and D). Transcript and protein levels of almost all ATF4 
targets were highly up-regulated in DKOL as compared to DARS2 
KO animals (Fig. 3, A to C). Consistently, further analysis of bind-
ing motifs in genes up-regulated in DKOL hearts established ATF4 
as the most prominent signature (table S3) (23, 24). The most 
up-regulated transcripts in DARS2 KO and DKOL showed a notable 
overlap. To this end, of the top 11 most up-regulated transcripts, 
8 overlapped, despite the 40-fold difference in the number of overall 
changes between the two models (table S2). The only difference was 
that these transcripts were, on average, more than 10-fold more 
up-regulated in DKOL than in DARS2 KO hearts (table S2). In con-
trast, UPRmt markers were not significantly changed in DARS2 KO 
or DKOL animals, adding evidence that UPRmt is neither an early 
nor prominent stress response in mammalian cells and tissues upon 
mitochondrial OXPHOS dysfunction (Fig. 3E). Instead, our data 
suggest a central role for ISR and ATF4-dependent regulation in 
the context of mitochondrial dysfunction in vivo and point to an 
unexpected role of CHOP in the suppression of the transcriptional 
overactivation of ATF4 targets.

CHOP is proposed to be involved in the regulation of apoptosis 
upon ER stress, although the exact mechanism remains controver-
sial, as exogenously expressed CHOP has also been reported to pos-
itively regulate genes involved in protein synthesis and not apoptosis 
(16, 18). Henceforth, we analyzed changes in the expression levels 
of various apoptotic genes reported to be CHOP targets (27). Nota-
bly, proapoptotic members of the B-cell lymphoma 2 (BCL-2) family 
(Puma/Bbc3, Bid, Bax, and Bim/Bcl2l11) and genes encoding proteins 
involved in the activation or execution of apoptosis (Dr5/Tnfrsf10b, 
Casp3, and Ero1l) were not suppressed but often further up-regulated 
upon loss of CHOP in DARS2-deficient animal (Fig. 3F). Similarly, the 
steady- state level of proapoptotic protein BCL2-associated X protein 
(BAX) was up-regulated, and we observed a higher cleavage of caspase 

3 in DKOL hearts as compared to control animals (fig. S3A). These re-
sults suggest that, unexpectedly, apoptosis may be up-regulated in 
DARS2-deficient hearts upon CHOP depletion and thus contribute 
to the detrimental phenotype observed in DKOL mice.

As we observed major changes in the abundance of proteins in-
volved in amino acid metabolism, we next measured amino acid 
levels by liquid chromatography–tandem mass spectrometry. While 
only minor perturbations in amino acid levels were observed in 

Fig. 3. DKOL mice display strong overactivation of the ISR. (A) Heatmap of total 
mRNA fold changes (log2) of significantly changed ATF4 target genes [as predicted 
by Cytoscape plug-in iRegulon (23, 24)], in DARS2 KO animals compared to WT con-
trols. Black boxes above DKO and below CHOP KO rows indicate their respective 
significantly changed transcripts as compared to WT controls (n = 4). (B) Fgf21 log2 
raw expression counts (sequenced reads, +0.5) as this gene was not detected in 
multiple WT and CHOP KO samples and hence was excluded during data filtering. 
Of note, these samples will obtain negative log2 values (n = 4). (C) Western blot 
analysis (left) and quantification of ISR markers (right). HSC70 was used as a loading 
control. Antibodies used were raised against proteins indicated in panels. Experi-
ments were performed on cardiac lysates of mice at P17 (±2) (n = 3). (D) p-eIF2/
eIF2 ratio quantified from (C). (B to D) Bars represent means ± SD (MANOVA fol-
lowed by one-way ANOVA and Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001). (E) Western blot analysis and quantification of 
UPRmt markers in WT, CHOP KO, DARS2 KO, and DKO animals at P17 (±2). Antibodies 
used were raised against proteins indicated in panels. HSC70 was used as a loading 
control. Bars represent means ± SD; no significant differences were detected (MANOVA: 
Wilk’s test, P = 0.176; Hotelling-Lawley’s test, P = 0.183; Pollai’s test, P = 0.232) (n = 3). 
(F) Heatmap of total mRNA fold changes (log2) for the selected alleged CHOP target 
genes involved in apoptosis (n = 4).
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DARS2 KO hearts, most amino acids were significantly up-regulated 
in DKO mice (fig. S3B). Of note, serine, glutamine, glutamate, and 
aspartate levels were not significantly changed in either DARS2 KO or 
DKOL relative to control hearts (fig. S3B). The unaltered serine levels, 
despite the increased levels of enzymes involved in serine synthesis 
[Phosphoglycerate dehydrogenase (PHGDH), Phosphoserine Amino-
transferase 1 (PSAT1) , and Phosphoserine Phosphatase (PSPH)], sug-
gest an increased flux of serine-derived one-carbon units for further 
methylation reactions into the one-carbon cycle. Similarly, glutamine 
and glutamate are likely used to replenish tricarboxylic acid cycle 
intermediates and aspartate production that is essential for nucleotide 
synthesis and cell proliferation (28, 29). Increased levels of citrate and 
isocitrate in DKOL, but not DARS2 KO, hearts suggest that gluta-
mine primarily undergoes reductive metabolism (fig. S3C), as seen 
in the patient-derived cell lines harboring mtDNA mutations (30). 
Increased citrate levels can propagate intracellular acidosis, leading to 
hypocalcemia caused by reduced availability of Ca2+, further contribut-
ing to reduced contractility of the heart through a vicious circle of the 
excitation-contraction-metabolism impairment (31). Additional effects 
of elevated citrate levels on the regulation of metabolic enzyme 
and/or chromatin dynamics by acetylation may further contribute 
to accelerated pathological phenotypes observed in DKOL hearts.

ISR allows adaptation to mitochondrial mutants, while its 
overactivation affects cell proliferation
Next, we tested whether mitochondrial stress–induced ISR has a 
beneficial or detrimental role in conditions of mitochondrial dys-
function. For these analyses, we took advantage of two cell models 
for mitochondrial respiratory chain dysfunction: (i) mouse skin fi-
broblasts with severe mitochondrial dysfunction caused by the 
loss of COX10 (COX10 KO), an early assembly factor of the re-
spiratory cytochrome c oxidase (32); and (ii) mouse embryonic 
fibroblasts (MEFs) treated with actinonin, an inhibitor of mito-
chondrial peptide deformylase causing impairment in mitochondrial 
translation (33).

In the COX10 KO cells, a robust activation of the ISR was detected 
as evidenced by increased levels of phosphorylated eIF2, ATF4, 
and ATF4 targets (Fig. 4A and fig. S4A). To test whether increased 
ATF4 levels are a direct result of ISR activation, we incubated 
COX10 KO cells with the ISR inhibitor (ISRIB) (34). This treatment 
abrogated ATF4 induction and attenuated up-regulation of its 
downstream targets at both transcript and protein levels (Fig. 4A 
and fig. S4A). The phosphorylation of eIF2 remained unchanged 
(Fig. 4A), which was expected as ISRIB bolsters guanine-nucleoside 
exchange activity of eIF2B without affecting on phospho-eIF2 levels 
(34). Similarly, increased ATF4 levels induced by actinonin treat-
ment were suppressed by ISRIB (Fig. 4B). Mirroring the results 
from DKOL mice, loss of CHOP combined with mitochondrial dys-
function induced by actinonin treatment greatly increased ATF4 
protein and transcript levels, and expression of ATF4 targets Shmt2, 
Pycr1, and Mthfd2 (Fig. 4, B and C).

Prevention of ISR overactivation in CHOP KO MEFs by ISRIB 
treatment resulted in a partial rescue of the proliferation defect in-
duced by actinonin (Fig. 4D). In turn, wild-type (WT) cells treated 
with actinonin and CHOP KO cells grown under control condi-
tions showed minor growth defects, which were not further affected 
by ISRIB (Fig. 4D). Therefore, CHOP deficiency, only in conditions 
of mitochondrial dysfunction, results in a detrimental ISR activa-
tion, which can be partially rescued by ISRIB treatment.

Fig. 4. Mitochondrial ISR has opposing effects depending on the levels of ac-
tivation mediated by ATF4. (A) Western blot analysis (left) and relative protein 
levels (right) of ISR markers and ATF4 downstream targets in immortalized COX10 
KO and WT fibroblasts upon 48-hour treatment with DMSO (−) or ISRIB (+). 
(B) Western blot analysis of WT and CHOP KO MEFs treated for 48 hours with 
DMSO (−) or actinonin (+) in the presence (+) or absence (−) of ISRIB during the last 
4 hours before protein isolation. (C) Relative transcript levels in WT and CHOP KO 
MEFs treated for 48 hours with DMSO (control) or actinonin. Tbp expression was 
used for normalization (n = 3). (D) Growth curves of respective exponential growth 
phases of WT and CHOP KO MEFs treated with DMSO (control), actinonin, and +/−
ISRIB, respectively. Curves were determined using linear regression (n = 3). Bars 
represent means ± SD. (E) Western blot analysis of heart lysates from 4-week-old 
WT and DARS2 KO animals treated with control (DMSO) and ISRIB, according to the 
experimental setup presented in the schematic illustration (top). Animals are treat-
ed with daily injections of saline (control) or ISRIB solution for 7 days (blue boxes), 
starting at P19, and euthanized at P27 (red line) (n = 3). (F) Quantification of ISR 
markers (top), OXPHOS subunits (bottom), and p-eIF2/eIF2 ratio (right) from the 
Western blot analysis at (E). (A, B, and F) Antibodies used were raised against pro-
teins indicated in panels. HSC70 was used as a loading control. (A, C, and F) Bars 
represent means ± SD (MANOVA followed by one-way ANOVA and Tukey’s multi-
ple comparisons test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

EMBARGOED UNTIL 2:00 PM US ET WEDNESDAY, 26 MAY 2021



Kaspar et al., Sci. Adv. 2021; 7 : eabf0971     26 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 14

To assess the effect of ISRIB treatment in vivo, DKOL mice and 
respective controls were injected with ISRIB (5 g/g) for up to 7 or 
12 days, starting from 1 week of age (fig. S4B). Unfortunately, nei-
ther protocol resulted in the suppression of ATF4 levels or down-
stream targets in either DKO or DARS2 KO animals nor did it 
affect steady-state levels of OXPHOS subunits (fig. S4, C and D). 
However, this is not unexpected given the fact that ISRIB inhibits 
low-level ISR activity but does not affect strong ISR signaling (35), 
as observed in DKO mice. In contrast, a 7-day treatment of DARS2 
KO animals with ISRIB, starting from P20, resulted in an apparent 
reduction of ISR markers (Fig. 4, E and F). Nevertheless, ISRIB- 
mediated suppression of ISR in DARS2 KO animals up to 4 weeks 
of age was not beneficial as it also prevented compensatory com-
plex II (CII) up-regulation.

The transition from acute to prolonged ISR coincides 
with the rapid deterioration of the DKO phenotype
One of the hallmarks of the acute ISR is suppression of global pro-
tein synthesis, accompanied by translational activation of some 
uORF-containing mRNAs (15). To further understand the conse-
quences of ISR activation in our model, we measured the global 
protein synthesis rate at P6, P13, and P17 in vivo in DKO and con-
trol hearts (36). At P6, cytoplasmic translation of all four genotypes 
was similar, in agreement with no phenotypes observed at this time 
point (fig. S5A). Coinciding with increased eIF2 phosphorylation, 
a 70% decrease in general protein synthesis was detected in mice at 
P13 (DKOE; Fig. 5A and fig. S5B). Within a few days, this effect seems 
to be reversed as we detected fully recovered protein synthesis rates 
in DKOL hearts at P17 (Fig. 5B and fig. S5C). This was despite unaltered 
eIF2 phosphorylation levels and activation of ATF4 and its targets 
that were comparable between DKOE and DKOL hearts (fig. S5D). 
These findings suggested a transition from acute to prolonged ISR, 
characterized by recovery of global protein synthesis and ongoing 
translation of ISR-sensitive mRNAs (37). These distinctions in global 
protein synthesis levels reflected different phenotypes of DKOE and 
DKOL mice. In the acute ISR, when global translation is strongly 
down-regulated, DKOE (P13 ± 1) animals cope better with the mito-
chondrial translation defect when compared to DARS2 KO animals 
(Fig. 5C). This is illustrated by the unaffected levels of OXPHOS com-
plexes and supercomplexes in DKOE animals (Fig. 5D and fig. S5E). 
However, these effects are reversed when DKO animals reach the 
prolonged ISR stage, which is characterized by partial recovery of 
global mRNA translation and sustained ATF4-mediated transcrip-
tional reprograming (fig. S5D). This reactivation of normal trans-
lation is likely to result in ER stress, and further energy crisis as protein 
synthesis is highly energy demanding (38). Consistently, we detected 
increased levels of the ER-chaperone binding immunoglobulin protein 
(BIP) in P17 DKOL hearts, which mirrored findings in DARS2-deficient 
hearts at the terminal state of 6 weeks of age (Fig. 5E). Levels of several 
ER Ca2+ transporter proteins were also profoundly disturbed [Ryanodine 
receptors (RyR), Sarco/endoplasmic reticulum Ca2+-ATPase 2  (SERCA2), 
and The inositol 1,4,5-trisphosphate receptor  type 2 (IP3RII)], which 
may explain defects in the conductive system of the heart (Fig. 5F). 
Perturbed Ca2+ homeostasis due to the dysregulation of the ER Ca2+ 
transporters and increased Ca2+ release by ERO1- stimulated IP3R 
activation may also contribute to ER stress leading to the develop-
ment of fatal cardiomyopathy (Fig. 5, E and F). Therefore, although 
strong activation of ISR, as seen in DKOE animals, brings brief pro-
tection from the mitochondrial dysfunction, it cannot be sustained 

over prolonged period of time and results in a detrimental switch to 
a prolonged ISR program leading to additional ER stress, loss of 
Ca2+ homeostasis, and premature death.

Interplay of CHOP and C/EBP mediates the suppression 
of ATF4 overexpression
The prolonged activation of ISR in DKOL hearts may have adverse 
effects on cellular and organismal fate. GADD34, a regulatory sub-
unit of the enzyme dephosphorylating eIF2, is thought to function 
as ISR rheostat acting to restore protein synthesis and block exces-
sive ATF4 activation (15). Unexpectedly, although CHOP was pro-
posed to be a primary Gadd34 transcriptional activator (16), DKOL 
animals at P17 showed a significant up-regulation of Gadd34 tran-
scripts to similar levels as those observed in terminal, 6-week-old 
DARS2 KO animals (Fig. 6A). This result suggests that CHOP 
may play a GADD34-independent role in the suppression of the 

Fig. 5. Strong suppression of protein synthesis by overactivated ISR is benefi-
cial but cannot be sustained in vivo leading to devastating consequences. 
(A and B) The relative protein synthesis rate of animals injected with puromycin at (A) 
P13 and (B) P17. Bars represent means ± SD (one-way ANOVA and Tukey’s multiple 
comparisons test, **P < 0.01 and ***P < 0.001) (n = 4). (C) De novo synthesis in mito-
chondria isolated from WT, CHOP KO, DARS2 KO, and DKOE and DKOL animals 
after 1 hour of 35S-methionine pulse labeling followed by SDS-PAGE. Coomassie 
blue–stained gel was used as a loading control. (D) Blue native polyacrylamide 
gel electrophoresis (BN-PAGE) and subsequent Western blot analysis of OXPHOS 
complexes and supercomplexes in mitochondria isolated from WT, CHOP DO, DARS2 
KO, and early (DKOE) and late-stage (DKOL) DKO animals. Subunit-specific antibodies 
(left) were used to detect respective complexes and supercomplexes (right) (n = 3). 
(E) Western blot analysis of BIP levels in WT, CHOP KO, DARS2 KO, and DKO at P17 (±2) 
(top) and WT and DARS2 KO at 6 weeks (bottom) (n = 3). (F) Western blot analysis 
proteins involved in the Ca2+ metabolism in WT, CHOP KO, DARS2 KO, and DKOL at 
P17 (±2) (n = 3). (E and F) HSC70 was used as a loading control (n = 3).
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overactivation of ATF4 induction and ATF4-mediated transcrip-
tional reprogramming.

As a prerequisite for DNA binding, CHOP needs to heterodi-
merize with other transcription factors (17). To this end, to identify 

CHOP-interacting partners that may play a role in mitochondrial 
stress responses, we immunoprecipitated CHOP from DARS2 KO 
heart extracts, followed by mass spectrometry (table S4). Notably, 
besides CHOP, only six proteins were identified. Among those, the 
most enriched protein and the only transcription factor was 
C/EBP (table S4). These results were confirmed by Western blot 
analysis following coimmunoprecipitation (co-IP) against CHOP 
(Fig. 6B). Notably, CHOP and C/EBP appear to interact only upon 
mitochondrial dysfunction (i.e., DARS2 KO), despite similar levels 
of C/EBP in WT and DARS2 KO hearts (Fig. 6B and fig. S6A). The 
mass spectrometry analysis of C/EBP immunoprecipitates corrob-
orated these results (table S5). In DKO hearts, C/EBP instead in-
teracted with ATF4 and ATF3 (table S5). Previously, the induction 
of Atf3 was detected in the terminal stages mitochondrial stress re-
sponses along with UPRmt (12).

Further interplay of the three proteins is illustrated by the fact that 
mitochondrial dysfunction in C/EBP-deficient cells exacerbated 
the ISR stress and led to ATF4 activation similar to CHOP KO (fig. 
S6B). Interaction of CHOP with C/EBP was previously proposed 
in the context of mitochondrial dysfunction, wherein CHOP/C/EBP 
dimers are thought to bind and activate the promoters of UPRmt- 
responsive genes (5). Consistent with these results, we propose that 
C/EBP- CHOP heterodimers might act as suppressors of ATF4 
overactivation upon mitochondrial dysfunction.

C/EBP is primarily regulated at the translational level and exists 
in three different isoforms, two activating [Liver-enriched activator 
protein (LAP1) and LAP2], and one inhibitory [Liver-enriched 
inhibitor protein (LIP)] (39). The C/EBP target genes are presum-
ably positively regulated by LAP1/2 proteins, whereas LIP binding is 
thought to repress the transcription of respective promoter (39), 
although recently more complex functions have been proposed for 
C/EBP LIP in vivo (40). To further dissect the interplay between 
CHOP and C/EBP, we assessed the levels of all three C/EBP iso-
forms in different models of mitochondrial dysfunction. COX10 KO 
cells with strong chronic mitochondrial dysfunction presented an 
increase of all C/EBP isoforms (fig. S6C). Acute mitochondrial 
dysfunction caused by actinonin treatment in MEFs or DARS2 de-
ficiency in heart had a milder effect on the levels of LAP isoforms 
(Fig. 6C and fig. S6D). Still, C/EBP LIP levels were strongly in-
creased by actinonin treatment in WT cells (Fig. 6C). Notably, this 
effect was strongly blunted in CHOP-deficient cells and DKOL mice, 
indicating that an increase in C/EBP LIP levels is dependent on the 
CHOP presence (Fig. 6C and fig. S6D). In general, the CHOP pres-
ence seems to have a positive effect on the C/EBP levels in MEFs, 
indicating a regulation opposite to that of ATF4.

Under ER stress, CHOP and C/EBP LIP are shown to act in 
concert to exert their respective functions in the nucleus (41). Ac-
cording to the proposed model, CHOP depends on the interaction 
with C/EBP LIP to enter the nucleus, while the interaction with 
CHOP is thought to mask the nuclear export signal (NES) of C/
EBP LIP, thereby reducing its exclusion from the nucleus and sub-
sequent proteasomal degradation (41). To test whether C/EBP LIP 
plays a role in the direct regulation of the mitochondrial dysfunction– 
induced ISR, we expressed mutant LIPL120T, carrying a leucine-to- 
threonine substitution predicted to disrupt NES (42), in CHOP KO 
cells treated with actinonin (Fig. 6D). The expression of LIPL120T 
in CHOP KO cells resulted in intense ablation of basal and 
actinonin- induced ATF4 mRNA and protein levels and a marked 
decrease in the mRNA and protein levels of its downstream targets, 

Fig. 6. CHOP interacts with C/EBP protein to repress the ATF4 activation. 
(A) Relative Gadd34 transcript levels at P17 (±2) WT, CHOP KO, DARS2 KO, and DKO 
animals, as well as in 6-week-old WT and DARS2 KO mice. Bars represent 
means ± SD, samples were normalized to WT mice of the respective age (P17: one-
way ANOVA, *P < 0.05, **P < 0.01, and ***P < 0.001; 6 weeks: unpaired Student’s 
t test) (n = 4). (B) Coimmunoprecipitation (co-IP) of CHOP from WT, CHOP KO, DARS2 
KO, and DKOL hearts. The CHOP and C/EBP interaction was monitored with Western 
blotting using an antibody against C/EBP. One percent of the input fractions was 
used as loading controls. Asterisks indicate the immunoglobulin G heavy and light 
chains. (C) Western blot analysis (left) and quantification (right) of the three CEBP 
isoforms LAP1, LAP2, and LIP in CHOP KO MEFs treated for 48 hours with actinonin 
along with the respective control (n = 3). (D) Western blot analysis (left) and quan-
tification (right) of steady-state levels of ISR markers in actinonin-treated (48 hours) 
CHOP KO MEFs expressing the CEBP LIPL120T mutant variant along with the re-
spective controls (n = 3). (E) Western blot analysis of the ATF4 and three CEBP iso-
forms in actinonin-treated (48 hours) CHOP KO MEFs expressing the CEBP LIP WT 
and CEBP LIPL120T mutant variant along with the WT cells and respective controls 
(n = 4). (C to E) Antibodies used were raised against proteins indicated in the pan-
els. HSC70 was used as a loading control. (A, C, and D) Bars represent means ± SD 
(MANOVA followed by one-way ANOVA and Tukey’s multiple comparisons test, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) (n = 3).
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even in the absence of mitochondrial insult (Fig.  6D and fig. S6E). 
Moreover, expression of LIPL120T mutant resulted in decreased ex-
pression of the endogenous C/ebp gene (fig. S6E). Intriguingly, 
moderate overexpression of WT C/EBP LIP in CHOP KO cells 
resulted in a mild further increase of ATF4 levels upon mitochon-
drial dysfunction (Fig. 6E). In contrast, C/EBP LIPL120T mutant 
suppresses ATF4 while also decreasing endogenous C/EBP levels 
(Fig. 6E). These results also suggest that mutant C/EBP LIPL120T 
does not require CHOP for its action.

It has been shown that ER stress leads to interdependent translo-
cation and retention of C/EBP and CHOP inside the nucleus (41). 
Therefore, we next investigated the effects of mitochondrial stress 
on subcellular localization of C/EBP, CHOP, and ATF4. In both 
WT and CHOP KO cells, C/EBP and ATF4 were detected mainly 
in the nucleus (fig. S6F). The expression of either WT or mutant 
C/EBP LIP did not affect the subcellular localization of ATF4 in 
CHOP KO cells (Fig. 7A). Therefore, the ATF4 levels in CHOP- 
deficient cells appear not to be regulated through alterations in sub-
cellular localization of LIP. Alternatively, in the absence of CHOP, 
C/EBP LIPL120T may bind ATF4 and prevent its translocation to 
the nucleus, thus promoting its degradation. To test this hypothesis, 
we incubated WT and CHOP KO cells in the presence or absence of 
the proteasome inhibitor MG132. In control conditions, both ATF4 
and C/EBP were rapidly degraded, and only a modest fraction was 
retained and transported to the nucleus (Fig. 7B and fig. S6G). The 
rate of turnover, however, appeared not to be affected by mitochon-
drial function or CHOP deficiency (Fig. 7B and fig. S6G). In turn, 
mitochondrial dysfunction, induced by actinonin treatment, in-
duced translocation of ATF4 to the nucleus and promoted activa-
tion of ISR. Of note, the expression of LIPL120T mutant resulted in 
lower levels of ATF4 in all fractions (Fig. 7B and fig. S6G). Overall, 
these results suggest that fine-tuning of mitochondrial stress re-
sponses is dependent on CHOP:C/EBP LIP interaction but not 
their subcellular localization nor their potential effects on the nuclear 
translocation of ATF4.

DISCUSSION
Understanding of the mitochondrial stress response in mammals 
remains incomplete. In the present study, we uncovered an intricate 
interplay between three transcription factors regulating the mito-
chondrial stress response: CHOP, C/EBP, and ATF4. Contrary to 
its previously proposed role as a transcriptional activator of UPRmt, 
we present strong evidence that CHOP, through its interaction with 
C/EBP, attenuates prolonged ISR and mitochondrial cardiomyop-
athy through regulation of ATF4 levels (Fig. 7). Our results argue 
that upon mitochondrial dysfunction, the interaction of CHOP with 
C/EBP is needed for the adjustment of an ATF4-regulated tran-
scriptional program. Very early upon DARS2 depletion, Chop is 
increasingly expressed (2) and forms a complex with C/EBP, 
which might facilitate the translocation of CHOP:C/EBP hetero-
dimers to the nucleus. Regulation of ATF4 levels by C/EBP iso-
form LIP inhibition was proposed during ultraviolet (UV) stress, 
but CHOP was shown not to play a role in this context (43).

Similar to CHOP, C/EBP is a pleiotropic transcription factor 
that contributes to the regulation of homeostasis in several tissues, 
including bone, skin, and fat (40). We showed that in the context of 
mitochondrial dysfunction, the C/EBP accumulates in the cell (in 
particular, LIP isoform) and dimerizes with CHOP to presumably 

prevent overactivation of an ATF4-mediated response. In the 
absence of CHOP, C/EBP dimerizes with ATF4, which correlates 
with further induction of ISR. Our data suggest that C/EBP also 
dimerizes with ATF3 when CHOP is absent in DKO animals. ATF3 
is shown to be activated during the second stage of ISR (12, 44). 
Once expressed, ATF3 binds promoters of ISR-responsive genes, 
leading to a subsequent suppression of transcription back toward 
the basal level (44). It is possible that also in the DKO animals, 
ATF3:C/EBP interaction is part of the feedback loop intended to 
suppress the ATF4 overactivation. In contrast, the interaction of 
ATF4 with C/EBP positively activates targeted genes under dif-
ferent conditions (45), which might have a deleterious outcome 

Fig. 7. Model of mitochondrial ISR regulation by CHOP-CEBP-ATF4 interplay. 
(A) Cell fractionation followed by the Western blot analysis of the ATF4 and three 
C/EBP isoforms in actinonin-treated (48 hours) WT or CHOP KO MEFs expressing 
WT C/EBP LIP or C/EBP LIPL120T mutant. (B) Cell fractionation followed by the 
Western blot analysis of the ATF4 and three C/EBP isoforms in actinonin-treated 
(48 hours) CHOP KO MEFs expressing WT C/EBP LIP and C/EBP LIPL120T mutant 
along with the WT cells and respective controls. The MG132 (15 M) was applied in 
the last 6 hours of the actinonin treatment. Elevated protein ubiquitination reflects 
proteasome inhibition. (A and B) Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) and H3K4me3 were used as loading controls and to determine quality of 
fractionation (n = 3). (C) CHOP levels increase early upon mitochondrial dysfunc-
tion leading to its association with C/EBP. The interaction with C/EBP likely pro-
motes translocation of CHOP to the nucleus where it negatively regulates Atf4 
levels and transcription of downstream ISR targets. Abrogation of CHOP results in 
increased ATF4:C/EBP association and transcription of ISR-regulated genes, created 
with BioRender.com.
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leading to, e.g., skeletal muscle atrophy (46). In contrast, we show 
that a dominant-negative C/EBP LIPL120T fully suppresses Atf4 
and C/ebp overexpression upon mitochondrial dysfunction and 
down-regulates even basal levels of these transcription factors. Our 
findings thus suggest that C/EBP acts as a promiscuous transcrip-
tion factor in the context of mitochondrial dysfunction, whereby 
differential transcriptional activity and associated functional outcomes 
are determined via interactions with CHOP and ATF4 (Fig.  7C). 
Further work is however required to dissect precise mechanisms of 
the observed interplay between CHOP, ATF4, and C/EBP.

CHOP is a transcription factor that is ubiquitously expressed at 
very low levels but quickly activated by a variety of insults such as 
ER stress, amino acid deprivation, glucose starvation, and UV irra-
diation (47). To date, CHOP was mostly studied in the context of 
ER stress, where it was proposed to regulate many pro- and anti- 
apoptotic genes in the late phase of ISR (47, 48). While numerous 
functions related to cell proliferation, differentiation, and develop-
ment have been described for this transcription factor, in unstressed 
conditions, CHOP-deficient mice do not present any conspicuous 
phenotype (48, 49). Nevertheless, these mice seem to be protected 
from transient renal insufficiency caused by acute tubular necrosis (49). 
CHOP depletion seems to be beneficial in various other conditions, 
e.g., by delaying the onset of metabolic disease in several diabetic 
models (50), protecting livers from diet-induced hepatosteatosis 
(51), or delaying the onset of brain ischemia-induced neuronal 
cell death (52). Collectively, these studies suggest that loss of 
CHOP often leads to beneficial effects by delaying apoptosis 
in vivo. Unexpectedly, in mitochondrial mutants, CHOP deple-
tion does not seem to decrease levels of proteins involved in the 
activation of apoptosis, as even the proposed bona fide CHOP 
targets BH3 interacting-domain death agonist (BID), Bcl-2-like 
protein 11 (BIM), ERO1A, and Tribbles homolog 3 (TRIB3) fur-
ther increase their levels in DKO mutants.

We also provide evidence that CHOP loss is detrimental in 
mitochondrial mutants as it leads to early-onset fatal mitochondrial 
cardiomyopathy. This is, at least in part, mediated by the overacti-
vation of ISR that is paralleled by inhibition of global protein syn-
thesis and appears to be beneficial for a short time as DKOE animals 
maintain higher levels of OXPHOS complexes and balanced mito-
chondrial translation. However, loss of CHOP mitigates sustained 
suppression of protein synthesis in vivo that results in rapid loss of 
OXPHOS complexes and mitochondrial respiration. This is likely 
to affect mitochondrial import capacity leading to vicious cycle of 
damaging events. Simultaneously, mRNA translation rates are re-
stored in DKOL around P17, coinciding with a detrimental pheno-
type. This is partly reminiscent of a transition from the acute to 
prolonged ISR in the cellular model of ER stress (37). During the 
acute ISR phase, global translation is reduced, and only a subset of 
stress-responsive mRNAs are translated, whereas the prolonged ISR 
is characterized by recovery of global translation while still allowing 
execution of acute ISR translational programs (37). While the pro-
longed ISR appears to have a beneficial effect in vitro by preventing 
cell death under conditions of ER stress (37), we show that in vivo, 
mitochondrial dysfunction in the heart impedes a sustained chronic 
ISR program. To this end, recovery of protein synthesis escalates ER 
stress possibly by increasing ER load. Recovery of global translation 
is also expected to significantly increase the energy demand and 
thereby result in energy depletion caused by massively reduced respira-
tory capacity due to DARS2 loss. According to the “energy starvation” 

hypothesis, suboptimal ATP supply predisposes for the contractile 
dysfunction observed during heart failure (53). It was shown that even 
very few cardiomyocytes with severe mitochondrial dysfunction are suf-
ficient to promote ventricular arrhythmias, which lead to heart failure 
(54). Considering the severe impairment of electron transport chain 
(ETC) function in DKO mice, the occurrence of cardiac arrhythmias 
in those animals, contributing to the pathology, seems likely.

The pathology observed in DKOL animals is not a DARS2- 
specific phenomenon but a prevalent cardiac phenotype in mutants 
affecting mitochondrial gene expression and translation, as shown 
by a comparative study of five different models (11). At the molec-
ular level, we demonstrated markedly increased serine synthesis 
and remodeling of the one-carbon cycle in hearts of DARS2 KO, 
DKOL mice, and cell culture models, attributable to OXPHOS defi-
ciency and not to the loss of DARS2 in particular. Moreover, sim-
ilar changes are described in other models and different tissues 
(11, 13, 14, 55). The vast majority of these alterations have been attribut-
ed to ATF4, which has been identified as a major regulator of amino 
acid metabolism feeding into the folate cycle during ISR induced by 
different stress signals including mitochondrial dysfunction (13, 14, 56). 
Although ATF4 may be activated by several different pathways, such as 
nuclear respiratory factor 2 (NRF2) stabilization or mechanistic (previously 
mammalian) target of rapamycin (mTOR) signaling (57, 58), we showed 
that ATF4 up-regulation caused by mitochondrial OXPHOS defi-
ciency could be successfully prevented by suppression of the ISR.

In conclusion, we found a regulatory mechanism that fine-tunes 
the activation of the ISR upon mitochondrial dysfunction. We 
showed that CHOP is needed to prevent excessive activation of the 
ATF4-mediated stress response that results in cardiotoxic effects. 
This is mediated by CHOP interaction with C/EBP, which likely 
promotes CHOP:C/EBP heterodimer translocation to the nucleus. 
Our results also highlight an unforeseen opportunity of exploring a 
therapeutic intervention targeting ATF4 activity in various mito-
chondrial diseases.

MATERIALS AND METHODS
Generation and maintenance of mouse lines
DARS2 KO (Dars2fl/fl; Ckmm-Cre+/tg) mice were generated as previ-
ously described (2). WT control animals (Dars2fl/fl; Ckmm-Cre+/+ 
and Dars2+/fl; Ckmm-Cre+/+) were also obtained from this breeding. 
CHOP KO [B6.129S(Cg)-Ddit3tm2.1Dron/J] mice were obtained from 
the Jackson laboratory. Those mice are characterized by a Chop::LacZ 
KO allele, resulting in the whole-body KO of Chop (Chop−/−) (49).

Conditional Dars2-floxed mice (Dars2fl/fl) were crossed to CHOP 
KO mice (Chop−/−) to obtain CHOP-deficient animals with floxed 
Dars2 alleles (Dars2fl/fl; Chop−/−). Triple transgenic mice were gen-
erated by intercrossing of CHOP-deficient animals with floxed 
Dars2 alleles (Dars2fl/fl; Chop−/−), with transgenic mice harboring 
one copy of the Cre recombinase under control of the striated muscle 
creatine kinase (Ckmm) promoter (Ckmm-Cre+/tg). Resulting hetero-
zygous triple transgenic mice (Dars2+/fl; Ckmm-Cre+/tg; Chop+/−) and 
CHOP-deficient animals with floxed Dars2 alleles (Dars2fl/fl; Chop−/−) 
were used to lastly generate CHOP KO (Dars2+/fl; Ckmm-Cre+/+; 
Chop−/− and Dars2fl/fl; Ckmm-Cre+/+; Chop−/−) and DKO (Dars2fl/fl; 
Ckmm-Cre+/tg; Chop−/−) mice. Genotyping for the Dars2 allele was 
performed as previously described (2). Genotyping for the Ckmm-Cre 
and Chop alleles was performed following the instructions of the 
Jackson laboratory using the protocol 22415 along with the primers 
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oIMR3884, oIMR3885, and oIMR3886 for the Chop allele and the 
protocol Tg(Ckmm-Cre)5Khn along with the primers oIMR1085, 
oIMR6754, oIMR8744, and oIMR8745 for the Ckmm-Cre allele, 
respectively (www.jax.org). One- to 6-week-old animals were used 
in experiments approved and authorized by the Animal Ethics 
Committee of North-Rhein Westphalia (Landesamt für Natur, Umwelt 
und Verbraucherschutz Nordrhein-Westfalen) following the German 
and European Union regulations. Animal work was performed in 
conformity with the recommendations and guidelines of the Feder-
ation of European Laboratory Animal Science Associations.

Culture and maintenance of cells
Immortalized MEFs and fibroblasts were cultured in standard con-
ditions, at 37°C and 5% CO2. The cell culture medium was com-
posed of Dulbecco’s modified Eagle’s medium [glucose (4.5 g/liter), 
GlutaMAX, and sodium pyruvate; Gibco Life Technologies] supple-
mented with 10% “Fetal Bovine Serum Premium, South American Origin” 
(Biowest) and penicillin-streptomycin (Pen-Strep) (Gibco Life Tech-
nologies). In conditions of mitochondrial dysfunction (induced either 
genetically or by treatment), the medium was additionally supple-
mented with uridine (50 g/ml). At 90% confluency, cells were split 
cell type– dependently in ratios ranging from 1:4 to 1:20.
Generation of immortalized MEF lines
Embryos from embryonic day 13.5 of intercrossed CHOP KO 
(Chop−/−) mice were used to isolate primary MEFs (59). Immortal-
ization was achieved by transformation with the SV40 T antigen.
Drug treatments
For induction of mitochondrial dysfunction by actinonin treatment, 
80% confluent cells were treated for 48 hours with 100 M actinonin 
(Sigma-Aldrich). Proteasome was inhibited with 15 M MG132 for 
the last 6 to 8 hours of treatment as indicated. Inhibition of the ISR 
was achieved by 4- or 48-hour 1 M ISRIB (Sigma-Aldrich) treatments of 
90% confluent cells. All compounds were solubilized in dimethyl sulfox-
ide (DMSO). Untreated cells were supplemented with corresponding 
amounts of the solvent. Treatments were renewed on a daily basis.
Transfection
Transfection of plasmids conferring hygromycin resistance (pTK-Hyg 
LIP, pTK-Hyg LIPwestern, pTK-Hyg LAP, and pTK-Hyg C/EBP) 
was performed with Lipofectamine 2000 or Lipofectamine LTX 
(Invitrogen) according to the manufacturer’s instructions using the 
forward transfection procedure. Seventy-two hours after transfec-
tion, the culture medium was replaced by hygromycin-supplemented 
(100 g/ml) medium for negative selection of untransfected cells. 
Transfected cells were maintained in hygromycin-supplemented 
(100 g/ml) medium.
Cell growth estimation
To estimate differences in cell growth caused by CHOP deficiency 
and/or mitochondrial dysfunction, an equal number of cells were 
seeded and treated as indicated. The numbers of cells were deter-
mined at the indicated time points using the Countess Automatic 
Cell Counter (Invitrogen) combined with trypan blue staining.

Isolation of cardiac mitochondria
Freshly collected hearts were immediately transferred into 10 ml of 
prechilled mito-isolation buffer (MIB) [100 mM sucrose, 50 mM 
KCl, 1 mM EDTA, 20 mM N-tris(hydroxymethyl)methyl-2- 
aminoethanesulfonic acid, and 0.2% bovine serum albumin (BSA) 
free from fatty acids (pH adjusted to 7.2)] supplemented with 1 g 
of subtilisin (Sigma-Aldrich) per mg of tissue. Approximately 20 long 

strokes of a Potter S (Sartorius) homogenizer at 1000 rpm were re-
quired for homogenization. After centrifugation (800g, 5 min, 4°C), 
the mitochondria-containing supernatant was transferred into a fresh 
tube. Pelleted mitochondria (8500g, 5 min, 4°C) were resuspended in 
30 ml of MIB and subjected to a third centrifugation step (700g, 5 min, 
4°C). Last, mitochondria were pelleted (8500g, 5 min, 4°C) and re-
suspended in 100 l of macrophage inflammatory protein without 
BSA. Protein concentration of mitochondria was determined using 
Bradford reagent (Sigma-Aldrich) according to the manufacturer’s in-
structions. Mitochondria were either immediately used (respirometry 
or in organello translation) or snap-frozen and stored at −80°C.

Oxygen consumption measurements
High-resolution respirometry using an Oxygraph-2k (OROBOROS 
Instruments) and a carbohydrate substrate-uncoupler-inhibitor ti-
tration protocol was conducted to determine mitochondrial oxygen 
consumption rates. First, the respiration medium (120 mM sucrose, 
50 mM KCl, 20 mM tris-HCl, 1 mM EGTA, 4 mM KH2PO4, 2 mM 
MgCl2, and 0.1% BSA) was added to the Oxygraph chamber, and air 
equilibration was performed. Next, 25 g of freshly isolated cardiac 
mitochondria was added. The respiration medium was supple-
mented with 2 mM pyruvate, 0.8 mM malate, 2 mM glutamate, and 
2 mM adenosine 5′-diphosphate (ADP) to assess CI-dependent res-
piration. By providing additional 4 mM succinate, convergent CI- and 
CII-dependent respiration was determined. Inhibition of ATP-synthase- 
complex V (CV) by addition of oligomycin (1.5 g/ml) allowed 
evaluating the coupling efficiency. The maximal capacity of the elec-
tron transfer system (ETS) was assessed by titration of carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (0.5 M increments). Maximal 
capacity of the ETS of CII solely could be determined by inhibition 
of CI through addition of 0.5 M rotenone. Last, inhibition of CIII 
by supplementation of 2.5 M antimycin A allowed the determina-
tion of the residual oxygen consumption.

In organello translation
De novo mitochondrial translation was assessed by incubation 
(1 hour, 37°C, on rotating wheel) of 1.5 mg of freshly isolated mito-
chondria in 1 ml of 35S-translation buffer [100 mM mannitol, 10 mM 
Na-succinate, 80 mM KCl, 5 mM MgCl2, 1 mM KH2PO4, 25 mM 
Hepes (pH 7.4), 5 mM ATP, 200 M GTP, 6 mM creatine phos-
phate, creatine kinase (60 g/ml), cysteine (60 g/ml), tyrosine 
(60 g/ml), amino acids (60 g/ml) (Ala, Arg, Asp, Asn, Glu, Gln, 
Gly, His, Ile, Leu, Lys, Phe, Pro, Ser, Thr, Trp, and Val), 35S-methionine 
(7 l/ml)]. Subsequently, mitochondria were pelleted (12,000g, 2 min) 
and resuspended in 1 ml of nonradioactive translation buffer con-
taining methionine instead of 35S-methionine. Half of the sample 
(“pulse fraction”) was pelleted again, resuspended in 100 l of 
SDS–polyacrylamide gel electrophoresis (PAGE) loading buffer 
[50 mM tris-HCl (pH 6.8), 2% SDS (w/v), 10% glycerol (v/v), 1% 
-mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol blue], 
and lysed (30 min, room temperature) before transfer at −20°C. For 
the “cold chase” allowing to estimate the protein turnover, the re-
maining 500 l of resuspended mitochondria was incubated for 3 hours 
at 37°C on a rotating wheel. Subsequently, the “chase fraction” was 
pelleted, resuspended in 100 l of SDS-PAGE loading buffer, and 
lysed as the “pulse sample” before.

Separation of mitochondrial proteins was achieved by SDS-
PAGE. Ten microliters per sample was loaded on a 15-cm-long, 
15% polyacrylamide gel and run in a “SE600X Chroma Deluxe Dual 
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Cooled Vertical Protein Electrophoresis Unit” (Hoefer) overnight 
at 80 V continuously. After fixing (50% methanol and 10% acetic 
acid) for 30 min, staining in Coomassie solution, and destain-
ing (20% methanol and 10% acetic acid) of the polyacrylamide 
gel, the latter one was placed on Whatman paper (GE Healthcare) 
and dried (2 hours, 80°C) in a gel dryer. For detection of radio-
active signals of de novo synthetized proteins, Amersham Hyperfilm 
MP (GE Healthcare) was exposed to the dried polyacrylamide gel.

SDS-PAGE Western blot analysis
Cellular protein lysates
Washed cell pellets were resuspended in cold radioimmunoprecip-
itation assay buffer [150 mM NaCl, 1% Triton X-100 (v/v), 0.5% 
Na-deoxycholate (w/v), 0.1% SDS (w/v), 50 mM tris-HCl (pH 7.4), 
50 mM NaF, and 2 mM EDTA] supplemented with 1× protease in-
hibitor cocktail (Sigma-Aldrich) and 1× PhosSTOP phosphatase in-
hibitor cocktail (Roche). Next, cells were incubated 30 min on ice with 
brief vortexing every 10 min. Following 2× 45-s sonication, the lysates 
were cleared (10 min, 20,000g, 4°C) and transferred into fresh tubes.
Cardiac tissue protein lysates
Homogenization of 25 mg of cardiac tissue samples in 400 l of cold 
organ lysis buffer [50 mM Hepes (pH 7.4), 50 mM NaCl, 1% Triton 
X-100 (v/v), 0.1 M NaF, 10 mM EDTA, 0.1% SDS (w/v), 10 mM 
Na-orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 1× prote-
ase inhibitor cocktail (Sigma-Aldrich), and 1× PhosSTOP phospha-
tase inhibitor cocktail (Roche)] was performed with the Precellys 
CK 14 (Bertin Technologies) (5000 rpm, 30 s). Cleared protein ly-
sates (45 min, 20,000g, 4°C) were transferred into fresh tubes. De-
termination of protein concentration was performed with Bradford 
reagent (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. Protein lysates were stored at 80°C.
SDS–polyacrylamide gel electrophoresis
Protein samples were dissolved in SDS-PAGE loading buffer 
[50 mM tris-HCl (pH 6.8), 2% SDS (w/v), 10% glycerol (v/v), 1% 
-mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol blue] 
before denaturation. Depending on the required range of protein sizes, 
the proteins were separated on 8 to 15% acrylamide gels [stacking 
gel: 5% acrylamide-bisacrylamide (37.5:1), 12.5 mM tris-HCl, 0.1% 
SDS (w/v), 0.25% Ammonium persulfate (APS), and 0.25% Tetra-
methylethylenediamine (TEMED) (pH 6.8); separating gel: 8 to 15% 
acrylamide-bisacrylamide (37.5:1), 37.5 mM tris-HCl, 0.1% SDS 
(w/v), 0.1% APS, and 0.1% TEMED (pH 8.8)] in running buffer [25 mM 
tris-HCl, 250 mM glycine, and 0.1% SDS (w/v) (pH 8.3)].
Western blot
Transfer of proteins on a nitrocellulose membrane by Western blot 
was conducted in transfer buffer (30 mM tris-HCl, 240 mM glycine, 
0.037% SDS, and 20% methanol) at 400 mA for 2 hours at 4°C. For 
a first evaluation of the transfer, shortly washed membranes (dH2O) 
were stained with Ponceau S solution (Sigma-Aldrich). Depending on 
the antibody requirements, destaining and blocking of membranes 
were performed for 1 hour either in 5% milk-PBST (Phosphate- 
Buffered Saline/Tween) or 3% BSA-TBST (Tris-Buffered Saline/
Tween) on a gently shaking platform before subsequent immuno-
decoration with the indicated antibodies according to the manufac-
turer’s instructions. Secondary horseradish peroxidase–coupled 
antibodies (1:5000) were incubated for 1 hour before detection by 
Pierce ECL Western blotting substrate (Thermo Fisher Scientific). 
Densitometry-based quantification of Western blots was performed 
with ImageJ and Image Studio Lite Software.

Blue native polyacrylamide gel electrophoresis Western 
blot analysis
Blue native polyacrylamide gel electrophoresis (BN-PAGE) was 
performed on the basis of the “NativePAGE Novex Bis-Tris Gel 
System” (Invitrogen) according to the manufacturer’s instructions. 
For analysis of mitochondrial supercomplexes, 10 g of mitochondria 
was lysed with 4% of digitonin. Analysis of individual mitochondrial 
complexes was conducted after lysis of 10 g of mitochondria in 1% 
n-dodecyl--D-maltoside (DDM). After completion of lysis (15 min 
on ice), lysates were cleared (30 min, 20,000g, 4°C), and the resulting 
supernatant was loaded on a 4 to 16% bis-tris gradient gel. Subse-
quently, proteins were transferred to an Amersham Hybond polyvi-
nylidene difluoride membrane (GE Healthcare) by Western blot 
and subsequently immunodecorated with indicated antibodies.

Analysis of label-free proteomics and RNA sequencing data
Independently normalized label-free proteomics and RNA sequenc-
ing data were scaled before analysis using the anota2seq algorithm 
(version 1.4.2) (19). Furthermore, datasets were reduced to genes identi-
fied on both platforms resulting in a total of 2556 mRNAs for analysis. 
Analysis of changes in protein levels and total mRNA was performed 
using the anota2seqAnalyze function to identify differences between 
CHOP KO, DARS2 KO, and DKO compared to WT. Changes were con-
sidered significant when passing the following parameters within the 
anota2seqSelSigGenes function: maxPAdj = 0.15, minSlopeTranslation = 
−1, maxSlopeTranslation = 2, selDeltaPT = log2(1.2), selDeltaP = 0, 
and selDeltaT = 0. Changes in translation or protein stability, as 
well as changes in mRNA abundance, were characterized using the 
anota2seqRegModes() function. GO analysis (60) was performed in 
Cytoscape (v 3.8.0) (23) using the ClueGO (v 2.5.7) app (20). Within 
ClueGO, four gene lists were provided corresponding to the iden-
tified modes for regulation of gene expression using anota2seq (i.e., 
translation/protein stability and mRNA abundance) divided into 
up- and down-regulated mRNAs. GO term inclusion parameter was 
set to a ≤ 5 gene overlap and <4% of total genes present in the GO 
term. For the resulting network, GO term grouping and fusion pa-
rameters were enabled, and only GO terms with a false discovery 
rate of <5% were displayed. Furthermore, anota2seq was applied 
on the full RNA sequencing dataset (14,174 protein coding tran-
scripts) following the same approach as above. Master regulators 
among significantly up-regulated total mRNAs in the DARS2 KO 
versus WT comparison were detected using iRegulon (v1.3) with de-
fault settings (24).

Q5 site-directed mutagenesis
The “Q5 Site-Directed Mutagenesis Kit” (New England Biolabs) was used 
to introduce a point mutation (L120T) in the pTK-Hyg LIP plasmid (41). 
For primer design, the New England Biolabs (NEB) online design soft-
ware “NEBaseChanger” was used. All three steps described in the protocol 
[exponential amplification, Kinase, Ligase & DpnI treatment (KLD) reac-
tion, and transformation] were performed as indicated in the manual.

Surface sensing of translation
Protein synthesis was determined using the nonradioactive technique 
called surface sensing of translation described in (61). This assay is 
based on the incorporation of the structural analogue of tyrosyl- 
tRNA puromycin in nascent polypeptide chains and subsequent 
detection of puromycylated proteins using an anti-puromycin–specific  
antibody.
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Briefly, mice were injected at the indicated time points intraperitone-
ally with 0.04 mol of puromycin dissolved in phosphate-buffered 
saline (PBS) per gram of body weight. Thirty minutes after injection, 
the animals were euthanized, and collected tissues were snap-frozen 
in liquid nitrogen. Subsequently, protein lysates of the collected tis-
sues were prepared and processed by SDS-PAGE and Western blot. 
The relative signal intensity of the anti-puromycin–specific anti-
body is proportional to the relative protein synthesis rates at the 
time point of puromycin injection.

ISRIB injections
Briefly, mice were injected intraperitoneally with 5 g of ISRIB 
(stock solution: 5 mg/ml in DMSO, dissolved in PBS up to the 
weight-dependent injection volume of 30 to 50 l) per gram of body 
weight or the corresponding amount of PBS-dissolved solvent 
(DMSO) on a daily basis for the indicated time periods. One day 
after the last injection, the animals were euthanized, and collected 
tissues were snap-frozen in liquid nitrogen. Subsequently, protein 
lysates of the collected tissues were prepared and processed by 
SDS-PAGE and Western blot.

Statistical analysis
Numerical data are expressed as means ± SD. Statistical analysis 
was performed using the indicated statistical tests. If not indicated 
differently, statistical significance was considered for P < 0.05. With 
exception of multivariate analysis of variance (MANOVA) and 
omics analyses, all statistical tests were performed, and graphs were 
plotted using GraphPad Prism 8.0 software. MANOVA was per-
formed with XLSTAT version 2020.3 software.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabf0971/DC1

View/request a protocol for this paper from Bio-protocol.
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