
1272  |  Y. Liu, X. Wang, L. P. Coyne, et al.	 Molecular Biology of the Cell

MBoC  |  ARTICLE

Mitochondrial carrier protein overloading and 
misfolding induce aggresomes and proteostatic 
adaptations in the cytosol

ABSTRACT  Previous studies in yeast showed that mitochondrial stressors not directly target-
ing the protein import machinery can cause mitochondrial precursor overaccumulation stress 
(mPOS) in the cytosol independent of bioenergetics. Here, we demonstrate mPOS and stress 
responses in human cells. We show that overloading of mitochondrial membrane carrier, but 
not matrix proteins, is sufficient to induce cytosolic aggresomes and apoptosis. The ag-
gresomes appear to triage unimported mitochondrial proteins. Interestingly, expression of 
highly unstable mutant variants of the mitochondrial carrier protein, Ant1, also induces 
aggresomes despite a greater than 20-fold reduction in protein level compared to wild type. 
Thus, overloading of the protein import machinery, rather than protein accumulation, is criti-
cal for aggresome induction. The data suggest that the import of mitochondrial proteins is 
saturable and that the cytosol is limited in degrading unimported mitochondrial proteins. In 
addition, we found that EGR1, eEF1a, and ubiquitin C are up-regulated by Ant1 overloading. 
These proteins are known to promote autophagy, protein targeting to aggresomes, and the 
processing of protein aggregates, respectively. Finally, we found that overexpression of the 
misfolded variants of Ant1 induces additional cytosolic responses including proteasomal acti-
vation. In summary, our work captured a profound effect of unimported mitochondrial pro-
teins on cytosolic proteostasis and revealed multiple anti-mPOS mechanisms in human cells.

INTRODUCTION
Mitochondria are semiautonomous organelles that contain more 
than 1000 polypeptides (Calvo et al., 2016). Only 13 of these pro-
teins are encoded by mitochondrial DNA (mtDNA) and synthesized 

in the mitochondrial matrix. The remaining ∼99% of mitochondrial 
proteins are nuclear encoded and are synthesized in and imported 
from the cytosol (Chacinska et al., 2009). Effective biogenesis of 
mitochondria requires the coordinated expression of proteins from 
both the cytosolic and the mitochondrial protein synthesis machin-
eries. For example, respiratory enzymes of the oxidative phosphory-
lation (OXPHOS) pathway are large protein complexes on the inner 
mitochondrial membrane (IMM) that require the coordinated 
expression of subunits from both mtDNA and nuclear DNA 
(Richter-Dennerlein et al., 2016). Decreased import of specific 
OXPHOS components into mitochondria is generally expected to 
affect ATP production and energy homeostasis in the cell. Moreover, 
a global defect in protein import would be expected to affect mito-
chondrial biogenesis and reduce cell viability, as mitochondria carry 
out essential cellular functions in addition to ATP production (Wang, 
2001; Shadel and Horvath, 2015; Gottschling and Nystrom, 2017). 
Several human diseases have been found to be caused by mutations 
in genes encoding the core mitochondrial protein import machinery 
(Koehler et al., 1999; Kang et al., 2017; Vukotic et al., 2017). 
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However, despite the expected consequences of reduced import 
noted above, how reduced import may cause diseases is not fully 
understood.

Our previous studies have indicated that severe proteostatic 
stress in mitochondria can reduce protein import. This kills cells by a 
mechanism independent of bioenergetics, termed mitochondrial 
precursor overaccumulation stress (mPOS), which is characterized 
by the toxic accumulation of unimported mitochondrial proteins in 
the cytosol (Wang and Chen, 2015). In yeast, we showed that mis-
folded variants of Aac2, the homologue of human Ant1 involved in 
ATP/ADP exchange across the IMM, causes proteostatic stress in 
the membrane and destabilizes multiple protein complexes includ-
ing the TIM22 and TIM23 protein translocases (Liu et al., 2015). This 
reduces protein import and leads to the accumulation of unim-
ported proteins in the cytosol. This is sufficient to cause lethal cyto-
solic proteostatic stress before the reduced protein import causes 
defects in critical mitochondrial functions. Given that protein import 
efficiency can be affected by many conditions such as IMM stress 
and low membrane potential, it was speculated that various mito-
chondrial stressors may contribute to diseases via mPOS, in addition 
to their effect on bioenergetic output (Coyne and Chen, 2018).

It is unknown whether unimported mitochondrial protein can ac-
cumulate in the cytosol and induce mPOS in human cells, and if so, 
whether adaptive mechanisms exist to tolerate and suppress the 
stress. In the current study, we found that overexpression of mito-
chondrial carrier proteins, including Ant1, is sufficient to induce the 
formation of large cytosolic aggresomes that appear to contain un-
imported mitochondrial proteins. The data suggest that the mito-
chondrial protein import pathway is saturable, that the cytosol has 
a limited capacity to degrade unimported proteins, and that 

aggresome formation is a defense mechanism against mPOS. These 
findings are clinically relevant as overexpression of Ant1 has been 
observed in several human diseases (Sylven et al., 1993; Dorner 
et al., 1997; Dorner and Schultheiss, 2000; Gabellini et al., 2002; 
Laoudj-Chenivesse et al., 2005; Kriaucionis et al., 2006; Forlani 
et al., 2010). We also found that overexpression of pathogenic mis-
folded variants of Ant1 induces additional proteostatic responses in 
the cytosol. The results support the idea that mitochondrial protein 
overloading and misfolding have severe consequences on cytosolic 
proteostasis, and that multiple mechanisms exist to protect mam-
malian cells against the resulting mPOS.

RESULTS
Overloading of mitochondrial carrier proteins induces the 
formation of cytosolic aggresomes
We attempted to induce mPOS in mammalian cells by overex-
pressing a select panel of nuclear genes encoding mitochondrial 
proteins from the cytomegalovirus (CMV) promoter in human em-
bryonic kidney 293T (HEK293T) cells. We reasoned that protein 
overloading may saturate the import machinery and, consequently, 
lead to the accumulation and aggregation of unimported mito-
chondrial proteins in the cytosol (i.e., mPOS). To detect potential 
cytosolic protein aggregates, we used fluorescence microscopy 
after staining transfected cells with an aggresome dye that specifi-
cally recognizes protein aggregates. Aggresomes can be effec-
tively induced by inhibiting the proteasome with MG132 (Figure 1, 
A and B). We overexpressed mitochondrial matrix proteins includ-
ing aconitase (Aco2), isoform 2 of isocitrate dehydrogenase (Idh2), 
and succinate dehydrogenase subunit A (SdhA). We found that 
IDH2 and SDHA do not induce detectable aggresomes, and that 

FIGURE 1:  Overexpression of mitochondrial carrier proteins induces cytosolic aggresome formation and apoptotic cell 
death. (A) Fluorescence microscopy showing the induction of aggresomes by overexpression of ANT1 (or SLC25A4), 
SLC25A1, SLC25A6, and SLC25A11, but not of ACO2, IDH2, and SDHA. MG132 was used as a positive control for 
aggresome induction. Scale bars, 20 μm. (B) Quantitation of aggresome formation in A, normalized to the number of 
nuclei stained by DAPI. Error bars represent SEM of 16 fields of scanning from two independent transfections with a 
total of 12,000–28,000 cells examined. (C) Submitochondrial localization of Ant1-HA. (D) Annexin V-positive and 
propidium iodide negative early apoptotic HEK293T cells overexpressing the mitochondrial proteins as indicated. Error 
bars are SEM of three independent experiments. (E) Staining of ANT1-transfected HEK293T cells with aggresome dye 
and DAPI. Arrows denote micronuclei that colocalize with aggresomes. Scale bars, 20 μm.
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ACO2 overexpression only marginally increased aggresome for-
mation. Interestingly, overexpression of several mitochondrial car-
rier proteins drastically induced the formation of distinct structures 
in the cytosol that are intensely stained by the aggresome dye 
(Figure 1, A and B). These proteins include isoform 1 (Ant1 or 
Slc25A4) and 3 (Ant3 or Slc25A6) of adenine nucleotide translo-
case, the citrate transporter (Slc25A1), and the 2-oxoglutarate/
malate carrier (Slc25A11). When entering mitochondria, the trans-
fected carrier proteins appear to be targeted to the IMM, as exem-
plified by submitochondrial localization experiments in cells trans-
fected with ANT1-HA (Figure 1C). HEK293T cells predominantly 
express ANT2 and ANT3, while ANT1 is expressed at very low 
levels. RNA-Seq analysis (see below) showed that the mRNA level 
of ANT1 in the transfected cells is 3.71-fold higher than the sum of 
the endogenously expressed ANT2 and ANT3. These observa-
tions suggest that the mitochondrial import pathway is saturable in 
vivo. Expectedly, a threshold level of carrier overexpression 
appears to be required for the detection of aggresome induction. 
When transfected in HeLa cells, the CMV-ANT1 construct is ex-
pressed approximately 1.7-fold lower compared with HEK293T 
cells (Supplemental Figure 1A). No significant induction of 
aggresomes was observed. Similarly, the two misfolded variants of 
Ant1 (see below) also failed to induce aggresome formation in 
HeLa cells (Supplemental Figure 1B).

We found that the frequency of aggresome formation correlates 
with increased early apoptotic cells (annexin V-positive, propidium 
iodide [PI]–negative; Figure 1D) and total apoptotic cells (total an-
nexin V-positive cells; Supplemental Figure 1C) 24 h posttransfec-
tion. Extranuclear puncta positive to DAPI (4’, 6-diamidino-2-phe-
nylindole) staining colocalize with the aggresomes in 
ANT1-overexpressing cells (Figure 1E). These DNA structures likely 
represent fragmented chromatins that are commonly detected in 
the cytosol of apoptotic cells. These findings suggest that mito-
chondrial carrier overloading is sufficient to induce mPOS and cell 
death. The rate of apoptosis is not further increased 36 or 48 h post-
transfection and, correspondingly, there is no decrease in the ∼50% 

of cells that are nonapoptotic (double-negative cells; Supplemental 
Figure 1D). In conjunction with our observed ∼70% transfection ef-
ficiency, this supports the idea that while many transfected cells do 
indeed die, others are able to mount effective cellular defense 
mechanisms to remain viable.

We then determined whether acute inhibition of mitochondrial 
protein import can also induce aggresome formation. Interestingly, 
we found that sublethal concentrations of MitoBloCK-6 (Supplemen-
tal Figure 2A; Dabir et al., 2013), which inhibits protein import, only 
marginally induce aggresome formation (Supplemental Figure 2B). 
Sublethal concentrations of carbonyl cyanide m-chlorophenyl hydra-
zine (CCCP; Supplemental Figure 2C), which uncouples the IMM, do 
not induce aggresome formation (Supplemental Figure 2D). These 
compounds would be expected to globally inhibit mitochondrial 
biogenesis. Thus, it is possible that severe defects in mitochondria-
associated function(s) prevent aggresome formation, even though 
protein import is directly or indirectly inhibited.

Aggresomes induced by mitochondrial carrier proteins 
contain densely packed protein aggregates and may triage 
unimported mitochondrial proteins
Using transmission electron microscopy, we confirmed the presence 
of large structures with dense materials resembling protein ag-
gresomes (Ags) in cells transfected with an ANT1-expressing plas-
mid (Figure 2A(ii)), but not with the empty vector (Figure 2A(i)). 
These aggresomes appear to have a much higher electron density 
compared with classic cytosolic aggresomes (Garcia-Mata et al., 
1999; Kolodziejska et al., 2005). In contrast to classic aggresomes 
that are membrane-free (Kopito, 2000), we observed double- or 
single-membrane structures enclosing some, but not all ANT1-in-
duced aggresomes (Figure 2A, (iii) and (iv)). The membranes may be 
derived from phagophores via the process of autophagy. Areas of 
low electron density were detected within some aggresomes (Figure 
2A(iv)), which could result from lysosomal clearance of intra-
aggresomal protein aggregates as the final step in the process of 
aggrephagy. Autophagic/lysosomal clearance of intact aggresomes 

FIGURE 2:  Aggresomes (Ags) and autophagic vacuoles (AVs) induced by overexpression of mitochondrial carriers in 
HEK293T cells. (A) Transmission electron microscopy. i, cells transfected with the control vector. ii–vi, ANT1-transfected 
cells. N, nucleus; M, mitochondria. Red arrows in iii and iv indicate membranes. (B) Immunostaining showing the 
condensation of HA- and FLAG-tagged mitochondrial carriers in the aggresome-like cytosolic vesicles. Scale bars,  
20 μm. (C) Immunostaining showing the presence of mitochondrial proteins SdhA and Tom20 in cytosolic vesicles in cells 
overexpressing mitochondrial carrier proteins. Scale bars, 20 μm.
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seems highly unlikely due to their large size. We speculate that the 
giant aggresomes arise when aggregate deposition exceeds the ca-
pacity of lysosomal clearance, leading to the recruitment and con-
tinuous expansion of the phagophore membrane to sequester 
proteins.

In addition to aggresomes that contain mainly aggregated pro-
teins, ANT1 overexpression also induced large structures resem-
bling autophagic vacuoles (AVs) that harbor a mixture of protein 
aggregates, membrane vesicles, and mitochondria (Figure 2a, (v) 
and (vi)). However, while the AVs appear to stain positively for LC3 
by fluorescence microscopy (see Supplemental Figure 8C), we did 
not see an overall increase in the LC3-II to LC3-I ratio in ANT1-
transfected cells (Supplemental Figure 8A).

We speculated that the cytosolic aggresomes and AVs may con-
tain triaged mitochondrial proteins that fail to enter the mitochon-
dria. Unfortunately, the broad emission spectrum of the aggresome 
dye precluded a direct colocalization of unimported mitochondrial 
proteins and the aggresomes. However, we detected strong immu-
nofluorescence signals of the hemagglutinin (HA)-tagged Ant1, and 
the FLAG-tagged Slc25A1, Slc25A6, and SlcA25A11, in vesicular 
structures resembling aggresomes and AVs (Figure 2B). Further-
more, we found that the endogenously expressed mitochondrial 
proteins SdhA and Tom20 are also condensed in large spherical 
vesicles in cells overexpressing the mitochondrial carrier proteins 
(Figure 2C). Taken together, these data support the idea that the 
cytosolic aggresomes and AVs are induced to triage the overex-
pressed mitochondrial carrier proteins, as well as endogenous mito-
chondrial proteins. The latter may have failed to enter mitochondria 
because of a competition for binding to import receptors with the 
overloaded proteins.

ANT1 overexpression activates the expression of the 
nuclear transcriptional factor Egr1 without severely 
affecting oxidative phosphorylation
Next, we determined the effect of ANT1 overexpression on mito-
chondria. We found that the size of mitochondria in ANT1 overex-
pressing cells is not drastically changed compared with control cells 
(Figure 3A). More importantly, no protein aggregates were detected 
inside mitochondria in aggresome-forming cells. ANT1 overexpres-
sion causes moderate but significant reductions in basal and maxi-
mal respiratory rates (Figure 3, B–D), and respiratory coupling effi-
ciency appears unaffected (Figure 3E). The steady-state levels of 
representative subunits of respiratory complexes and the mitochon-
drial matrix protein Aco2 are unchanged in total cell lysates, but are 
moderately reduced in isolated mitochondria (Figure 3F). This sug-
gests distribution of these proteins to extramitochondrial compart-
ments because of ineffective import.

To learn the mechanism by which Ant1 overloading induces ag-
gresome formation in the cytosol, we first examined the nuclear 
transcriptome in ANT1-overexpressing cells. RNA-Seq revealed 
that, despite the drastic proteostatic reconfiguration in the cytosol 
as manifested by aggresome formation, ANT1 overexpression af-
fected the transcription of only a limited number of nuclear genes 
(Figure 3, G and H, and Supplemental Table 1). No genes involved 
in oxidative phosphorylation, bioenergetic adaptation, or the classic 
heat shock response are up-regulated. Instead, we found that EGR1 
(early growth response gene-1) is the most up-regulated gene, al-
though the magnitude of up-regulation is moderate. EGR1 encodes 
a transcriptional factor with diverse cellular functions including cell 
proliferation and stress response. It was recently shown to play a 
central role in the regulation of autophagy (Peeters et al., 2019). 

FIGURE 3:  ANT1 overexpression has only moderate effects on oxidative phosphorylation and the nuclear 
transcriptome. (A) Transmission electron microscopy showing mitochondrial structure in aggresome-forming cells 
expressing ANT1. Ag, aggresome; M, mitochondria; N, nucleus. (B–E) Oxygen consumption rates (OCRs) and coupling 
efficiency of transfected HEK293T cells, determined by Seahorse XF96e extracellular flux analyzer with sequential 
injections of oligomycin (Oligo), carbonylcyanide-4-trifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin A 
(Rot/AA). Six independent transfections were performed. Error bars indicate standard deviations. Coupling efficiency (E) 
is defined by the ratio between ATP production–driven respiration rate and basal respiration rate. (F) Western blot 
showing the levels of representative mitochondrial proteins in total cell lysates and isolated mitochondria from 
ANT1-transfected cells. (G) Heatmap of differentially expressed genes in cells transfected by ANT1 vs. control vector. 
(H) Genes up-regulated by ANT1 overexpression.



1276  |  Y. Liu, X. Wang, L. P. Coyne, et al.	 Molecular Biology of the Cell

Among the seven protein-coding genes up-regulated by ANT1, 
predicted EGR1 target genes are highly overrepresented (Z-score 
18.7) and include ZCCHC12 (zinc finger CCHC-type containing 12, 
or Sizn1), PHLDA2, SFPQ, and DOLK (Supplemental Table 2). It is 
possible that these genes participate in the Egr1-orchestrated 
autophagic program to facilitate aggresome formation to triage un-
imported mitochondrial proteins.

Induction of aggresome formation in the cytosol by Ant1 is 
independent of Ant1 accumulation
One interpretation of the data presented above is that aggresomes 
are induced simply by the cytosolic accumulation of hydrophobic 
carrier proteins, such as Ant1. However, here we demonstrate that 
Ant1 overexpression can induce aggresome formation without sub-
stantial protein accumulation. We did so by taking advantage of 
mutant Ant1 variants that accumulate poorly in HEK293T cells.

Our previous studies in yeast showed that mPOS can be induced 
by various conditions that directly or indirectly affect protein import, 
including the expression of a misfolded variant of Aac2, the ortho-
logue of human Ant1 (Wang and Chen, 2015). We then asked how 
human cells might respond to stress induced by the expression of 
misfolded Ant1. We generated variants of Ant1 that contain multi-
ple misfolding mutations. These mutations include A90D, L98P, 
A114P, and A123D that are known to cause pathologies including 
autosomal-dominant progressive external ophthalmoplegia, bipolar 
affective disorder, dementia, myopathy, and cardiomyopathy 
(Kaukonen et al., 1999, 2000; Napoli et al., 2001; Siciliano et al., 

2003; Deschauer et al., 2005; Palmieri et al., 2005; Simoncini et al., 
2017). These mutations occur on α-helices 2 and 3 in the proximity 
of IMM-intermembrane space interface (Figure 4A), with some of 
them causing the protein itself to aggregate on the IMM (Liu et al., 
2015). Consistent with this, we found that the steady-state levels of 
the triple (Ant1A90D,L98P,A114P) and quadruple (Ant1A90D,L98P,A114P,A123D) 
mutants of Ant1 are reduced to only 4.77% (p = 5.89 × 10−6, unpaired 
Student’s t test) and 4.06% (p = 3.98 × 10−7, unpaired Student’s 
t test) of the wild-type Ant1 level, respectively (Figure 4, B and C). 
Meanwhile, detectable mRNA levels of the mutant ANT1 variants 
were equivalent to that of wild type as determined by RNA-Seq. 
Such a low accumulation suggests that these mutations cause in-
creased turnover of the proteins either on or before reaching the 
IMM. Another interpretation is that the mutations cause the mutant 
proteins to aggregate, thus reducing the solubility in RIPA buffer 
and compromising detection by Western blotting. To test this, we 
attempted to enhance extraction of the quadruple mutant with vari-
ous harsh detergents and chaotropic agents. This did not substan-
tially increase protein recovery as shown by Western blot analysis 
(Supplemental Figure 3). Moreover, direct dot blot analysis of pre-
cleared lysates confirmed the low-level accumulation of the mutant 
Ant1 in the transfected cells (Figure 4, D and E). Clearly, the mutant 
proteins accumulate at very low levels compared with the wild-type 
Ant1. Using a Seahorse metabolic flux analyzer, we found that ex-
pression of the triple and quadruple mutants of Ant1 have only 
moderate effects on mitochondrial respiration and respiratory cou-
pling efficiency (Figure 4F).

FIGURE 4:  Stability and bioenergetic effect of misfolded Ant1. (A) Crystal structure of the yeast Aac2 protein 
(Ruprecht et al., 2014). The amino acids equivalent to those mutated in human ANT1 are denoted by arrows. 
Carboxylatractyloside in magenta indicates the putative nucleotide binding site. H2, α-helix 2; H3, α-helix 3; IM, inner 
membrane; IMS, intermembrane space. (B) Western blot analysis showing the steady-state levels of the triple and 
quadruple mutants of Ant1 in HEK293T cells. (C) Quantitation of the protein levels in B (n = 3). Error bars represent SD. 
(D) Dot blot analysis showing the levels of the triple and quadruple mutants of Ant1 relative to the wild type. 
Transfected cells were sonicated in lysis buffer with 5% SDS plus 8 M urea, and the total lysates were directly spotted to 
the membrane without centrifugation. Protein signals were detected with an anti-HA antibody. (E) Quantitation of dot 
blot signals in D. Error bars represent SEM from four replicates. (F) Oxygen consumption rate of transfected HEK293T 
cells as measured by Seahorse extracellular flux analyzer. The basal respiration, maximal respiration, and ATP 
production–driven respiration were calculated. Error bars indicate standard deviations.



Volume 30  May 15, 2019	 Mitochondria-induced cytosolic aggresome  |  1277 

Despite drastically reduced steady-state levels of the misfolded 
triple (Ant1A90D,L98P,A114P) and quadruple (Ant1A90D,L98P,A114P,A123D) 
mutant variants of Ant1, aggresome induction remains substantial 
(Figure 5A). We note that the A123D mutation affects the function 
of respiratory complexes (Ogunbona et al., 2018) and completely 
inactivates adenine nucleotide transport activity (Palmieri et al., 
2005). Aggresome induction by the quadruple mutant, which has 
the A123D mutation, is therefore independent of nucleotide trans-
port. Examination by electron microscopy revealed that aggresomes 
induced by the mutant Ant1 are morphologically indistinguishable 
from those induced by the wild-type ANT1 (Figure 5, B–G). Small 
vesicles were frequently seen within the aggresomes (Figure 5H). 
Membrane-rich vesicles containing dark punctates were detected in 
the vicinity of the aggresomes (Figure 5I). Similar structures have 
been observed in flies when the mitochondrial protein import ma-
chinery is directly knocked down (Liu et al., 2018). We speculate that 
these vesicles may be involved in the delivery of aggregated pro-
teins to the aggresomes in the HEK293T cells.

Expression of mutant Ant1 activates additional proteostatic 
pathways in the cytosol
In a search for extra effects of mutant compared with wild-type Ant1, 
we examined apoptosis and mitochondrial membrane potential. 
We found that the triple and quadruple mutants of Ant1 do not 
further increase apoptosis when compared with the wild-type pro-
tein (Figure 6A), consistent with a comparable subpopulation of 
cells with severely depolarized mitochondria (Supplemental Figure 
4). Expression of the mutant Ant1 moderately increases rather than 
decreasing the relative mitochondrial membrane potential in the 
main subpopulation of the cells that maintain their potential 

(Figure 6B), which suggests a preferential effect on processes that 
utilize (e.g., ATP synthesis) rather than generate (e.g., the electron 
transport chain) the potential.

To uncover additional cytosolic pathways induced by mutant 
Ant1, we performed RNA-Seq analysis on cells expressing the triple 
and quadruple mutant Ant1. Interestingly, this revealed that the 
triple and quadruple mutants alter the expression of 206 and 560 
genes, respectively (Figure 6C and Supplemental Tables 3 and 4), 
far more than observed for wild-type Ant1. Thirty-two genes were 
commonly up-regulated by the two mutants (Figure 6D and Supple-
mental Figure 5, A and B). Like the cells overexpressing the wild-
type ANT1 (Figure 3H), expression of EGR1, ZCCHC12, and SFPQ is 
activated by the triple and quadruple mutant Ant1. These genes 
may facilitate aggresome formation, a phenotype shared by the 
cells overexpressing the wild-type and mutant Ant1.

We found that multiple genes involved in RNA processing are 
up-regulated in cells expressing the mutant Ant1 (Supplemental 
Figure 5B). These include FUS, RBM12, and SFPQ, which are impli-
cated in amyotrophic lateral sclerosis, frontotemporal dementia, 
psychosis, and Alzheimer’s disease (Kwiatkowski et al., 2009; Vance 
et al., 2009; Steinberg et al., 2017; Lu et al., 2018; Luisier et al., 
2018). Further analysis revealed that 21.7% (Z-score = 6.19) and 
27.8% (Z-score = 25.38) of the total up-regulated genes induced 
by the triple and quadruple mutants of Ant1 are predicted to be 
the downstream targets of EGR1 (Supplemental Tables 5 and 6). 
More importantly, we found that many genes activated by the 
mutant Ant1 are involved in cytosolic proteostasis by affecting 
autophagy, heat shock response, and proteasomal function 
(Supplemental Figure 5B and Figure 6E). Notably, the up-regulated 
RAS-related GTP-binding protein, RAB7A, is known to play a 

FIGURE 5:  Induction of aggresomes by mutant Ant1. (A) Staining of transfected HEK293T cells with an aggresome dye 
showing the induction of aggresomes. MG132 treatment was used as a positive control. Scale bars, 20 μm. 
(B–I) Transmission electron microscopy of HEK293T cells transfected with vector (B), the wild-type ANT1 (C), ant1A114P 
(D), ant1A123D (E), ant1A90D,L98P,A114P (F), and ant1A90D,L98P,A114P,A123D (G–I). N, nucleus; Ag, aggresome; H, a representative 
aggresome that contains small vesicles; I, aggresome–cytosol interface. Arrow denotes membrane-rich vesicles in the 
vicinity of an aggresome that contains electron-dense particles resembling aggregated proteins.
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critical role in aggresome formation and maturation (Hyttinen 
et al., 2014). Genes encoding cytosolic chaperones and the ubiq-
uitin–proteasome system, but not those involved in endoplasmic 
reticulum stress response, are specifically up-regulated in cells 
overexpressing the quadruple mutant of Ant1 (Figure 6E). This is 
consistent with the observation that the caspase-like activity of the 
proteasome is significantly increased in cells expressing the 
quadruple but not the triple mutant or wild-type allele of ANT1 
(Figure 6F).

The large number of genes that are transcriptionally remodeled 
in cells expressing the quadruple mutant of Ant1 allowed us to 
determine other putative upstream regulators. Ingenuity pathway 
analysis identified 42 gene clusters predicted to be either acti-
vated or inhibited (Supplemental Figure 5C). Genes controlled by 
ATF4 are up-regulated, supporting the activation of the integrated 
stress response (Quiros et al., 2017). We found that genes regu-
lated by rapamycin and RICTOR are down-regulated. Rapamycin is 
an inhibitor of the mechanistic target of rapamycin (mTOR) protein 
kinase and RICTOR is a subunit of the mTORC2 complex. These 
observations suggest that expression of the mutant Ant1 down-
regulates mTOR signaling, which is known to reduce protein syn-
thesis. This is supported by reduced phosphorylation of 4E-BP and 
Rps6 (Supplemental Figure 6). Taking the results together, the 
mutant Ant1 specifically induces multiple branches of proteostatic 
adaptation in the cytosol, in addition to EGR1 activation and 
aggresome formation.

Increased protein ubiquitination, decreased mitochondrial 
protein solubility, and up-regulated ubiquitin C and eEF1α 
are common posttranscriptional signatures of cells 
overexpressing the wild-type and mutant Ant1
As aggresomes are induced by the overexpression of both wild-
type and mutant Ant1, we examined posttranscriptional signa-
tures shared by these cells. We hypothesized that aggresomes 
may contain ubiquitinated misfolded proteins that exhibit re-
duced solubility. As expected, expression of the wild-type and 
mutant Ant1 increases protein ubiquitination at virtually all mole-
cular weights in NP-40 insoluble fractions (Figure 7A), suggesting 
widespread protein misfolding and ubiquitination. The solubility 
of some mitochondrial proteins (Tom20, Hsp60, and Aco2) is de-
creased by Ant1 overexpression (Supplemental Figure 7, B, E, and 
G), but not proteasome inhibition. This observation, together with 
an aggresome-like distribution of Tom20 and SdhA (Figure 2C), 
provides strong evidence that carrier-induced aggresomes triage 
unimported mitochondrial proteins. The detergent solubility of 
several other mitochondrial proteins (Tim22, SMAC/Diablo, 
VDAC, and Mia40) is little changed (Supplemental Figure 7, A–D). 
Furthermore, we found that the cytosolic HSP70 and HSP90 chap-
erones exhibit reduced solubility in response to proteasome 
inhibition but not to Ant1 expression (Supplemental Figure 7, F 
and G). This suggests that these chaperones are either uninvolved 
or play a minimal role in the triage of unimported mitochondrial 
proteins via the aggresome pathway.

FIGURE 6:  Expression of mutant Ant1 triggers proteasomal activation and transcriptional up-regulation of the heat 
shock response in the cytosol. (A) Apoptosis induced by the expression of mutant versus wild-type Ant1. Depicted here 
is the percentage of annexin V-positive, PI-negative cells as an indication of early apoptosis from three independent 
transfections performed in triplicate. Error bars represent SD of three independent experiments in triplicate.  
(B) Relative mitochondrial membrane potential in the nondepolarized subpopulation of transfected cells (see 
Supplemental Figure 4 for gating strategy). Error bars represent SEM of three independent experiments in triplicate. 
(C) Volcano plots showing the distribution of up- and down-regulated genes in HEK293T cells expressing 
ant1A90D,L98P,A114P (triple) and ant1A90D,L98P,A114P,A123D (quadruple). (D) Heatmap of the 32 genes that are up-regulated  
both in cells expressing the triple and quadruple mutants of ANT1. Color bar indicates the log2 expression change.  
(E) Cytosolic proteostatic genes differentially expressed in cells expressing the triple and quadruple mutants of ANT1. 
(F) Relative proteasome-associated proteolytic activities in cells expressing the wild-type (WT), the triple (T),  
and the quadruple (Q) mutants of ANT1 compared with vector (V)-transfected cells. Error bars represent SEM of six 
assays from two independent experiments.
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Although the ratio between LC3-II and LC3-I, a biomarker for 
autophagy, is significantly increased only in cells expressing the 
quadruple mutant of Ant1 when proteins are solubilized by RIPA 
buffer (Supplemental Figure 8A), LC3-II solubility is reduced in all 
the cells expressing Ant1 (Supplemental Figure 8B). Immunofluo-
rescence microscopy revealed that LC3-positive vesicles are sig-
nificantly increased in cells expressing mitochondrial carrier but 
not matrix proteins (Supplemental Figure 8, C and D). These data 
provide further support for the involvement of the autophagic 
process in aggresome formation.

Finally, we determined whether processes that are known to 
stimulate aggresome formation are up-regulated by Ant1 overload-
ing. Recent studies have shown that free ubiquitin serves as signal-
ing molecules to stimulate aggresome processing (Hao et al., 2013). 
Indeed, we found that the levels of free ubiquitin are increased in 
cells expressing the wild-type and mutant Ant1 (Figure 7B). Mass 
spectrometry analysis revealed that the ubiquitin molecules are ex-
pressed from the UBC (polyubiquitine C) locus (Supplemental Figure 
9). In addition, recent studies have shown that the eukaryotic trans-
lation elongation factor 1α (eEF1α) forms a CTIF-eEF1A1-DCTN1 
complex to facilitate the aggresomal targeting of misfolded poly-
peptides (Park et al., 2017). We found that the levels of eEF1α in 
Ant1-overexpressing cells are unchanged in RIPA (1% Triton X-100, 
0.1% SDS)-extracted, and slightly increased in SDS/urea (5% SDS, 8 
M urea) -extracted cell lysates (Figure 7C). This suggested that 
eEF1α expression is increased but a fraction of the protein is present 
in insoluble aggregates. This was confirmed by Western blot show-
ing that eEF1α is heavily enriched in NP-40 insoluble fractions 
(Figure 7D). Inhibition of proteasome by MG132 does not increase 
the levels of eEF1α in the NP-40 soluble or insoluble fractions. The 
data suggest that eEF1α is specifically up-regulated as a stress re-
sponse to stimulate aggresome formation upon mPOS. As the tran-
scription of UBC, EEF1A1, and EEF1A2 are not up-regulated as re-
vealed by RNA-Seq, the increased levels of these proteins must be 
mediated by posttranscriptional processes.

FIGURE 7:  Western blot analysis shows increased ubiquitination, free ubiquitin, and eEF1α 
expression in cells expressing Ant1. (A) Increased ubiquitination in NP-40 insoluble fractions 
from cells expressing the wild-type and mutant Ant1. (B) Free ubiquitin levels in cells expressing 
Ant1. (C, D) eEF1α levels in total cell lysate using different detergents (C) and detergent-soluble 
and -insoluble fractions (D). S, soluble fraction; I, insoluble fraction.

DISCUSSION
In this article, we determined that mPOS can 
occur in human cells and we identified 
multiple pathways by which human cells 
respond to mPOS. We specifically modeled 
mPOS by overexpressing mitochondrial pro-
teins to see whether proteostatic responses 
occur in the cytosol when protein loading 
exceeds import capacity. We found that 
overexpression of mitochondrial carrier, but 
not matrix proteins, induces the formation of 
large aggresomes in the cytosol that contain 
densely packed protein aggregates. This is 
accompanied by increased protein ubiquiti-
nation and apoptotic cell death, which fur-
ther support the presence of mPOS in the 
cytosol. Importantly, we excluded the possi-
bility that mPOS is dependent on accumula-
tion of the overexpressed carrier proteins, as 
expressing misfolded variants of the carrier 
protein Ant1 exhibited all signs of mPOS de-
spite a greater than 20-fold reduction in pro-
tein accumulation. Therefore, we conclude 
that saturating the protein import machinery 
with mitochondrial carrier proteins can 
impose a drastic proteostatic burden on the 
cytosol (i.e., mPOS) in human cells.

How do the mutant Ant1 proteins induce aggresomes so ro-
bustly while accumulating only to ∼5% of the wild-type Ant1 protein 
level? We speculate that overloading of wild-type and mutant Ant1 
similarly saturate the import receptors (e.g., TOM70) and/or cyto-
solic chaperones that deliver proteins to mitochondria (e.g., HSP70), 
thereby directly affecting the import efficiency of other mitochon-
drial proteins. These affected proteins then accumulate in the cyto-
sol and are ultimately transported to the aggresomes. It is likely that 
the mutant proteins are degraded after the saturated mitochondrial 
import step, either during translocation through the OMM/IMS or 
on the IMM. This would explain how the mutant Ant1 proteins 
effectively induce aggresomes despite such low protein accumula-
tion. However, further experiments are needed to identify the satu-
rated protein import step(s) and the proteolytic pathway(s) 
responsible for the degradation of the mutant Ant1 proteins.

Our data strongly suggest that mitochondrial carrier-induced ag-
gresomes serve as a mechanism to triage unimported mitochondrial 
proteins. First, immunofluorescence imaging of aggresome-con-
taining cells showed that endogenous mitochondrial proteins such 
as Tom20 and SdhA are condensed in vesicle-like structures resem-
bling aggresomes. Second, several endogenous mitochondrial 
proteins are enriched in detergent-insoluble fractions in cells over-
expressing Ant1, which suggests misfolding. There are two likely 
locations for these misfolded mitochondrial proteins: mitochondria 
or aggresome. The lack of electron-dense aggregates inside mito-
chondria on electron micrographs supports an aggresomal localiza-
tion of the misfolded mitochondrial proteins.

Perhaps not surprisingly, aggresome formation appears to be in-
timately connected to the autophagy machinery. Double-membrane 
structures were frequently observed that enclose the aggresomes 
induced by the mitochondrial carrier Ant1. This suggests that phago-
phore generation and autophagy are involved in aggresome forma-
tion, although membrane structures were not visible in some cases, 
which may suggest unsealed or even membraneless aggresomes. In 
support of a phagophore origin of the aggresome-associated 
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membrane, immunofluorescence revealed that LC3-positive vesicles 
are significantly increased. Moreover, the most up-regulated gene in 
response to Ant1 overloading was EGR1, which was recently deter-
mined to be a transcriptional regulator of autophagy (Peeters et al., 
2019). However, it is important to note that the aggresomes are 
much larger than conventional autophagosomes, and that we have 
not determined the origin of the aggresomal membrane. It neverthe-
less remains likely that the aggresomes arise from autophagosomes 
following continuous aggregate delivery and membrane expansion, 
or that they are formed by enclosing preexisting protein aggregates 
with a phagophore membrane.

We also uncovered two likely molecular players in aggresome 
formation induced by mitochondrial carriers: ubiquitin C and 
eEF1α1. These two proteins are posttranscriptionally up-regulated. 
While ubiquitin is well known to participate in general protein turn-
over, it has also been shown to act as a signaling molecule for the 
processing of aggresomes (Hao et al., 2013). The eEF1α1 protein, 
on the other hand, was recently demonstrated to participate in the 
aggresomal targeting of misfolded cytosolic proteins (Park et al., 
2017). These proteins are likely to directly or indirectly participate in 
the sequestration, trafficking, and processing of unimported mito-
chondrial proteins. It is important to note that the cytosolic ag-
gresomes are induced in the absence of a severe defect in oxidative 
phosphorylation and transcriptomic changes that would suggest 
bioenergetic deficiency and oxidative stress. Aggresome formation 
is therefore triggered by extramitochondrial proteostatic signals and 
not, for example, a reduction in ATP levels.

Interestingly, we found that a global inhibition of protein import 
by MitoBloCK-6 and CCCP, that selectively inhibits the Mia40/Erv1 
redox-mediated import pathway and uncouples the IMM, respec-
tively, has either a limited effect or no effect on the induction of ag-
gresomes in the cytosol. We postulate that aggresome formation 
involves an actively coordinated program that may include aggre-
gate seeding, microtubule organization, intracellular trafficking, 
phagophore generation, and membrane expansion and sealing. 
These processes may be dependent on energy homeostasis, cyto-
skeleton organization, and phospholipid biosynthesis that could be 
inhibited by MitoBloCK-6 and CCCP-induced mitochondrial dam-
age. Thus, overexpression of the mitochondrial carrier proteins al-
lowed us to capture aggresome formation as a specific response to 
unbalanced mitochondrial protein loading and import capacity.

Like in yeast (Wang and Chen, 2015), human cells have a limited 
capacity to tolerate mPOS, and when this capacity is exceeded cells 
die. However, the specific cell death mechanism induced has not 
been determined. In this study, apoptosis is induced, but it remains 
unclear what exactly triggers apoptosis in cells undergoing carrier-
induced mPOS. Apoptosis may be induced by extraaggresomal 
proteostatic stress or by increased release of apoptotic factors from 
mitochondria. Alternative cell death mechanisms are also possible, 
particularly autophagic cell death that may occur downstream from 
the excessive autophagic activity we observed. The mechanism by 
which mPOS kills cells will be an interesting topic of future work.

As noted above, the data suggest that the import of mitochon-
drial carriers, which occurs through the TIM22 complex, is saturable. 
This idea is consistent with a recent study showing that overloading 
of several noncarrier IMM proteins reduces the import of other 
TIM23 substrates (Weidberg and Amon, 2018). That study demon-
strated an elegant mechanism in yeast, termed mitochondrial com-
promised protein import response (mitoCPR), which could prevent 
mPOS induced by saturation of protein import by TIM23 substrates. 
Our study suggests that aggresomes may form to protect human 
cells from mPOS induced by saturation of protein import by TIM22 

substrates. Under this condition of protein import stress, the tran-
scriptional signature is clearly different from that observed in yeast 
with activated mitoCPR. It could be that the cellular response to 
mitochondrial protein import failure is stress and context specific.

Consistent with the above concept, we found that overexpres-
sion of mutant Ant1 induces distinct proteostatic stress responses in 
the cytosol in addition to aggresome formation. Genes involved in 
protein chaperoning and proteasomal function are up-regulated by 
the mutant Ant1. These proteostatic adaptations were not observed 
in cells overexpressing the wild-type Ant1. The Chacinska group has 
recently demonstrated proteasomal activation in yeast as a response 
to the inhibition of mitochondrial protein import, which was named 
unfolded protein response activated by mistargeting of proteins (or 
UPRam; Wrobel et al., 2015). We speculate that the loading of the 
misfolded Ant1 may impose a significant intramitochondrial proteo-
lytic burden. This apparently generates a distinct proteostatic signal 
in the cytosol that activates proteasomal function. The observation 
that mutant and wild-type Ant1 induce similar levels of apoptotic 
cell death strongly suggests that Ant1 overloading and misfolding 
trigger separate rather than additive proteostatic responses, with 
overloading involving sequestration of aggregates by the ag-
gresomes and misfolding stimulating the proteolytic function of the 
proteasome. We note that the overexpression of the mutant Ant1 
induces both overloading and misfolding, thus aggresome 
formation and proteasomal activation are both observed.

Clearly, the expression of mitochondrial carrier proteins needs to 
be tightly controlled in cells, and a balance with the mitochondrial 
import capacity is important to prevent mPOS. Also important is the 
folding status of these highly hydrophobic proteins. These are high-
lighted by many clinical conditions that involve Ant1 overexpression 
and misfolding. ANT1 up-regulation is associated with facioscapulo-
humeral muscular dystrophy (FSHD), dilated cardiomyopathy, and 
Rett syndrome (Sylven et al., 1993; Dorner et al., 1997; Dorner and 
Schultheiss, 2000; Laoudj-Chenivesse et al., 2005; Kriaucionis et al., 
2006; Forlani et al., 2010). The A90D, L98P, A114P, and A123D 
alleles of ANT1 cause dominant pathologies manifested by adPEO, 
sensorineural hypoacusia, muscle weakness, cardiomyopathy, psy-
chosis, brain atrophy, and dementia (Kaukonen et al., 1999, 2000; 
Napoli et al., 2001; Siciliano et al., 2003; Deschauer et al., 2005; 
Palmieri et al., 2005; Liu and Chen, 2013; Simoncini et al., 2017). 
Thus, our findings could have direct implications for the understand-
ing of these diseases.

The selective induction of proteostatic stress by the mitochon-
drial carrier proteins could also have implications for the under-
standing of neuromuscular diseases caused by defects in protein 
import. This is particularly relevant for the pathway responsible for 
the import of mitochondrial polytopic membrane proteins (Koehler 
et al., 1999). Notably, the gene encoding acylglycerol kinase that is 
mutated in Sengers syndrome has recently been shown to be a sub-
unit of the TIM22 protein translocase complex, which mediates the 
import and membrane insertion of mitochondrial carrier proteins 
(Kang et al., 2017; Vukotic et al., 2017). Interestingly, the accumula-
tion of the carrier protein Ant1, which was used extensively in this 
study, is markedly reduced in Sengers syndrome patients (Jordens 
et al., 2002; Mayr et al., 2012). One explanation for this observation 
is that Ant1 import is reduced, and is then degraded in the cytosol 
in vivo. This would suggest that mPOS could contribute to cell stress 
in this specific disease in addition to reduced Ant1 activity.

More broadly, mitochondrial proteins are constituents of 
aggresome-like structures in several common neurodegenerative 
diseases (e.g., Lewy bodies in Parkinson’s disease; Olanow et al., 
2004; Power et al., 2017). In light of our study, it would be interesting 
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to learn whether mPOS contributes to the formation of these 
aggregates during the initiation or progression of the diseases, 
especially considering that mitochondrial dysfunction is a prominent 
hallmark in most neurodegenerative diseases, including Parkinson’s.

MATERIALS AND METHODS
Antibodies for Western blot analysis
Antibodies used for Western blot included the Total OXPHOS Hu-
man WB Antibody Cocktail (#ab1104a1; Abcam), anti-Aco2 
(#ab110321; Abcam), anti-4E-BP1 (#9644; Cell Signaling) and 
anti-phospho-4E-BP1 (#2855; Cell Signaling), anti-EF-1α1/2 
(#sc-377439; Santa Cruz), anti-Hsp60 (#ab59457; Abcam), anti-
Hsp70 (#ab47455; Abcam), anti-Hsp90 (#16F1; Enzo), anti-Mdh2 
(#sc-293474; Santa Cruz), anti-Mia40 (#sc-365137; Santa Cruz), anti-
rpS6 (#ab40820, Abcam); anti-phospho-rpS6 (#ab65748; Abcam), 
anti-SMAC (#ab8114; Abcam), anti-Tim22 (#14927-1-AP; Protein-
tech), anti-ubiquitin (#701339; Thermo Scientific), and anti-VDAC 
(#sc-390996; Santa Cruz). Total proteins were stained with REVERT 
Total Protein Stain (#926-11011; LI-COR).

Expression of ANT1 and other genes in HEK293T cells
HEK293T cells were cultured in DMEM (Gibco) supplemented with 
10% fetal bovine serum (Sigma) at 37°C in a humidified atmosphere 
of 5% CO2. The cDNA of ANT1 was cloned into the expression vec-
tor pCDNA3.1 with a HA epitope added on the C-terminus. The 
mutant ANT1 alleles were generated by in vitro mutagenesis using 
the QuickChange kit (Stratagene). Cells were transfected using Li-
pofectamine 2000 or 3000 reagent (Invitrogen) with plasmid DNA at 
a concentration of 0.2 μg/1 × 105 seeded cells, and harvested 24 h 
posttransfection before being used for biochemical analysis and mi-
croscopy. pCDNA3.1-based plasmids expressing FLAG-tagged mi-
tochondrial proteins (Slc25A1, Slc25A6, Slc25A11, Aco2, Idh2, and 
SdhA) were purchased from GenScript. For Western blotting, cells 
were lysed with RIPA buffer for 30 min and cleared by centrifugation 
at 16,000 × g for 30 min, unless otherwise specified.

Bioenergetic assay
Oxygen consumption rate (OCR) was measured by a Seahorse XFe 
96 Extracellular Flux Analyzer (Agilent Technologies), which employs 
the oxygen-dependent fluorescence quenching of a fluorophore. 
HEK293T cells were seeded in the poly-d-lysine–coated microplate 
at the density of (4.0–6.0) × 104 cells/well. The transfection was per-
formed as aforementioned. Before the assay, the transfected cells 
were washed and incubated in the XF assay medium (Agilent Tech-
nologies) supplemented with 10 mM glucose, 1 mM sodium pyru-
vate, and 2 mM l-glutamine for 1 h at 37°C in an incubator without 
CO2. Bioenergetic profiling was obtained by measuring OCR at the 
basal level, followed by sequential injections of oligomycin (at the 
final concentration of 2 µM), FCCP (at the final concentration of 
0.5 µM), and a mixture of rotenone and antimycin A (at the final 
concentration of 0.5 µM each). Bioenergetic parameters were 
calculated from the OCR profile as described in the text.

Aggresome staining and immunostaining
HEK293T and HeLa cells were seeded at approximately 1.75 × 105/
well in a 24-well plate. Transfection was performed when cells were 
60% confluent. Aggresome staining was performed according to 
the manufacturer’s manual (aggresome detection kit; Abcam; 
#ab139486). Briefly, transfected cells were fixed with 4% formalde-
hyde and permeabilized by 0.5% Triton X-100 before staining with 
the aggresome dye and DAPI. Positive control cells were treated 
with 10 µM MG132 for 24 h. For immunostaining, fixed and permea-

bilized cells were blocked in phosphate-buffered saline (PBS) 
containing 3% bovine serum albumin (BSA) followed by anti-HA 
(#MMS-101R; Covance), anti-FLAG (#PA1-984B; Thermo Fisher 
Scientific), anti-Tom20 (#42406; Cell Signaling), anti-SdhA (#5839; 
Cell Signaling), anti-LC3 (#3868; Cell Signaling) antibodies for 1 h at 
37°C. After washing with PBST, cells were then incubated with fluo-
rescein-labeled secondary antibody for 45 min at 37°C. Stained cells 
were visualized using an Image Xpress microconfocal high-content 
imaging system (Molecular Devices).

Electron microscopy
Cells were harvested 24 h posttransfection, fixed in 2.5% glutaralde-
hyde at 4°C, and postfixed with 1% osmium tetroxide at room tem-
perature. Cells were then dehydrated, embedded in Luft’s Araldite 
502 embedding medium (Electron Microscopy Sciences, Hatfield, 
PA), and cut into thin sections. The ultrathin sections were then 
stained with uranyl acetate and Reynold’s lead citrate (Polysciences). 
The samples were photographed with a Tecnai BT12 transmission 
electron microscope (Thermo Fisher Scientific, Hillsboro, OR).

Apoptotic assay
Cells were harvested 24, 36, or 48 h posttransfection and stained for 
flow cytometry using the FITC Annexin V Apoptosis Detection Kit 
with PI (BioLegend), per the manufacturer’s instructions. A Becton 
Dickinson Fortessa Cell Analyzer was used to excite dyes with a 488-
nm laser. Emission was detected with bandpass filters 610/20 and 
530/30 for PI and Annexin V-FITC, respectively. Gating and com-
pensation were performed using cells incubated in 1 μM staurospo-
rine for 24 h as a positive control.

Proteasomal activity assay
HEK293T cells (7 × 105) were seeded for transfection. The chymo-
trypsin-like, trypsin-like, and caspase-like activities were determined 
24 h after transfection, using the Proteasome-Glo Assay Systems 
from Promega (#G8531). Cells were sonicated in PBS plus EDTA 
(5 mM, pH 7.4) buffer three times for 5 s with 25-s intervals on ice. 
After the removal of cell debris by centrifugation, the protein con-
centration of the soluble fractions was determined. Protein samples 
(10 μg) were used for each assay. Luminescence signals were de-
tected with the SpectraMax i3x Multi-Mode Microplate Reader 
(Molecular Devices) between 10 and 30 min at room temperature 
after the addition of luminogenic substrates. The chymotrypsin-like, 
trypsin-like, and caspase-like activities were calculated by subtract-
ing MG132 (50 μM) -inhibited activities from total activities.

Membrane potential determination
Relative mitochondrial membrane potential was approximated by 
staining with JC-1 dye (Thermo Fisher Scientific) and measuring 
fluorescence using flow cytometry according to the manufacturer’s 
instructions. JC-1 exhibits membrane potential-dependent accumu-
lation in mitochondria, indicated by a fluorescence emission shift 
from green (∼529 nm) to red (∼590 nm). Reduced red fluorescence 
was interpreted as a loss of membrane potential. Briefly, 24 h post-
transfection in a 12-well plate, HEK293T cells were resuspended in 
warm medium at ∼1 × 106 cells/ml and stained with 2 μM JC-1 for 30 
min at 37°C and 5% CO2. For a depolarized control, 100 μM CCCP 
was added for the incubation. Following incubation, cells were cen-
trifuged at 500 g for 5 min at room temperature, washed once with 
1 ml warm PBS, and resuspended in 0.5 ml ice-cold PBS plus 1% 
BSA for flow cytometry. Samples were excited with a 405-nm laser 
and emission intensities measured from 525/50 nm (green) and 
585/42 nm (red) filters (Becton Dickinson Fortessa Cell Analyzer), as 
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previously described (Perelman et al., 2012), thus eliminating the 
need for fluorescence compensation. Data were analyzed using 
FlowJo v10.0.8.

Submitochondrial protein localization
Submitochondrial fractionation was performed using a protease 
protection assay. Posttransfection (24 h), full 10-cm plates of 
HEK293T cells were collected, washed twice with cold PBS, resus-
pended in 1 ml of cold isotonic buffer (250 mM sucrose, 10 mM 
Tris-HCl, pH 7.4, 1 mM EDTA, and protease inhibitors), and homog-
enized on ice with 10 strokes with a 2-ml dounce homogenizer 
(Pestle clearance 0.0005–0.0025 in.). Unbroken cells and nuclei 
were cleared by centrifugation at 600 × g for 15 min at 4°C, and 
postnuclear supernatant was centrifuged at 10,000 × g for 25 min at 
4°C to pellet mitochondria. The mitochondrial pellet was resus-
pended in 100 µl isotonic buffer with protease inhibitors. Three 10-
cm plates worth of mitochondria were combined to increase yield 
(only 60 mg of mitochondria per plate), and protein concentration 
was determined using a Bradford assay. Mitochondria were then 
distributed into 30-μg aliquots and pelleted again, as above. Pellets 
were resuspended in 16–20 µl of either isotonic or hypotonic buffer 
(10 mM KCl, 2 mM HEPES, pH 7.2) without protease inhibitors. To 
burst the mitochondrial outer membrane, hypotonic resuspensions 
were incubated on ice for 20 min. To lyse the mitochondrial inner 
membrane, Triton X-100 was added for a final concentration of 1%, 
and samples were incubated on ice for 10 mins. To degrade acces-
sible proteins, Proteinase K was then added for a final concentra-
tion of 7 μg/ml and incubated at room temperature for 20 min. 
Proteinase K digestion was stopped with 5 mM phenylmethylsulfo-
nyl fluoride (PMSF) and 15 mins on ice. Laemmli buffer was added 
to all samples for SDS–PAGE, and 15 µg of protein was loaded in 
each lane.

Cellular fractionation
Transfected HEK293T cells were fractionated into soluble and 
insoluble fractions using two different lysis buffers: NP-40 buffer 
(1% NP40, 10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 150 mM NaCl) for 
soluble proteins and Triton buffer (PBS with 1% Triton X-100) for 
membrane proteins. Posttransfection (24 h), cells from a six-well 
plate were collected, washed once with cold PBS, lysed with 50 µl 
cold lysis buffer supplemented with protease inhibitors, and incu-
bated on ice for 20 min. Lysates separated into soluble and insolu-
ble fractions by centrifugation at 16,000 × g for 30 min. Supernatant 
was collected as the soluble fraction, protein concentration was de-
termined using Bradford assay, and samples were mixed with 3× 
Laemmli buffer to load 25 µg protein per sample. The insoluble 
pellet was washed with 50 µl of either NP-40 buffer or Triton buffer. 
The insoluble pellet was then solubilized by resuspension in 100 µl 
of sample buffer (5% SDS, 8 M urea, 40 mM Tris-HCl, pH 6.8, 0.1 mM 
EDTA, 1% β-mercaptoethanol, and 0.01% bromophenol blue) fol-
lowed by sonication. Each sample (10 µl per sample, 10% of 
insoluble fraction) was then loaded onto a polyacrylamide gel for 
SDS–PAGE and Western blotting.

For silver-stained gels, each lane contained the entire NP-40–
soluble fraction from one well of a six-well plate. Samples were 
mixed with 3× Laemmli buffer and solubilized for 1 h at 42°C. The 
gel was stained as previously described (Shevchenko et al., 1996). 
Briefly, the gel was fixed in 50% methanol, 5% acetic acid for 20 min, 
washed in 50% methanol for 10 min, and then washed overnight in 
water. The next day the gel was sensitized in 0.02% anhydrous 
Na2S2O3 for 1 min, washed twice in water for 1 min each, stained in 
0.1% AgNO3 for 20 min, washed two more times in water for 1 min, 

and developed in 0.04% Formalin, 2% Na2CO3 for ∼10 min, and 
staining was terminated in 5% acetic acid.

Mass spectrometry
Protein identification in bands of silver-stained gels was performed 
using mass spectrometry after in-gel trypsinization. Liquid chroma-
tography (LC)–MS analysis was performed using a Waters nanoAc-
quity LC and autosampler coupled to an Orbitrap XL hybrid ion trap 
Orbitrap mass spectrometer, operated in a top-five data-dependent 
mode using survey scans at 30,000 resolution from 375 to 1800 m/z. 
Tandem MS scans were acquired in the ion trap with an isolation 
width of 2 m/z and fragmentation mode was CID with 35% normal-
ized collision energy for 0.1 ms. The automatic gain control settings 
were 3 × 105 ions in the ion trap, and 1 × 106 in the Orbitrap. 
Dynamic exclusion was used with a duration of 15 s and a repeat 
count of 1. Tandem mass spectra were searched against a human 
database, with common contaminant proteins using the Sequest HT 
node in Proteome Discoverer 1.4. Search parameters included vari-
able modifications of methionine oxidation, partial trypsin specific-
ity with two missed cleavages allowed. Search results were filtered 
to Percolator q values < 0.01 and peptide confidence filter set for 
“high.”

Detergent extraction of misfolded Ant1
We extracted the wild-type and quadruple mutant Ant1 from trans-
fected cells using a battery of lysis buffers (i.e., detergents and de-
tergent combinations). Lysis buffers were diluted in 20 mM Tris-HCl 
(pH 7.4) and included RIPA buffer (20 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, with freshly added 
PMSF to 1 mM and protease inhibitors); 8 M guanidine-HCl; 2% 
sarkosyl; 2% sarkosyl plus 0.1% LPPG (1-palmitoyl-2-hydroxy-d31-
sn-glycero-3-phosphoglycerol); 2% SDS; 4% SDS; 4% SDS plus 7 M 
urea plus 2 M thiourea plus 4% CHAPS (3-((3-cholamidopropyl) 
dimethylammonio)-1-propanesulfonate); 5% SDS plus 8 M urea; 
5% SDS plus 8 M urea plus 2% Triton X-100; and 5% SDS plus 8M 
urea plus 2% sarkosyl. The same general protocol was used for all 
lysis buffers except guanidine. This general protocol was as follows: 
transfected cells were collected from their 12-well plate and washed 
twice with cold PBS, followed by cell lysis with 50 µl lysis buffer. The 
lysate was then sonicated and incubated at room temperature or on 
ice (for the RIPA samples only) for 1 h. Lysates were then cleared by 
centrifugation at 16,000 × g for 20 min, and 10% of the supernatant 
was loaded onto a polyacrylamide for each sample. The guanidine 
sample required extra steps after lysis due to the incompatibility of 
guanidine-containing samples and SDS–PAGE. Guanidine lysates 
were incubated at 25°C for 1 h and similarly sonicated and centri-
fuged at 16,000 × g for 20 min at room temperature. Protein was 
precipitated from the supernatant by adding nine volumes of −20°C 
100% ethanol and incubating overnight at −20°C. This was then 
centrifuged at 16,000 × g for 15 min, the pellet was washed with 
−20°C 90% ethanol, and dried samples were resuspended in sam-
ple buffer (5% SDS, 8 M urea, 40 mM Tris-HCl, pH 6.8, 0.1 mM 
EDTA, 1% β-mercaptoethanol, and 0.01% bromophenol blue). As 
for the other samples, 10% of the sample was loaded onto a 
polyacrylamide gel.

RNA-Seq analysis
Total RNA was extracted from transfected HEK293T cells using a 
RNeasy mini kit (Qiagen). The quality of total RNA was validated by 
Bioanalyzer (Agilent Technologies). Approximately 1 µg of RNA per 
sample was used to construct the cDNA library using a TruSeq 
stranded mRNA library prep kit (Illumina), followed by quantitation 
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using a KAPA library quantification kit for Illumina platforms (Kapa 
Biosystems). The individual indexed libraries were diluted to 4 nM 
and pooled in equal quantity, then denatured before loading onto 
the Illumina NextSeq 500. The sequencing was run as paired-end 
reads (2 × 75 base pairs per read) with a targeted depth of 60 million 
paired-end reads per sample. Three independent replicates were 
performed for each sample. Reads were aligned to GRCh37/hg19 
using TopHat (v1.1.0). PartekFlow (Partek, St. Louis, MO) was used 
for quantification and normalization with the reads per kilobase per 
million mapped reads method. The gene-specific analysis (GSA) sta-
tistical method was used to analyze the differential expression with 
default settings. The GSA algorithm fits the observed data for each 
gene to different statistical distributions (e.g., normal, log-normal, 
negative-binomial, Poisson) and assesses the evidence for 
differential expressed for the model with the best goodness of fit (as 
determined by the Akaike information criterion). The genes with 
q value < 0.05 were considered as differentially expressed genes. 
The analysis of top canonical pathways and upstream regulators was 
performed using ingenuity pathway analysis (Qiagen).

Transcription factor analysis
We searched for overrepresented transcription factor binding sites 
in the 2 kb upstream region of genes significantly up-regulated by 
overexpression of wild-type or mutant ANT1 alleles using oPOSSUM 
version 3.0.

Statistical analysis, data deposition, and availability
Two-tailed Student’s t tests were used to calculate the p values. All 
raw FastQ files and normalized expression data from the RNA-Seq 
experiments have been deposited into the NCBI Gene Expression 
Omnibus/Sequence Read Archive (accession number: GSE108622). 
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.
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