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Long-term mitochondrial stress induces early 
steps of Tau aggregation by increasing reactive 
oxygen species levels and affecting cellular 
proteostasis

ABSTRACT Accumulating evidence indicates that mitochondrial dysfunction is involved in 
the pathogenesis of neurodegenerative diseases. Both of these conditions are often associ-
ated with an increase in protein aggregation. However, still unknown are the specific defects 
of mitochondrial biology that play a critical role in the development of Alzheimer’s disease, 
in which Tau protein aggregates are observed in the brains of some patients. Here, we report 
that long-term mitochondrial stress triggered Tau dimerization, which is the first step of 
protein aggregation. Mitochondrial dysfunction was induced in HEK293T cells that received 
prolonged treatment with rotenone and in HEK293T cells with the knockout of NDUFA11 
protein. To monitor changes in Tau protein aggregation, we took advantage of the bimolecu-
lar fluorescence complementation assay using HEK293T cells that were transfected with plas-
mids that encoded Tau. Inhibition of the ISR with ISRIB induced Tau dimerization, whereas ISR 
activation with salubrinal, guanabenz, and sephin1 partially reversed this process. Cells that 
were treated with ROS scavengers, N-acetyl-l-cysteine or MitoQ, significantly reduced the 
amount of ROS and Tau dimerization, indicating the involvement of oxidative stress in Tau 
aggregation. Our results indicate that long-term mitochondrial stress may induce early steps 
of Tau protein aggregation by affecting oxidative balance and cellular proteostasis.

INTRODUCTION
Alzheimer’s disease (AD) is a progressive brain disorder and the 
most common form of dementia (Weidling and Swerdlow, 2020). 
Many reports indicate a decrease in mitochondrial respiration and 
changes in mitochondrial morphology that are associated with AD 
(Cabral-Costa and Kowaltowski, 2020). However, still mostly un-
known is whether mitochondrial dysfunction can trigger these cel-
lular adaptive responses and affect signaling pathways, which are 
involved in protein aggregation and other defects of protein ho-
meostasis that are observed in neurodegenerative diseases.

Mitochondria are nowadays recognized as very important signal-
ing organelles. Under stress conditions, they can signal their state to 
other organelles in the cell (Nunnari and Suomalainen, 2012; 
Chandel, 2014), also via increased production of reactive oxygen 
species (ROS) (Reczek and Chandel, 2015; Samluk et al., 2018, 
2019; Topf et al., 2018). This allows the adjustment of cellular pro-
tein homeostasis according to mitochondrial activity and enables 
cell survival, especially because almost all mitochondrial proteins 
are encoded by nuclear genes (Mohanraj et al., 2020). Mitochondria 
under stress conditions can also inhibit cellular protein synthesis, 
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which was shown to reduce mitochondrial degeneration (Wang 
et al., 2008). One pathway that is involved in regulating protein syn-
thesis in the cell is the integrated stress response (ISR) (Harding 
et al., 2003; Pakos-Zebrucka et al., 2016). The ISR can decrease 
the efficiency of cap-dependent protein synthesis and induce the 
cap-independent translation of selected mRNAs via the phosphory-
lation of its core component, eukaryotic translation initiation factor 
2α (eIF2α). It was reported that dysfunctional mitochondria may in-
duce the phosphorylation of eIF2α in Caenorhabditis elegans, 
which was required for extending the lifespan of C. elegans in the 
presence of mitochondrial stress, suggesting its protective role 
(Baker et al., 2012). However, in Drosophila melanogaster, eIF2α 
phosphorylation that was induced by mitochondrial dysfunction 
caused selective dendritic loss of class IV dendritic arborization neu-
rons (Tsuyama et al., 2017). A long-lasting reduction of protein syn-
thesis that is induced by prolonged mitochondrial stress can be 
harmful to the cell. Contrary to short-term mitochondrial stress, 
long-term mitochondrial dysfunction is leading to a decrease in 
eIF2α phosphorylation in human cells (Samluk et al., 2019). This 
adaptive response enables sufficient protein synthesis for the cells 
to survive under stress conditions but may also have pathological 
consequences, such as protein aggregation.

Tau is a protein that is present almost exclusively in neurons and 
associated with microtubules. Pathological conditions induce Tau 
dissociation from microtubules. This is believed to cause microtu-
bule destabilization and the formation of Tau insoluble aggregates 
called neurofibrillary tangles (NFTs), resulting in neuronal degenera-
tion. Tau aggregation is often associated with an increase in Tau 
phosphorylation, which is a notable characteristic of several neuro-
degenerative disorders, including AD (Spillantini and Goedert, 
2013). Mitochondrial dysfunction was also shown to induce Tau pro-
tein hyperphosphorylation and neurodegeneration (Merkwirth 
et al., 2012; Kondadi et al., 2014). Interestingly, the treatment of 
neurons with antioxidants, such as N-acetyl-l-cysteine (NAC) or vita-
min E, reduced phosphorylated Tau levels and rescued anterograde 
transport defects under mitochondrial stress (Kondadi et al., 2014). 
Strikingly, Tau protein, which also facilitates efficient axonal trans-
port in neurons, was hyperphosphorylated and aggregated in mito-
chondrial prohibitin-2 (PHB2)-deficient neurons (Merkwirth et al., 
2012). This was the first genetic evidence that mitochondrial dys-
function can trigger Tau hyperphosphorylation and aggregation, 
but the precise mechanism is still unknown.

Accumulating evidence demonstrates the involvement of mito-
chondrial dysfunction in the pathogenesis of neurodegenerative 
diseases, including AD (Sorrentino et al., 2017). However, many of 
these studies focused on mitochondrial defects themselves. The 
present study focused on the very early steps of the Tau protein ag-
gregation process that involved the dysfunction of mitochondrial 
respiratory chain complex I. We investigated the contribution of mi-
tochondrial defects (e.g., increase in ROS production) in Tau protein 
aggregation. Moreover, we tested a new concept of the involve-
ment of adaptive cellular responses that are triggered by long-term 
mitochondrial stress, such as ISR inhibition, in this process. We in-
duced long-term mitochondrial stress in HEK293T and SH-SY5Y 
cells that were transiently transfected with plasmids that encoded 
Tau to test whether Tau protein aggregation increases under these 
conditions. We took advantage of the bimolecular fluorescence 
complementation (BiFC) assay to monitor early steps of Tau aggre-
gation, dimerization, and oligomerization. Tau dimerization was sig-
nificantly increased in SH-SY5Y cells that were treated with rotenone 
and HEK293T cells under conditions of mitochondrial stress that 
was induced by NADH:ubiquinone oxidoreductase subunit A11 

(NDUFA11) protein knockout or prolonged treatment with rote-
none. Surprisingly, the increase in Tau phosphorylation did not ap-
pear to be directly involved in the aggregation process. Previously it 
was shown that ISR was inhibited under conditions of long-term 
mitochondrial stress (Samluk et al., 2019). To reverse the increase in 
Tau dimerization in HEK293T cells, we activated the ISR with block-
ers of eIF2α dephosphorylation (i.e., salubrinal, guanabenz, and 
sephin1), but the effect was moderate. Under conditions of induced 
mitochondrial stress, we observed inhibition of Tau dimerization 
when the cells were pretreated with ROS scavengers, NAC or mito-
chondria-targeted MitoQ. Overall, we propose that early steps of 
Tau protein aggregation under conditions of long-term mitochon-
drial stress are triggered by oxidative imbalance and the disruption 
of cellular proteostasis.

RESULTS
Long-term mitochondrial stress induces early steps of 
Tau aggregation
In our previous study, we found that long-term mitochondrial stress 
induced cytosolic adaptive responses, such as inhibition of the ISR, 
that ensured cell survival but affected protein homeostasis (Samluk 
et al., 2019). These stress conditions may increase protein aggrega-
tion, which is a hallmark of neurodegeneration. Tau protein aggre-
gates are observed in the brains of some AD patients. To determine 
whether mitochondrial dysfunction leads to an increase in Tau pro-
tein dimerization (i.e., the first step of its aggregation) (Meraz-Rios 
et al., 2010), we performed the BiFC assay (Figure 1A) (Tak et al., 
2013; Lim et al., 2014; Blum et al., 2015). To model long-term mito-
chondrial stress, we used HEK293T cells that lacked the expression 
of NDUFA11, an accessory subunit of mitochondrial complex I 
(NADH:ubiquinone oxidoreductase) (Stroud et al., 2016), and 
HEK293T cells that were treated for 68 h with rotenone, an inhibitor 
of mitochondrial respiratory chain complex I. We demonstrated that 
the NDUFA11 knockout in HEK293T cells caused a significant loss of 
mitochondrial complex I activity, which reflects this enzyme assem-
bly deficiency (Supplemental Figure 1) (Stroud et al., 2016). HEK293T 
cells, which do not express Tau endogenously, were transfected for 
72 h with a pair of BiFC plasmids that encoded Tau protein that was 
fused to the N-terminal part of Venus protein (Tau-VN) and Tau pro-
tein that was fused to the C-terminal part of Venus protein (Tau-VC). 
The close proximity of two parts of Venus, meaning the dimerization 
of Tau, enabled the reconstitution of functional fluorescent Venus 
protein (Figure 1A). We positively validated the BiFC assay by 
HEK293T cell treatment with okadaic acid, which was previously 
shown to increase Tau dimerization (Supplemental Figure 2) (Tak 
et al., 2013). The results of the BiFC assay showed an increase in the 
fluorescence of Venus protein in HEK293T NDUFA11 knockout cells 
and HEK293T cells after 68 h of rotenone treatment (100 and 200 
nM) (Figure 1, B and D). We observed the lower expression of Tau in 
NDUFA11-deficient cells than in HEK293T wild-type cells (Figure 
1B), most likely because of a reduction of global protein synthesis in 
this cell line, which we observed in our previous study (Samluk et al., 
2019). To avoid the potential influence of unequal cell transfection 
or Tau expression, the results of the fluorescence measurements 
were normalized to levels of Tau expression, which was determined 
by immunoblotting (Figure 1, B and D). Notably, although cells were 
transfected with two BiFC plasmids that encoded Tau, both Tau-
Venus proteins migrated in the polyacrylamide gel as one band 
(Figure 1, B and D). The increase in Venus fluorescence in cells that 
were treated with rotenone was concentration dependent (Figure 
1D). The increase in fluorescence was around 1.5-fold after cells 
were treated with 100 nM rotenone, similar to the increase in 
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fluorescence in HEK293T NDUFA11 knockout cells compared with 
wild-type cells. HEK293T cells that were treated with 200 nM rote-
none exhibited twofold higher fluorescence of Venus compared 
with control cells, suggesting that not only the type but also the 
strength of mitochondrial stress affects Tau dimerization. Addition-
ally, SH-SY5Y human neuroblastoma cells that were transfected with 
BiFC plasmids and treated with 2 µM rotenone for 24 h exhibited an 
increased Venus fluorescence, suggesting that Tau dimerization may 
take place also in neuronal-like cells under mitochondrial stress 
(Supplemental Figure 3). Moreover, confocal imaging revealed an 
increase in fluorescence after the BiFC plasmid transfection of 
HEK293T NDUFA11-deficient cells and HEK293T cells that were 
treated with 100 nM rotenone for 68 h, confirming the increase in 
Tau dimerization under conditions of mitochondrial stress (Figure 1, 
C and E). We also noticed a negligible baseline level of fluorescence 
under control conditions, suggesting that most Tau molecules exist 
in the cytoplasm as monomers under nonstress conditions (Figure 1, 

C and E) (Tak et al., 2013; Lim et al., 2014). Furthermore, it is note-
worthy that in HEK293T cells that were treated for 68 h with 2.5 µM 
antimycin A, an inhibitor of mitochondrial complex III, Tau dimeriza-
tion was only moderately increased (Supplemental Figure 4). All 
these results demonstrate that mitochondrial respiratory chain com-
plex I dysfunction leads to an increase in Tau protein aggregation.

Tau dimerization increases independently of its 
phosphorylation under conditions of long-term 
mitochondrial stress
Previous studies demonstrated that mitochondrial dysfunction leads 
to an increase in Tau protein phosphorylation (Merkwirth et al., 
2012; Kondadi et al., 2014). Moreover, an increase in Tau protein 
phosphorylation was shown to be involved in its increase in aggre-
gation (Despres et al., 2017). Tau protein phosphorylation status 
depends on the activity of PP2A phosphatase (Sontag and Sontag, 
2014), among other factors. We previously found a decrease in 

FIGURE 1: Knockout of NDUFA11 in HEK293T cells and treatment with rotenone in HEK293T cells induced early steps 
of Tau aggregation. (A) Schematic illustration of BiFC assay (yellow fluorescent protein [YFP] turn-on sensor). Cells were 
transfected for 72 h with plasmids that encoded Tau protein that was fused with the N-terminal part of Venus protein 
(Tau-VN) and Tau protein that was fused with the C-terminal part of Venus protein (Tau-VC). The dimerization and 
oligomerization of Tau protein enabled the reconstitution of functional Venus protein, resulting in an increase in 
fluorescence. (B) Fold change in Venus fluorescence normalized to the level of Tau expression in HEK293T wild-type 
(WT) and HEK293T NDUFA11 knockout cells. The data are expressed as mean ± SEM. n = 12. (C) Increase in Venus 
fluorescence in HEK293T NDUFA11 knockout cells. Nuclei were stained with DAPI. Scale bar = 50 μm. The graph shows 
the quantification of fold changes in mean Venus fluorescence per cell in the confocal microscopy experiments. n = 3. 
(D) Fold change in Venus fluorescence normalized to the level of Tau expression in HEK293T control (Control) cells and 
HEK293T cells that were treated with rotenone for 68 h as indicated. The data are expressed as mean ± SEM. n = 3. 
(E) Increase in Venus fluorescence in HEK293T cells that were treated with rotenone for 68 h as indicated. Nuclei were 
stained with DAPI. Scale bar = 50 μm. The graph shows the quantification of fold changes in mean Venus fluorescence 
per cell in the confocal microscopy experiments. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test or one-way 
ANOVA followed by Dunnett’s multiple comparisons test in D).
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FIGURE 2: Mutation of phosphorylation sites did not reduce Tau dimerization under conditions of long-term 
mitochondrial stress. (A) PP2A phosphatase activity measured with the malachite green phosphatase assay in HEK293T 
wild-type cells and HEK293T NDUFA11 knockout cells. The data are expressed as mean ± SEM. n = 3. 
(B) Phosphorylation of Tau protein determined by immunoblotting with phospho-Tau (Ser-202, Thr-205) antibody in 
HEK293T wild-type cells and HEK293T NDUFA11 knockout cells. The data are expressed as mean ± SEM. n = 3. 
(C) Schematic illustration of BiFC assay. Cells were transfected for 72 h with a pair of BiFC vectors that encoded 
wild-type (WT) Tau (Tau-VN and Tau-VC) or a pair of BiFC vectors that encoded mutated Tau (Tau Ser/Thr 
phosphomutants; Tau-VN-AP and Tau-VC-AP). Tau was mutated to alanine in all 14 S/P or T/P amino acid residues (T111, 
T153, T175, T181, S199, S202, T205, T212, T217, T231, S235, S396, S404, and S422; numbering based on the longest 
441-amino-acid brain isoform of hTau). BiFC plasmids encoded Tau protein that was fused with the N-terminal part of 
Venus protein (Tau-VN, Tau-VN-AP) or Tau protein that was fused with the C-terminal part of Venus protein (Tau-VC, 
Tau-VC-AP). The dimerization and oligomerization of Tau protein enabled the reconstitution of functional Venus protein, 
resulting in an increase in fluorescence. (D) Phosphorylation of Tau protein determined by immunoblotting with 
phospho-Tau (Ser-202, Thr-205) antibody in HEK293T wild-type cells and HEK293T NDUFA11 knockout cells. Cells were 
transfected with BiFC vectors that encoded wild-type (WT) Tau (Tau-VN and Tau-VC) or BiFC vectors that encoded Tau, 
in which all 14 S/P or T/P amino acid residues (T111, T153, T175, T181, S199, S202, T205, T212, T217, T231, S235, S396, 
S404, and S422; numbering based on the longest 441-amino-acid brain isoform of hTau) were mutated to alanine 
(Tau Ser/Thr phosphomutants; Tau-VN-AP and Tau-VC-AP). n = 3. (E) Fold change in Venus fluorescence normalized to 
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mRNA levels of catalytic and regulatory subunits of PP2A in 
HEK293T NDUFA11-deficient cells (Samluk et al., 2019). Therefore, 
we evaluated the activity of PP2A and Tau protein phosphorylation 
in this cell line. As shown in Figure 2, the activity of PP2A decreased, 
as assessed by its ability to dephosphorylate the phosphopeptide 
K-R-pT-I-R-R using the malachite green phosphatase assay (Figure 
2A). Tau protein phosphorylation (Ser-202, Thr-205) increased in 
HEK293T NDUFA11 knockout cells, detected by immunoblotting 
(Figure 2B). The phosphorylation of Tau residues Ser-202/Thr-205 is 
a very well-characterized feature of AD (Neddens et al., 2018). To 
determine whether Tau protein phosphorylation impacts its aggre-
gation under conditions of mitochondrial stress, we transfected cells 
with BiFC plasmids that encoded Tau protein that could not be 
phosphorylated, in which all serine and threonine phosphorylation 
sites were mutated to alanine (Figure 2, C and D). We found that 
these Tau Ser/Thr phosphomutants (Tau-VN-AP and Tau-VC-AP) 
were not detected by anti–phospho-Tau antibody, which recognizes 
Tau phosphorylation at Ser-202 and Thr-205, thus confirming the 
mutagenesis of Tau serine and threonine phosphorylation sites at 
BiFC vectors (Figure 2D). In contrast, wild-type Tau phosphorylation 
was detected using anti–phospho-Tau antibody (Ser-202, Thr-205) 
and enhanced in HEK293T NDUFA11-deficient cells compared with 
HEK293T wild-type cells (Figure 2D). Interestingly, we observed that 
Tau-Venus proteins that were encoded by BiFC vectors with mu-
tated phosphorylation sites migrated slightly differently in SDS–
PAGE than their unmutated forms (Figure 2, D and E). We noticed a 
shift in the electrophoretic mobility of both Tau Ser/Thr phosphomu-
tants (Tau-VN-AP and Tau-VC-AP). In contrast to cells that were 
transfected with a pair of BiFC plasmids that encoded wild-type Tau 
(Tau-VN and Tau-VC), two separate Tau bands were detected by im-
munoblotting (Figure 2, D and E). This phenomenon is well known. 
Many proteins exhibit a phosphorylation-dependent electropho-
retic mobility shift that is caused by the distribution of negatively 
charged amino acids around the phosphorylation site and changes 
in the binding of SDS to proteins (Lee et al., 2019). We next per-
formed a BiFC assay using pairs of BiFC plasmids that encoded 
wild-type Tau (Tau-VN and Tau-VC) or mutated Tau (Tau-VN-AP and 
Tau-VC-AP) and compared relative fluorescence between the ex-
periments (Figure 2, C and E). Surprisingly, the increases in Tau di-
merization were comparable in both cases, suggesting that the in-
crease in phosphorylation at sites that were mutated is not directly 
needed for early steps of Tau aggregation, at least under conditions 
of long-term mitochondrial stress (Figure 2E). These results indi-
cated that the dysfunction of mitochondrial respiratory chain com-
plex I resulted in a decrease in the activity of Tau protein phospha-
tase (PP2A) and an increase in Tau protein phosphorylation, but this 
was not a prerequisite for Tau dimerization under conditions of mi-
tochondrial stress.

Inhibition of ISR induces Tau dimerization
We did not observe a direct impact of an increase in Tau phosphory-
lation on early steps of Tau aggregation under conditions of long-
term mitochondrial stress. Thus, we investigated the involvement of 
the ISR in this pathological process. We confirmed observations 

from our previous study, in which long-term mitochondrial stress led 
to a decrease in the phosphorylation of eIF2α, which is a key player 
in the ISR (Figures 3, A and B, and 4A). eIF2α phosphorylation was 
decreased in HEK293T NDUFA11-deficient cells and HEK293T cells 
that were treated with rotenone for 48 h in a dose-dependent man-
ner (Figure 3, A and B). Higher rotenone concentrations resulted in 
a higher reduction of eIF2α phosphorylation (Figure 3B), suggesting 
that the intensity of mitochondrial stress is an important factor for 
this process. Under stress conditions, an increase in eIF2α phos-
phorylation led to the global inhibition of translation (Figure 4A), 
which is beneficial for cells under short-term stress conditions, but 
protein synthesis inhibition for too long can induce cellular death. 
We conclude that the reduction of eIF2α phosphorylation under 
conditions of long-term mitochondrial stress allows cells to maintain 
protein synthesis at a sufficient level for survival. However, inhibition 
of the ISR that leads to the stimulation of protein synthesis under 
conditions of long-term mitochondrial stress in an inefficient pro-
tein-folding environment may have pathological consequences for 
cellular proteostasis, such as an increase in protein aggregation. 
This possibility was supported by a study in which inhibition of the 
ISR was suggested to be involved in β-amyloid aggregation in mam-
malian cells (Sorrentino et al., 2017). To determine whether the de-
crease in the activity of the ISR leads to an increase in the aggrega-
tion of Tau protein, we performed the BiFC assay in HEK293T cells 
that were transfected for 72 h with Tau-BiFC plasmids and treated 
for 68 h with ISR inhibitor (ISRIB) (Figure 4A). ISRIB reduced the ex-
pression of activating transcription factor 4 (ATF4) (Figure 3C), a cen-
tral effector of the ISR (Harding et al., 2003; Pakos-Zebrucka et al., 
2016). Interestingly, a few studies showed that ATF4 is a major 
player in the mitochondrial stress response in mammalian cells 
(Khan et al., 2017; Kuhl et al., 2017; Quiros et al., 2017). As shown in 
Figure 3, C and D, HEK293T cells that were treated with ISRIB for 68 
h exhibited an increase in Venus protein fluorescence, indicating 
higher Tau protein dimerization. These results confirmed that at-
tenuation of the ISR, which also occurred under conditions of long-
term mitochondrial stress, induced Tau aggregation.

Activation of the ISR in cells under conditions of long-term 
mitochondrial stress partially reverses Tau dimerization
We then investigated whether activation of the ISR under conditions 
of long-term mitochondrial stress reduces Tau dimerization. Our 
previous study found that the ISR activator tunicamycin did not in-
duce the strong induction of eIF2α phosphorylation (Ser-51) upon 
72 h of the small interfering RNA–mediated knockdown of mito-
chondrial intermembrane space import and assembly protein 40 
(MIA40) in HeLa and HEK293 cells (Samluk et al., 2019). MIA40 is a 
mitochondrial oxidoreductase that is responsible for the import of 
proteins into the intermembrane space of mitochondria (Chacinska 
et al., 2004). Tunicamycin activates the ISR and protein kinase R 
(PKR)-like endoplasmic reticulum (ER) kinase (PERK) by inducing 
ER stress in cells by inhibiting the first step of the biosynthesis of 
N-linked glycans in proteins, resulting in many misfolded proteins 
(Harding et al., 2005; Guha et al., 2017). In the present study, 
we used more-specific ISR activators, namely blockers of eIF2α 

the level of Tau expression in HEK293T wild-type (WT) cells and HEK293T NDUFA11 knockout (KO) cells. Cells were 
transfected with BiFC vectors that encoded wild-type Tau (Tau-VN and Tau-VC) or BiFC vectors that encoded Tau, in 
which all 14 S/P or T/P amino acid residues (T111, T153, T175, T181, S199, S202, T205, T212, T217, T231, S235, S396, 
S404, and S422; numbering based on the longest 441-amino-acid brain isoform of hTau) were mutated to alanine 
(Tau-VN-AP and Tau-VC-AP). The data are expressed as mean ± SEM. n = 4. *p < 0.05, **p < 0.01; ns, not significant 
(p > 0.05) (Student’s t test or one-way ANOVA followed by Tukey’s multiple comparisons test in E).
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dephosphorylation (salubrinal, guanabenz, and sephin1). Protein 
phosphatase 1 (PP1) contains two subunits that dephosphorylate 
eIF2α, stress-inducible growth arrest and DNA damage–inducible 
protein 34 (GADD34) (PPP1R15A) and constitutively expressed re-
pressor of eIF2α phosphorylation (CReP) (PPP1R15B). Sephin1 and 
guanabenz inhibited GADD34, and salubrinal inhibited both CReP 
and GADD34 (Figure 4A). Interestingly, we observed higher levels 
of mRNA for GADD34 in NDUFA11-deficient cells (Figure 4B). In our 
previous study, we found an increase in GADD34 protein levels in 
HEK293 cells that were treated with rotenone for 48 h (Samluk et al., 
2019). HEK293T NDUFA11 knockout cells that were treated for 24 h 
with maximal nontoxic concentrations of inhibitors of PP1 subunits 
exhibited a significant increase in eIF2α phosphorylation (Figure 4, 

C–E), demonstrating that inhibition of the ISR under conditions of 
long-term mitochondrial stress could be overcome, at least to some 
extent. Next, to evaluate the influence of PP1 inhibitors on Tau di-
merization, we performed the BiFC assay by transfecting HEK293T 
NDUFA11 knockout cells for 72 h with BiFC plasmids that encoded 
Tau protein that was fused with different parts of fluorescent Venus 
protein. Cells were treated for the last 24 h with salubrinal, guana-
benz, or sephin1, followed by measurements of Venus fluorescence. 
Tau dimerization, which was revealed by changes in fluorescence, 
was partially decreased (Figure 5, A–C), and this reduction corre-
lated with the increase in eIF2α phosphorylation that was induced 
by salubrinal, guanabenz, and sephin1 (Figure 4, C–E). Although 
salubrinal, guanabenz, and sephin1 can reduce Tau aggregation 

FIGURE 3: HEK293T cells that were treated with ISRIB exhibited Tau dimerization. (A) Phosphorylation of eIF2α (Ser-51) 
in HEK293T wild-type cells and HEK293T NDUFA11 knockout cells. The data are expressed as mean ± SEM. n = 3. 
(B) Phosphorylation of eIF2α (Ser-51) in HEK293T cells that were treated for 48 h with rotenone. The data are expressed 
as mean ± SEM. n = 3. (C) Fold change in Venus fluorescence normalized to the level of Tau expression in HEK293T 
control cells and HEK293T cells that were treated with ISRIB for 68 h as indicated. The data are expressed as mean ± 
SEM. n = 5. (D) Increase in Venus fluorescence in HEK293T cells that were treated with ISRIB for 68 h as indicated. 
Nuclei were stained with DAPI. Scale bar = 50 μm. The graph shows the quantification of fold changes in mean Venus 
fluorescence per cell in the confocal microscopy experiments. n = 3. Rot., rotenone. *p < 0.05, ***p < 0.001; ns, not 
significant (p > 0.05) (Student’s t test or one-way ANOVA followed by Dunnett’s multiple comparisons test in B).
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only partially, these results suggest the involvement of more-signifi-
cant mechanisms of Tau dimerization under conditions of long-term 
mitochondrial stress beyond inhibition of the ISR.

Scavenging of ROS reverses Tau dimerization in cells under 
conditions of long-term mitochondrial stress
ROS are produced in the cell mainly by mitochondria. This process 
is often enhanced under pathological conditions. The overproduc-
tion of mitochondrial ROS (mROS) can induce oxidative stress in the 
cell, but mROS can also serve as secondary messengers (Reczek and 
Chandel, 2015). One example of such signaling is the oxidation of 
cysteine residues in several ribosomal proteins by mitochondrially 
born ROS to reduce global protein synthesis (Topf et al., 2018). In 

the present study, we investigated the role of mROS in Tau dimeriza-
tion under conditions of long-term mitochondrial stress. We ob-
served a significant increase in mitochondrial superoxide produc-
tion, detected by MitoSOX (Figures 6, A and B, and 7, A and B), and 
general ROS production, detected by CM-H2DCFDA dye (Figures 
6, C and D, and 7, C and D), in HEK293T NDUFA11 knockout cells 
(Figures 6, A and C, and 7, A and C) and HEK293T cells that were 
treated with rotenone for 68 h (Figures 6, B and D, and 7, B and D). 
Cells that were treated for 24 h with ROS scavengers, NAC or mito-
chondria-targeted MitoQ, moderately decreased the production of 
superoxide by mitochondria (Figures 6, A and B, and 7, A and B) and 
significantly decreased general oxidative stress (Figures 6, C and D, 
and 7, C and D). The decrease in ROS production after cells were 

FIGURE 4: Inhibition of PP1 phosphatase subunits increased eIF2α phosphorylation in HEK293T NDUFA11 knockout 
cells. (A) Schematic diagram of ISR signaling. Various stress conditions can activate kinases, resulting in the 
phosphorylation of eIF2α. The activation of eIF2α leads to the global attenuation of cap-dependent translation and 
induction of selected genes (e.g., via ATF4 transcription factor). ISR signaling can be modulated by specific compounds 
that block ATF4 expression (e.g., ISRIB), inhibitors of PP1 subunits that block GADD34 (e.g., sephin1 and guanabenz), or 
inhibitors of CReP and GADD34 (e.g., salubrinal). CReP is constitutively expressed, and GADD34 is a stress-inducible 
PP1 phosphatase subunit that dephosphorylates eIF2α. (B) GADD34 mRNA levels in HEK293T wild-type cells and 
HEK293T NDUFA11 knockout cells. The data are expressed as mean ± SEM. n = 3. (C–E) Fold change in eIF2α 
phosphorylation in HEK293T NDUFA11 knockout cells that were treated for 24 h with salubrinal (C), guanabenz (D), 
or sephin1 (E) as indicated. The data are expressed as mean ± SEM. n = 5 (C); n = 6 (D and E). *p < 0.05, **p < 0.01, 
***p < 0.001 (Student’s t test).
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treated with NAC or MitoQ was much higher in the case of general 
ROS that was detected by CM-H2DCFDA dye (Figures 6, C and D, 
and 7, C and D) than the decrease in mitochondrial superoxide pro-
duction that was detected by MitoSOX (Figures 6, A and B, and 7, 
A and B). This was likely caused by the fact that the use of CM-
H2DCFDA detected ROS mainly outside mitochondria, whereas 
MitoSOX detected superoxide inside mitochondria where ROS pro-
duction under mitochondrial stress is too high to be efficiently re-
duced by ROS scavengers. Our previous study found that ROS scav-
enging by NAC restored protein synthesis under conditions of 
mitochondrial stress, suggesting the recovery of protein homeosta-
sis (Samluk et al., 2019). To analyze the dependence of oxidative 
stress and Tau dimerization under conditions of mitochondrial stress, 
we performed the BiFC assay using HEK293T NDUFA11-deficient 
cells and HEK293T cells that were treated with rotenone for 68 h in 
the presence of NAC or MitoQ. Consistent with our previous experi-
ments, we observed a significant increase in fluorescence in cells 
that were transfected with Tau-Venus BiFC plasmids under condi-
tions of long-term mitochondrial stress, suggesting an increase in 
Tau dimerization (Figure 8, A–D). Strikingly, cells that were treated 
for 24 h with NAC or MitoQ exhibited a reduction of Tau dimeriza-
tion in HEK293T NDUFA11 knockout cells and HEK293T cells that 
were treated with rotenone (Figure 8, A–D). Interestingly, in 
NDUFA11-deficient cells, the strongest effect was observed for the 
lowest applied concentration of NAC (1 mM), suggesting that a cer-
tain level of ROS was beneficial for these cells (Figures 6C and 8A) 
and could reflect a mitohormetic response (Messina et al., 2020). In 
addition to its own scavenging properties, NAC also enhances lev-
els of cellular glutathione, which possesses anti-ROS activity (Halasi 
et al., 2013). We checked the level of protein glutathionylation, us-
ing specific anti-glutathione antibody and flow cytometry, in 
HEK293T NDUFA11 knockout cells and HEK293T cells that were 
treated with rotenone for 68 h in the presence of NAC. We ob-
served increased protein glutathionylation under mitochondrial 
stress, reflecting the presence of oxidative stress in these cells and 
concentration-dependent reduction of protein glutathionylation in 

FIGURE 5: Treatment of HEK293T NDUFA11 knockout cells with salubrinal, guanabenz, or 
sephin1 partly reversed Tau dimerization. (A–C) Fold change in Venus fluorescence normalized 
to the level of Tau expression in untreated HEK293T NDUFA11 knockout cells and HEK293T 
NDUFA11 knockout cells that were treated for 24 h with salubrinal (A), guanabenz (B), or 
sephin1 (C) as indicated. The data are expressed as mean ± SEM. n = 4 (A and C); n = 3. (B) Sal., 
salubrinal; Gua., guanabenz; Seph.1, sephin1. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05) 
(Student’s t test).

the cells that were additionally treated with 
NAC (Supplemental Figure 5, A and B). 
However, there was no direct correlation be-
tween general protein glutathionylation and 
Tau dimerization because cell treatment 
with 1 mM NAC did not change protein glu-
tathionylation but caused a significant re-
duction of Tau dimerization (Figure 8, A and 
C, and Supplemental Figure 5, A and B). 
Collectively, these results indicated that the 
increase in mitochondrial-derived ROS lev-
els led to the enhancement of early steps of 
Tau aggregation.

DISCUSSION
Accumulating evidence indicates that dys-
functional mitochondria are important effec-
tors of neurodegeneration. For example, 
the loss of PHB2, which is a scaffold protein 
of the inner mitochondrial membrane, leads 
to extensive neurodegeneration that is as-
sociated with behavioral and cognitive defi-
ciencies in mice (Merkwirth et al., 2012). 
Another study linked mitochondrial dys-
function that was induced by the depletion 
of mitochondrial protease AFG3-like protein 

2 (AFG3L2) in murine neurons with Tau hyperphosphorylation and a 
defect of the anterograde transport of mitochondria (Kondadi et al., 
2014). Recently, it was shown that mitochondrial protein import de-
fects and the accumulation of mitochondrial precursor proteins in 
the cytosol may induce cellular protein aggregation, including α-
synuclein and amyloid β (Nowicka et al., 2021a). Moreover, the 
stimulation of mitochondrial protein import enhanced protein ag-
gregate clearance in the cytosol (Nowicka et al., 2021b; Schlagowski 
et al., 2021). These observations support the hypothesis of the in-
volvement of dysfunctional mitochondria in the development of 
neurodegenerative diseases by collapsing cellular proteostasis.

In the present study, we sought to understand the interplay be-
tween mitochondrial stress, cellular proteostasis, and Tau protein 
aggregation. Interestingly, mitochondrial protein import blockade 
activates such mechanisms as mitochondria-associated ribosome 
quality control (mitoRQC), mitochondrial compromised protein im-
port response (mitoCPR), and mitochondrial protein translocation–
associated degradation (mitoTAD), which remove stalled mitochon-
drial proteins (Izawa et al., 2017; Weidberg and Amon, 2018; 
Martensson et al., 2019). These clearance mechanisms are very im-
portant for proteostasis because stalled proteins can form aggre-
gates (Choe et al., 2016). Additionally, mitochondria can actively 
deal with cytosolic protein aggregates by importing them into mito-
chondria, followed by their degradation or sequestration (Ruan 
et al., 2017; Bruderek et al., 2018). The multiplicity of discovered 
mechanisms that restore mitochondrial function and safeguard cyto-
solic proteostasis have been cumulatively referred to as the mito-
protein-induced stress response (Boos et al., 2020), but the poten-
tial involvement of these mechanisms in neurodegenerative 
diseases, such as tauopathies, has not been clarified.

We found that long-term mitochondrial stress induced Tau di-
merization, which is the first step of protein aggregation (Meraz-Rios 
et al., 2010). Our microscopic analysis revealed that under condi-
tions of applied stress, Tau likely did not aggregate in the form of 
insoluble NFTs because Tau oligomers were dispersed in cells. How-
ever, some studies suggested that soluble Tau aggregates can be 
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even more harmful to neurons than large insoluble filaments, espe-
cially if they contain hyperphosphorylated Tau (Alonso et al., 1994). 
Interestingly, we observed an increase in Tau phosphorylation under 
conditions of mitochondrial stress, but this was not a prerequisite of 
Tau dimerization. In fact, the increase in Tau phosphorylation de-
creased microtubule binding affinity and stimulated its aggregation. 
Interestingly, however, Tau hyperphosphorylation during fetal brain 
development did not cause significant toxicity (Hefti et al., 2019).

Similar to our previous study (Samluk et al., 2019), we found that 
long-term mitochondrial stress inhibited the ISR by reducing the 
phosphorylation of eIF2α. Sorrentino et al. (2017) proposed that a 
reduction of ISR activity may cause amyloid β aggregation in mam-
malian cells, suggesting the involvement of this pathway in AD 
pathogenesis. Thus, one issue is whether the observed reduction of 
ISR activity in cells with prolonged mitochondrial dysfunction induces 
Tau protein aggregation. Our results demonstrated that inhibition of 
the ISR triggered Tau dimerization and activation of the ISR under 
conditions of long-term mitochondrial stress at least partially 

FIGURE 6: NAC attenuated the increase in ROS production in cells with prolonged 
mitochondrial dysfunction. (A) Mitochondrial superoxide production measured with MitoSOX in 
HEK293T NDUFA11 knockout cells and in the presence of NAC (24 h) as indicated. The data are 
expressed as mean ± SEM. n = 4. (B) Mitochondrial superoxide production measured with 
MitoSOX in HEK293T cells that were treated with rotenone for 68 h and in the presence of NAC 
(24 h) as indicated. The data are expressed as mean ± SEM. n = 4. (C) ROS production measured 
with CM-H2DCFDA in HEK293T NDUFA11 knockout cells and in the presence of NAC (24 h) as 
indicated. The data are expressed as mean ± SEM. n = 4. (D) ROS production measured with 
CM-H2DCFDA in HEK293T cells that were treated with rotenone for 68 h and in the presence of 
NAC (24 h) as indicated. The data are expressed as mean ± SEM. n = 4. NAC, N-acetyl-l-
cysteine; Rot., rotenone; ROS, reactive oxygen species. *p < 0.05, **p < 0.01, ***p < 0.001; ns, 
not significant (p > 0.05) (one-way ANOVA followed by Tukey’s multiple comparisons test).

reduced early steps of Tau aggregation. 
These results suggested the involvement of 
ISR inhibition in tauopathies. However, the 
effect of ISR activation on the reduction of 
Tau dimerization was subtle and its physio-
logical significance must be clarified in the 
future. Interestingly, the pharmacological ac-
tivation of ISR signaling with compounds that 
inhibit eIF2α dephosphorylation had benefi-
cial effects in experimental models of many 
neurodegenerative disorders (Reijonen et al., 
2008; Lee et al., 2010; Jiang et al., 2014; Das 
et al., 2015; Dash et al., 2015; Way et al., 
2015), whereas inhibition of the ISR with 
ISRIB enhanced cognitive memory (Sidrauski 
et al., 2013). Thus, no consensus has been 
reached about whether activation or inhibi-
tion of the ISR is more beneficial for reducing 
symptoms of neurodegenerative disorders. 
Costa-Mattioli and Walter (2020) proposed 
that depending on the disease or pathology 
and the optimal homeostatic set point for a 
particular phenotype, activation of the ISR or 
inhibition of the ISR would restore homeosta-
sis to optimal cell fitness. We also believe 
that ISR activity needs to be fine-tuned to 
specific stress conditions, and pharmacologi-
cal manipulations of this signaling pathway 
would need to be tailored to the particular 
pathology.

Many studies have reported that mito-
chondrial disorders are associated with oxi-
dative stress (Yamada et al., 2020). We ob-
served an increase in ROS production by 
cells with the dysfunction of mitochondrial 
respiratory chain complex I. We also found 
that this oxidative stress was mitigated by 
the ROS scavengers, NAC and mitochon-
dria-targeted MitoQ. Interestingly, cells that 
were treated with NAC or MitoQ exhibited a 
reduction of Tau dimerization, suggesting a 
key role for ROS overproduction in the early 
steps of Tau aggregation under conditions 
of long-term mitochondrial stress. These re-

sults are generally consistent with observations that antioxidants 
decreased levels of phospho-Tau and rescued anterograde trans-
port defects in neurons with dysfunctional mitochondria (Kondadi 
et al., 2014). NAC also increases levels of glutathione, which is an 
important cellular antioxidant (Halasi et al., 2013). However, we did 
not observe the direct correlation between cellular protein glutathi-
onylation and Tau dimerization. Oxidative stress is believed to be an 
early event in the pathogenesis of AD, in which it was detected long 
before symptoms appeared (Wang et al., 2014). Interestingly, pa-
tients with AD had lower levels of antioxidants, such as uric acid, 
vitamin C, vitamin E, and glutathione, and antioxidant enzymes, 
such as superoxide dismutase and catalase (Singh et al., 2019). A 
few hypotheses have been proposed to explain the involvement of 
mitochondrial dysfunction and oxidative imbalance in the develop-
ment of AD. The best-documented abnormalities include a de-
crease in energy metabolism, a decrease in the neuronal expression 
of genes that encode several key enzymes of oxidative metabolism, 
calcium dyshomeostasis, oxidative damage in mitochondrial DNA 
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(mtDNA), and abnormal mitochondrial dynamics (Wang et al., 2014; 
Elfawy and Das, 2019; Messina et al., 2020). The present results sup-
port the involvement of oxidative imbalance in early events of AD. 
We propose that mitochondrially born oxidative stress triggers neu-
rodegeneration by affecting cellular proteostasis and inducing early 
steps of protein aggregation, including Tau. The data suggest that 
mitochondrial dysfunction and oxidative stress could activate signal-
ing pathways that play a role in the hyperphosphorylation and ag-
gregation of Tau protein, but the precise mechanisms need further 
elucidation.

NDUFA11 is an accessory subunit of mitochondrial complex I. 
Interestingly, the dysfunction of subunits of this complex was shown 
to lead to neurodegenerative diseases, such as Leigh’s syndrome 
(Berger et al., 2008; Rodenburg, 2016). Complex I is also a major 
source of damaging ROS, and its deficiency is the most frequent 
mitochondrial disorder present in childhood (Stroud et al., 2016; 
Peralta et al., 2020). We demonstrated that knockout of NDUFA11 
greatly reduced mitochondrial complex I activity and the impact of 

inhibition of mitochondrial complex III on Tau dimerization was not 
very pronounced, suggesting specific involvement of complex I de-
ficiency in the induction of Tau aggregation. Importantly, rotenone, 
which was used in the present study to induce long-term mitochon-
drial stress, is also considered a cause of Parkinson’s disease. Rote-
none is a naturally occurring compound that is derived from the 
roots of certain plant species. It was commonly used as an insecti-
cide and pesticide. Rotenone easily crosses all biological mem-
branes, including the blood-brain barrier because of its high lipophi-
licity (Betarbet et al., 2000; Sherer et al., 2003; Tanner et al., 2011; 
Johnson and Bobrovskaya, 2015; Innos and Hickey, 2021). People 
who used rotenone had a 2.5-fold higher risk of Parkinson’s disease 
(Tanner et al., 2011). The present data also suggest the involvement 
of rotenone in the development of AD through an increase in the 
early steps of Tau aggregation (Figure 8E).

Many intriguing findings shed light on different aspects of mito-
chondrial biology in neurodegeneration. Altogether, these impor-
tant discoveries paint a broader picture of the involvement of mito-
chondrial defects in neurodegenerative diseases. Despite great 
efforts that have been made, still unknown are whether and how 
mitochondrial functions may be targets for the treatment of neuro-
degenerative defects. The present study, showing that the excess of 
mitochondrial ROS induces early steps of Tau aggregation, provides 
insights that could improve our understanding of processes that are 
triggered by mitochondrial stress in neurodegenerative diseases.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture conditions
HEK293T wild-type and HEK293T NDUFA11 knockout cell lines 
were cultured in high-glucose (4.5 g/l) 90% DMEM (Sigma; cata-
logue no. D5671) supplemented with 10% fetal bovine serum (FBS), 
2 mM l-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 
50 µg/ml uridine at 37°C in a 5% CO2 humidified atmosphere. The 
culture medium was changed every other day. The cells were treated 
with rotenone (48 or 68 h) (Sigma; catalogue no. R8875), ISRIB (68 h) 
(Sigma; catalogue no. SML0843), salubrinal (24 h) (Sigma; catalogue 
no. SML0951), guanabenz (24 h) (Sigma; catalogue no. G110), 
sephin1 (24 h) (Sigma; catalogue no. SML1356), NAC (24 h) (Sigma; 
catalogue no. A9165), MitoQ (24 h) (Cayman Chemicals; catalogue 
no. 89950), antimycin A (68 h) (Sigma; catalogue no. A8674), and 
okadaic acid (24 h) (Abcam; catalogue no. ab120375) where indi-
cated. HEK293T wild-type and HEK293T NDUFA11 knockout cells 
were provided by David Stroud and Michael Ryan (Monash Univer-
sity, Melbourne, Australia) (Stroud et al., 2016).

The human neuroblastoma cell line SH-SY5Y was maintained in 
DMEM with nutrient Mixture F-12 Ham (DMEM/F12; Life Technolo-
gies; catalogue no. 11320033) supplemented with 10% FBS and 5 
mg/ml penicillin/streptomycin at 37°C in a 5% CO2 humidified at-
mosphere. The medium was renewed every 3 d. For differentiation, 
SH-SY5Y cells were plated on 10 µg/ml laminin-coated plates in 
DMEM/F12 supplemented with 10% FBS. After 24 h, the medium 
was replaced with DMEM/F12 containing 3% FBS and 10 µM all-
trans retinoic acid (RA; Sigma; catalogue no. R2625) in order to in-
duce differentiation. After 72 h the differentiation medium was re-
placed and cells were transfected for 72 h and treated with rotenone 
for the last 24 h.

Complex I enzyme activity assay
To analyze the activity of Complex I in HEK293T wild-type and 
HEK293T NDUFA11 knockout cells, we used the Complex I Enzyme 

FIGURE 7: MitoQ attenuated the increase in ROS production in cells 
with prolonged mitochondrial dysfunction. (A) Mitochondrial 
superoxide production measured with MitoSOX in HEK293T NDUFA11 
knockout cells and in the presence of MitoQ (24 h) as indicated. The 
data are expressed as mean ± SEM. n = 10. (B) Mitochondrial 
superoxide production measured with MitoSOX in HEK293T cells that 
were treated with rotenone for 68 h and in the presence of MitoQ 
(24 h) as indicated. The data are expressed as mean ± SEM. n = 4. 
(C) ROS production measured with CM-H2DCFDA in HEK293T 
NDUFA11 knockout cells and in the presence of MitoQ (24 h) as 
indicated. The data are expressed as mean ± SEM. n = 5. (D) ROS 
production measured with CM-H2DCFDA in HEK293T cells that were 
treated with rotenone for 68 h and in the presence of MitoQ (24 h) as 
indicated. The data are expressed as mean ± SEM. n = 5. MQ, MitoQ; 
Rot., rotenone; ROS, reactive oxygen species. **p < 0.01, ***p < 0.001 
(one-way ANOVA followed by Tukey’s multiple comparisons test).

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-11-0553
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Activity Assay Kit according to the manufac-
turer’s instructions (Abcam; catalogue no. 
ab109721). Cells were washed twice with 
phosphate-buffered saline (PBS) and then 
lysed in PBS containing 10% detergent pro-
vided by the manufacturer for 30 min on ice. 
Then, total cellular protein extracts were 
centrifuged at 16,000 × g for 20 min at 4°C, 
and the protein concentration was measured 
in collected supernatants. Next, samples 
containing 200 µg of protein were diluted to 
200 µl using Incubation Solution, loaded on 
a 96-well plate provided in the kit, and incu-
bated for 3 h at room temperature. In the 
next step, wells were washed three times 
with 300 µl of 1× Wash Buffer, and directly 
after the final wash, 200 µl of Assay Solution 
was added to each well. The absorbance 
was measured using a Multiskan SkyHigh Mi-
croplate Spectrophotometer (Thermo Scien-
tific) at 450 nm for 30 min with 1 min intervals 
and a shake between readings at room 
temperature.

Transfection of HEK293T wild-type 
cells, HEK293T NDUFA11 knockout 
cells, and SH-SY5Y cells
For transfection, HEK293T wild-type cells, 
HEK293T NDUFA11 knockout cells, and SH-
SY5Y cells were seeded in 60 mm cell culture 
dishes, HEK293T cells at a density of 1.25 × 
105 and grown for 24 h in high-glucose 
DMEM to reach 20–25% confluence and SH-
SY5Y cells at a density of 1 × 106 and grown 
and differentiated for 72 h in DMEM/F12 to 
reach 60–70% confluence on the day of 
transfection. Cells were transfected using 
GeneJuice Transfection Reagent (Sigma; 
catalogue no. 70967). For each transfected 
plate, 6 µl (HEK293T) or 12 µl (SH-SY5Y) of 
GeneJuice was added to 250 µl of Opti-
MEM I Reduced Serum Medium (Life Tech-
nologies; catalogue no. 31-985-070) and 

FIGURE 8: NAC and MitoQ reversed Tau dimerization in cells under conditions of long-term 
mitochondrial stress. (A) Fold change in Venus fluorescence normalized to the level of Tau 
expression in untreated HEK293T NDUFA11 knockout cells and HEK293T NDUFA11 knockout 
cells that were treated for 24 h with NAC. The data are expressed as mean ± SEM. n = 6. 
(B) Fold change in Venus fluorescence normalized to the level of Tau expression in untreated 
HEK293T NDUFA11 knockout cells and HEK293T NDUFA11 knockout cells that were treated 
for 24 h with MitoQ. The data are expressed as mean ± SEM. n = 6. (C) Fold change in Venus 
fluorescence normalized to the level of Tau expression in HEK293T cells that were treated with 
rotenone for 68 h and in the presence of NAC (24 h) as indicated. The data are expressed as 
mean ± SEM. n = 3. (D) Fold change in Venus fluorescence normalized to the level of Tau 
expression in HEK293T cells that were treated with rotenone for 68 h and in the presence of 
MitoQ (24 h) as indicated. The data are expressed as mean ± SEM. n = 5. (E) Schematic 

illustration of the influence of long-term 
mitochondrial stress on Tau protein 
aggregation. Long-term mitochondrial stress 
led to oxidative stress (i.e., increase in ROS 
production) and inhibition of the ISR (i.e., 
decrease in eIF2α phosphorylation). The 
increase in ROS production was the main 
factor that induced early steps of Tau 
aggregation, but the reduction of eIF2α 
phosphorylation also partially triggered this 
process. Tau phosphorylation increased, but 
this was not a prerequisite of Tau 
oligomerization under conditions of long-term 
mitochondrial stress. NAC, N-acetyl-l-
cysteine; MQ, MitoQ; Rot., rotenone; ROS, 
reactive oxygen species. *p < 0.05, **p < 0.01, 
***p < 0.001; ns, not significant (p > 0.05) 
(one-way ANOVA followed by Tukey’s 
multiple comparisons test).
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mixed thoroughly by vortexing. After 5 min of incubation at room 
temperature, purified plasmid DNA was added at a concentration of 
0.5 or 1 µg/plate (HEK293T) or 2 µg/plate (SH-SY5Y) according to 
the specific experiment. The mixture was then gently mixed by pi-
petting and incubated for 15 min at room temperature. After incu-
bation, GeneJuice/DNA mixture was added dropwise to each plate 
that contained 5 ml of complete high-glucose DMEM (HEK293T) or 
complete DMEM/F12 (SH-SY5Y). The plates were gently rocked to 
ensure an even distribution of the transfection mixture.

BiFC
To monitor the oligomerization of Tau protein, we performed a BiFC 
assay (Figure 1A), which was optimized in the previous studies (Tak 
et al., 2013; Blum et al., 2015). Blum et al. (2015) initially inserted Tau 
into the Venus BiFC vectors in N- and C-terminal positions and 
found the combination of constructs that provides an optimal BiFC 
signal, which we used in our study. Untreated HEK293T and SH-
SY5Y cells, HEK293T cells that were treated with rotenone or anti-
mycin A for the last 68 h or okadaic acid for the last 24 h, SH-SY5Y 
cells that were treated with rotenone for the last 24 h, and HEK293T 
NDUFA11 knockout cells were transfected for 72 h with plasmids 
that encoded Tau protein that was fused to the N-terminal part of 
Venus protein (N-terminal on backbone), Tau-VN (VN-Tau [wt]; Ad-
dgene; catalogue no. 87368) and Tau protein that was fused to the 
C-terminal part of Venus protein (C terminal on backbone), Tau-VC 
(Tau [wt]-VC; Addgene; catalogue no. 87369) (Blum et al., 2015). 
Where indicated, cells were transfected for 72 h with Venus BiFC 
vectors that encoded Tau, in which all 14 S/P or T/P amino acid resi-
dues were mutated to alanine (Tau-VN-AP and Tau-VC-AP). The di-
merization of Tau protein resulted in the reconstitution of functional 
fluorescent Venus protein, whose fluorescence was analyzed using a 
fluorescence microplate reader (Ex/Em 488/528) (Synergy H1 Hy-
brid Multi-Mode Microplate Reader; BioTek) and a Zeiss LSM700 
confocal microscope. Fluorescence was normalized to transfection 
efficiency that was verified by immunoblotting.

BiFC plasmid construction using the SLiCE method
Venus BiFC vectors that encoded Tau (Tau-AP), in which all 14 S/P or 
T/P amino acid residues (T111, T153, T175, T181, S199, S202, T205, 
T212, T217, T231, S235, S396, S404, and S422; numbering based on 
the longest 441-amino-acid brain isoform of human Tau [hTau]) were 
mutated to alanine (Tau-VN-AP, Tau-VC-AP), were constructed on the 
basis of the following plasmids: VN-Tau (wt) plasmid (Addgene; cata-
logue no. 87368), Tau (wt)-VC plasmid (Addgene; catalogue no. 
87369) (Blum et al., 2015), and pRK5-EGFP-Tau AP plasmid (Add-
gene; catalogue no. 46905) (Hoover et al., 2010). To perform Tau-AP 
subcloning from the pRK5-EGFP-Tau AP plasmid to BiFC vectors, the 
seamless ligation cloning extract (SLiCE) method was used (Zhang 
et al., 2012, 2014). The SLiCE method used bacterial cell extracts for 
DNA assembly into recombinant DNA molecules in a single in vitro 
recombination reaction. To amplify the Tau-AP insert, complemen-
tary primers were designed that contained additional homology 
arms for the following BiFC vectors: Tau_VN (forward, GCTCTG-
GAGGTGGTGGGTCCCTTAAGATGGCTGAGCCCCGCCA; reverse, 
TTTAAACGGGCCCTCTAGACTCGAGTCACAAACCCTGCTTGGC-
CAG), Tau_VC (forward, AAGCTGGCTAGCGTTTAAACTTAAGATG-
GCTGAGCCCCGCCA; reverse, TGGCCTTGATGCCGTTCTTCTC-
GAGCAAACCCTGCTTGGCCAGGG). pRK5-EGFP-Tau AP plasmid 
was used as a template, and the insert (Tau-AP) was amplified by PCR 
using DNA polymerase with proofreading activity (PfuPlus DNA Poly-
merase; EURx; catalogue no. E1118). The samples were then treated 
with DpnI to remove residual plasmid template DNA. The insert was 

then cleaned using the GeneMATRIX PCR/DNA Clean-Up Purifica-
tion Kit (EURx; catalogue no. E3520). Venus Tau BiFC plasmids (VN-
Tau [wt], Tau [wt]-VC) were digested with restriction enzymes (AflII 
and XhoI) to cut off wild-type Tau inserts and linearize the vectors. 
Venus BiFC plasmids were then purified by extraction from agarose 
gel using the GeneJET Gel Extraction Kit (Thermo Scientific; cata-
logue no. K0692). The SLiCE reaction was then performed at 37°C 
for 30 min. The mixture contained the following ingredients: 50 ng of 
linearized plasmid, 200 ng insert, 1 µl of SLiCE extract, and 1 µl of 
SLiCE buffer (500 mM Tris/Cl [pH 7.4], 100 mM MgCl2, 10 mM ade-
nosine triphosphate, and 10 mM dithiothreitol [DTT]). Double-dis-
tilled H2O was added to reach a total volume of 10 µl. Afterward, the 
samples were cooled on ice and used for bacterial transformation. 
The transformed cells were plated onto agar plates that contained 
appropriate antibiotics.

Immunofluorescence
HEK293T wild-type and HEK293T NDUFA11 knockout cells were 
transfected with BiFC plasmids that encoded Tau for 72 h, washed 
twice with PBS, and fixed with 3.7% formaldehyde for 10 min at 4°C. 
The cells were then washed twice with PBS and permeabilized for 
5 min by treatment with 0.1% Triton X-100 in PBS. They were then 
rinsed once with PBS and once with water, and the samples were 
mounted in ProLong Diamond Antifade Mountant with 4′,6-diamid-
ino-2-phenylindole (DAPI; Thermo Fisher Scientific; catalogue no. 
P36962). The analysis was performed using a Zeiss LSM700 confocal 
microscope.

ROS measurements
To analyze levels of ROS production, HEK293T wild-type and 
HEK293T NDUFA11 knockout cells were cultured for 96 h in DMEM 
that contained 4.5 g/l glucose supplemented with 10% FBS, 2 mM 
l-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 50 
µg/ml uridine. HEK293T cells were treated for 68 h with 100 nM ro-
tenone and for the last 24 h before the experiment with NAC or 
MitoQ as indicated. HEK293T NDUFA11 knockout cells were 
treated with NAC or MitoQ for 24 h before the ROS measurements 
where indicated. On the day of the experiment, the cells were incu-
bated on 6 cm dishes for 20 min at 37°C in a CO2 incubator in a 
culture medium that contained 5 µM red mitochondrial superoxide 
indicator MitoSOX (Thermo Fisher Scientific; catalogue no. M36008) 
or 10 µM general oxidative stress indicator CM-H2DCFDA dye 
(Thermo Fisher Scientific; catalogue no. C6827). Cells were then col-
lected, washed twice, and resuspended in cold PBS at 4°C. Fluores-
cent signals were corrected for autofluorescence. Fluorescence was 
measured at an excitation wavelength of 510 nm and emission 
wavelength of 580 nm for MitoSOX or an excitation wavelength of 
495 nm and emission wavelength of 527 nm for CM-H2DCFDA us-
ing a fluorescence microplate reader (Synergy H1 Hybrid Multi-
Mode Microplate Reader; BioTek).

Protein glutathionylation analysis
HEK293T cells treated with rotenone for 68 h and HEK293T 
NDUFA11-deficient cells were treated for the last 24 h with NAC, 
and then protein glutathionylation was analyzed in these cells 
and in untreated HEK293T cells. On the day of the experiment, 
cells were collected, washed twice with PBS, and fixed with 3.7% 
formaldehyde for 10 min at 4°C. Next, cells were washed twice 
with PBS, permeabilized for 5 min in 0.1% Triton X-100 solution in 
PBS, washed again with PBS, and incubated for 30 min in 10% 
FBS in PBS. After that, cells were incubated for 1 h at room 
temperature with an anti-glutathione antibody (1:250; Abcam; 
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catalogue no. ab19534). After two washes with PBS, the cells 
were incubated for 1 h with Alexa Fluor 568 goat anti-mouse an-
tibody (1:250; Invitrogen; catalogue no. A-11031) and then 
washed twice, resuspended in ice-cold PBS, and analyzed using a 
flow cytometer (BD LSRFortessa).

Quantitative real-time PCR
Total RNA from cells was purified using the RNeasy Plus Mini Kit 
(Qiagen; catalogue no. 74134). cDNA was synthesized from 500 ng 
of total RNA using the Cloned AMV First-Strand cDNA Synthesis Kit 
(Invitrogen; catalogue no. 12328-032) according to the manufactur-
er’s instructions. Endogenous mRNA was measured by quantitative 
real-time PCR (RT-PCR) using the LightCycler 480 Instrument II 
(Roche) and SensiFAST SYBR Hi-ROX Kit (Bioline; catalogue no. BIO-
92005). The following primer sequences were used for quantitative 
RT-PCR: (GADD34; PPP1R15A; forward, 5′-AGGAAGAGGAAGCT-
GCTGAG-3′; reverse, 5′-AATGGACAGTGACCTTCTCG-3′), actin 
cytoplasmic 1 (ACTB; forward, 5′-GCCGGGACCTGACTGACTAC-3′; 
reverse, 5′-TTCTCCTTAATGTCACGCACGAT-3′). ACTB was used as 
the internal control.

Determination of PP2A activity by malachite green 
phosphatase assay
To determine PP2A phosphatase activity in HEK293T wild-type and 
HEK293T NDUFA11 knockout cells, we used the Ser/Thr Phospha-
tase Assay Kit 1 (K-R-pT-I-R-R) (Merck; catalogue no. 17-127). The 
activity was based on dephosphorylation of the phosphopeptide 
(K-R-pT-I-R-R). Total cellular protein extracts were prepared in a buf-
fer that contained 20 mM imidazole-HCl, 2 mM EDTA, pH 7.0, with 
10 µg/ml each of aprotinin, leupeptin, bestatin, and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). Cells were homogenized on ice us-
ing a syringe and needle (10 strokes) and centrifuged at 2000 × g for 
5 min at 4°C. After the protein concentration measurements, the 
supernatants were used to assay phosphatase activity. For the enzy-
matic reaction, 50 µg of protein was used, and the volume of the 
protein extract was brought to 16.7 µl with lysis buffer. Afterward, 
6.3 µl of 1 mM phosphopeptide was added to obtain a final concen-
tration of 250 µM. After the addition of 2 µl of Ser/Thr assay buffer 
(50 mM Tris-HCl [pH 7.0] and 100 mM CaCl2), the final volume of 
the enzyme reaction was 25 µl. The sample was then incubated for 
10 min at 30°C in a shaking incubator, briefly centrifuged, and trans-
ferred to a 96-well plate. Malachite green phosphate detection solu-
tion (100 µl) was added, and then the solution was left for 15 min to 
allow color development. The plate was read at 650 nm with a mi-
croplate reader. The amount of phosphate released was calculated 
from a standard curve (0–2000 pmol). Sample absorbance values 
were compared with those of negative controls that contained no 
enzyme.

Miscellaneous
Total cellular protein extracts were prepared in RIPA buffer (65 mM 
Tris-HCl [pH 7.4], 150 mM NaCl, 1% IGEPAL CA-630 [NP-40], 0.25% 
sodium deoxycholate, and 1 mM EDTA) that contained 2 mM PMSF 
(Sigma; catalogue no. P7626) and phosphatase inhibitor cocktail 
(PhosSTOP; Roche; catalogue no. 04 906 837 001). Laemmli sample 
buffer that contained 50 mM DTT was added, and proteins were 
denatured at 65°C for 15 min. Total protein extracts were separated 
by SDS–PAGE on 12% gels. The following commercially available an-
tibodies against mammalian proteins were used: Tau (TAU-5) (Merck; 
catalogue no. 577801), phospho-Tau (Ser-202, Thr-205) (AT8) 
(Thermo Fisher Scientific; catalogue no. MN1020), eIF2α (Cell Signal-
ing Technology; catalogue no. 9722), phospho-eIF2α (Ser-51) (Cell 

Signaling Technology; catalogue no. 9721), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Santa Cruz Biotechnology; cata-
logue no. sc-47724), ATF4 (Cell Signaling Technology; catalogue no. 
11815), and glutathione (GSH) (D8) (Abcam; catalogue no. ab19534). 
Protein bands were visualized using secondary anti-rabbit or anti-
mouse antibodies conjugated with horseradish peroxidase and che-
miluminescence. Chemiluminescence signals were detected using 
Amersham Imager 600 RGB or x-ray films. The images were digitally 
processed using Adobe Photoshop CS4 software. ImageJ software 
was used to quantify the Western blots and confocal microscopy 
images. The represented fold changes are means of fold changes 
that were obtained from independent biological replicates ± SEM. 
VN-Tau (wt) was a gift from Tiago Outeiro, University Medical Center 
Goettingen, Goettingen, Germany (Addgene plasmid no. 87368; 
http://n2t.net/addgene:87368; RRID:Addgene_87368; Blum et al., 
2015). Tau (wt)-VC was a gift from Tiago Outeiro; Addgene plasmid 
no. 87369; http://n2t.net/addgene:87369; RRID:Addgene_87369; 
Blum et al., 2015). pRK5-EGFP-Tau AP was a gift from Karen Ashe 
(University of Minnesota, MI; Addgene plasmid no. 46905; http://n2t 
.net/addgene:46905; RRID:Addgene_46905; Hoover et al., 2010). 
The experiments were replicated at least three times.

Statistical analysis
Statistical significance was tested using Student’s t test or one-way 
analysis of variance (ANOVA) as indicated. The statistical tests were 
performed using GraphPad Prism. Values of p < 0.05 were consid-
ered statistically significant.
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