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A B S T R A C T   

Transcription factor nuclear factor erythroid 2 p45-related factor 2 (Nrf2) is the principal determinant of the cellular redox homeostasis, contributing to mito-
chondrial function, integrity and bioenergetics. The main negative regulator of Nrf2 is Kelch-like ECH associated protein 1 (Keap1), a substrate adaptor for Cul3/ 
Rbx1 ubiquitin ligase, which continuously targets Nrf2 for ubiquitination and proteasomal degradation. Loss-of-function mutations in Keap1 occur frequently in lung 
cancer, leading to constitutive Nrf2 activation. We used the human lung cancer cell line A549 and its CRISPR/Cas9-generated homozygous Nrf2-knockout (Nrf2-KO) 
counterpart to assess the role of Nrf2 on mitochondrial health. To confirm that the observed effects of Nrf2 deficiency are not due to clonal selection or long-term 
adaptation to the absence of Nrf2, we also depleted Nrf2 by siRNA (siNFE2L2), thus creating populations of Nrf2-knockdown (Nrf2-KD) A549 cells. Nrf2 deficiency 
decreased mitochondrial respiration, but increased the mitochondrial membrane potential, mass, DNA content, and the number of mitolysosomes. The proportion of 
ATG7 and ATG3 within their respective LC3B conjugates was increased in Nrf2-deficient cells with mutant Keap1, whereas the formation of new autophagosomes 
was not affected. Thus, in lung cancer cells with loss-of-function Keap1, Nrf2 facilitates mitolysosome degradation thereby ensuring timely clearance of damaged 
mitochondria.   

1. Introduction 

Transcription factor nuclear factor erythroid 2 p45-related factor 2 
(Nrf2, gene name NFE2L2) and its main negative regulator Kelch-like 
ECH associated protein 1 (Keap1) control the coordinate expression of 
a battery of genes encoding proteins, which allow adaptation and sur-
vival under conditions of stress [1,2]. At homeostatic conditions, Keap1 
serves as a substrate adaptor for Cul3/Rbx1-based ubiquitin ligase that 
continuously targets Nrf2 for ubiquitination and proteasomal degrada-
tion [3–5]. Electrophiles and oxidants (termed inducers) react with 
specific cysteine sensors of Keap1 [6], inhibiting its substrate adaptor 
function, and resulting in Nrf2 accumulation and transcriptional acti-
vation of its target genes encoding proteins with diverse cytoprotective 
functions. The critical importance of the Keap1/Nrf2 system in human 
health is highlighted by the fact that it is frequently dysregulated (either 

down- or upregulated) in disease, and is now considered a drug target 
[7]. A number of small molecule pharmacological activators are 
currently in various stages of clinical development for several disease 
indications [8,9], and two compounds, dimethyl fumarate (Tecfidera™) 
and omaveloxolone (RTA-408; Skyclarys™) are in clinical practice for 
the treatment of relapsing-remitting multiple sclerosis and Friedreich’s 
ataxia, respectively [7,10]. 

The Nrf2-regulated genes encode proteins that take part in xenobi-
otic detoxification, regulate redox and protein homeostasis, and pro-
mote repair processes. Nrf2 also affects intermediary metabolism, 
mitochondrial function and bioenergetics [11], in part through pro-
moting fatty acid oxidation [12], and its upregulation has features of 
fasted metabolic state [13]. In addition, Nrf2 regulates the expression of 
genes that function in autophagy, including the gene encoding the 
critical autophagy cargo protein p62/Sequestosome 1 (SQSTM1) [14, 
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15], as well as multiple genes involved in both macroautophagy as well 
as chaperone-mediated autophagy [16,17]. This is consistent with 
findings that genetic (by inactivation of Keap1) or pharmacologic Nrf2 
activation promotes, whereas Nrf2 depletion impairs autophagic flux 
[13,18,19]. However, the molecular details are incompletely 
understood. 

In addition to their effects on autophagy, Keap1 and Nrf2 have been 
implicated in mitophagy. It has been shown that, in parallel to the 
PINK1-Parkin pathway of mitophagy, p62 recruits Keap1 and Rbx1 to 
mitochondria to promote ubiquitination that labels damaged mito-
chondria for mitophagy [20,21]. A non-electrophilic Nrf2 activator 
called p62-mediated mitophagy inducer (PMI), which disrupts the 
protein-protein interactions between Keap1 and Nrf2 [22], induces 
mitophagy without dissipating the mitochondrial membrane potential 
or Parkin recruitment [23]. PMI induces mitochondrial respiration and 
the expression of p62 [24]. Similarly to PMI, other Keap1-Nrf2 pro-
tein-protein interaction inhibitors also induce mitophagy [24]. However 
the electrophilic Nrf2 inducers sulforaphane and dimethyl fumarate, 
which covalently modify cysteines in Keap1, are unable to induce such 
response [24], even though Nrf2 regulates the expression of several 
autophagy-related genes [16,17], and its activation by sulforaphane and 
other electrophilic inducers promotes autophagy [18,19]. In fact, 
co-treatment of PMI with sulforaphane was shown to inhibit some of the 
PMI-induced effects required for mitophagy [24]. Yet, both electrophilic 
and non-electrophilic Nrf2 activators induce similar alterations on 
mitochondrial morphology and bioenergetic profiles, suggesting that 
the reversible inhibition of the Keap1-Nrf2 protein-protein interactions 
by PMI is important for activation of mitophagy [24]. In addition, the 
PINK1-Parkin pathway was not required for mitophagy induced by PMI, 
but Nrf2 was [23–25]. 

During autophagosome formation, LC3 undergoes lipidation, 
whereby LC3 is conjugated to phosphatidylethanolamine (PE), first 
through the formation of an amide bond between the C-terminal glycine 
of the E1-like conjugating enzyme AuTophaGy regulator 7 (ATG7) and 
the amino group of PE, followed by transfer to the E2-like conjugating 
enzyme ATG3 [26]. Frudd et al. have described that under conditions of 
oxidative stress, the amino acid starvation-mediated LC3 lipidation is 
inhibited, due to cysteine oxidation within ATG3 and ATG7 [27]. Nrf2 is 
the principal determinant of the cellular redox homeostasis by regu-
lating the expression of thioredoxin, thioredoxin reductase, and the 
enzymes that catalyze the biosynthesis and regeneration of reduced 
glutathione (GSH) and NADPH [2]. This is particularly important in the 
context of loss-of-function mutations in Keap1, a common occurrence in 
lung cancer [28], where the resultant constitutive activation of Nrf2 
counteracts oncogene-driven increased generation of reactive oxygen 
species [29]. We therefore hypothesized that Nrf2 activity may affect 
mitophagy through control of redox balance. To test this hypothesis, we 
used the human lung cancer cell line A549 and its 
CRISPR/Cas9-generated homozygous Nrf2-knockout (Nrf2-KO) coun-
terpart [30]. The A549 cell line has constitutively high Nrf2 levels due to 
a combination of lower expression of Keap1 and a homozygous mutation 
(G333C) in the Kelch domain of Keap1, the site of interaction between 
Keap1 and Nrf2 [31]. To confirm that the observed effects of Nrf2 
deficiency are not due to clonal selection or long-term adaptation to the 
absence of Nrf2, for some experiments we also depleted Nrf2 by siRNA 
(siNFE2L2), creating populations of Nrf2-knockdown (Nrf2-KD) A549 
cells. Thus, this experimental system (i.e. A549 Nrf2-KO or Nrf2-KD, and 
A549 Nrf2-WT cells) represents two extreme conditions, namely Nrf2 
deficiency vs. Nrf2 constitutive activation. We found that Nrf2 defi-
ciency decreased mitochondrial respiration and cellular ATP levels, but 
surprisingly, increased the mitochondrial membrane potential, mass, 
DNA content, and the number of mitolysosomes per cell. Moreover, Nrf2 
deficiency increased the proportion of ATG7 and ATG3 within their 
respective LC3B conjugates without affecting the formation of new 
autophagosomes. 

2. Results 

2.1. Nrf2 deficiency in A549 cells decreases respiration, but increases the 
mitochondrial membrane potential and reverses the activity of complex V 

Compared to wild-type, mitochondrial respiration is decreased in 
Nrf2-KO mouse embryonic fibroblasts, bone-marrow derived macro-
phages and primary glio-neuronal cultures isolated from Nrf2-KO mice, 
whereas respiration is increased in their corresponding Keap1-knockout 
(Keap1-KO) and Keap1-knockdown (Keap1-KD) counterparts [11,12, 
32]. In close agreement with these observations, the mitochondrial 
respiration and the cellular ATP levels were lower in Nrf2-KO in com-
parison with Nrf2-WT A549 cells (Fig. 1A). The siRNA-mediated 
knockdown of Nrf2 (Nrf2-KD) had a similar effect to the 
CRISPR/Cas9-generated Nrf2-KO (Fig. 1B), implying that the observed 
effects of Nrf2 deficiency were not due to clonal selection or long-term 
adaptation to the absence of Nrf2. 

Next, we measured the mitochondrial membrane potential (ΔΨm), a 
major indicator of mitochondrial health, using live cell imaging and the 
cationic fluorescent indicator tetramethylrhodamine methyl ester 
(TMRM). Nrf2 deficiency induced a 2-fold increase in ΔΨm, depicted as a 
rise in TMRM intensity, from 976 ± 256 (n = 97) in A549 Nrf2-WT cells 
to 2196 ± 540 (n = 83) in A549 Nrf2-KO cells; p < 0.0001; Fig. 1C). 
Mitochondria maintain the ΔΨm mainly by pumping protons out of their 
matrix through complexes I, III and IV of the electron transport chain 
(ETC). However, a deficiency in the activity of the ETC in the mainte-
nance of ΔΨm can be compensated by various mechanisms, including 
switching the FoF1-ATPsynthase to an ATPase mode of Complex V. The 
inhibitor of the FoF1-ATP complex oligomycin inhibits both the ATP 
synthase and the ATPase activities of this enzyme. Application of 2 μg/ 
ml oligomycin induced a small (about 3–5%) increase of ΔΨm of A549 
Nrf2-WT cells, suggesting that complex V in these cells is working in ATP 
synthase mode (Fig. 1D; n = 27). Subsequent application of the complex 
I inhibitor rotenone (5 μM) induced a profound decrease (63 ± 9%, n =
27) in TMRM fluorescence. Application of the uncoupler FCCP (1 μM) at 
the end of the experiment induced complete mitochondrial depolariza-
tion. Considering that after inhibition of FoF1-ATPsynthase and complex 
I, complex II can be the main contributor for delivery of electrons to the 
ETC, these results indicate a substantial contribution of complex II to the 
maintenance of ΔΨm in A549 cells. 

Nrf2 deficiency in A549 cells completely changed the effect of oli-
gomycin on the TMRM signal and induced mitochondrial depolarization 
(by 32 ± 7%; Fig. 1E; n = 33), strongly suggesting that complex V is 
working in reverse, as ATPase, pumping protons out. Importantly, 
rotenone induced almost complete depolarization in these cells, and 
FCCP induced only a minor (5 ± 3%, n = 33) decrease in TMRM fluo-
rescence, which suggests lower activity of complex II in Nrf2-KO 
compared to Nrf2-WT A549 cells. Thus, A549 cells maintain ΔΨm by 
ETC with contributions from complex I and II. Deficiency in Nrf2 
switched on a compensatory mechanism, transposing the complex V 
activity from FoF1-ATP synthase to ATPase mode that led to an increased 
ΔΨm. 

2.2. Nrf2 deficiency in A549 cells leads to alterations in the 
mitochondrial redox state 

The lower complex II activity in A549 Nrf2-KO cells led us to assess 
the mitochondrial redox state. The Nrf2 deficiency did not significantly 
change the complex I-dependent redox index (Fig. 2A,B,E), but signifi-
cantly decreased the FAD redox index from 84.3 ± 5.2, n = 24 to 35.6 ±
6.5, n = 21 (p < 0.0001) (Fig. 2C–E), which reflects a decrease in 
complex II activity. The FADH pool, i.e. the difference in responses to 
NaCN (maximal FADH2 but minimal FAD) and FCCP (minimal FAD but 
maximal FADH2 in mitochondrial complex II), of A549 Nrf2-KO cells 
was decreased (from 1000 ± 68, n = 24 to 550 ± 35, n = 21, p <
0.0001) in comparison with Nrf2-WT cells (Fig. 2F). The lower FADH 
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Fig. 1. Nrf2 deficiency in A549 cells decreases respiration and ATP production, but increases the mitochondrial membrane potential and reverses the activity of 
complex V. 
Comparison of real-time oxygen consumption rates (OCR) of cultured A549 cells with their Nrf2-knockout (Nrf2-KO) (A) and Nrf2-knockdown (siNFE2L2) (B) 
counterparts using the Seahorse XFe24 analyzer where Oligomycin (1 μM), FCCP (1 μM) and Rotenone/Antimycin A (1 μM) were added at the indicated times. The 
bar graphs show the mean basal respiration and ATP production. Data represented are the means ± SEM of three (A) or two (B) independent experiments. *p < 0.05. 
(C) Mitochondrial membrane potential in A549 and A549 Nrf2-KO cells. (D,E) Inhibitor analysis of the mitochondrial membrane potential maintenance and electron 
transport chain (ETC) function in A549 (D) and A549 Nrf2-KO (E) cells. Data are presented as mean ± SEM. ***p < 0.0001. 
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pool suggests lower substrates (donor electron availability) for complex 
II, which could be one reason for the lower activity of this complex. In 
contrast, compared to Nrf2-WT, the NADH pool was significantly 
increased in Nrf2-KO cells (from 1650 ± 138, n = 24 to 2500 ± 220, n =
21, p = 0.0084), but the levels of NADPH were lower (Fig. 2F). 

2.3. Nrf2 deficiency in A549 cells leads to an increase in mitochondrial 
ROS production, a decrease in GSH levels and an increase in 
mitochondrial content 

Compensation for the lack of respiratory activity for the maintenance 
of ΔΨm by FoF1-ATPase activity often leads to an increase in ΔΨm [33, 

Fig. 2. Nrf2 deficiency in A549 cells leads to a decrease in complex II activity. (A,B) Representative traces of mitochondrial respiration through Complex I from A549 
(black) (A) and A549 Nrf2 KO (red) (B) cells as assessed by NADH fluorescence. Representative traces of mitochondrial respiration through complex II from A549 
(black) (C) and A549 Nrf2-KO (red) (D) cells as assessed by FAD fluorescence. Application of 1 μM FCCP maximizes respiration and addition of 1 mM NaCN fully 
inhibits mitochondrial respiration. (E) Quantification of the redox indices of NADH and FADH for A549 (black) and A549 Nrf2-KO (red) cells. (F) Quantification bar 
charts representing changes in the NADH and FADH pools, as well as the NADPH levels in A549 (black) and A549 Nrf2-KO (red) cells. Data are presented as mean ±
SEM. *p < 0.05, **p < 0.001, ***p < 0.0001. 
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34]. Considering that the production of reactive oxygen species (ROS) in 
mitochondria is dependent on ΔΨm [35,36], an increase of ΔΨm would 
lead to overproduction of ROS in the ETC [33,34,37]. In agreement with 
the higher ΔΨm in A549 Nrf2-KO cells, the rate of ROS production by 
their mitochondria was 2-fold higher than in A549 Nrf2-WT cells (from 
40.4 ± 13.2, n = 11 to 76.7 ± 9.8, n = 9, p = 0.0105; Fig. 3A–C). This 
ROS overproduction in Nrf2-deficient cells was accompanied by a 
decrease in the level of reduced glutathione (GSH), as shown by the drop 
of fluorescence when using the monochlorobimane (MCB) probe in 
these cells, from 2228.8 ± 118.7, n = 53 to 1483.0 ± 55.1, n = 52, 
compared to Nrf2-WT A549 cells (p < 0.0001; Fig. 3D). In addition to 
this single-cell analysis, the higher levels of ROS and the corresponding 
lower levels of GSH in Nrf2-deficient cells were also confirmed in cell 
populations (Fig. 3E and F). 

2.4. Nrf2 deficiency increases the levels of mitochondrial DNA and 
mitochondrial mass 

The level of DNA was estimated using the fluorescent indicator 
PicoGreen. The level of nuclear PicoGreen-DNA fluorescence was 
similar between the genotypes (not shown). In contrast to the nuclear 
signal, the PicoGreen-DNA fluorescence from the mitochondrial area 
was significantly higher in Nrf2-KO than in Nrf2-WT A549 cells (from 
823.1 ± 27.0, n = 30 to 1198.5 ± 51.1, n = 24, p < 0.0001; Fig. 3G), 
suggesting an increase in mitochondrial content in Nrf2-deficient cells. 
To explore this possibility further, we measured the fluorescence of the 
TMRM or/and MitoTracker Green signals. In agreement with the Pico-
Green results, the mitochondrial mass in Nrf2-deficient cells was 
significantly increased in comparison with their Nrf2-WT counterparts 
(from 1.583 ± 0.094, n = 20 to 7.199 ± 0.638, n = 21, p < 0.0001; 
Fig. 3H). 

Fig. 3. Nrf2 deficiency in A549 cells leads to an increase in mitochondrial ROS production, a decrease in GSH levels and an increase in mitochondrial content. (A,B) 
Representative traces of the rate of mitochondrial ROS production in A549 (A) and A549 Nrf2 KO (B) cells as assessed by MitoTracker Red CM-H2XRos. (C) 
Quantification of the ROS production rates for A549 and A549 Nrf2-KO cells. (D) Quantification of the levels of GSH in A549 and A549 Nrf2-KO cells as assessed 
using the monochlorobimane (MCB) probe. (E,F) Levels of ROS (E) and GSH (F) in A549 cells after incubation with 10 μM of H2DCFDA in HBSS. The levels of ROS 
were determined by measuring the fluorescence emitted by live cells, using a fluorometer (Ex485/Em538). The levels of GSH were determined following incubation 
with 120 μM of MCB in HBSS, and the resulting fluorescence was measured using a fluorometer (Ex390nm/Em490). (G,H) Quantification of the mtDNA content (G) 
and the mitochondrial mass (H) in A549 and A549 Nrf2-KO cells. Data are presented as mean ± SEM. *p < 0.05, ***p < 0.0001. 
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2.5. Nrf2 deficiency increases the co-localization of mitochondria with 
lysosomes in A549 cells 

The increase in mitochondrial mass and DNA in the Nrf2-KO cells 
was unexpected, because Nrf2 had been implicated in mitochondrial 
biogenesis [38]. This led us to consider the possibility that Nrf2 may 
affect mitophagy. To assess this process, we measured the 
co-localization of mitochondrial signal (MitoTracker Green) and the 
lysosome signal (LysoTracker Red DND-99), as described [39]. Nrf2 
deficiency increased the co-localization of mitochondria with lyso-
somes, from 0.667 ± 0.011, n = 169 to 0.864 ± 0.007, n = 197 (p <
0.0001; Fig. 4A–C). This result was initially surprising, because it sug-
gested that mitophagy was enhanced, whereas the increased mito-
chondrial membrane potential, mass and DNA content (Figs. 1C and 3G, 
H), taken together with the decreased respiration (Fig. 1A and B) and the 
increased ROS production (Fig. 3A–C) and overall ROS levels (Fig. 3E) in 
Nrf2-KO A549 cells, was indicative that mitophagy was impaired. We 
then considered the possibility that the number of lysosomes might 
differ between the genotypes, but their quantification showed that 
Nrf2-KO A549 cells have less, not more, lysosomes than their Nrf2-WT 
counterparts (Fig. 4D–G). Of note, the images revealed higher pH in 
lysosomes of Nrf2-KO A549 cells, which could potentially affect mito-
lysosomal processing. Thus, the difference in the number of lysosomes 
did not provide an explanation for the increased number of mitolyso-
somes in Nrf2-deficient cells. 

To further confirm the effect of Nrf2 deficiency on mitolysosome 
accumulation, we used A549 cells that stably express a tandem 
mCherry-GFP fluorescent tag fused to the outer mitochondrial mem-
brane localization signal of the mitochondrial protein FIS1 [40]. Under 
basal conditions, the fluorescence from these cells is red and green. 
When mitophagy is stimulated and the mitochondria are fused to lyso-
somes, the acidic environment quenches the GFP signal, but not the 
mCherry signal, resulting in formation of puncta with only red fluores-
cence, which represent the mitolysosomes. Using this experimental 
system, we compared the number of mitolysosomes in cells that had 
been transfected for 96 h with either control siRNA (siCTL) or siNFE2L2, 
which resulted in a highly efficient knockdown of Nrf2 (Fig. 4H). This 
assay too, showed that Nrf2 knockdown led to an increase in the number 
of mitolysosomes per cell (Fig. 4I–K), both basally as well as upon 
stimulation with the iron chelator deferiprone (DFP, used as a positive 
control for induction of mitophagy) [40]. 

2.6. Nrf2 deficiency impairs the lipidation of LC3B 

Next, we considered impaired autophagy as an explanation for the 
increased mitolysosome accumulation in Nrf2-deficient A549 cells. We 
previously observed that compared to Nrf2-WT, Nrf2-KO A549 cells 
have lower levels of the lipidated form of LC3B, LC3B-II, and reduced 
autophagic flux [13]. We confirmed that the levels of the non-lipidated 
form of LC3B, LCB-I, were higher in Nrf2-KO A549 cells than in the 
parental Nrf2-WT cell line (Fig. 5A, top LC3B blot), whereas the levels of 
the lipidated form of LC3B, LC3B-II, were lower (Fig. 5A, bottom LC3B 
blot). Of note, two different membranes were used for the immuno-
blotting of LC3B, because LC3B–I is detected better on a nitrocellulose 
(NC) membrane, whereas the use of polyvinylidene difluoride (PVDF) 
membrane is more appropriate for detecting LC3B-II [41]. Treatment of 
Nrf2-KO A549 cells with the cell permeable form of glutathione, gluta-
thione ethyl ester (GSH-EE), increased the levels of GSH (Fig. 5B), and 
partially rescued LC3B lipidation, implying that the high levels of ROS in 
the absence of Nrf2 (Fig. 3A–C,E) are involved in inhibition of LC3B 
lipidation. Interestingly, treatment with buthionine sulfoximine (BSO), 
an inhibitor of GSH biosynthesis, decreased the levels of GSH in both 
genotypes (Fig. 5B), and increased the lipidation of LC3B in A549 cells, 
but not in Nrf2-KO A549 cells. Considering that BSO treatment has been 
previously shown to enhance LC3 lipidation and activate autophagy in 
retinal pigment epithelial [42], spermatogonial [43] and A549 [44] 

cells, this result further confirms that LC3B lipidation is impaired in the 
absence of Nrf2. Overall, the decreased LC3B lipidation in Nrf2 defi-
ciency suggests that autophagy is impaired. 

2.7. Nrf2 deficiency increases the proportion of ATG7 and ATG3 within 
their respective LC3 conjugates 

The redox sensitivity of ATG3 and ATG7 [27], together with the 
lower levels of GSH (Fig. 3D,F and 5B) and the higher levels of ROS 
(Fig. 3A–C,E) in Nrf2-KO cells, prompted us to examine ATG3 and ATG7. 
For this purpose, we employed the PEG-switch assay [45]. This assay 
uses a polyethylene glycol (PEG)-based alkylating agent for 
semi-quantitative assessment of protein cysteines that are engaged in 
bonds, which can be broken by reducing agents. In addition to ATG3 and 
ATG7, we also included in this analysis the cysteine protease ATG4B that 
mediates the processing of LC3 leading to exposure of its C-terminal 
glycine, which is essential for the subsequent LC3 conjugation to phos-
phatidylethanolamine. The use of the PEG-switch assay revealed the 
presence of slower migrating bands for ATG7 and ATG3 in the Nrf2-KO 
cells (Fig. 6A and B). This assay detected two slower migrating species of 
ATG3 (indicated with arrows in Fig. 6B), suggesting that, under our 
experimental conditions, more than one cysteine within ATG3 were 
engaged in covalent bonds that are cleavable by the reducing agent; 
notably, both species were present at higher levels in Nrf2-deficient than 
in Nrf2-proficient cells. Depleting Nrf2 acutely (by siRNA) in A549 cells 
had a similar effect to that of the Nrf2 knockout in the 
CRISPR/Cas9-generated A549 cells (Fig. 6A). In contrast, no slower 
migrating bands for ATG4B were detectable in either Nrf2-WT, Nrf2-KO 
or Nrf2-KD A549 cells (Fig. 6C). 

Next, we compared the levels of the ATG7-LC3 and ATG3-LC3 con-
jugates (each of which is formed through a thioester bond) in Nrf2-WT 
and Nrf2-KO A549 cells using non-reducing sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). Upon detection of 
ATG7 and ATG3 (Fig. 6D), we observed higher molecular weight com-
plexes (with a molecular weight approximately 15 kDa greater than that 
of ATG7 and ATG3, respectively) corresponding to covalently-bound 
ATG7-LC3 and ATG3-LC3. These complexes were not detectable under 
reducing conditions, consistent with a thioester bond linkage between 
ATG7/ATG3 and LC3. Compared to Nrf2-WT, Nrf2-KO A549 cells had a 
higher proportion of ATG7 and ATG3 within their respective ATG7-LC3 
and ATG3-LC3 conjugates: the ratio of LC3 conjugated-to unconjugated 
ATG7 was increased by ~8.4-fold and the ratio of LC3 conjugated-to 
unconjugated ATG3 was increased by ~2.6-fold (compare lane 1 with 
lane 5 in Fig. 6D). These differences between the genotypes were 
attenuated upon treatment with glutathione ethyl ester (GSH-EE), from 
~8.4-fold to ~6.4-fold for ATG7-LC3:ATG7, and from ~2.6-fold to 1.6- 
fold for ATG3-LC3:ATG3, consistent with redox regulation. Curiously, 
treatment with bafilomycin A1 (BAF), which disrupts autophagic flux by 
inhibiting both the lysosomal proton pump V-ATPase and 
autophagosome-lysosome fusion [46], led to a decrease in the conju-
gates in both Nrf2-proficient and Nrf2-deficient cells; the reasons for this 
are unclear at present. 

Similar to the Nrf2-KO A549 cells, the proportion of ATG7 within the 
ATG7-LC3 complex also increased in A549 cells following Nrf2 deple-
tion by siRNA (Fig. 6E). An increase in the ATG7-LC3 conjugate levels 
was observed as early as one day post-transfection with siNFE2L2 RNA. 
By contrast, the knockdown of Nrf2 did not affect the phosphorylation of 
ATG16L1 at S278 (Fig. 6E). Considering that this phosphorylated form 
of ATG16L1 is only present on newly forming autophagosomes [47], this 
result shows that new autophagosome formation proceeds normally 
when Nrf2 is depleted, suggesting that the observed accumulation of the 
ATG7/ATG3-LC3 complexes is consequent to impaired further process-
ing due to a defect(s) at the later stage(s) of autophagy. 

S. Dayalan Naidu et al.                                                                                                                                                                                                                       



Free Radical Biology and Medicine 208 (2023) 478–493

484

Fig. 4. The number of mitolysosomes 
is increased in Nrf2-deficient A549 
cells. (A,B) Colocalization of Lyso-
Tracker Red (red, lysosomes) and 
MitoTracker Green (green, mitochon-
dria) in A549 (A) and A549 Nrf2-KO 
(B) cells. Scale bar = 10 μm. (C) 
Quantification histogram showing the 
levels of co-localization of LysoTracker 
Red with MitoTracker Green in A549 
and A549 Nrf2-KO cells. Quantifica-
tion bar charts depicting lysosomal 
staining intensity (D), lysosomal 
number (E) and size (F) in A549 and 
A549 Nrf2 KO cells. (G) Color-coded 
image of lysosomal staining intensity 
as assessed with LysoTracker Red cor-
responding to pH, color-to-pH scale 
(right). (H) Immunoblot of Nrf2 and 
GAPDH as a loading control in A549 
cells stably expressing the mito-QC 
reporter (A549 mito-QC) transfected 
with 20 nM non-targeting control 
siRNA or NFE2L2 siRNA for 48 h and 
subsequently treated without or with 
1 mM deferiprone (DFP) for a further 
48 h. (I) Quantification of the number 
of mitolysosomes per cell in A549 
mito-QC reporter cells treated with 20 
nM non-targeting control siRNA or 
NFE2L2 siRNA for 48 h and subse-
quently treated without or with 1 mM 
deferiprone (DFP) for a further 24 h. 
Quantification was performed on 
fluorescence widefield images 
captured by Deltavision Elite micro-
scope using the mito-QC Counter 
macros in ImageJ, where a threshold 
ratio of 0.6 with a smoothening radius 
of 2 was used. Data are presented as 
mean ± SEM. *p < 0.05, **p < 0.001, 
***p < 0.0001. (J,K) Representative 
images of A549 mitoQC reporter cells 
treated with 20 nM non-targeting 
control siRNA (I) or NFE2L2 siRNA 
(J). The mito-QC reporter cell line 
consists of a mCherry-GFP tag fused to 
the outer mitochondrial localization 
signal on the protein FIS1 and works 
as a fluorescent pH-biosensor. When 
mitochondria are delivered to the ly-
sosomes, the GFP signal is quenched 
and the mCherry signal is unper-
turbed. The mitochondria are colored 
in orange and the red puncta represent 
the mitolysosomes. Scale bar = 25 μm.   
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2.8. Nrf2 deficiency increases the levels of ATG7-LC3 and ATG3-LC3 
conjugates in lung cancer cells expressing mutant Keap1 

To confirm that our findings are not limited to the A549 cell line, we 
determined the effect of Nrf2 depletion (by siRNA targeting NFE2L2) on 
the levels of ATG3, ATG7 and their respective LC3-conjugates in a panel 
of lung cancer cell lines. As expected, the depletion of Nrf2 caused 
downregulation of the Nrf2 transcriptional targets NQO1 and p62, 
irrespective of their corresponding basal levels, in all cell lines (Fig. 7). 
Similarly to A549 cells, Nrf2 depletion caused an increase, by approxi-
mately 2.5 to 3-fold for ATG7-LC3 and by approximately 2 to 5-fold for 
ATG7-LC3, in the conjugated forms of ATG7 and ATG3 in H460, H1944 
and H1792 cells (Fig. 7A, non-reduced samples), all of which express 
mutant Keap1 [48,49], without affecting the total ATG7 and ATG3 
levels in these cells (Fig. 7B, reduced samples). Notably however, with 
the exception of H520 cells, Nrf2 depletion did not affect the levels of 
ATG3-LC3 and ATG7-LC3 conjugates in the lung cancer cell lines H522, 
H1299, and CALU1, for which no mutations in Keap1 have been re-
ported [48,49], showing that the effect of Nrf2 is particularly prominent 
in the context of loss-of-function Keap1 mutations. 

3. Discussion 

Nrf2 is frequently dysregulated in ageing and disease, rendering cells 
and organisms more susceptible to the negative consequences of envi-
ronmental challenges, and this dysregulation is considered an important 
contributor to the pathogenesis of a wide range of human diseases, 
including Parkinson’s disease, chronic obstructive pulmonary disease 
(COPD), nonalcoholic steatohepatitis (NASH), and diabetes mellitus 
[50–55]. In this study, we found that although Nrf2 deficiency decreased 
mitochondrial respiration, as expected, it increased the mitochondrial 

membrane potential, mass, DNA content, and the number of mitolyso-
somes per cell. The increase in mitochondrial mass and DNA in the 
Nrf2-KO cells was unexpected, because Nrf2 has been implicated in 
mitochondrial biogenesis [38]. The increase in mitolysosomes was 
particularly surprising, initially suggesting that mitophagy was 
enhanced in the absence of Nrf2, and in apparent conflict with the 
previously described decrease in LC3B lipidation and autophagic flux in 
Nrf2-deficient A549 cells [13]. Another surprising result was that the 
proportion of ATG7/ATG3 within their LC3B conjugates was increased. 
The accumulation of the ATG3-LC3B and ATG7-LC3B complexes in 
Nrf2-deficient cells, together with the increased number of mitolyso-
somes, mitochondrial mass and DNA, and the decreased LC3B lipidation, 
imply that mitophagy is impaired at its late stages, leading to accumu-
lation of damaged mitochondria within mitolysosomes that cannot be 
efficiently degraded. This is consistent with recent findings by Anand-
han et al. who, by examining the formation of LC3 puncta, reported that 
Nrf2 depletion in ovarian cancer cells (SKOV3) leads to an increase in 
LC3-positive autophagosomes and their accumulation, in part by 
reducing the expression of VAMP8, which mediates 
autophagosome-lysosome fusion [56]. Thus, the absence of Nrf2 does 
not affect autophagosome formation, but instead, causes an impairment 
at the later stage(s) of autophagy, and consequently, mitophagy. 

Impaired mitolysosome processing provides a potential explanation 
for the accumulation of abnormal mitochondria in the livers of high-fat 
diet-fed Nrf2-KO mice; these mitochondria are swollen and display 
reduced crista and disrupted membranes [57]. Additionally, Nrf2 acti-
vation affects mitochondrial dynamics, in part by inducing the protea-
somal degradation of Drp1 and thus promoting mitochondrial fusion 
[58]. In agreement, a recent proteomics analysis in inflammatory mac-
rophages showed an enrichment in mitochondrial fusion with Nrf2 
activation, including the mitochondrial fusion proteins, Opa1, Mfn1 and 
Mfn2, and a significant increase in the mitochondrial fission factors, Mff 
and Mief2, with Nrf2 disruption, suggesting that Nrf2 may play a role in 
mitochondrial adaptation during inflammation [32]. Confocal micro-
scopy analysis of mitochondrial morphology further revealed that pro-
longed stimulation with lipopolysaccharide (LPS) caused a switch in 
mitochondrial morphology, from intermediate to fused/elongated, 
which was enhanced by Nrf2 activation and suppressed by Nrf2 
disruption. Together, these findings highlight the critical role of Nrf2 in 
mitochondrial adaptation to various conditions of stress. In addition to 
its recognized contribution to mitochondrial biogenesis, dynamics and 
bioenergetics [59], the current study unveils mitolysosome processing 
as another way by which Nrf2 contributes to mitochondrial health. 

It is notable that the effect of Nrf2 depletion was much more prom-
inent in Keap1-mutant than Keap1-wild-type cells. A possible explana-
tion could be that cells with mutant Keap1 are ‘addicted’ to the 
upregulation of Nrf2 and much more dependent on it than cells with 
wild-type Keap1. For example, the levels of GSH are expected to be 
higher in cells with mutant Keap1, due to the upregulation of Nrf2, and 
thus Nrf2 depletion would cause a much greater decrease in the GSH 
levels (and a corresponding increase in the level of ROS) than in cells 
with wild-type Keap1 and normal levels of Nrf2. Another, not mutually 
exclusive possibility could be that mutations in Keap1 affect its in-
teractions not only with Nrf2, but also with its other binding partners, 
such as p62. It has been shown that p62 recruits Keap1 and Rbx1 to 
mitochondria, and the resulting p62-Keap1-Rbx1 complex ubiquitinates 
mitochondria in Parkin-independent mitophagy; p62 also connects 
mitochondria to autophagosomes through interactions with ubiquitin 
and LC3 [20]. Further work is needed to test these possibilities. 

4. Conclusion 

Collectively, our results uncover a previously unrecognized role for 
Nrf2 in mitochondrial health: Nrf2 facilitates mitolysosome processing 
thereby ensuring timely clearance of damaged mitochondria. This is 
particularly evident in the context of loss-of-function Keap1, where Nrf2 

Fig. 5. Nrf2 deficiency impairs the lipidation of LC3B. (A) Western blot 
images of the non-lipidated (LCBI) and lipidated (LC3BII) forms of LC3B in 
whole-cell lysates of A549 and A549 Nrf2-KO cells treated in the presence or 
absence of 1 mM BSO or 10 mM GSH-EE for 20 h; GAPDH served as a loading 
control. (B) GSH measurement using the monochlorobimane probe in A549 and 
A549 Nrf2-KO cells treated with or without 1 mM BSO or 10 mM GSH-EE for 
24 h, where relative fluorescence units (RFU) were normalized to the amount of 
protein in each sample. 
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Fig. 6. Nrf2 deficiency increases the levels of ATG7-LC3 and ATG3-LC3 conjugates in A549 cells. (A–C) Immunoblot for ATG7 (A), ATG3 (B) and ATG4 (C) of 
samples from the PEG-switch assay performed on lysates derived from A549, A549 Nrf2-KO and Nrf2-KD cells. Note the increase in slower migrating band(s) (marked 
with arrows) of ATG7 and ATG3, but not ATG4, present in the Nrf2-deficient cells. (D) Immunoblot of ATG7 and its LC3 conjugate and ATG3 and its LC3 conjugate in 
A549 and A549 Nrf2-KO cells treated with or without 10 mM GSH-EE for 20 h and in the absence or presence of 10 nM Bafilomycin for 5 h. The cell lysates were 
treated in the absence and presence of the reducing agent β-mercaptoethanol (β-me) to show that the covalent ATG7/ATG3-LC3 complexes can be hydrolyzed to 
generate the unconjugated ATG7. (E) Immunoblot of ATG7, its LC3 conjugate, and ATG16L (total and phosphorylated at S278; the latter is only present on newly 
forming autophagosomes) detected in cell lysates from siRNA-mediated transfection of A549 cell using non-targeting siRNA (siCTL) or siRNA targeting NFE2L2 
(siNFE2L2). GAPDH levels served as a loading control. 
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Fig. 7. Nrf2 deficiency increases the levels of ATG7-LC3 and ATG3-LC3 conjugates in lung cancer cells expressing mutant Keap1. 
Immunoblots for ATG7, ATG3, p62 and NQO1 in lysates of lung cancer cells expressing wild-type Keap1 (H520, H522, H1299, CALU1) or mutant Keap1 (H460, 
H1944, A549 and H1792) following siRNA-mediated transfection using non-targeting siRNA (siCTL) or siRNA targeting NFE2L2 (siNFE2L2) for 72 h. The cell lysates 
were treated in the absence (A) and presence of the reducing agent β-mercaptoethanol (β-me) (B) to show that the covalent ATG7-LC3 and ATG3-LC3 complexes can 
be hydrolyzed to generate the unconjugated ATG7 and ATG3. GAPDH levels served as a loading control. 
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is constitutively active, counteracting the oncogene-driven increase in 
the production of reactive oxygen species. 

5. Materials and methods 

5.1. Cell culture 

The human lung cancer cell lines A549, CALU1, H460, H1944, 
H1792, H520, H522 and H1299 were obtained from the American Type 
Culture Collection (ATCC) where CALU1, H520 and H522 were kind 
gifts from C. Roland Wolf and John D. Hayes (University of Dundee). The 
cells were grown in Tissue Culture (TC)-treated flasks and maintained in 
a humidified 5% CO2 37 ◦C incubator. The cell culture medium was 
high-glucose-Dulbecco’s Modified Eagle Medium (DMEM) (Cat. 
11,995,065, Thermo), supplemented with 10% heat inactivated fetal 
bovine serum (FBS) (Thermo). The cells were split every 3–4 days and 
the growth medium in the flasks was replenished every other day. Ho-
mozygous Nrf2-KO A549 cells were generated using CRISPR/Cas9 
genome editing and confirmed by sequencing [30]. The cell cultures 
were routinely tested to ensure that they were mycoplasma-free. 

5.2. RNAi transfection 

A549 cells (2.5 × 105 cells per well of a 6-well plate) were reverse 
transfected with either 20 nM SMARTpool non-targeting siRNA control 
(Dharmacon) or SMARTpool siRNA targeting NFE2L2 (Dharmacon) 
using 5 μL of Lipofectamine RNAiMAX (Thermo) per well of a 6-well 
plate following the manufacturer’s instructions (Thermo). The 
following day, the medium was replaced with fresh complete growth 
medium, and the cells were collected at various time points post- 
transfection. For the eight- or ten-day post-transfection experiments, 
the transfected cells were reverse transfected at day four to maintain the 
knockdown. The growth medium was replenished every other day. 

5.3. Western blotting 

Cells were lysed in SDS lysis buffer [25 mM Tris HCL pH 6.8, 2% SDS 
(w/v) and 10% Glycerol (v/v)] and sonicated at 20% amplitude (Vibra- 
Cell™, Sonics). Bicinchoninic acid (BCA) assay (Thermo) was used to 
measure the protein content of the lysates according to the manufac-
turer’s instructions. Equal amounts of protein (between 15 and 20 μg) 
were subjected to polyacrylamide gel electrophoresis using either the 
4–12% NuPAGE (Bis-Tris) (Thermo) or 8%, 10% or 15% SDS-PAGE 
(Tris-Glycine) (Biorad) systems. The resolved proteins were subse-
quently transferred onto 0.45-μm nitrocellulose (NC) membranes using 
wet transfer (Biorad). When blotting for LC3, semi-dry transfer was 
employed using the Trans-blot Turbo system (Biorad), where the pro-
teins that had been resolved on 15% SDS- polyacrylamide gels were 
transferred onto 0.2-μm polyvinylflouridine (PVDF) membranes to 
visualise the lipidated form of LC3 or transferred onto 0.45-μm NC 
membranes to visualise the non-lipidated form of LC3. The membranes 
were subsequently blocked with 5% (w/v) non-fat milk (Marvel) in 
phosphate buffered saline (PBS) with 0.1% (v/v) Tween-20 (PBS-T) for 
30 min to 1 h at room temperature (22 ◦C) with constant agitation (60 
rpm). Subsequently, the membranes were incubated with primary an-
tibodies overnight at 4 ◦C. The primary antibodies used were: NRF2, 
NQO1, LC3B, ATG7, ATG4B, [1:1000, Cell Signaling Technologies 
(CST)], SQSTM1 (p62), ATG3, ATG16L1, ATG16L1 pS218 (1:1000, 
Abcam), GAPDH (1:20,000, Proteintech). After the primary antibody 
incubation, the membranes were washed thrice every 10 min in PBS-T 
and were incubated with either horseradish peroxidase (HRP)-conju-
gated (1:5000, CST) or fluorescently-conjugated (1:20,000, LI-COR) 
goat anti-mouse or anti-rabbit secondary antibodies for 1 h at room 
temperature (22 ◦C). Subsequently, the immunoblots were washed 
thrice with PBS-T for 30 min and were either visualized suing chem-
iluminescence (Thermo) or using the Odyssey CLx infrared imaging 

system (LI-COR). All immunoblots are representative of 2–3 indepen-
dent experiments. 

5.4. Extracellular flux analysis 

A549 cells were trypsinised, counted and seeded in high-glucose 
DMEM with 10% FBS at a seeding density of 5–6 x 104 cells per well 
approximately 4 h prior to starting the experiment. Seahorse XF Assays 
were conducted according to the manufacturer’s instructions (Agilent 
Technologies), where the Seahorse XF Cell Mito Stress test kit (Agilent 
Technologies) was used to perform the experiments using the Seahorse 
XFe24 Analyzer. All reagents used in this assay were obtained from 
Agilent Technologies. Oligomycin (1 μM), FCCP (1 μM) and rotenone/ 
antimycin A (1 μM) were used for the experiments and the XF Cell Mito 
Stress Test template protocol in the Agilent Wave Software program was 
selected to perform the experiments. 

5.5. Live cell imaging 

For measurements of ΔΨm, cells plated on 22-mm glass coverslips 
were loaded for 30 min at room temperature with 25 nM tetrame-
thylrhodamine methylester (TMRM; Invitrogen) in a HEPES buffered 
saline solution (HBSS) composed of 156 mM NaCl, 3 mM KCl, 2 mM 
MgSO4, 1.25 mM KH2PO4, 2 mM CaCl2, 10 mM glucose and 10 mM 
HEPES; pH adjusted to 7.35 with NaOH. The dye remained present in the 
media at the time of recording. Confocal images were obtained using a 
Zeiss 710 VIS CLSM equipped with a META detection system and a 40×
oil immersion objective. TMRM was excited using the 560 nm laser line 
and fluorescence was measured above 580 nm. For basal ΔΨm mea-
surements, Z-stack images were obtained by confocal microscopy and 
analysed using Zeiss software. For analysis of response to mitochondrial 
toxins, images were recorded continuously from a single focal plane. 
TMRM is used in the redistribution mode to assess ΔΨm, and therefore a 
reduction in TMRM fluorescence represents mitochondrial 
depolarization. 

For measurement of mitochondrial ROS production by single-live- 
cell imaging, cells were pre-incubated with MitoTracker Red CM-H (2) 
XROS for 10 min at room temperature. MitoTracker Red CM-H (2)XROS 
fluorescence was measured using 560 nm excitation and emission above 
580 nm. For measurement of total ROS levels in cell populations, A549 
cells were incubated with 10 μM of H2DCFDA in HBSS. The levels of ROS 
were determined by measuring the fluorescence emitted by live cells, 
using a fluorometer (Ex485/Em538), and the fluorescence was 
normalized for the amount of total protein. 

5.6. Measurement of NADH/FAD redox indices and pools, and NADPH 

NADH autofluorescence was measured using an epifluorescence 
inverted microscope equipped with a 20X fluorite objective. Excitation 
light at a wavelength of 350 nm was provided by a Xenon arc lamp, the 
beam passing through a monochromator (Cairn Research, Kent, UK). 
Emitted fluorescence light was reflected through a 455 nm long-pass 
filter to a cooled CCD camera (Retiga, QImaging, Canada) and digi-
tized to 12-bit resolution. Imaging data were collected and analysed 
using software from Andor (Belfast, UK). FAD autofluorescence was 
monitored using a Zeiss 710 VIS CLSM equipped with a META detection 
system and a 40× oil immersion objective. Excitation was using the 454 
nm Argon laser line and fluorescence was measured from 505 to 550 nm. 
Illumination intensity was kept to a minimum (at 0.1–0.2% of laser 
output) to avoid phototoxicity and the pinhole set to give an optical slice 
of ~2 μm. FAD and NADH redox indexes and mitochondrial pools were 
estimated as described [60]. 

5.7. Reduced glutathione (GSH) assessment 

For single live-cell imaging experiments, cells were incubated with 
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50 μM monochlorobimane (MCB) (Molecular Probes, Invitrogen) for 40 
min in HEPES buffered salt solution prior to imaging. Cells were then 
washed with HEPES buffered salt solution and images of the fluores-
cence of the MCB-GSH were acquired using a Zeiss 710 CLSM with 
excitation at 405 nm and emission at 435–485 nm. The levels of GSH 
were also determined in cell populations following incubation with MCB 
in HBSS; the resulting fluorescence was measured using a fluorometer 
(Ex390nm/Em490) and normalized for total protein. 

5.8. Assessment of mitochondrial and lysosomal co-localization 

For identification of mitochondrial and lysosomal co-localization, 
cells were loaded with 200 nM MitoTracker Green FM and 50 nM 
LysoTracker Red in HBSS for 30 min before experiments. Confocal im-
ages were obtained using a Zeiss 710 confocal microscope equipped with 
40X oil immersion objective. The 488 nm argon laser line was used to 
excite MitoTracker Green fluorescence which was measured between 
505 and 530 nm. Illumination intensity was kept to a minimum (about 
1% of laser output) to avoid phototoxicity and the pinhole set to give an 
optical slice of ~2 μm. For LysoTracker Red, the 543 nm Ne/He laser 
line was used with measurement above 650 nm. All data presented were 
obtained from at least 5 coverslips and 2–3 different cell preparations. 

5.9. mtDNA content assessment 

Mitochondrial DNA (mtDNA) content in live cells was assessed using 
Quant-iT PicoGreen dsDNA probe (Molecular Probes Inc.) at 3 μM 
directly into the cell culture medium. The cells were incubated for 30 
min, under standard cell culture conditions (37 ◦C, 5% CO2). The cells 
were then rinsed 3X in pre-warmed HBSS and visualized using a Zeiss 
710 VIS CLSM equipped with a META detection system under 40 ×
magnification. Excitation was using the 488 nm Argon laser line and 
fluorescence was measured from 510 to 550 nm. 

5.10. Mito-QC reporter assay 

A549MGFIS1 cells, generated as described [40], were reverse trans-
fected with 20 nM of non-targeting or NFE2L2 siRNA for 72 h and grown 
on glass coverslips (1.5-mm thickness). Forty-eight hours 
post-transfection, positive control for mitophagy induction cells were 
treated with 1 mM DFP for 24 h. On the next day, 3.7% PFA was dis-
solved in PBS (pH 7.25) for 10 min at room temperature (22 ◦C) (RT), 
the cells were washed thrice with PBS, fixed and stained with 1 μg/ml 
DAPI for 5 min at RT. The coverslips were washed once with PBS, 
mounted on glass slides with anti-fade prolong gold mounting medium 
(Thermo) and cured overnight at RT in the dark. The images were 
collected with the widefield microscope Deltavision Elite using the 
Softworx software for image acquisition where 40 × magnification was 
used. Images were acquired in both the green fluorescent protein (GFP) 
and mCherry channels. Images of least 45 cells were captured and 
analysed. The mQC counter plugin was used on ImageJ to quantify the 
number of mitolysosomes per cell. The protocol was adapted from 
Montava-Garriga et al. [61]. 

5.11. PEG-switch assay 

Twenty-four hours after seeding 6 × 105 A549 cells in each well of a 
six-well plate, the cells were washed twice with DPBS and lysed 
immediately in 200 μL of alkylating buffer (100 mM Tris HCl pH 7.4, 1% 
SDS, 100 mM maleimide). The lysates were incubated at 50 ◦C with 
vigorous shaking (1200 rpm) for 25 min. Subsequently, the lysates were 
passed through a Qiashredder column (Qiagen) to shear the DNA 
(16,900 g for 2 min). The protein concentrations of the lysates were 
measured and adjusted with the alkylating buffer to ensure equal 
amounts of protein between the lysates. The samples (130 μL) in each 
tube were transferred into 0.5 ml zeba-spin desalting columns (Thermo) 

to remove free maleimide. The reducing agent dithiothreitol (DTT) was 
added at a final concentration of 50 mM to the eluates, and the samples 
were incubated at 25 ◦C for 20 min. The samples in each tube were 
transferred into 0.5 ml zeba-spin desalting columns to remove free DTT. 
The reduced and desalted samples were incubated in a labelling buffer 
containing PEG (5000) (Sigma) at final concentration of 2 mM PEG 
(5000)-maleimide, 0.5% SDS and 100 mM Tris HCl pH 7.4 for 2 h at 
25 ◦C to label the reversibly oxidised amino acids. To quench the reac-
tion, 100 mM of maleimide was added, and the samples were incubated 
at 22 ◦C for 10 min. Subsequently, 1 part of 5X loading buffer (250 mM 
Tris HCl pH 6.8, 20% glycerol (v/v), 4% SDS (w/v), 0.001% bromo-
phenol blue (w/v)) was added to 4 parts of the lysate. The lysates were 
then subjected to either NuPAGE/Bis-Tris or Tris/Glycine SDS- 
polyacrylamide gel electrophoresis and western blotting. This protocol 
was adapted from Burgoyne et al. [45]. 

5.12. Statistical analysis 

Data analysis of live cell images was performed using Origin Pro 
2019 (MicroCal Software Inc. Northampton, MA) software. Student’s t- 
tests were performed using GraphPad Prism v8.0 or v9.0 software 
(GraphPad Software, Inc. La Jolla, USA). Differences were considered 
statistically significant with p-value <0.05. Results are expressed as 
mean value ± SEM. 
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