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ARTICLE INFO ABSTRACT

Keywords: The contribution of the Ubiquitin-Proteasome System (UPS) to mitophagy has been largely attributed to the E3
Mitochondria ubiquitin ligase Parkin. Here we show that in response to the oxidative stress associated with hypoxia or the
Proteasome hypoxia mimic CoCl,, the damaged and fragmented mitochondria are removed by Parkin-independent
&?ig;;t:gly mitophagy. Mitochondria isolated from hypoxia or CoCly-treated cells exhibited extensive ubiquitination, pre-
Hypoxia dominantly Lysine 48-linked and involves the degradation of key mitochondrial proteins such as the mitofusins
HIF-1a MFN1/2, or the import channel component TOM20. Reflecting the critical role of mitochondrial protein

degradation, proteasome inhibition blocked CoCl,-induced mitophagy. The five conserved ubiquitin-binding
autophagy receptors (p62, NDP52, Optineurin, NBR1, TAX1BP1) were dispensable for the ensuing mitophagy,
suggesting that the mitophagy step itself was independent of ubiquitination. Instead, the expression of two
ubiquitin-independent mitophagy receptor proteins BNIP3 and NIX was induced by hypoxia or CoCl,-treatment
followed by their recruitment to the oxidation-damaged mitochondria. By employing BNIP3/NIX double
knockout and DRP1-null cell lines, we confirmed that mitochondrial clearance relies on DRP1-dependent
mitochondrial fragmentation and BNIP3/NIX-mediated mitophagy. General antioxidants such as N-Acetyl
Cysteine (NAC) or the mitochondria-specific Mitoquinone prevented HIF-1« stabilization, ameliorated hypoxia-
related mitochondrial oxidative stress, and suppressed mitophagy. We conclude that the UPS and receptor-
mediated autophagy converge to eliminate oxidation-damaged mitochondria.

Oxidative stress

1. Introduction

Mitochondria are central to cellular energy production by oxidative
phosphorylation (OXPHOS) and integrate many biosynthetic pathways
and intracellular signaling cascades. As a consequence, mitochondrial
defects are linked to excessive production of Reactive Oxygen Species
(ROS), inability to maintain cellular homeostasis, induction of apoptotic
cell death, and therefore underlie several human disorders [1]. Hypoxia,
a physiological condition characterized by reduced oxygen tension, has
been associated with the generation of free radicals and ROS by electron
transport chain (ETC) complexes I and III due to inefficient electron
transfer [2,3]. This paradox of increased ROS under low oxygen tension
can be explained by insufficient molecular oxygen — the terminal elec-
tron acceptor in the ETC — or by hypoxia-induced disassembly of the
respiratory chain supercomplexes (respirasomes) [4]. The ROS thus

generated can nonspecifically damage various cellular macromolecules
and membranes as well as mitochondria themselves, ultimately leading
to mitochondrial dysfunction [2]. Hypoxia-associated mitochondrial
dysfunction has been implicated in diverse human disorders and path-
ophysiological conditions including Alzheimer’s disease, diabetes,
ischemia/reperfusion injury to the cardiac muscles and brain, inflam-
mation, and cancer [4]. Therefore, it is imperative for a cell to remove
the mitochondria damaged by hypoxia. Stabilization of the
hypoxia-inducible transcription factor-1 alpha (HIF-1a) is pivotal in the
adaptive response to hypoxia-induced oxidative stress since the down-
stream gene expression shift cellular metabolism from oxidative phos-
phorylation to glycolysis [5-7].

Mammalian cells contain several quality control mechanisms to
ensure functional population of mitochondria and eliminate those that
are damaged or dysfunctional [8]. Chaperones and
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mitochondria-resident proteases ensure proper folding of misfolded or
aggregated proteins in the mitochondrial matrix in the event of unfolded
protein accumulation [9]. Low levels of damage to mitochondrial pro-
teins may be dealt with by internal mitochondrial quality control pro-
teases that selectively degrade damaged mitochondrial proteins [10].
Alternatively, damaged proteins in the mitochondrial outer membrane
(OMM) can be selectively removed by the Ubiquitin Proteasomal System
(UPS) [11,12]. Recent evidence suggests that the UPS even monitors the
import of proteins into mitochondria, aids to remove mislocalized
intra-mitochondrial proteins and reinstate flux through clogged import
channels [13]. Ultimately, irreversibly damaged mitochondria that are
beyond repair may be eliminated as a whole by mitophagy [14,15]. This
process probably requires that the damaged mitochondria first undergo
fission in a DRP1-dependent manner aided by the degradation of mito-
fusin proteins. Both mitochondrial fusion and fission processes are
mediated by mitochondria-associated GTPases of the dynamin family.
Fusion between OMMs is mediated by membrane-anchored mitofusions,
MEN1 and MFN2, whereas fission is mediated by a cytosolic family
member, DRP1 that is recruited to mitochondria to constrict inner and
outer membranes. While there are many reasons for the ensuing mito-
chondrial dynamics, both fusion and fission contribute to maintenance
of oxidative phosphorylation under stressful conditions and elimination
of mitochondria damaged by oxidative stress [8]. Consequently, myriad
components of the UPS transiently associate with mitochondria under
both basal and stressful conditions to maintain mitochondria homeo-
stasis (mitostasis) [16-18].

By sharing ubiquitin as a common signal for tagging the substrates to
be degraded [19], both the UPS and autophagy pathways are highly
coordinated and complement each other to maintain the cellular ho-
meostasis under stressful conditions [20,21]. Under stressful conditions,
specific proteins on the OMM have been shown to selectively undergo
ubiquitination followed by proteasome-mediated degradation in a pro-
cess termed Mitochondria-Associated Degradation (MAD) [12,22,23].
Recent evidence shows that the MAD pathway, but not other mito-
chondrial quality control systems, is critical for yeast cell survival under
conditions of mitochondrial oxidative stress [24]. However, the com-
ponents of the proteolytic machinery themselves are also susceptible to
oxidative damage, which could exacerbate damage to mitochondria
[25]. Mitochondrial depolarization leads to PINK1 stabilization and
activation at OMM, which in turn recruits Parkin to the damaged
mitochondria. Activated Parkin ubiquitinates multiple OMM proteins
while PINK1 phosphorylates these polyubiquitin chains leading to a
feed-forward signal amplification. These polyubiquitin chains are
recognized by a number of ubiquitin-binding autophagy adapter pro-
teins (e.g. p62, NDP52, Optineurin, NBR1, and TAX1BP1), which link
the polyubiquitin signal with LC-3, thus enabling engulfment of the
damaged mitochondria by autophagosomes [26-28]. Although oxida-
tive stress-induced mitophagy has been largely attributed to the
PINK1-Parkin pathway [29-31], recent reports highlight the importance
of a Parkin-independent mode of mitophagy [32,33]. For instance, an
alternative mechanism, termed receptor-mediated mitophagy, is medi-
ated by certain mitochondrial proteins such as FKBP8, FUNDC1, BNIP3,
and NIX which directly interact with LC-3B on the autophagosomal
membranes through their LIR motifs, bypassing the need for ubiquiti-
nation [26].

In this study, we show that oxidative stress-induced either by hyp-
oxia or by the hypoxia mimic CoCl; triggers extensive ubiquitination
and fragmentation of mitochondria culminating in Parkin-independent
receptor-mediated mitophagy. In addition to hypoxia, we also used
CoCl; as a hypoxia mimic as it is known to stabilize HIF-1a in a ROS-
dependent manner [34]. Alleviation of the oxidative stress by antioxi-
dants reduced the extent of mitochondrial fragmentation, ubiquitination
and also reduced the extent of mitophagy. Although the downstream
mitophagy step itself was independent of ubiquitin-binding autophagy
receptors, proteasome-dependent upstream processing of ubiquitinated
mitochondrial proteins was necessary. We conclude that the UPS and the
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autophagy pathways cooperate to eliminate oxidation damaged
mitochondria.

2. Results

2.1. The hypoxia mimic CoCly induces mitochondrial oxidative stress and
mitophagy in HeLa cells

We used CoCl; to induce oxidative stress and compare the fate of
damaged mitochondria to that of hypoxia in our experimental system.
We first treated HeLa cells with 500 pM CoCl; and assessed the extent of
HIF-1a stabilization and autophagy induction in a time-dependent
manner. We observed that CoCly stabilized HIF-la as early as 6 h
post-treatment and induced robust autophagy at about 24 h. The auto-
phagy thus induced was associated with apoptotic cell death as evident
from Caspase-3 cleavage (Fig. 1A). In order to rule out the potential
adverse effects of apoptosis on our evaluation of mitochondrial physi-
ology, in further experiments, we employed a pan-caspase inhibitor ZZ-
VAD-FMK, which blocked caspase-3 cleavage and thus prevented cell
death induced by CoCl, (Supplementary figure S1A, S1B, S1C). Since
CoCl; induces a hypoxia-like response, we tested if it limits mitochon-
drial respiration even under normoxia. We measured the mitochondrial
respiratory capacity by using Seahorse Extracellular Flux Analyzer and
observed that CoCl, significantly decreased the overall oxygen con-
sumption rate (OCR), basal respiration, active ATP production, and the
maximal respiratory capacity of the mitochondria (Fig. 1B). As evident
from the cellular energy generation map, CoCly-treated cells shifted
from aerobic respiration to glycolytic/anaerobic metabolism (Supple-
mentary Figure S1D).

As mitochondria are the principal source of cellular ROS and CoCls; is
reported to cause oxidative stress in cells [34], we next evaluated the
extent of mitochondrial ROS upon CoCl;, treatment. By using MitoSOX
Red superoxide indicator dye (Fig. 1C) and ELITE Mitochondrial ROS
assay (Supplementary Figure S1E), we found that CoCl, induces signif-
icant (p < 0.001) ROS accumulation in mitochondria and caused
extensive fragmentation of the mitochondrial network. Interestingly, the
antioxidant N-Acetyl Cysteine (NAC) protected the cells from the
damaging effects of CoCl, by preventing buildup of ROS and aided in
maintenance of the normal mitochondrial architecture (Fig. 1C). These
observations indicate that CoCl, causes oxidative damage to mito-
chondria leading to fragmentation and hampering respiratory capacity
even in presence of normal levels of oxygen.

Next, we investigated the fate of these dysfunctional oxidation-
damaged mitochondria. Typically, damaged mitochondria are engul-
fed by autophagosomes that later on fuse with lysosomes to form
mitophagolysosomes. Indeed, in response to CoCly-induced oxidative
stress, some of the fragmented mitochondria colocalized with the
autophagosomal marker LC-3B and with the lysosomal marker LAMP-1
(Supplementary Figure S1F, S1G). Labeling mitochondria with Keima -
Mitokeima, a fluorescence reporter probe for studying active mitophagy
flux, confirmed that these observations reflect functional mitophagy
(Fig. 1D and E). The end result was that over time, the levels of several
mitochondrial proteins such as VDAC1, TOM20, MFN1, MFN2 and
COX4, localizing to different subcompartments, decreased in response to
CoCl, treatment (Fig. 1F, Supplementary Figure S1H). Of note, the
degradation of mitofusins MFN1 and MFN2 points towards mitochon-
drial fragmentation, as discussed above. OMM proteins VDAC1, TOM20
and the inner membrane protein COX4 also exhibited degradation.
Taken together, these observations suggest that oxidation-damaged
mitochondria undergo fragmentation which are then eliminated by
mitophagy.

2.2. Genuine hypoxia induces mitochondrial oxidative stress and
fragmentation in HeLa cells

In order to validate the applicability of CoCly as a mitochondria-
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Fig. 1. The hypoxia mimic CoCl, induces mitochondrial oxidative stress and
mitophagy in HeLa cells. The cells were treated with 500 pM CoCl, in combi-
nation with 25 pM Z-VAD-FMK for 24 h unless otherwise indicated. Addition-
ally, the cells were pretreated with 10 mM N-Acetyl Cysteine for 2 h before
treatment with CoCl, wherever indicated. A. HeLa cells were treated with 500
pM CoCl, alone for the indicated time points. The whole cell lysates were
subjected to immunoblotting to analyze the expression of HIF-la, LC-3B,
cleaved caspase-3 and GAPDH (as a loading control). B. The mitochondrial
respiration measurements were performed on Seahorse Extracellular Flux
analyzer. Changes in the oxygen consumption rate (OCR) were measured by
sequential injections of Oligomycin, FCCP and equimolar concentration of
Rotenone + Antimycin A. The OCR values were normalized by protein con-
centration per well determined by Bradford assay at the end of experiment. C.
The extent of mitochondrial fragmentation and mitochondrial ROS levels were
determined by live cell imaging dyes Mitotracker Green and MitoSOX red using
a confocal microscope and represented as fold change relative to control. D.
Evaluation of functional mitophagy by confocal microscopy-based Mitokeima
assay. The extent of mitophagy was represented as mitophagy index. E. Alter-
natively, the extent of mitophagy was determined by mitokeima-based FACS
assay and expressed as percent cells showing the red mitokeima fluorescence. F.
The control and CoCl, treated whole cell extracts were analyzed for the
expression of the indicated mitochondrial proteins with GAPDH as a loading
control. The blots are representative of three independent experiments. The
data is expressed as mean + SEM of three independent experiments. Scale bar:
10 pm. (For interpretation of the references to colour in this figure legend, the
Eeader is referred to the Web version of this article.)

damaging agent, we compared the effects of CoCl, on the mitochondrial
morphology and physiology (as demonstrated above in Fig. 1) with
those of genuine hypoxia (1% Oxygen). First, we confirmed the sus-
tained stabilization of HIF-1a in response to hypoxia as early as 6 h and
up to 36 h (Fig. 2A). Here too, the mitochondrial network showed
extensive fragmentation and perinuclear aggregation (Fig. 2B). As a
testimony, exposure to the hypoxic conditions caused a significant (p <
0.01) decrease in the extent of OCR (Fig. 2C), suggesting that cells are
responding to the hypoxic conditions by switching their energy pro-
duction from OXPHOS to anaerobic glycolytic mode. Similar to CoCly
treatment, the mitochondrial fragmentation was associated with an in-
crease in the ROS levels as assessed by the mitochondrial ROS indicator
dye MitoSOX Red (Fig. 2D). It is noteworthy that treatment of cells
exposed to hypoxia with the mitochondria-targeted antioxidant Mito-
quinone (MitoQ) led to a significant decrease in the HIF-la protein
levels, suggesting that mitochondria-derived ROS play a key role in
stabilization of the HIF-1a protein under hypoxic conditions (Fig. 2E).
Apparently, oxidative stress constitutes an integral part of the hypoxic
stress response whether generated by CoCl, or by genuine hypoxia.
Next, we demonstrated mitophagy, as a fate of these oxidatively
damaged mitochondria, by colocalization between mitochondria and
the autophagosome marker LC-3B (Fig. 2F). Furthermore, we assessed
the levels of key mitochondrial proteins and documented a dramatic
decrease in levels of OMM proteins such as TOM20 and MFN2 as well as
of an inner membrane protein, TIM23 (Fig. 2G). Induction of mitophagy
was further supported by conversion of LC-3B, a marker of general
autophagy (Fig. 2G). In the case of membrane-depolarized mitochon-
dria, ubiquitination typically marks them for mitophagy [27], therefore
we wished to test whether hypoxia also leads to mitochondrial ubiqg-
uitination. To this end, we isolated mitochondria from HeLa cells
following an earlier protocol [16] by sequential application of differ-
ential centrifugation followed by density gradient ultracentrifugation
(Supplementary Figure S2A). Interestingly, mitochondria isolated from
cells exposed to either CoCly or to hypoxia exhibited increased ubiq-
uitination as compared to mitochondria purified from cells growing
under normoxia (Fig. 2H). Mitochondrial ubiquitination in response to
hypoxia was further confirmed by immunofluorescence microscopy,
where fragmented mitochondria exhibited partial colocalization with
ubiquitin and LC-3B foci (Fig. 21). All these observations suggest that the
aberrant effects of CoCl; on the mitochondrial organization and function
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Fig. 2. Genuine hypoxia causes mitochondrial oxidative stress leading to their
ubiquitination. HeLa cells were exposed to 1% Oxygen for 24 h (Hypoxia) or
21% Oxygen (Normoxia). A. The cell lysates corresponding to the indicated
time points following hypoxia were analyzed for detection of HIF-la and
GAPDH by western blotting. B. The cells were immunostained with HSP60
antibody followed by image acquisition on a confocal microscope and the
percent mitochondrial fragmentation was determined by evaluating a minimum
of 100 cells across 10 different microscopic fields. C. The Oxygen Consumption
Rate (OCR) was determined by Seahorse Extracellular Flux analyzer using the
MitoStress test kit. D. The cells were stained with live cell imaging dyes
Mitotracker Green and MitoSOX red and observed under a confocal microscope.
The MitoSOX Red staining intensity was expressed in terms of fold change
relative to the control. At least 100 cells across 10 different microscopic fields
per condition were evaluated. E. The cells were exposed to normoxia and
hypoxia alone or in combination with 1 pM Mitoquinone Q (MitoQ) or vehicle
control (VC) and whole cell extracts were subjected to immunoblotting for the
detection of HIF-1a, PHD2 and Actin (loading control). F. The cells were stained
with MitoTracker Red followed by immunostaining with LC-3B antibody. G.
The whole cell lysates of HeLa cells exposed to Normoxia (N) and Hypoxia (H)
were subjected to immunoblotting for detection of the indicated mitochondrial
proteins. H. The isolated mitochondrial fractions from control and CoCl,
treated cells (left) and normoxic and hypoxic cells (right) were subjected to
western blotting for evaluating the level of total ubiquitin and ATP5a (loading
control). I. Wild type HeLa cells were stained with Mitotracker Red followed by
immunostaining with Ubiquitin and LC-3B antibodies. The numbered circles
mark their corresponding position in the individual channels and in the merged
image to indicate the extent of their overlap. Scale bar for microscopy images:
10 pm. The blots are representative of three experiments. The data is expressed
as mean + SEM of three experiments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
Ehis article.)

<

coincide to a large extent with those of genuine hypoxia. We speculated
that mitochondrial ubiquitination may be involved in the mitophagy of
oxidation damaged mitochondria.

2.3. CoCly-induced mitophagy occurs independent of Parkin or ubiquitin-
binding autophagy adaptor proteins

In order to analyze the nature of mitochondrial ubiquitination, we
evaluated the isolated mitochondrial fractions with antibodies for spe-
cific ubiquitin linkages (Supplementary Figure S2B). In addition to the
overall increase in total polyubiquitin conjugates associated with the
mitochondrial fractions of CoCly-treated cells (Fig. 2H), there was a
predominant increase in Lysine 48-linked (K48) polyubiquitin, whereas
Lysine 63-linked (K63) polyubiquitin increased to a relatively lesser
extent. Immunoblotting of isolated mitochondria revealed increased
recruitment of proteasomal subunits at the mitochondria from the
CoCl,-treated cells consistent with the elevated levels of K48-linked
polyubiquitin (Supplementary Figure S2C). More generally, mass spec-
trometry analysis of isolated mitochondria from CoCly-treated cells
identified several components of the UPS: UBA1 (E1 ubiquitin-activating
enzyme), UBE2S (an E2 ubiquitin-conjugating enzyme), several E3
ubiquitin ligases (HUWE1, MARCHS5, UBR4, TRIM25), USP33 (a deu-
biquitinating enzyme), AAA ATPase/p97 (required for protein extrac-
tion during the MAD pathway), UBXN4/UBXD2 (an auxiliary factor for
p97) and FKBP8 (which docks proteasome on the OMM and also harbors
LIR motifs) (Supplementary Figure S3). This analysis also confirmed
numerous proteasome subunits indicating proteasome recruitment to
the oxidation-damaged mitochondria (Supplementary Figure S3). All
these results suggest that oxidation damaged mitochondria associate
with multiple components of the UPS, undergo extensive ubiquitination
primarily of K48-linkages, and possibly activate proteasomal degrada-
tion of certain mitochondrial targets.

Typically, HeLa cells do not express detectable levels of Parkin [ [35]
and Supplementary Figure S4A]. Nevertheless, since Parkin is central to
mitophagy of depolarized mitochondria, we overexpressed Parkin
(Supplementary Figure S4A) and observed that in stark contrast to CCCP
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treatment, CoCl; failed to induce translocation of Parkin to the damaged
mitochondria (Supplementary Figure S4B). Furthermore, neither by
immunoblotting nor by immunofluorescence could we detect PINK1
stabilization or the presence of phospho-Ubiquitin (pS65 Ub) following
CoCl, treatment (Supplementary Figure S4C, S4D). By contrast, as a
positive control, CCCP treatment did stabilize PINK1 leading to ubiq-
uitin phosphorylation at mitochondria (Supplementary Figure S4C and
S4D). These results emphasized that the PINK1-Parkin pathway is
dispensable for CoCly-induced mitochondrial ubiquitination and
mitophagy.

In order to elucidate whether ubiquitination is a cause or a conse-
quence of mitochondrial ROS, we evaluated whether antioxidants
reduce the extent of mitochondrial ubiquitination. Indeed, NAC pre-
vented CoCl,-induced total ubiquitination as well as both K48 and K63-
linked polyubiquitin linkages detected on isolated mitochondria
(Fig. 3A). Furthermore, by coimmunofluorescence microscopy, we
showed that upon CoCly-induced oxidative damage, ubiquitin foci
colocalize with the fragmented mitochondria. However, treatment with
the antioxidant NAC not only maintained the organization of mito-
chondrial network but also suppressed the mitochondrial ubiquitination
(Fig. 3B). Taken together, mitochondrial ubiquitination appears to be a
direct consequence of oxidative stress.

Next, we asked if following CoCly treatment, the polyubiquitin
chains on the damaged mitochondria participate in mitophagy by
engaging with the ubiquitin-binding autophagy receptor proteins
similar to PINK1-Parkin pathway. To address this question, we used a
Penta KO Hela line (5KO) devoid of the five conserved ubiquitin-
binding autophagy receptors (adaptors): p62, NDP52, Optineurin
(OPTN), NBR1, and TAX1BP1 (Supplementary Figure S5A). The extent
of mitochondrial ubiquitination following CoCl,-treatment in the wild
type versus 5KO cells was comparable, as was MFN2 turnover (Fig. 3C).
In agreement with this observation, the extent of mitochondrial frag-
mentation and MFN2 turnover was similar in WT and 5KO cells upon
exposure to hypoxia (Supplementary Figure S5B and S5C). Moreover,
wild type cells exhibited an active flux of general autophagy upon
exposure to hypoxia, as evident from reduced levels (marked degrada-
tion) of the autophagy adapter proteins and increased conversion of LC-
3BI to LC-3BIL On the other hand, the 5KO cells exhibited compromised
autophagic flux evident from decreased LC-3BII levels in response to
hypoxia (Supplementary Figure S5C), suggesting that general autophagy
induced during hypoxic stress may be ubiquitin-dependent. Neverthe-
less, the 5KO cells did not show any defect in mitophagy upon CoCl,
treatment as evaluated by microscopy or flow cytometry (Fig. 3D and
Supplementary Figure S5D). Moreover, by immunofluorescence, we
confirmed that two key ubiquitin-binding mitophagy receptors NDP52
and OPTN were not recruited at the damaged mitochondria in response
to CoCly even though they were actively recruited following CCCP
treatment (Fig. 3E). These observations indicate that despite extensive
mitochondrial ubiquitination, CoCly-induced mitophagy occurs inde-
pendent of the five-known ubiquitin-binding autophagy adaptor
proteins.

2.4. Mitochondrial ROS-induced HIF-1a drives BNIP3/NIX-mediated
mitophagy

If ubiquitin-binding autophagy receptors are not required for
hypoxia-driven mitophagy, what other factors participate? It has been
long known that HIF-la stabilization during hypoxia drives the
expression of two structurally related but distinct proapoptotic BCL-2
family proteins, BNIP3 and NIX, which localize to the OMM [36]. We
confirmed that the expression of BNIP3 and NIX proteins was indeed
induced by both hypoxia and CoCly in our experimental system
(Fig. 4A). By real-time PCR analysis, we confirmed that their upregu-
lation was primarily at the transcriptional level (Fig. 4B). By immuno-
fluorescence, we further confirmed that upon induction, BNIP3 and NIX
localized to the damaged mitochondria (Fig. 4C and D). Interestingly,
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the antioxidant NAC diminished HIF-1a protein levels and the expres-
sion of its downstream targets BNIP3 and NIX, in-line with their
expression primarily driven by HIF-1a transcription factor (Fig. 4E).

To identify the extent by which mitochondrial ROS contribute to
HIF-1a stabilization in response to CoCly, we treated cells with the
mitochondria-targeted antioxidant Mitoquinone Q (MitoQ). MitoQ
prevented HIF-1a protein stabilization and the subsequent expression of
its downstream targets BNIP3 and NIX (Fig. 4E). Since the effects of
MitoQ and NAC were similar, we concluded that mitochondria-derived
ROS are instrumental in CoCly-induced mitochondrial aberrations.
Consistent with its ability to protect mitochondria from oxidative
damage, NAC also significantly restored the mitochondrial respiratory
capacity which includes the basal level of respiration, active ATP pro-
duction, and maximal respiratory capacity (Fig. 4F).

2.5. Mitochondrial ROS accumulation and ubiquitination occurs
upstream of fragmentation

Mitochondrial oxidative stress has been shown to cause mitochon-
drial fragmentation by regulating the key fusion-fission proteins MFN2
and DRP1 [37]. Since, depletion of MFN2 is a robust phenomenon
during CoCly-induced mitophagy (Fig 1-3), we wished to evaluate
whether removal of mitofusins contributes to mitochondria fragmenta-
tion and mitophagy, or is itself a consequence of mitochondrial damage.
To do so, we utilized a DRP1 knockout HeLa cell line (DRP1 KO)
resulting in mitochondrial elongation and enlargement due to unre-
stricted mitochondrial fusion [8]. We observed that in response to CoCl,
treatment, the degradation of MFN2 and TOM20 occurred to the same
extent in the wild type and in DRP1 KO HeLa cells (Fig. 4G). Likewise,
induction of polyubiquitination by CoCl, was comparable in the two cell
lines (Fig. 4G). Moreover, the HIF-1a-driven expression of BNIP3 and
NIX proteins was also seemingly unaffected independent of DRP1 status
(Fig. 4G). All these observations point to mitochondrial ubiquitination,
turnover of mitochondrial proteins, and induction of mitophagy re-
ceptors as a direct response to hypoxia or oxidative stress rather than a
consequence of mitochondrial fragmentation.

We then sought to test the contribution of the resulting mitochon-
drial ROS to mitochondrial fragmentation. By using the mitochondrial
ROS indicator dye MitoSOX Red, we observed that accumulation of
mitochondrial ROS occurs to similar extent in both wild type and the
DRP1 KO Hela cell lines, suggesting that ROS generation occurs up-
stream and independent of DRP1-dependent mitochondrial fragmenta-
tion (Fig. 4H). By immunofluorescence microscopy, we also found that
mitochondrial ubiquitination upon CoCl, treatment was roughly
equivalent in both WT and DRP1-null HelLa cells (Fig. 5A). All the above
observations indicate that ROS generation and ubiquitination events
occur independently of DRP1-dependent mitochondrial fragmentation.

2.6. DRPI-dependent mitochondrial fragmentation and BNIP3/NIX
proteins are critical for CoClz-induced mitophagy

With the information that BNIP3 and NIX are induced following
hypoxia-associated oxidative stress and recruited to mitochondria
regardless of fragmentation status, we wished to test whether they are
required for mitophagy. To address this question, we generated a BNIP3-
NIX double knockout (DKO) HeLa cell line by the CRISPR-Cas9 meth-
odology (Fig. 5B). We then stably expressed the mitophagy reporter
fluorescence probe Mitokeima by retroviral transduction of wild type,
DRP1 KO, and DKO Hela cell lines to monitor the mitophagy flux. By
FACS analysis, we deduced that the DRP1 KO cells had a drastic (p <
0.01) decrease in the extent of mitophagy. The BNIP3-NIX DKO cells also
exhibited a modest but significant (p < 0.05) reduction in the extent of
mitophagy in comparison to wild-type cells (Fig. 5C). We conclude that
DRP1-dependent mitochondrial fragmentation and BNIP3-NIX-
mediated clearance of the damaged mitochondria are critical for
CoCly-induced mitophagy.
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Fig. 3. Oxidative stress causes extensive mitochondrial ubiquitination but
mitophagy occurs independent of ubiquitin-binding autophagy receptors. HeLa
cells were treated with 500 pM CoCl, along with 25 uM Z-VAD-FMK for 24 h. A.
The cells were either treated with CoCl, alone or in combination with NAC. The
isolated mitochondrial fractions were analyzed for the extent of total ubiquitin,
K48 and K63-linked polyubiquitin by immunoblotting. B. The cells were stained
with Mitotracker Red followed by immunostaining with LC-3B and Ubiquitin
antibodies. Panels on the right display co-localization between mitochondria,
ubiquitin and LC-3B by fluorescence intensity line measurement (yellow line).
Scale bar: 10 pm. C. The whole cell extracts of CoCl, treated or control HeLa WT
and 5KO cells were analyzed for HIF-1a, MFN2 and tubulin (loading control) by
immunoblotting. Alternatively, isolated mitochondrial fractions from these cells
were subjected to western blotting for detection of total ubiquitination and
HSP60 (loading control). D. Control or CoCl, treated WT and 5KO HelLa cells
stably expressing Mitokeima were analyzed by FACS for mitophagy quantifi-
cation (ns: not significant). Data is shown as mean + SEM of three experiments.
E. Control, CoCl, and CCCP (10 uM for 6 h) treated HeLa cells overexpressing
Parkin were immunostained with TOM20 and OPTN or NDP52 antibodies.
Scale bar: 10 pm. (For interpretation of the references to colour in this figure
Legend, the reader is referred to the Web version of this article.)

Having found that the loss of ubiquitin-independent mitophagy re-
ceptors, BNIP3 and NIX, diminishes the extent of CoCly-induced
mitophagy, we next asked whether the absence of these receptors also
affect the turnover of OMM proteins. To our surprise, CoClp-induced
turnover of MFN2 and TOM20 was unaffected in the BNIP3-NIX DKO
(Fig. 5B). We could reproduce these results with genuine hypoxia to a
large extent. As expected, the DKO cells showed compromised mitoph-
agy in response to hypoxia as evident from sustained levels of intra-
mitochondrial proteins COX2, COX4 and TIM23. However, hypoxia-
induced MFN2 degradation was consistent in the WT and DKO cells
(Supplementary Figure S6A). The DKO cells however exhibited a normal
flux of general autophagy evident from degradation ubiquitin-binding
autophagy receptors TAX1BP1, NDP52, and OPTN (Supplementary
Figure S6A). Interestingly, consistent with MFN2 degradation, the
extent of hypoxia-induced mitochondrial fragmentation was also similar
in the WT and DKO cells (Supplementary Figure S6B). The levels of
mitochondrial ROS were higher in the DKO cells compared to the WT
cells, consistent with the fact that BNIP3-NIX are important in clearance
of damaged mitochondria during hypoxia to limit ROS generation
(Supplementary Figure S6B). These results suggest that mitochondrial
fragmentation and ROS accumulation occurs upstream of BNIP3-NIX-
dependent mitophagy step. A possible explanation was that mitochon-
drial ubiquitination underlies the turnover of key OMM proteins even if
the mitophagy step itself appears to be driven by ubiquitin-independent
mitophagy receptors. Indeed, mitochondria isolated from DRP1 KO or
BNIP3-NIX DKO cells showed similar or even greater ubiquitination than
those from wild-type cells (Fig. 5D). We conclude that mitochondrial
ubiquitination occurs independent of mitochondrial fragmentation or of
BNIP3-NIX-dependent mitophagy, and likely serves for a distinct role.

2.7. Proteasome function at the damaged mitochondria is critical for
CoCly-induced mitophagy

Given that ubiquitination is an early event in CoCly-induced
mitophagy and is predominantly K48-linked, we speculated that the 26 S
proteasome plays an important role in this process. The specific 26 S
proteasome inhibitor Velcade blocked the CoCly-induced degradation of
key OMM proteins such as MFN2 and TOM20 (Fig. 6A). By contrast, the
DRP1 inhibitor mDivi-1 or the lysosomal inhibitor Chloroquine did not
prevent degradation of MFN2 and TOM20, indicating that their degra-
dation occurs independent of mitochondrial fragmentation or of
mitophagy. Nevertheless, addition of Velcade to CoCl,-treated cells did
not alter the ratio of LC-3BII to LC-3BI, indicating that Velcade did not
affect the flux of general autophagy in CoCly-treated cells (Fig. 6A).
Conversely, the lysosome inhibitor Chloroquine did potently suppress
general autophagy, yet did not significantly stabilize OMM proteins such
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Fig. 4. BNIP3 and NIX proteins drive mitophagy of oxidatively damaged
mitochondria. A. Whole cell extracts of CoCl, (500 pM CoCl, for 6 h) and
hypoxia-treated (1% O, for 24 h) WT HelLa cells were analyzed for the
expression of HIF-1a, BNIP3, NIX, GAPDH and Tubulin proteins by immuno-
blotting. B. The expression of BNIP3 and NIX transcripts in response to CoCl,
treatment (500 pM CoCl, for 6 h) was analyzed by SYBR Green real time PCR
relative to GAPDH and expressed as 27", WT HeLa cells treated with 500 pM
CoCl, plus 25 pM Z-VAD-FMK for 16 h were stained with Mitotracker Red
followed by immunostaining with BNIP3 (C) and NIX (D). E. Following the
indicated treatments for 24 h, the whole cell extracts of WT HeLa cells were
analyzed for HIF-1a, BNIP3, NIX and Tubulin proteins by western blotting. F.
The mitochondrial bioenergetics were studied by Seahorse flux analyzer. G. The
whole cell extracts of control and CoCl,-treated WT and DRP1 KO HeLa cells
were analyzed for DRP1, HIF-1a, MFN2, TOM20, BNIP3, NIX, total ubiquitin
and GAPDH proteins (loading control) by immunoblotting. H. The control and
CoCl,-treated WT and DRP1 KO Hela cells were stained with MitoSOX red to
evaluate the extent of ROS generated in response to CoCly-induced oxidative
stress and the MitoSOX red staining intensity was expressed as fold change
relative to the control. Scale bar for microscopy images: 10 pm. Data repre-
sented as Mean + SEM of three experiments. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
tAhis article.)

<

as MFN2 or TOM20 (Fig. 6A), corroborating the conclusion that their
turnover by the UPS is largely independent of bulk mitochondria elim-
ination by mitophagy.

Although inhibition of proteasome did not appear to significantly
affect general autophagy in CoCly-treated cells, stabilization of MFN2
would be expected to affect mitochondria fragmentation and potentially
interfere with efficiency of mitophagy. Therefore, we tested the effect of
proteasome blockage on mitophagy and revealed that Velcade signifi-
cantly (p < 0.05) reduced the extent of CoCly-induced mitophagy
(Fig. 6B and C). Although proteasome inhibition prevented MFN2
degradation, we could not detect a decrease in the extent of mitochon-
drial fragmentation, possibly because proteasome inhibition itself cau-
ses mitochondrial fragmentation and aggregation [16,25]. To
summarize, mitochondrial ubiquitination and proteasome-dependent
turnover of OMM proteins constitutes a critical event upstream of
ubiquitin-independent mitophagy receptors.

3. Discussion

As the primary consumers of molecular oxygen, mitochondria are
both producers as well as targets of ROS generated due to hypoxia [2,4].
The resulting oxidative damage associated with hypoxia causes mito-
chondrial dysfunction which underlies many pathophysiological con-
ditions in humans. In the present study we used genuine hypoxia or
Cobalt Chloride (CoCly) as a hypoxia mimic to induce mitochondrial
oxidative damage and to study their fate. One outcome was that
oxidatively damaged mitochondria were removed by mitophagy, which
can be negated to a large extent by antioxidants.

The transcription factor HIF-1a is critical for metabolic adaptation to
hypoxia by altering downstream gene expression. Rapid stabilization of
the HIF-1a protein during hypoxia has been studied in great detail [38].
Cobalt Chloride (CoCly) has been widely used as a hypoxia mimic as it
also induces rapid stabilization of HIF-la protein [39,40]. Several
mechanisms have been proposed for the induction of HIF-1a by CoCly,
most of which point towards ROS-dependent stabilization of HIF-1la
[34]. ROS is known to directly inhibit Prolyl Hydroxylase Domain (PHD)
enzymes by chelating and oxidizing Fe?* bound to the active site of PHD
to Fe3t [41-43]. The high levels of mitochondrial ROS production
during hypoxia or in presence of CoCl, thus may potently inhibit PHD
activity [41], leading to HIF-la stabilization. Indeed, in the present
study, we found evidence for ROS-dependent stabilization of HIF-1a,
whether by hypoxia or CoCly, and that antioxidants can overturn HIF-1a
stabilization even at low oxygen concentrations. This finding places
mitochondria-generated ROS as an early event in
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Fig. 5. Mitochondrial ROS generation and ubiquitination occurs independent
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(control). A. The cells were stained with Mitotracker Red dye followed by im-
munostaining with ubiquitin and LC-3B antibodies. Right panels indicate
semiquantitative co-localization analysis between mitochondria, ubiquitin and
LC-3B by fluorescence intensity line measurement (blue line). Scale bar: 10 pm.
B. The whole cell extracts of WT and BNIP3-NIX double knockout (DKO) HeLa
cells were analyzed for HIF-1a, NIX, BNIP3, MFN2, TOM20 and Tubulin pro-
teins by immunoblotting. C. The mitophagy analysis was performed by mito-
keima FACS analysis of WT, DRP1 KO and DKO cells. D. The enriched
mitochondrial fractions from WT, DRP1 KO and DKO cells were analyzed for
total ubiquitin levels by immunoblotting with HSP60 being the loading control.
The data is representative of three experiments and expressed as mean + SEM.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

hypoxia/CoCly-induced mitophagy. For this reason, antioxidants such as
NAC improve mitochondrial function by counteracting ROS-induced
mitochondrial damage in several models of human pathophysiological
conditions [44,45]. By protecting against mitochondria-generated ROS,
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Fig. 6. Proteasome inhibition blocks CoCl,-induced mitophagy. HeLa WT cells
were treated with 500 pM CoCl, plus 25 pM Z-VAD-FMK either alone or in
combination with NAC (10 mM; pretreatment for 2 h), mDivi-1 (20 pM;
throughout 24 h), Velcade (500 nM; for the last 12 h) and Chloroquine (50 pM;
for the last 6 h). A. The whole cell extracts were analyzed by immunoblotting
for the expression of HIF-1a, TOM20, MFN2, DRP1, LC-3B and GAPDH (loading
control). The normalized expression of TOM20 and MFN2 relative to GAPDH is
indicated. Comparing the ratio of LC-3BII/LC-3BI indicates that CoCl; exhibits
an active flux of autophagy with reference to the lysosomal (autophagy) in-
hibitor Chloroquine. B. The analysis of functional mitophagy was performed by
Mitokeima FACS assay. C. Mitokeima analysis by microscopy and the extent of
mitophagy is indicated as mitophagy index. The data is represented as mean +
SEM of three experiments. D. The proposed model of oxidative stress-induced
mitophagy depicts ROS-mediated stabilization of HIF-1a, mitochondrial ubiq-
uitination followed by fragmentation and subsequent expression of ubiquitin-
independent mitophagy receptors BNIP3 and NIX.

we demonstrate in the current study that antioxidants also mitigate the
extent of mitochondrial stress, mitophagy, and restored mitochondrial
bioenergetics. Consistent with our observations, NAC has been shown to
prevent mitochondrial dysfunction and oxidative stress in Alzheimer’s
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disease patient fibroblasts [46] and in animal models of acute kidney
damage [47].

Ample evidence suggests that pervasive ubiquitination of depolar-
ized mitochondria by Parkin leads to their autophagic clearance medi-
ated by conserved ubiquitin-binding autophagy receptors [28,35].
Although hypoxia-associated oxidation-damaged mitochondria were
extensively ubiquitinated, we found that oxidation-induced mitophagy
did not rely on five conserved ubiquitin autophagy receptors that are
critical during PINK1-Parkin mitophagy [28]. Indeed, the well-studied
PINK1-Parkin pathway for the ubiquitin-dependent removal of
membrane-depolarized mitochondria appears to be dispensable for
mitophagy induced by hypoxia or CoCl,. We did not find evidence for
ubiquitin phosphorylation [pS65-Ub is a hallmark of PINK1 action on
OMM proteins] [48,49], indicating the existence of a distinct mecha-
nism to eliminate oxidation-damaged mitochondria. Mitochondria
ubiquitination is an early event in hypoxia-induced mitophagy and is
predominantly K48-linked. K48-linkages have been classically impli-
cated as a signal for proteasome-mediated degradation of target proteins
[19,501, whereas K63-linked polyubiquitin chains are important in the
endosomal-lysosomal pathway [51]. Recruitment of proteasome and
other components of the UPS pathway to the stressed mitochondria in
this study (including UBA1, UBE2S, HUWE1, MARCHS5, UBR4, TRIM25,
USP33, VCP/p97, UBXN4/UBXD2, and FKBP8) provides some insight
into what drives mitochondria ubiquitination, fragmentation, and
clearance. For instance, UBA1 is the E1 ubiquitin-activating enzyme,
UBE2S is one of the E2 ubiquitin-conjugating enzymes which catalyzes
the formation of K48-linked polyubiquitin chains, HUWE1 is an E3
ubiquitin ligase known to be critical for PINK1-Parkin independent
mitophagy [52] and independently has been shown to ubiquitinate
MEFN2 thus contributing to mitochondrial fragmentation [53]. MARCH5
is the E3 ligase that localizes to the OMM, is known to ubiquitinate
several OMM proteins including TOM20 [17] and MFN2 [54]. VCP/p97
is a AAA ATPase that catalyzes extraction of OMM proteins during MAD
for proteolytic destruction [55] including even MFN2 [56], and FKBP8
plays an important role in stress-induced Parkin-independent mitophagy
[57,58]. The potential functions of UBR4, TRIM25, USP33, and UBXN4
in mitophagy are yet to be elucidated. Turnover of key OMM proteins
such as MFN2 promotes fragmentation of the mitochondrial network in
response to hypoxia, which also requires the dynamin-like GTPase DRP1
to complete the fission process. Interestingly, the ubiquitin signals on
mitochondria were brought back to basal levels upon exposure to NAC,
suggesting that hypoxia-triggered mitochondrial ubiquitination occurs
as a response to oxidative stress.

In parallel to mitochondria ubiquitination and fragmentation, HIF-
la stabilization also induced BNIP3 and NIX that are sufficient to drive
mitophagy. The receptor-mediated pathway is an alternative mecha-
nism for mitophagy that does not require ubiquitin-binding autophagy
adapters [26]. We show that upon exposure to CoCly, stabilized HIF-1a
induced the expression of OMM proteins BNIP3 and NIX. These two
proteins harbor an LC-3-interacting region (LIR), through which they
directly bind to LC3 and thereby participate in Receptor-mediated
mitophagy [59]. Notably, antioxidant NAC and MitoQ-mediated sup-
pression of HIF-1a levels also diminished the expression of BNIP3 and
NIX. Interestingly, BNIP3 and NIX deficiency have been linked to
defective mitophagy leading to excessive ROS production [60,61],
suggesting that ROS generating defective mitochondria requires
BNIP3/NIX for their mitophagy. We found that indeed BNIP3 and NIX
play crucial roles in CoCly-induced mitophagy but the extent of mito-
chondrial ubiquitination in BNIP3-NIX DKO increased probably due to a
block in mitophagy and possibly due to compromised autophagy in
general [59]. BNIP3/NIX double knockout strain led to a marked — but
not complete — deficiency of CoCly-induced mitophagy, hinting possibly
at involvement of other ubiquitin-independent mitophagy receptors
such as FUNDCI1 [62] or FKBP8 [57] among others which can function
in a Parkin-independent manner. More importantly, the degradation of
MFN2 and TOM20 still occurred in the BNIP3-NIX DKO cells, pointing

Redox Biology 45 (2021) 102047

towards an upstream role of UPS during BNIP3/NIX-dependent
mitophagy.

Mitochondrial fragmentation is a prerequisite for efficient clearance
of damaged mitochondria by mitophagy [14]. The UPS tightly regulates
mitochondrial fusion-fission dynamics by controlling the relative levels
of the proteins involved in mitochondrial fusion (such as MFN1/2) or
fission (such as DRP1, FIS-1) [12,37,63]. Moreover, CoCl, has been
shown to induce mitochondrial fragmentation in a DRP1-dependent
manner [64]. In this study we show that the OMM profusion protein
MFN?2 is readily degraded in response to oxidative stress along with the
mitochondrial protein import receptor TOM20. In addition to MFN2
degradation, the recruitment of mitochondrial fission factor DRP1 to
OMM drives fragmentation of the mitochondrial network. Indeed, we
show that in addition to the MFN2 degradation, DRP1-dependent
mitochondrial fragmentation is critical for CoCly-induced mitophagy.
Moreover, in absence of Parkin, DRP1 is regarded as a critical factor for
maintaining the integrity of mitochondria [65]. Interestingly, mito-
chondrial oxidative stress and ubiquitination occur upstream of
DRP1-dependent mitochondrial fragmentation. Overall this study dis-
sects oxidation-induced mitophagy into two sequential steps: an initial
ubiquitin-proteasome-dependent turnover of OMM proteins that pro-
motes fragmentation of mitochondria, and a subsequent
ubiquitin-independent engulfment of damaged mitochondria entailing
BNIP3 and NIX.

As evidence of a link between the UPS and mitophagy, proteasome
inhibition blocked the CoCl,-induced mitophagy and also restored the
levels of mitochondrial proteins. However, blockade of autophagy or
mitochondrial fragmentation did not prevent the degradation of the
OMM proteins. This unilateral relationship suggested that proteasome-
mediated processing of mitochondrial membrane proteins may be an
early step critical for mitophagy. To summarize, our findings reveal that
both UPS and autophagy systems are induced in the event of mito-
chondrial oxidative stress and cooperate to mediate the safe disposal of
damaged or dysfunctional mitochondria (Fig. 6D). Antioxidants, there-
fore, offer great potential in the management of oxidative stress-
associated mitopathies in humans.

Declaration of competing interest

All authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We sincerely thank Prof. Richard Youle and his team for kindly
providing us the penta knockout (5KO) and DRP1 knockout HelLa cell
lines, and Dr. Michael Lassarou for the mitokeima plasmid. We thank Dr.
Nitsan Dahan and all members of the Microscopy and sorting units of the
LS&E institute at the Technion for painstakingly aiding fluorescence
microscopy and FACS. We thank all members of the Smoler Proteomics
Center at the Technion for sample handling, and members of the
Glickman lab for critical comments. This work was supported by a
Technion Integrated Cancer Center (TICC) fellowship to PS, grant 755/
19 from the Israel Science Foundation for studying ubiquitination at
mitochondria (MHG), and a grant 76251-12-9/19 (ZN3457) with S.
Dennerlein from the Ministry of Science and Culture of Lower Saxony for
research on mitochondria (MHG).

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2021.102047.


https://doi.org/10.1016/j.redox.2021.102047
https://doi.org/10.1016/j.redox.2021.102047

P. Sulkshane et al.
Appendix A. Supplementary data
The article contains the following Supplementary data:
Material and methods
Cell culture

HelLa cells (Wild type, Penta knockout, and DRP1 knockout cell lines)
kindly provided by Prof. Richard Youle (NINDS, NIH, USA) were
maintained in DMEM supplemented with 10% Fetal bovine serum (FBS),
2 mM Glutamine, 1 mM Sodium Pyruvate and 1% antibiotics (Penicillin
and Streptomycin). pCHAC-mitoKeima retroviral construct was a kind
gift from Dr. Michael Lassarou (Monash University, Australia; Addgene
plasmid repository #72342). The retroviral plasmid pBMN-Parkin for
overexpression of untagged human Parkin was a gift from Michael
Lazarou (Addgene plasmid repository #89299). The BNIP3-NIX double
knockout (DKO) HeLa cell line was generated by CRISPR-Cas9 approach.
We used the following targeting sequence to design guide RNAs: BNIP3:
GGAGAGAAAAACAGCTCAC and NIX: CAGGACAGAGTAGTTCCAG. The
guide RNA oligonucleotides were annealed and ligated to Bpil digested
pSp-Cas9-BB-2A-Puro (PX459) V 2.0 vector (a gift from Feng Zhang;
Addgene Plasmid #62988). Equal amounts of BNIP3 and NIX CRISPR
plasmids were transfected together using X-treme Gene HP transfection
reagent (Roche) into wild type HeLa cells followed by selection with
Puromycine (2 pg/ml). The individual clones obtained after selection
were expanded and exposed to 1% hypoxia for 24 h to screen them for
the expression of BNIP3 and NIX by immunoblotting. The HeLa cell lines
(WT, penta KO, DRP1 KO, and DKO) stably expressing mitochondria-
targeted keima (Mitokeima) were generated by retroviral transduction.

Antibodies, reagents, and inhibitors

HIF-1a (ab179483), LC-3B (ab51520) and ATP5a (ab14748) anti-
bodies were obtained from Abcam. Cleaved caspase-3 (Cat#9664) and
HSP60 (Cat#12165) antibodies were purchased from Cell Signaling.
LAMP-1 (sc-20011), VDACI (sc-8828), TOM20 (sc-17764), MFN-1 (sc-
166644), MFN-2 (sc-100560), DRP1 (sc-271583), BNIP3 (sc-56167),
NIX (sc-166332), Ubiquitin (sc-8017) and Calnexin (sc-11397) anti-
bodies were bought from Santacruz Biotechnology. Ubiquitin antibody
from Dako (Cat#Z0458). Following antibodies were obtained from
Milipore: Ubiquitin Lysine48-linkage specific (Cat#05-1307), Ubiquitin
Lysine63-linkage specific (Cat#1308) and Phospho-Ubiquitin specific
(Ser65) (Cat#ABS 1513-I). GAPDH antibody was from Sigma
(Cat#G9545). COX-4 antibody (A kind gift from Sven Dennerlein, Uni-
versity of Gottingen, Germany). Antibodies specific to proteasome sub-
units Alpha 6 and Rpn2 were kindly provided by Dr. Rasmus Hartmann-
Petersen, University of Copenhagen. The fluorescence secondary anti-
bodies were purchased from Molecular Probes, Invitrogen. The live-cell
dyes MitoTracker Green FM (M7514) and MitoSOX Red (M36008) were
obtained from Molecular Probes, Invitrogen. The mitochondrial ROS
level was alternatively measured by using the ELITE Mitochondrial ROS
activity assay kit (eEnzyme, Cat#CA-R933). The staining procedure was
performed as per the recommendations of the manufacturer. For each
experiment, a stock of 50 mM CoCl, was freshly prepared and filter
sterilized. All the chemicals were purchased from Sigma unless other-
wise mentioned.

Measurement of mitochondrial bioenergetics

The mitochondrial respiration measurements were performed using
the Extracellular Seahorse Flux Analyzer Assay (Agilent) according to
the manufacturer’s protocol. Briefly, 10,000 cells were seeded per well
in the 8-well culture miniplate (except the wells at either end which
serve as blank). After the treatment period, the cells were washed twice
with XFp assay medium and then incubated in a non-CO; incubator at
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37 °C for 1 h. Meanwhile, the overnight hydrated sensor cartridge was
loaded with the inhibitors: 1 pM Oligomycin A (Port A), 1 pM FCCP (Port
B), and 0.5 pM of each of Rotenone + Antimycin A (Port C) and equil-
ibrated followed by insertion of the culture miniplate. At the end of the
assay, the OCR values for each well were normalized relative to the
corresponding protein amount determined by Bradford assay.

Immunofluorescence, live-cell imaging and confocal microscopy

Following the treatment period, the cells were fixed using warm 4%
Paraformaldehyde for 20 min at RT and then permeabilized with 1%
Triton X-100 for 5 min at RT. Blocking was done with 5% BSA and then
incubated with primary antibodies either at room temperature for 1 h or
at 4 °C overnight. The coverslips were washed with PBS thrice and then
incubated with fluorophore-conjugated secondary antibodies for 1 h at
room temperature in dark. The coverslips were again washed with PBS
thrice and finally mounted with Fluoromount G (Thermo) on glass slides
and stored at —20 °C until image acquisition. The colocalization analysis
was performed by using the Profile analysis tool in the ZEN lite (V 3.0)
software (Zeiss) by fluorescence intensity line measurement approach.

For live-cell imaging, the cells were grown in glass-bottom (confocal)
plates. To assess the extent of mitochondrial oxidative stress, the cells
were stained with 5 pM MitoSOX red for 15 min at 37 °C.

Analysis of mitochondrial ROS levels

Evaluation of mitochondrial ROS levels was performed by using
mitochondrial superoxide indicator dye MitoSOX Red as described
earlier [64]. The cells growing in live-cell imaging plates following the
treatment were stained with 200 nM MitoTracker Green FM and 5 pM
MitoSOX Red (Invitrogen) for 30 min at 37 °C. After the staining pro-
cedure, the cells were washed with PBS and were maintained in a
Live-cell imaging solution (Molecular probes) supplemented with 25
mM Glucose. All the imaging was performed on LSM710 fluorescence
confocal microscope (Zeiss) using the Zen software. At least 100 cells
across 10 random microscopic fields were analyzed for quantification of
MitoSOX Red fluorescence intensity. The data analysis was performed
using the ImageJ software (NIH).

Mitochondria isolation

Briefly, cells were harvested by trypsinization and washed twice with
cold PBS followed by resuspending them in ice-cold HM buffer (250 mM
Sucrose, 1 mM EDTA, 1 mM EGTA, 20 mM HEPES pH 7.4 containing 1
mM N-Ethylmaleimide and protease inhibitor cocktail). The cells were
homogenized in a precooled Dounce homogenizer with ~30 strokes on
ice. The homogenate was centrifuged at 1000xg for 10 min at 4 °C and
the resulting supernatant was transferred to a fresh tube and was further
centrifuged at 10,000xg for 20 min at 4 °C. The supernatant served as
cytosolic fraction whereas the pellet represented Crude mitochondria.
The crude mitochondrial pellet was resuspended in a small volume of
ice-cold HM buffer and layered on top of a continuous gradient of 17.5%
Opti-Prep (Sigma) solution (total 7 ml). It was then subjected to ultra-
centrifugation in a fixed angle rotor at 270,000xg for 3 h at 4 °C. The
resulting gradient was carefully subdivided into 14 fractions each of 0.5
ml which was then diluted twice with ice-cold HM buffer. The tubes
were centrifuged at 13,000xg for 20 min at 4 °C. The supernatant was
discarded and pellets were resuspended in a small volume of HM buffer,
protein concentration was estimated by Bradford assay and stored at
—80 °C.

Protein extraction and western blotting
The cells were harvested by trypsinization and washed twice with

PBS. The cell pellet was resuspended in ice-cold cell lysis buffer (50 mM
Tris pH 7.4, 150 mM NacCl, 1 mM EDTA, 0.5% NP-40 containing protease
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inhibitor cocktail) followed by vigorous pipetting and brief vortexing
before incubating on ice for 15 min. The cell lysates were centrifuged at
13,000xg for 15 min at 4 °C. The supernatants were transferred to fresh
tubes and protein estimation was performed by Bradford assay. Equal
amounts of whole-cell lysates were subjected to SDS PAGE followed by
immunoblotting for the detection of desired proteins. The blots were
incubated with specific primary antibodies either at room temperature
for 1 h or overnight at 4 °C. The blots were then incubated with the
respective secondary antibodies for 1 h at room temperature. The signals
were acquired using a chemiluminescence detection system (GE).

Quantification of mitophagy

To monitor mitophagy, we used Mitokeima (mitochondria-targeted
Keima), a ratiometric, pH-sensitive fluorescent protein that is resistant
to lysosomal proteases. As Keima is characteristically excited at 561 nm
under acidic conditions and at 488 nm under neutral pH environments, a
high ratio of 561/488 nm fluorescence represents the presence of
mitochondria in acidic lysosomes (mitochondria actively undergoing
mitophagy). The extent of mitophagy was assessed by confocal micro-
scopy and indicated as mitophagy index [determined as High (561/488)
ratio area/total mitochondrial area] [66]. Ratio images were created by
the Ratio Plus plugin of ImageJ (NIH). High ratio areas were segmented
and quantified by analyzing the particle plugin of ImageJ.

For quantitation of mitophagy by FACS [28], the cells following
treatment were harvested by trypsinization and resuspended in FACS
buffer (145 mM NacCl, 5 mM KCl, 1.8 mM CacCl,, 0.8 mM MgCl,, 10 mM
HEPES, 10 mM glucose, 0.1% BSA). Measurements of lysosomal Mito-
keima were made using dual-excitation ratiometric pH measurements at
488 (pH 7) and 561 (pH 4) nm lasers with 620/29 nm and 614/20 nm
emission filters, respectively. A control mitokeima gate was drawn
aound the untreated population of wild type cells which was used to
determine the lysosomal mitokeima population in the rest of the samples
for that specific experiment. The control gate was set with about 1%
population positive for lysosomal mitokeima. A vertical shift in the cell
population above the control gate was considered as positive for
mitophagy (gate P4) and those below the gate were classified as not
undergoing mitophagy (gate P3). Minimum 10,000 events were recor-
ded for data analysis. Data acquisition was performed on Cytek Aurora
Spectral analyzer flow cytometer.

RNA extraction and real-time qPCR analysis

Total RNA was extracted using TRIzol reagent (Thermo) according to
the manufacturer’s protocol. Reverse transcription was performed using
qPCRBIO cDNA synthesis kit (PCR Biosystems PB30.11-02), and real-
time PCR using qPCRBIO fast qPCR SyGreen blue mix (PCR Bio-
systems PB20.16-51). The following primers were used: BNIP3 FW: 5’-
CAGGGCTCCTGGGTAGAACT-3’, RV: 5 CTACTCCGTCCA-
GACTCATGC 3’. NIX FW: 5-TGCGGACTGGGTATCAGACTG-3', RV: 5'-
GGGTGTCTGAAGTGGAACTCCT-3'. GAPDH FW: 5’ -TGCACCAC-
CAACTGCTTAG-3’, RV: 5’-GATGCAGGGATGATGTTC-3’. The BNIP3
and NIX transcript expression was determined relative to GAPDH as
housekeeping and expressed as fold-change 22,

Statistical analysis

All the statistical data was analyzed using the GraphPad Prism (V
5.0) software. Data from at least 3 experiments was analyzed by one-way
ANOVA or t test to determine the statistical significance. All error bars
represents mean + standard error mean (SEM).
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