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Mitochondrial MsrB2 serves as a switch and
transducer for mitophagy
Seung Hee Lee1,2,* , Suho Lee3, Jing Du1, Kanika Jain1, Min Ding1, Anis J Kadado1, Gourg Atteya1,

Zainab Jaji 1, Tarun Tyagi1, Won-ho Kim2, Raimund I Herzog4, Amar Patel5, Costin N Ionescu6,

Kathleen A Martin1 & John Hwa1,**

Abstract

Mitophagy can selectively remove damaged toxic mitochondria,
protecting a cell from apoptosis. The molecular spatial–temporal
mechanisms governing autophagosomal selection of reactive
oxygen species (ROS)-damaged mitochondria, particularly in a
platelet (no genomic DNA for transcriptional regulation), remain
unclear. We now report that the mitochondrial matrix protein
MsrB2 plays an important role in switching on mitophagy by
reducing Parkin methionine oxidation (MetO), and transducing
mitophagy through ubiquitination by Parkin and interacting with
LC3. This biochemical signaling only occurs at damaged mitochon-
dria where MsrB2 is released from the mitochondrial matrix.
MsrB2 platelet-specific knockout and in vivo peptide inhibition of
the MsrB2/LC3 interaction lead to reduced mitophagy and
increased platelet apoptosis. Pathophysiological importance is
highlighted in human subjects, where increased MsrB2 expression
in diabetes mellitus leads to increased platelet mitophagy, and in
platelets from Parkinson’s disease patients, where reduced MsrB2
expression is associated with reduced mitophagy. Moreover, Parkin
mutations at Met192 are associated with Parkinson’s disease, high-
lighting the structural sensitivity at the Met192 position. Release
of the enzyme MsrB2 from damaged mitochondria, initiating
autophagosome formation, represents a novel regulatory mecha-
nism for oxidative stress-induced mitophagy.
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Introduction

Currently, over 19.7 million adults in the USA have diagnosed DM

and an estimated 8.2 million have undiagnosed DM (Benjamin et al,

2017). Diabetes mellitus (DM) is a progressive and chronic meta-

bolic disorder characterized by hyperglycemia arising from impaired

insulin levels, insulin sensitivity, and/or insulin action, leading to

increased oxidative stress. Sixty-five percent of patients with DM

will die from thrombotic events including heart attacks and strokes

(Ferreiro & Angiolillo, 2011) where oxidative stress and platelets

play a major role (Tang et al, 2011, 2014). Platelets are short-lived

(7–10 days), small (2–4 lm), circulating anucleate cells, containing

many critical factors required for regulation of thrombus formation,

vascular homeostasis, and immune response (Lindemann et al,

2001; Leytin, 2012). Despite having no genomic DNA and thus

limited transcriptional capabilities, platelets are capable of many

fundamental cellular functions including de novo protein synthesis

(Weyrich et al, 1998; Lindemann et al, 2001), programmed cell

death (Mason et al, 2007), and autophagy (Feng et al, 2014; Ouseph

et al, 2015; Lee et al, 2016). Platelets are prepackaged with the rele-

vant mRNAs to allow for these well-orchestrated protective autop-

hagy processes to maintain normal cellular function (basal

autophagy) and to protect (induced autophagy) from severe oxida-

tive stressors, as observed with diabetes mellitus or high-fat diet

(Lee et al, 2016).

Autophagy and mitophagy play many emerging diverse critical

roles in stemness and senescence (Palikaras et al, 2015; Garcia-Prat

et al, 2016), progression to cell death in mitosis (Domenech et al,

2015), and resistance against infection (Manzanillo et al, 2013)

through Parkin-dependent and Parkin-independent processes.

Parkin, a ubiquitin E3 ligase, adds ubiquitin to many substrates

leading to interactions with LC3, a key component of autophago-

somes (Gegg et al, 2010; Geisler et al, 2010; Kane & Youle, 2011;

Lee et al, 2016). Mitophagy is induced in human diabetic platelets

through a PINK1- and Parkin-dependent process (Lee et al, 2016).
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The process of Parkin-dependent mitophagy is initiated by PINK1

accumulation in the OMM in response to mitochondrial depolariza-

tion and damage. PINK1 phosphorylates ubiquitin to activate the E3

ligase function of Parkin (Koyano et al, 2014) as well as the outer

mitochondrial membrane protein MFN2 to serve as a Parkin recep-

tor (Chen & Dorn, 2013). Once recruited, Parkin ubiquitinates multi-

ple outer mitochondrial membrane proteins (e.g., VDAC1, HDAC6,

and mitofusin) leading to interaction with LC3 and initiation of

mitophagy (Shaid et al, 2013). In the high-oxidative stress DM envi-

ronment, the molecular mechanism for selective removal of

damaged mitochondria sparing adjacent intact mitochondria

remains unclear.

We now report that the mitochondrial matrix protein methionine

sulfoxide reductase B2 (MsrB2) is a Parkin substrate necessary for

mitophagy induction. MsrB2 released from ruptured mitochondria

reduces oxidized Parkin. In the absence of MsrB2, oxidized Parkin

is inactive (aggregates). Whereas PINK1 accumulation identifies

mitochondria undergoing oxidative stress, MsrB2–Parkin protein–

protein interaction serves as a switch mechanism, allowing mito-

phagy to proceed only in mitochondria that are severely damaged

or ruptured. This mechanism appears to occur in other nucleated

cells.

Results

Two mitochondria are residing side by side in the high-oxidative

stress environment associated with diabetes mellitus: One is

morphologically intact, while the other is severely damaged with

loss of crista structure, swelling, and rupture (Fig 1A). A double

membrane envelope (highlighted in red) appears to be forming at

the site of loss of structural integrity. A key intriguing question is

the molecular spatio-temporal mechanism that allows selection of

the damaged mitochondria for autophagy, sparing the adjacent

intact mitochondria. Such a mechanism may be critical for protec-

tion from apoptosis and improved cell survival.

MsrB2 interacts with LC3 in DM platelets

We initially set out to determine unique requirements for the

intriguing nucleus- and transcription-independent mitophagy

process in DM platelets. As LC3 is a central component of

autophagosome formation, we sought LC3-interacting proteins by

inducing platelet mitophagy with CCCP, and immunoprecipitating

LC3, followed by mass spectrometry (Appendix Fig S1A). We identi-

fied an unlikely interaction with methionine sulfoxide reductase B2

(MsrB2). MsrB2 reduces methionine sulfoxidation under conditions

of severe oxidative stress (Fischer et al, 2012). However, MsrB2

resides in the mitochondrial matrix (Pascual et al, 2010; Ugarte

et al, 2010; Fischer et al, 2012), and LC3 is a cytoplasmic membrane

protein, suggesting our result may be an artifact of intense

membrane solubilization, a common problem associated with

immunoprecipitation. However, we noted multiple distinct LC3-

interacting motifs (LIFs; Valdor & Macian, 2012) in both human

MsrB2 (3 LIFs) and mouse MsrB2 (2 LIFs; Appendix Fig S1B). More-

over, MsrB2 was significantly induced in DM platelets, in contrast to

MsrA and MsrB1 and MsrB3 (Appendix Fig S1C). Further explo-

ration was warranted.

Given the potential pathophysiological relevance, we elected to

determine native interactions in human DM patient platelets (non-

DM served as the control), and rather than overexpressing proteins

in cell culture systems, we performed the converse of the initial

experiments, immunoprecipitating MsrB2. We detected an LC3 band

(particularly LC3II, lower band) in diabetic human platelets (Fig 1B).

To further support an MsrB2/LC3 interaction, we used high-resolu-

tion confocal microscopy. Individual platelets in situ demonstrated

significant MsrB2 and LC3 colocalization only in DM platelets

(Fig 1C). Moreover, immunoelectron microscopy demonstrated colo-

calization of small (5 nm; MsrB2) and large particles (15 nm; LC3)

at mitochondria in DM platelets, with no significant colocalization in

WT control (Fig 1D). Taken together, the selective increase in MsrB2

in DM platelets, the dual co-IP of LC3 and MsrB2, the LIFs on MsrB2,

and the colocalization in platelets using confocal microscopy and

immunoelectron microscopy all supported an MsrB2/LC3 interac-

tion. MsrB2 may play a role in the mitophagy process.

MsrB2 knockout leads to reduced mitophagy and increased
platelet apoptosis

The interaction between MsrB2 and LC3 supports a role for MsrB2

in the regulation of mitophagy. MsrB2 knockdown (shMsrB2) signif-

icantly reduced mitophagy (LC3II, lower band) and mitophagy

induced by H2O2 (Fig 2A). We additionally used a high-glucose

(25 mM) stress, previously demonstrated to oxidatively stress plate-

lets and induce a protective mitophagy response (Tang et al, 2014).

Platelet mitophagy is recognized to protect against platelet apoptosis

(Lee et al, 2016). Thus, with loss of mitophagy, we would expect a

platelet apoptosis phenotype. Knockdown of MsrB2 leads to reduced

mitophagy (LC3II, lower band) and significant increases in pro-

apoptotic pp53(S15) (Fig 2B). Given our ex vivo immunoprecipita-

tion results demonstrating an interaction between MsrB2 and LC3,

and our in vitro knockdown results supporting a role for MsrB2 in

mitophagy and thus preventing apoptosis, we then assessed for

platelet apoptosis, in vivo. A global MsrB2 knockout mouse

supported increased platelet apoptosis. An initial apoptosis array

was followed by evidence of increased cytochrome c release

(Appendix Fig S2A and B). Although these results support a role for

MsrB2 in mitophagy, endothelial dysfunction (arising from MsrB2

knockout) may also lead to platelet apoptosis, and thus, we needed

a platelet-selective knockout. Platelet-selective MsrB2 knockout

(PF4 Cre MsrB2�/� compared to MsrB2 fl/fl, without the PF4 Cre)

demonstrated increased reactive oxygen species (ROS) (Fig 3A) and

significant loss of mitochondrial membrane potential (TMRE; Fig 3B

and C). Increased platelet apoptosis was observed consistent with

the reduced protective platelet mitophagy process (Fig 3D–F).

However, as MsrB2 likely reduces MetO from many important mito-

chondrial proteins, to further demonstrate that the specific MsrB2

interaction with LC3 is important for mitophagy in vivo, we

designed cell-penetrating peptides (based upon MsrB2 amino acid

sequence; Appendix Fig S3A) to selectively disrupt the MsrB2/LC3-

interacting motif (LIF) (Foroud et al, 2003). We included a Tat-

control peptide (CP) (Appendix Fig S3A) as a negative control.

Initial treatment of MEG-01 cells with a dose response and induction

of stress with high glucose demonstrated reduced mitophagy and

increased platelet apoptosis (pp53(S15) and active caspase-3) as

compared to control peptide (Appendix Fig S3B). After peptide
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injection (LP or CP) into HFD mice (intraperitoneally for five

consecutive days to induce mild/moderate oxidative stress), as

anticipated Parkin, LC3I/II, and MsrB2 were all induced secondary

to the increased oxidative stress from the HFD (Fig 3G and H).

However, the mice treated with the inhibiting peptide (Foroud et al,

2003) (compared to HFD mice treated with control peptide) demon-

strated significantly increased platelet apoptosis as assessed by

active caspase-3 (Fig 3G and H). Taken together, both the cell

culture and in vivo experiments support that MsrB2 interacts with

LC3 and may be involved in removing mitochondria in preventing

platelet apoptosis. Given the in vivo phenotype, we proceeded to

establish the molecular mechanism for this intriguing interaction

between a mitochondrial matrix protein (MsrB2) and a cytoplasmic

protein (LC3).

MsrB2 also interacts with Parkin and prevents aggregation

With upregulation of MsrB2 in DM platelets and interaction with

LC3 (a key player in DM platelet mitophagy), and mitophagy being

a Parkin-dependent process in diabetic platelets (Lee et al, 2016),

A

B

D
a b c d

C

a b c

Figure 1. Identification of MsrB2 as LC3 interaction protein in human platelets.

A Electron microscopy showing two adjacent mitochondria (one intact and one ruptured) in a DM platelet. a. Lower powered view of the single DM platelet. b. The
enlarged inset highlights the ruptured mitochondria (with loss of crista morphology) next to the intact mitochondria. c. Black dashed line indicates mitochondrial
membrane, and red dashed line indicates phagophore formation (M, mitochondria). * means loss of structural integrity of mitochondria membrane.

B Immunoprecipitation (Meng et al, 2011) of MsrB2 in HC and DM human platelets followed by MsrB2 and LC3I/II Western blot analysis.
C Confocal microscopy was used to corroborate the Western blot analysis using double staining for LC3 and MsrB2 in HC and DM platelets. Arrows indicate sites of

colocalization of CoxIV, LC3, and MsrB2 as determined by the Volocity software (PerkinElmer, USA). Quantification is presented for the intensity of MsrB2 in HC vs DM
and colocalization of CoxIV, LC3, and MsrB2 (MsrB2 intensity, **P = 0.0009; colocalization CoxIV and LC3, **P = 0.0014 vs. HC; n = 3). The nonparametric t-test was
performed for comparisons of two groups. Analysis was performed with Prism software (GraphPad Software, Inc., La Jolla, CA). A difference of P < 0.05 was considered
significant (mean � SD).

D LC3 and MsrB2 immuno-EM analysis of HC and DM platelets. 15-nm dots indicate immunogold-labeled LC3 clusters, and 5-nm dots indicate immunogold-labeled
MsrB2 clusters. No significant clusters were found in HC (a) platelets. Representative areas of clusters of gold labeling in DM patients (b–d) are presented.
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we then sought to determine whether MsrB2 could also interact with

Parkin. Immunoprecipitation of MsrB2 pulled down Parkin on

Western blot analysis (Fig 4A). Conversely, immunoprecipitation of

Parkin demonstrated a pulldown of MsrB2, particularly in DM plate-

lets (Fig 4B). Confocal microscopy labeling Parkin, LC3, and MsrB2

on individual platelets demonstrated increased colocalization of all

three components in DM versus control platelets (Fig 4C and D).

This interaction between MsrB2 and key components of mitophagy

strongly supports a complex functional relationship between MsrB2

and Parkin-dependent mitophagy. MetO on proteins serves as the

substrate for methionine sulfoxide reductases (Msr; Ugarte et al,

2010; Fischer et al, 2012; Gu et al, 2015). Using a MetO antibody (in

nonreducing conditions), oligomerized (high molecular weight)

Parkin appears to have a MetO and thus may serve as a substrate

for MsrB2 (Fig 4E). We then developed an in vitro assay using

recombinant MsrB2 and assessing for the effect on Parkin aggrega-

tion (induced by H2O2) (Fig 4F). The last two lanes demonstrate

that with little MsrB2 expression (red arrow), Parkin oligomeriza-

tion is apparent. In contrast, substantial MsrB2 expression (blue

arrow) prevents Parkin aggregation (Fig 4F). Taken together, the

data suggest that in DM platelets, physical interaction can occur

between the mitochondrial matrix protein MsrB2 and the outer

mitochondrial membrane Parkin. Parkin is MetO-modified and is

associated with Parkin aggregation. This aggregation may be

prevented by MsrB2 overexpression.

Confirmation of MetO on Parkin

Reactive oxygen species is significantly increased in DM platelets

(Tang et al, 2014; Lee et al, 2016; Fig 5A). Protein modifications

including 3-nitrotyrosine, 4-hydroxynonenal, carbonyl derivatives,

and polyubiquitination are hallmarks of oxidative stress (Silva et al,

2015; Lee et al, 2016). Methionine sulfoxidation (oxidized methion-

ine, MetO) is recognized to be one such modification leading to

protein misfolding and aggregation (Stadtman, 2001; Moskovitz

et al, 2016). Consistent with increased ROS, MetO-modified proteins

are significantly increased by almost fourfold in diabetes mellitus

(DM) platelets compared with healthy control (HC) platelets (HC:

1.1 � 0.1, n = 4; DM: 3.9 � 0.3, n = 12, P < 0.01) (Fig 5B). The

levels of MsrB2 and Parkin are increased in DM platelets (HC:

1.01 � 0.03, n = 4; DM: 1.97 � 0.18, n =12, P < 0.01) (Fig 5B).

Higher molecular weight Parkin bands are suggestive of protein
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Figure 2. MsrB2 is needed for mitophagy.

A Western blot analysis of MsrB2 and LC3I/II in MEG-01 cells after shMsrB2 transfection (72 h). Cells were then treated with H2O2 (1 mM for 1 h) alone or with NAC
(100 lM for 30 min). GAPDH was used as the loading control. Quantification and analysis of individual groups. GAPDH served as the loading control (shMsrB2 vs.
shCon, *P = 0.024; shMsrB2/H2O2 vs. shCon/H2O2, *P = 0.0295; shMsrB2/H2O2/NAC vs. shCon/H2O2/NAC, **P = 0.0100; n = 3, mean � SD).

B Western blot analysis of MsrB2, pp53(S15), and LC3I/II in MEG-01 cells after 25 mM HG treatment for 24 h. GAPDH was used as the loading control. Quantification
analysis on individual groups. GAPDH served as the loading control (MsrB2: shCon/HG vs. shCon, **P = 0.0017; shMsrB2/HG vs. shCon/HG, *P = 0.0189; pp53:
shMsrB2/HG vs. shCon/HG, *P = 0.0317; LC3II: shCon/HG vs. shCon, *P = 0.0215; shMsrB2/HG vs. shCon/HG, *P = 0.0158; n = 3, mean � SD).

Data information: The nonparametric t-test was performed for comparisons of two groups. Analysis was performed with Prism software (GraphPad Software, Inc.,
La Jolla, CA). A difference of P < 0.05 was considered significant.
Source data are available online for this figure.
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modification and aggregation in DM (Fig 5C and D). In vitro induc-

tion of ROS with H2O2 and rescue by the antioxidant NAC indicates

that MsrB2 and Parkin levels are acutely regulated by oxidative

stress in platelets, which likely accounts for the increases seen in

DM platelets (Appendix Fig S4A and B). The higher molecular

weight band (120 kDa, aggregated) after Parkin was subjected to

A

D

G

H

E F

B C

Figure 3.
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H2O2 treatment was subjected to mass spectrometry to assess for

protein modifications. Several peptide fragments were identified that

contained a MetO (Met1, 80, 192, 327, 458) with no significant frag-

ments in the control (H2O-treated). An example of the raw data

identifying Met192 is provided in Fig 5E. Mass spectrometry analy-

sis was then performed on DM patient platelets and healthy control

(HC) platelets to determine whether any of the identified MetO

observed with H2O2 treatment was relevant in vivo. In DM platelets,

we identified only MetO at Met192 (Fig 5E) with no significant

modifications in the healthy control platelets. Supporting exquisite

structural sensitivity of Met at this position, mutation of Met192

(M192L and M192V) on Parkin is recognized to be associated with

Parkinson’s disease (Meng et al, 2011). Taken together: (i) aggrega-

tion of Parkin is associated with MetO, (ii) MsrB2, which reduces

MetO, interacts with Parkin, (iii) MsrB2 overexpression is able to

reduce Parkin aggregation, (iv) the presence of human mutations at

Met 192 is associated with Parkinson’s disease (Meng et al, 2011),

and (v) platelet Parkin knockout reduces mitophagy leading to

increased platelet apoptosis and thrombosis (Lee et al, 2016), all

suggest and support oxidative stress-induced MetO at position 192

on Parkin serving as a “brake” on platelet mitophagy.

Parkin polyubiquitinates MsrB2 allowing interaction with LC3

As an E3 ubiquitin ligase, Parkin is recognized to play a key role in

polyubiquitination of substrate proteins leading to interaction with

LC3 and the mitophagy process. Polyubiquitination of proteins

under conditions of oxidative stress is characteristic of DM and can

be partially reversed (in vitro) by reducing oxidative stress with

NAC (Appendix Fig S4C). Western blotting for MsrB2 in DM plate-

lets also reveals a “ladder” of higher molecular weight species,

suggestive of ubiquitination (Appendix Fig S4D). Immunoprecipitat-

ing MsrB2 followed by Western blotting for ubiquitin confirmed that

MsrB2 is indeed ubiquitinated (Fig 6A). Moreover, Parkin was also

coimmunoprecipitated supporting a possible role for Parkin in ubiq-

uitinating MsrB2 (Fig 6A). MsrB2 ubiquitination was also detected

by immunostaining with ubiquitin and mitochondrial marker

(CoxIV) signal colocalization (indicated by arrows) in DM platelets

but not in healthy platelets (Fig 6B). To confirm MsrB2 polyubiquiti-

nation in a cell system, we transfected MsrB2-GFP and/or RFP-

Parkin (with vector controls) in HEK293, followed by immunopre-

cipitation (anti-GFP-Trap bead) and Western blotting for ubiquitin.

MsrB2 polyubiquitination was increased with cotransfection of Parkin

(Fig 6C). Ubiquitination of MsrB2 was also enhanced by the mito-

phagy inducer CCCP in this system in the absence of overexpressed

Parkin (Appendix Fig S4E). Taken together, these data demonstrate

that MsrB2 reduces oxidized Parkin and, in turn, is ubiquitinated by

Parkin, allowing it to interact with LC3 in the cytoplasm.

MsrB2 is released from the mitochondrial matrix through mPTP
opening and mitochondrial rupture

To provide insights into how Parkin and MsrB2 interact despite

being in separate compartments, we isolated fresh mitochondria

Figure 3. Platelet-specific deletion of MsrB2 leads to increased oxidative stress and intraplatelet apoptosis.

A Levels of reactive oxygen species (ROS) quantified in the platelets using the fluorescent dye DCFH-DA (ROS, *P = 0.0139; MsrB2 fl/fl n = 5, MsrB2�/� n = 6).
B, C Representative image and quantification of mitochondrial apoptosis, measured in freshly isolated platelets from the MsrB2 knockout and age-matched floxed

mice. Results are expressed as percentage of apoptotic cells (TMRE, *P = 0.0118; MsrB2 fl/fl n = 5, MsrB2�/� n = 5).
D Representative images showing the intraplatelet expression of LC3 and active caspase-3 in CD41-stained platelets from the KO mice using fluorescent-labeled

antibodies against the respective proteins of interest. Magnification: 100×. The rightmost panel represents zoom-in on an individual platelet showing the
colocalization and expression of LC3 and active caspase-3.

E Graph indicates platelets positive for active caspase-3 signal. The y-axis indicates percentage of caspase-3-positive cells from total cells calculated from n = 10
independent images per sample (active caspase-3 signal, **P = 0.0003).

F Intracellular caspase-3 activity measured in freshly isolated platelets using the chromophore Ac-DEVD-pNA. Experiments performed in a minimum of n = 6
samples per group. Values expressed as mean � SEM (caspase-3 activity, *P = 0.0157)

G, H Western blot analysis of Parkin, LC3I/II, MsrB2, and active caspase-3 in platelets after cell penetration peptide injection in chow and HFD mice. Control peptide
(CP), LIF peptide (Foroud et al, 2003). Quantification analysis of individual band intensity (Parkin, *P = 0.02964; LC3II, *P = 0.03200; MsrB2, **P = 0.0059; active
caspase-3, *P = 0.0368 vs. chow or HFD group; each group n = 3). Actin served as the loading control.

Data information: The nonparametric t-test was performed for comparisons of two groups. Analysis was performed with Prism software (GraphPad Software, Inc.,
La Jolla, CA). A difference of P < 0.05 was considered significant. Mean � SD (A, C, E and H).

◀

▸Figure 4. MsrB2 interacts with key mitophagy proteins, Parkin and LC3.

A Immunoprecipitation (Meng et al, 2011) of MsrB2 in HC and DM platelets, followed by Western blot analysis of precipitated Parkin and modified Parkin.
B Immunoprecipitation (Meng et al, 2011) of Parkin in HC and DM platelets, followed by Western blot analysis of precipitated Parkin and MsrB2.
C Confocal microscopy was used to corroborate the Western blot analysis using triple staining for Parkin, LC3, and MsrB2 in HC and DM platelets. Arrows indicate sites

of colocalization of Parkin, LC3, and MsrB2 as determined by the Volocity software (PerkinElmer, USA). Graphical quantification of colocalization between Parkin, LC3,
and MsrB2 signal.

D Signal intensity of each group was converted to fold change and compared with the HC values (colocalization of Parkin, LC3, and MsrB2, **P = 0.0006). The
nonparametric t-test was performed for comparisons of 2 groups. Analysis was performed with Prism software (GraphPad Software, Inc., La Jolla, CA). A difference of
P < 0.05 was considered significant (mean � SD, n = 3).

E Immunoprecipitation (Meng et al, 2011) of Parkin in HC and DM platelets. Western blot analysis of MetO Parkin using specific Parkin and MetO antibodies. The
detection of MetO Parkin was performed w/o b-mercaptoethanol (NonRe) SDS sample buffer.

F In vitro assay. Parkin oxidation was induced with 1 mM H2O2 then incubated with MsrB2 protein at 37°C for 2 h. Western blot analysis of Parkin and MsrB2 was
performed (red arrow, low MsrB2 expression; blue arrow, high MsrB2 expression).
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from mouse heart tissue which is also known to be enriched in

MsrB2 expression (Pascual et al, 2010). The abundance of mito-

chondria in the heart allows us to purify sufficient mitochondria to

test the hypothesis that MsrB2 and Parkin come into contact when

the mitochondrial membrane is leaky or disrupted. Initial opening

of the mitochondrial permeability transition pore (mPTP) located

in the inner mitochondrial membrane ultimately leads to

mitochondrial swelling and rupture (Halestrap, 2009). The mPTP

inhibitor cyclosporine A (CsA) (Song et al, 2015) can be used to

assess whether MsrB2 is released after mPTP opening. ATPB (a resi-

dent mitochondrial protein not known to traverse the mPTP) was

used as a loading negative control, and cytochrome c, which moves

from the outer aspect of the IMM to the cytosol through mechanical

rupture of the OMM (Bax- and Bak-mediated), served as a further
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control. In purified, isolated heart mitochondria, MsrB2 accumu-

lated in the mitochondrial matrix with by CsA treatment as did cyto-

chrome c (Fig 7A). We then used high-fat diet (HFD) to generate

moderate levels of platelet oxidative stress in an in vivo mouse

model. Consistent with our human DM platelet studies, the oxida-

tive stress associated with HFD feeding in mice leads to increased

Parkin, MsrB2, and LC3II (lower band indicating active mitophagy)

in non-DM mouse platelets (Fig 7B and C). Platelet staining with

A

E

C D

B

Figure 5. Methionine sulfoxidation (MetO) and methionine sulfide reductase B2 (MsrB2) are increased, along with Parkin, in DM platelets.

A ROS levels were measured in platelet with FACS using specific oxidative stress detection dyes (CellROX; Molecular Probes, USA) in HC (n = 8) and DM (n =10)
platelets (ROS, **P < 0.0001 vs. HC).

B Western blot analysis of methionine sulfoxidation (MetO), methionine sulfide reductase B2 (MsrB2), and Parkin in human healthy control (HC) and diabetic
mellitus (DM) platelets. P.C. is a BSA-MetO positive control (Cayman Chemical Co.). Quantification of Western blot analysis shown in Fig 1C. Graphical
representation and statistical analysis of HC (n = 3) and DM (n = 12) individuals (MetO, **P = 0.0003; MsrB2, *P = 0.0186; Parkin, **P = 0.0003 vs. HC).

C, D Western blot analysis of Parkin and Parkin aggregation in human healthy control (HC) (n = 3) and diabetic mellitus (DM) (n = 12) platelets. Graphical
representation and statistical analysis of HC (n = 3) and DM (n = 12) individuals (modified Parkin *P = 0.035 vs. HC). Actin served as the loading control.

E Parkin IP was performed in HC, HC plus H2O2, and DM patients. MetO sites were analyzed by mass spectrometry using the Mascot program. Representative mass
spectrometry analysis demonstrating identification of MetO192 peptide on Parkin.

Data information: The nonparametric t-test was performed for comparisons of two groups. Analysis was performed with Prism software (GraphPad Software, Inc.,
La Jolla, CA). A difference of P < 0.05 was considered significant. Mean � SD (A, B and D).
Source data are available online for this figure.
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tubulin reveals overall shape changes indicative of stress responses

in platelets from HFD mice (Fig 7D, panels a–b). Using ATPB as a

mitochondrial marker, we confirmed colocalization (superimposi-

tion) of ATPB and MsrB2 in the mitochondrial matrix in platelets of

chow-fed mice, with a staining pattern consistent with intact mito-

chondria (Fig 7Dc). Staining in platelets from HFD mice indicates

disruption of the mitochondria and MsrB2 release from the mito-

chondrial matrix (loss of colocalization and wide distribution of

MsrB2; blue in Fig 7Dd–e). We further confirmed MsrB2 mitochon-

drial release in readily transfectable H9c2 myoblasts, as MsrB2-GFP

colocalized with CFP-Mito (mitochondrial marker) in transiently

transfected cells (Appendix Fig S5). With CCCP treatment to induce

mPTP opening and mitophagy, the MsrB2-GFP signal is more diffuse

and no longer colocalizes with CFP-Mito, supporting stress-induced

MsrB2 release from the mitochondrial matrix. These data collec-

tively indicate that diverse cellular stresses promote mitochondria

damage, resulting in MsrB2 release from the mitochondrial matrix

to the cytosol, where it can interact with core autophagosome

components, Parkin followed by LC3. In addition to platelets, we

demonstrate that this important release process occurs with other

cells, including mouse platelets, the nucleated mouse heart, and

H9c2 cells.

Parkinson’s disease patients have reduced MsrB2 and
reduced mitophagy

We have demonstrated that increased MsrB2 in DM platelets leads

to increased mitophagy, serving as protection against apoptosis.

Reduced MsrB2 expression (platelet-specific knockout) or interac-

tion with LC3 (inhibiting LC3-interacting motif peptide) reduces

mitophagy leading to increased apoptosis. We then sought the

effects of reduced MsrB2 in human subjects. Parkin mutations are

recognized to cause Parkinson’s disease (Kitada et al, 1998); more-

over, as described, mutation of Met192 (M192L and M192V) on

Parkin (the same position as the MetO we detected in diabetes melli-

tus, MetO192) is also associated with Parkinson’s disease (Foroud

et al, 2003). Additionally, Msr enzymes have also been implicated

in Parkinson’s disease (Glaser et al, 2005). Based on these observa-

tions, we recruited consecutive consenting patients from the Parkin-

son’s disease clinic at Yale to assess for MsrB2/mitophagy and
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Figure 6. MsrB2 is ubiquitinated by Parkin.

A Immunoprecipitation (Meng et al, 2011) of MsrB2 in HC and DM platelets. Western blot analysis of precipitated MsrB2, Parkin, and ubiquitinated MsrB2 (UB).
B Confocal microscopy in individual platelets in HC vs DM assessing for CoxIV (mitochondrial marker), ubiquitin, and MsrB2. Colocalization is demonstrated by arrows

and quantitated (colocalization ubiquitin, MsrB2, **P = 0.0003 vs. HC). The nonparametric t-test was performed for comparisons of two groups. Analysis was
performed with Prism software (GraphPad Software, Inc., La Jolla, CA). A difference of P < 0.05 was considered significant (n = 3).

C MsrB2 ubiquitination assay after transient transfection of MsrB2-GFP (1 lg) with RFP empty vector (E.V.) or RFP-Parkin (3 lg) in HEK293. After transfection (48 h), an
IP was performed using GFP-Trap bead, followed by Western blot analysis using UB and MsrB2 and Parkin antibodies.
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platelet apoptosis. Although there was no significant difference in

Parkin levels compared to age-matched controls, the Parkinson’s

disease patients demonstrated a significant reduction in MsrB2 with

reduction in LC3II and increased platelet apoptosis (Fig 8A and B).

This is consistent with our DM studies and in vivo mouse studies

showing an important link between reduced MsrB2, reduced
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Figure 7. MsrB2 is released by mitochondrial rupture.

A Western blot analysis of MsrB2 and cytochrome c in isolated mitochondria after incubation with or without cyclosporin A (CsA; 2 lM for 2 h). ATPB served as the
loading and negative control (mitochondrial matrix protein).

B Western blot analysis of Parkin, LC3I/II, and ubiquitinated MsrB2 in chow (n = 4) and HFD (n = 6) mouse platelets.
C Quantification of individual band intensity (Parkin, *P = 0.0153; modified Parkin, **P = 0.0055; LC3II, *P = 0.0153; modified MsrB2, *P = 0.02245 vs. HC). Actin served

as the loading control. The nonparametric t-test was performed for comparisons of two groups. Analysis was performed with Prism software (GraphPad Software,
Inc., La Jolla, CA). A difference of P < 0.05 was considered significant (mean � SD, HC n = 4, HFD n = 6).

D Confocal microscopy was initially stained with tubulin antibody (image a. chow diet, or b. high-fat diet) to assess platelet architecture. This was followed by staining
using ATPB (mitochondrial marker, green) and MsrB2 antibodies (Blue) (images c–e). There was loss of colocalization in the HFD mice supporting release (blue) from
ruptured mitochondria (green) (images d and e).
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mitophagy, and increased platelet apoptosis. Further larger

cohort studies are needed to explore whether MsrB2 can serve

as a clinical biomarker for assessing disease development and

progression.

Model: A molecular switch mechanism for oxidative stress-
induced mitophagy (Fig 9)

High oxidative stress can lead to a vicious circle of ROS and mito-

chondrial damage. Parkin, a key protein in mitophagy, is translo-

cated to the damaged mitochondria where in the presence of high

ROS, methionine 192 is oxidized to methionine sulfoxide. Such

modifications can lead to Parkin aggregation, preventing Parkin’s

ubiquitin E3 ligase activity. However, in the presence of mPTP

opening and mitochondrial swelling and rupture, MsrB2 is released

from the mitochondrial matrix, reducing MetO on Parkin, allowing

Parkin-mediated transfer of ubiquitin to MsrB2 and other proteins.

The ubiquitinated MsrB2 then interacts with LC3 leading to forma-

tion of the double-membraned phagophore, surrounding the

damaged mitochondria, and proceeding to mitophagy. Taken

together, our studies, with support from the literature, provide a

unique, transcriptionally independent mechanism (no genomic DNA

involved) that selectively removes damaged toxic mitochondria

(Fig 1A), protecting the cell from apoptosis.

Discussion

Mitophagy can be generated by Parkin-independent or Parkin-

dependent pathways (Gegg et al, 2010; Geisler et al, 2010; Shiba-

Fukushima et al, 2012; Allen et al, 2013; Wauer et al, 2015).

The process in platelets is Parkin-dependent and protects the

platelet from oxidative stress- and mitochondrial-mediated

damage (Lee et al, 2016). Accumulation of activated Parkin (aris-

ing from ROS-induced PINK1) in the OMM at damaged mito-

chondria ubiquitinates multiple outer mitochondrial membrane

proteins leading to interaction with LC3, and initiation of mito-

phagy (Chen & Dorn, 2013; Koyano et al, 2014). We report that

MsrB2 serves a dual role, both as a switch and as a transducer

of Parkin-dependent mitophagy. Interestingly, being anucleate,

this complex platelet process is independent of regulation from

genomic DNA transcription.
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Figure 8. Role of MsrB2 in Parkinson’s disease platelets.

A Representative Western blot analysis of MsrB2, LC3I/II, and Parkin using
Parkinson’s disease (PD) platelets. Quantification analysis of individual band
intensity (MsrB2, *P = 0.0255; LC3II, *P = 0.0101 vs. HC (n = 5) and PD
(n = 12)). GAPDH served as the loading control (mean � SD).

B Platelet apoptosis (Annexin V) was measured by flow cytometry analysis in
HC (n = 9) and PD (n = 13) platelets (**P < 0.01 vs. HC) (mean � SD).

Data information: The nonparametric t-test was performed for comparisons of
two groups. Analysis was performed with Prism software (GraphPad Software,
Inc., La Jolla, CA). A difference of P < 0.05 was considered significant.
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Figure 9. Model for the molecular switch mechanism.

A model outlining the key components required to switch on mitophagy in a

high-oxidative (ROS) environment where Parkin has a MetO at position 192.

Release of MsrB2 upon mitochondrial damage, swelling, and rupture removes

the brake leading to formation of the autophagosome at the site of rupture. This

is the underlying molecular process observed on the EM in Fig 1A, where

mitophagy is taking place only with the ruptured mitochondria, sparing the

adjacent intact mitochondria.
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MsrB2 is a switch for mitophagy

Oxidative stress-induced methionine sulfoxidation is recognized to

modify diverse proteins, altering function, and potentially leading to

disease (Gu et al, 2015) [calmodulin (Gao et al, 1998), thrombo-

modulin (Glaser et al, 1992), CaMKII (Erickson et al, 2008)]. The

methionine sulfoxide reductase family can reverse such protein

damage (MsrA, B1, B2, and B3) (Marchetti et al, 2005; Cabreiro

et al, 2008; Kwon et al, 2014), serving a protective role in all cells

including blood cells (Rosen et al, 2009; Ouseph et al, 2015).

Distinct from MsrA (mitochondria, cytosol, and nucleus), MsrB1

(cytosol and nucleus), and MsrB3 (ER and mitochondria), all local-

ized to multiple cellular compartments, MsrB2 is located only in the

mitochondrial matrix (Yermolaieva et al, 2004; Fischer et al, 2012).

We report that MsrB2 plays a critical role in the process of oxidative

stress-induced mitophagy, interacting with Parkin, removing MetO

and thus serving as a switch, preventing aggregation, and allowing

Parkin to ubiquitinate substrates. Our studies demonstrate a selec-

tive increase in MsrB2 in DM platelets suggesting that the upregula-

tion of this mitochondria exclusive MetO reductant may serve an

initial important role in protecting mitochondria in the high-oxida-

tive stress environment observed with DM.

MsrB2 is a transducer for mitophagy

Parkin is a well-known ubiquitin E3 ligase (Gegg et al, 2010; Kane &

Youle, 2011; Cunningham et al, 2015) that is recognized to be post-

translationally modified including N-nitrosylation (Chung et al,

2004), cysteine sulfonation (Meng et al, 2011), neddylation (Um

et al, 2012), and methionine sulfoxidation (Meng et al, 2011).

Under conditions of severe oxidative stress as with diabetes melli-

tus, Parkin MetO levels are increased. Mitochondrial damage and

rupture result in release of mitochondrial matrix contents, permit-

ting an important cooperative interaction between MsrB2 and

Parkin, allowing Parkin to ubiquitinate MsrB2. Ubiquitinated MsrB2

(transducer) interacts with LC3, transducing the signal, leading to

phagophore formation to surround and remove the damaged mito-

chondria. Thus, release of MsrB2 confers mitochondrial mitophagy

specificity in allowing only those damaged/ruptured mitochondria

to proceed with the phagophore formation. Based upon our human

patient studies, this Parkin/MsrB2/LC3 protein complex may be an

important principle for Parkin-dependent mitophagy in DM and

other disease processes such as Parkinson’s disease. This is the first

description of such a switch/transducer mechanism, conferring

damaged mitochondria selectivity.

Clinical implications for MsrB2 regulation of mitophagy
MsrB2 thus serves an important role in the prevention of oxidative

stress-induced platelet apoptosis in DM patients, reducing the recog-

nized increased thrombosis associated with DM platelet apoptosis

(Tang et al, 2014; Lee et al, 2016). However, cellular aging and

neurodegeneration are also characterized by the accumulation of

oxidized proteins and the reduced rate of repair or elimination of

oxidized protein (Stadtman, 2001; Petropoulos & Friguet, 2006).

Mitophagy clearly also plays an important fundamental role in these

processes (Geisler et al, 2010; Bingol et al, 2014; Palikaras et al,

2015). Reduced MsrA and MsrB correlate with senile hair graying

(Wood et al, 2009), epidermal damage (Schallreuter et al, 2006),

and vitiligo (Zhou et al, 2009). Msr have also been implicated with

neurodegenerative diseases such as Alzheimer’s and Parkinson’s

disease (Glaser et al, 2005), auditory function and hearing loss

(Kwon et al, 2014; Kim et al, 2016), visual deterioration (Pascual

et al, 2010), and obesity (Styskal et al, 2013), and insulin resistance

(Kaneto et al, 2010). As we have highlighted, mutation of Met192

(M192L and M192V) is recognized to be associated with Parkinson’s

disease (Foroud et al, 2003), the same site as the MetO, and its

reduction by MsrB2. This provides possible mechanistic insights

linking MsrB2 to the development of neurodegenerative diseases.

We now present provocative preliminary data from patients with

Parkinson’s disease where rather than increased MsrB2 and

increased mitophagy as in DM, there is now reduced MsrB2 and

reduced mitophagy, supporting our premise on the potential impor-

tance of MsrB2 in mitophagy and possibly importance in the process

of aging and neurodegeneration. Further larger cohort studies are

needed to confirm a direct link to neurodegeneration. Taken

together, our studies support MsrB2 as being important not only for

platelet protection from oxidative stress in DM, but likely protection

from oxidative stress associated with aging and neurodegeneration.

We provide a biomolecular mechanism as to the critical importance

of MsrB2-induced mitophagy. Enhancing MsrB2 may be a novel

treatment strategy for oxidative diseases such as DM and for Parkin-

son’s disease.

Materials and Methods

Preparation of human platelets

Venous blood was drawn from healthy and diseased patients at Yale

University School of Medicine (HIC#1005006865) from multiple

outpatient clinics including the cardiovascular, diabetes, and neurol-

ogy clinics. Informed consent was obtained from all subjects, and

the experiments conformed to the principles set out in the WMA

Declaration of Helsinki and the Department of Health and Human

Services Belmont Report. All healthy subjects were free from medi-

cation or diseases known to interfere with platelet function (Tang

et al, 2011, 2014; Lee et al, 2016) (Appendix Table S1). Upon

informed consent, a venous blood sample (approximately 20 cc)

was obtained by standard venipuncture and collected into tubes

containing 3.8% trisodium citrate (w/v). Blood samples were

prepared as previously described (Saxena et al, 1989). Platelet-rich

plasma (PRP) was obtained by differential centrifugation. Purity of

platelet preparation was determined by Western blot analysis using

platelet markers (CD41), monocyte markers (CD14), and red blood

cell markers (CD235a) (Lee et al, 2016).

Preparation of mouse platelets

All mice were of C57Bl/6 background (WT, MsrB2 fl/fl, and

MsrB2 whole-body or platelet-specific knockout). For the whole-

body MsrB2 knockout studies, only 30-week-old females were

used and compared to 30-week-old female wild-type mice. For the

platelet-specific MsrB2 knockout studies, 8-week-old mice were

fed for 12 weeks on high-fat diet. There were four male and two

female knockout mice and three male and three female wild-type

mice. All the animals were housed at the Yale Animal Facility

12 of 16 EMBO Molecular Medicine 11: e10409 | 2019 ª 2019 The Authors

EMBO Molecular Medicine Seung Hee Lee et al



300 George St. New Haven, CT, under the supervision of Yale

Animal Resources Center (YARC) and Rita Weber (Animal facility

manager, Yale CVRC). All experiments were performed in accor-

dance with guidelines and regulation as outlined by the Yale Insti-

tutional Animal Care and Use Committee (IACUC), under the

approved protocol 2017-11413. For each animal study, the mice

were consecutive bred mice. The mice were from the same

genetic background and were often siblings, and thus, there was

no significant variance within the groups. Any differences would

therefore be directly related to treatment or modification. The

experiments were also corroborated using other groups of mice.

Where diabetes mellitus was induced, the mice were randomly

assigned to induction. The experimenter was blinded to the level

of blood glucose. As described in the Results section, further vali-

dation of experiments was performed using different approaches,

i.e., chemical inhibition, chemical activation, and genetic knock-

out. The combination of multiple randomized groups using multi-

ple approaches was used to reduce any bias.

Blood (0.7–1 ml) was directly aspirated from the right cardiac

ventricle into 1.8% sodium citrate (pH 7.4) in chow and HFD (high-

fat diet for 12 weeks) (Yale IACUC #11413). For in vivo functional

analysis of MsrB2, mice were treated intraperitoneally (i.p.) with

the cell-penetrating peptide MsrB2 LIF (1 mg/kg) or control for

5 days (Zhang et al, 2016). Citrated blood from several mice of

identical genotype was pooled and diluted with an equal volume of

HEPES/Tyrode’s buffer. PRP was prepared by centrifugation at

100 g for 10 min and then used for measuring platelet apoptosis

and autophagy.

Immunocytochemistry and confocal microscopy

Washed platelets (1 × 106 cells/ml) were allowed to settle on

glass-bottom dishes for 1 h prior to fixing with 4% paraformalde-

hyde solution (Santa Cruz Biotechnology). The platelets were then

washed 2 × 5 min in PBS and permeabilized for 5 min in 0.25%

Triton X-100/PBS. They were blocked for 60 min in 10% bovine

serum albumin (Schallreuter et al, 2006)/PBS at 37°C and incu-

bated in 3% BSA/PBS/primary antibody for 2 h at 37°C, or over-

night at 4°C, and then washed 6 × 2 min in PBS, followed by an

additional incubation for 45 min at 37°C in secondary antibody/

3% BSA/PBS. Antibodies for MsrB2 (Abcam, USA; and laboratory

made, USA), LC3 (Cosmo bio, Japan), Parkin (Abcam, USA), CoxIV

(Santa Cruz, USA), tubulin (Sigma), and ATPB (Abcam) were used.

The stained platelets were observed using a Nikon Eclipse-Ti confo-

cal microscope with 100× oil immersion lens. Colocalization was

assessed using parameters set in the Volocity software (PerkinElmer,

USA). The colocalization was calculated within the signal area and

the mean colocalization value compared with healthy controls or the

non-treated group. The data are displayed as fold change, and statis-

tical evaluation was performed as described below.

Western blot analysis

Standard Western blot analysis protocols were used. Thirty micro-

grams of protein lysates was loaded in each well, and 3 or more

independent replicates were used for quantification. We analyzed

the band intensity using ImageJ analysis software (NIH) and

converted the intensity value to fold change in comparison with

HC or the non-treated group. Fold values were then used for

statistical analysis. Antibodies and dilutions used are provided in

Appendix Table S2.

Immunoprecipitation

Healthy/DM platelet lysates and cell lysates (after transient transfec-

tion) were mixed with the specific target antibody (1 lg of LC3 anti-

rabbit antibody (Abcam) and 2 lg of Parkin anti-goat antibody

(Abcam) or 1.5 lg of Parkin anti-rabbit antibody (Abcam) for

Parkin IP; 1.5 lg of MsrB2 anti-rabbit antibody (laboratory made)

for MsrB2 IP; and 1 lg of GFP anti-rabbit antibody (Abcam, USA) or

GFP-Trap bead (Chromotek, USA), and the same species IgG control

with HC) and incubated overnight at 4°C. 50% slurry protein A

sepharose bead and 50% slurry protein G sepharose bead were

mixed 50:50. 30 ll of the 50% slurry washed A/G bead with

lysates/antibody mixture was incubated for 1 h at 4�C. After three

further washes with lysis buffer, we used 1–10% lysates for the

input.

Msr activity assays

The DDT-dependent assay was carried out using 500 ng of Parkin

incubated with 5 mM DTT and 20 ll (5 lM) of recombinant GST-

MsrB2 (Kim & Gladyshev, 2004). The reaction mixture was incu-

bated at 4°C overnight and subjected to SDS–PAGE analysis.

The paper explained

Problem
Diabetes mellitus, leading to thrombovascular events, is a growing
problem all over the world. Platelets play a key role in such pathologi-
cal thrombotic events, largely from severe oxidative stress-induced
damage. Mitophagy has recently been described as serving a protec-
tive role in preventing platelet dysfunction by removing damaged
mitochondria. The molecular spatial–temporal mechanisms governing
selective removal of damaged mitochondria remain unclear.

Results
We now report that the mitochondrial matrix protein MsrB2 plays an
important role in switching on mitophagy by reducing Parkin
methionine oxidation (MetO), and transducing mitophagy, through
ubiquitination by Parkin and interacting with LC3. This switch occurs
only at damaged mitochondria, as the mitochondrial matrix located
MsrB2 requires release to the outer membrane, to switch on Parkin
activity. MsrB2 platelet-specific knockout and in vivo peptide inhibi-
tion of the MsrB2/LC3 interaction confirmed that the reduced mito-
phagy increases platelet apoptosis, which leads to increased
thrombosis. The importance of such a process was not only isolated
to diabetic platelets but also observed in Parkinson’s disease platelets
where reduced MsrB2 expression was associated with reduced mito-
phagy. Release of MsrB2 from damaged mitochondria, initiating
autophagosome formation, represents a novel regulatory mechanism
for oxidative stress-induced mitophagy.

Impact
The elucidation of a mechanism for identifying and removing damaged
mitochondria provides important insights into the pathophysiology of
thrombotic events in diabetes mellitus. Moreover, new therapeutic
targets in reducing heart and strokes in diabetes mellitus are provided.
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Measurement of reactive oxygen species

The oxidative stress levels were measured by CellROX (Molecular

Probes; 1 ll CellROX (1:500)) using either human or mouse platelet

(500 ll) incubated for 30 min at 37°C. Changes in fluorescence

intensity were measured using flow cytometry (LSRII).

In vitro ubiquitination

In vitro ubiquitination was performed using the Cayman assay per

the manufacturer’s protocol. We used recombinant Parkin (2.5 lM)

and GST-MsrB2 (1 lM) followed by Western blot analysis.

Mitochondrial isolation from mouse heart

Isolation of heart mitochondria was based upon a previously

published protocol (Song et al, 2015). Briefly, mouse hearts freshly

collected were minced and incubated with trypsin solution (in PBS)

before homogenization with glass/Teflon Potter-Elvehjem homoge-

nizer. Heart homogenates were centrifuged at 700 g for 10 mins at

400BAC and supernatant collected and centrifuged at 8,000 g for

10 min at 4°C. The pellet was washed and centrifuged at 8,000 g for

10 min at 4°C. The isolated mitochondrial suspension was treated

with or without cyclosporin A (CsA; Sigma, USA) at room tempera-

ture, followed by Western blot analysis.

Transient transfection

We purchased Parkin and MsrB2 ORF clones from OriGene (USA)

and subcloned them into RFP- and GFP-tagged vectors, respectively.

The MsrB2-GFP and pTagCFP-Mito (Evrogen, Russia) were intro-

duced into HEK293 or H9c2 with Lipofectamine 3000 (Invitrogen,

USA) according to the manufacturer’s protocol. The shMsrB2 plas-

mid was introduced into MEG-01 cells with Nucleofector (Lonza,

USA) according to the manufacturer’s protocol. Empty vector and

shCon were used for the control groups, respectively. Cells were

harvested for 48 h or 72 h and lysed in lysis buffer (50 mM Tris–HCl

(pH 7.4), 150 mM NaCl, 0.25% Triton X-100, and protease inhibitor

cocktail) for further experiments.

Statistics

Each experiment was carefully designed and analyzed with standard

and accepted statistical analysis. Mouse studies were performed blinded

to levels of glucose and/or genetic modification. We further validated

results using independent complementary experiments as outlined in

the Results section. Where appropriate, all data are expressed as

mean � SD or mean � SE. A nonparametric t-test was performed for

comparisons of two groups as outlined with the individual experiments.

Analysis was performed with Prism software (GraphPad Software,

Inc., La Jolla, CA). A difference of P < 0.05 was considered significant.

Expanded View for this article is available online.

Acknowledgements
This work was funded by grants from NIH NHLBI (RO1 HL122815, HL115247,

and HL117798). JD was supported by an NIH T32 Vascular Biology Training

grant and ZJ by a Yale Hirsch and Gershon Fellowship.

Author contributions
SHL wrote the manuscript, and planned and performed experiments, data anal-

ysis, and figure development; SL generated experimental materials and assisted

with select experiments; JD, AJK, GA, and ZJ recruited patients for the studies

and helped prepare samples; RIH, AP, and CNI supported the patient recruit-

ment and experiments; KJ, MD, WK, and TT assisted with the experiment; KAM

provided critical input for the studies and the manuscript; JH oversaw the study

development and data analysis and wrote and edited the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Allen GF, Toth R, James J, Ganley IG (2013) Loss of iron triggers PINK1/Parkin-

independent mitophagy. EMBO Rep 14: 1127 – 1135

Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti SD,

Floyd J, Fornage M, Gillespie C et al (2017) Heart disease and stroke

statistics-2017 update: a report from the American Heart Association.

Circulation 135: e146 – e603

Bingol B, Tea JS, Phu L, Reichelt M, Bakalarski CE, Song Q, Foreman O,

Kirkpatrick DS, Sheng M (2014) The mitochondrial deubiquitinase USP30

opposes parkin-mediated mitophagy. Nature 510: 370 – 375

Cabreiro F, Picot CR, Perichon M, Castel J, Friguet B, Petropoulos I (2008)

Overexpression of mitochondrial methionine sulfoxide reductase B2

protects leukemia cells from oxidative stress-induced cell death and

protein damage. J Biol Chem 283: 16673 – 16681

Chen Y, Dorn GW II (2013) PINK1-phosphorylated mitofusin 2 is a Parkin

receptor for culling damaged mitochondria. Science 340: 471 – 475

Chung KK, Thomas B, Li X, Pletnikova O, Troncoso JC, Marsh L, Dawson VL,

Dawson TM (2004) S-nitrosylation of parkin regulates ubiquitination and

compromises parkin’s protective function. Science 304: 1328 – 1331

Cunningham CN, Baughman JM, Phu L, Tea JS, Yu C, Coons M, Kirkpatrick

DS, Bingol B, Corn JE (2015) USP30 and parkin homeostatically

regulate atypical ubiquitin chains on mitochondria. Nat Cell Biol 17:

160 – 169

Domenech E, Maestre C, Esteban-Martinez L, Partida D, Pascual R,

Fernandez-Miranda G, Seco E, Campos-Olivas R, Perez M, Megias D et al

(2015) AMPK and PFKFB3 mediate glycolysis and survival in response to

mitophagy during mitotic arrest. Nat Cell Biol 17: 1304 – 1316

Erickson JR, Joiner ML, Guan X, Kutschke W, Yang J, Oddis CV, Bartlett RK,

Lowe JS, O’Donnell SE, Aykin-Burns N et al (2008) A dynamic pathway for

calcium-independent activation of CaMKII by methionine oxidation. Cell

133: 462 – 474

Feng W, Chang C, Luo D, Su H, Yu S, Hua W, Chen Z, Hu H, Liu W (2014)

Dissection of autophagy in human platelets. Autophagy 10: 642 – 651

Ferreiro JL, Angiolillo DJ (2011) Diabetes and antiplatelet therapy in acute

coronary syndrome. Circulation 123: 798 – 813

Fischer F, Hamann A, Osiewacz HD (2012) Mitochondrial quality control: an

integrated network of pathways. Trends Biochem Sci 37: 284 – 292

Foroud T, Uniacke SK, Liu L, Pankratz N, Rudolph A, Halter C, Shults C,

Marder K, Conneally PM, Nichols WC (2003) Heterozygosity for a mutation

in the parkin gene leads to later onset Parkinson disease. Neurology 60:

796 – 801

Gao J, Yin DH, Yao Y, Sun H, Qin Z, Schoneich C, Williams TD, Squier TC

(1998) Loss of conformational stability in calmodulin upon methionine

oxidation. Biophys J 74: 1115 – 1134

14 of 16 EMBO Molecular Medicine 11: e10409 | 2019 ª 2019 The Authors

EMBO Molecular Medicine Seung Hee Lee et al

https://doi.org/10.15252/emmm.201910409


Garcia-Prat L, Martinez-Vicente M, Perdiguero E, Ortet L, Rodriguez-Ubreva J,

Rebollo E, Ruiz-Bonilla V, Gutarra S, Ballestar E, Serrano AL et al (2016)

Autophagy maintains stemness by preventing senescence. Nature 529:

37 – 42

Gegg ME, Cooper JM, Chau KY, Rojo M, Schapira AH, Taanman JW (2010)

Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkin-

dependent manner upon induction of mitophagy. Hum Mol Genet 19:

4861 – 4870

Geisler S, Holmstrom KM, Skujat D, Fiesel FC, Rothfuss OC, Kahle PJ, Springer

W (2010) PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and

p62/SQSTM1. Nat Cell Biol 12: 119 – 131

Glaser CB, Morser J, Clarke JH, Blasko E, McLean K, Kuhn I, Chang RJ, Lin JH,

Vilander L, Andrews WH et al (1992) Oxidation of a specific methionine in

thrombomodulin by activated neutrophil products blocks cofactor activity.

A potential rapid mechanism for modulation of coagulation. J Clin Invest

90: 2565 – 2573

Glaser CB, Yamin G, Uversky VN, Fink AL (2005) Methionine oxidation, alpha-

synuclein and Parkinson’s disease. Biochim Biophys Acta 1703: 157 – 169

Gu SX, Stevens JW, Lentz SR (2015) Regulation of thrombosis and vascular

function by protein methionine oxidation. Blood 125: 3851 – 3859

Halestrap AP (2009) What is the mitochondrial permeability transition pore?

J Mol Cell Cardiol 46: 821 – 831

Kane LA, Youle RJ (2011) PINK1 and Parkin flag Miro to direct mitochondrial

traffic. Cell 147: 721 – 723

Kaneto H, Katakami N, Matsuhisa M, Matsuoka TA (2010) Role of reactive

oxygen species in the progression of type 2 diabetes and atherosclerosis.

Mediators Inflamm 2010: 453892

Kim HY, Gladyshev VN (2004) Methionine sulfoxide reduction in mammals:

characterization of methionine-R-sulfoxide reductases. Mol Biol Cell 15:

1055 – 1064

Kim MA, Cho HJ, Bae SH, Lee B, Oh SK, Kwon TJ, Ryoo ZY, Kim HY, Cho JH,

Kim UK et al (2016) Methionine sulfoxide reductase B3-targeted in utero

gene therapy rescues hearing function in a mouse model of congenital

sensorineural hearing loss. Antioxid Redox Signal 24: 590 – 602

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S,

Yokochi M, Mizuno Y, Shimizu N (1998) Mutations in the parkin gene

cause autosomal recessive juvenile parkinsonism. Nature 392: 605 – 608

Koyano F, Okatsu K, Kosako H, Tamura Y, Go E, Kimura M, Kimura Y, Tsuchiya

H, Yoshihara H, Hirokawa T et al (2014) Ubiquitin is phosphorylated by

PINK1 to activate parkin. Nature 510: 162 – 166

Kwon TJ, Oh SK, Kim YR, Kim MA, Lee B, Choi KS, Lee J, Kim UK, Lee KY (2014)

Methionine sulfoxide reductase A, B1 and B2 are likely to be involved in

the protection against oxidative stress in the inner ear. Cells Tissues

Organs 199: 294 – 300

Lee SH, Du J, Stitham J, Atteya G, Lee S, Xiang Y, Wang D, Jin Y, Leslie KL,

Spollett G et al (2016) Inducing mitophagy in diabetic platelets protects

against severe oxidative stress. EMBO Mol Med 8: 779 – 795

Leytin V (2012) Apoptosis in the anucleate platelet. Blood Rev 26: 51 – 63

Lindemann S, Tolley ND, Dixon DA, McIntyre TM, Prescott SM, Zimmerman

GA, Weyrich AS (2001) Activated platelets mediate inflammatory signaling

by regulated interleukin 1beta synthesis. J Cell Biol 154: 485 –490

Manzanillo PS, Ayres JS, Watson RO, Collins AC, Souza G, Rae CS, Schneider

DS, Nakamura K, Shiloh MU, Cox JS (2013) The ubiquitin ligase parkin

mediates resistance to intracellular pathogens. Nature 501: 512 – 516

Marchetti MA, Pizarro GO, Sagher D, Deamicis C, Brot N, Hejtmancik JF,

Weissbach H, Kantorow M (2005) Methionine sulfoxide reductases B1, B2,

and B3 are present in the human lens and confer oxidative stress

resistance to lens cells. Invest Ophthalmol Vis Sci 46: 2107 – 2112

Mason KD, Carpinelli MR, Fletcher JI, Collinge JE, Hilton AA, Ellis S, Kelly PN,

Ekert PG, Metcalf D, Roberts AW et al (2007) Programmed anuclear cell

death delimits platelet life span. Cell 128: 1173 – 1186

Meng F, Yao D, Shi Y, Kabakoff J, Wu W, Reicher J, Ma Y, Moosmann B,

Masliah E, Lipton SA et al (2011) Oxidation of the cysteine-rich regions of

parkin perturbs its E3 ligase activity and contributes to protein

aggregation. Mol Neurodegener 6: 34

Moskovitz J, Du F, Bowman CF, Yan SS (2016) Methionine sulfoxide reductase

A affects beta-amyloid solubility and mitochondrial function in a mouse

model of Alzheimer’s disease. Am J Physiol Endocrinol Metab 310:

E388 – E393

Ouseph MM, Huang Y, Banerjee M, Joshi S, MacDonald L, Zhong Y, Liu H, Li

X, Xiang B, Zhang G et al (2015) Autophagy is induced upon platelet

activation and is essential for hemostasis and thrombosis. Blood 126:

1224 – 1233

Palikaras K, Lionaki E, Tavernarakis N (2015) Coordination of mitophagy and

mitochondrial biogenesis during ageing in C. elegans. Nature 521:

525 – 528

Pascual I, Larrayoz IM, Campos MM, Rodriguez IR (2010) Methionine

sulfoxide reductase B2 is highly expressed in the retina and protects

retinal pigmented epithelium cells from oxidative damage. Exp Eye Res 90:

420 –428

Petropoulos I, Friguet B (2006) Maintenance of proteins and aging: the role

of oxidized protein repair. Free Radic Res 40: 1269 – 1276

Rosen H, Klebanoff SJ, Wang Y, Brot N, Heinecke JW, Fu X (2009) Methionine

oxidation contributes to bacterial killing by the myeloperoxidase system of

neutrophils. Proc Natl Acad Sci USA 106: 18686 – 18691

Saxena SP, Brandes LJ, Becker AB, Simons KJ, LaBella FS, Gerrard JM (1989)

Histamine is an intracellular messenger mediating platelet aggregation.

Science 243: 1596 – 1599

Schallreuter KU, Rubsam K, Chavan B, Zothner C, Gillbro JM, Spencer JD,

Wood JM (2006) Functioning methionine sulfoxide reductases A and B are

present in human epidermal melanocytes in the cytosol and in the

nucleus. Biochem Biophys Res Commun 342: 145 – 152

Shaid S, Brandts CH, Serve H, Dikic I (2013) Ubiquitination and selective

autophagy. Cell Death Differ 20: 21 – 30

Shiba-Fukushima K, Imai Y, Yoshida S, Ishihama Y, Kanao T, Sato S, Hattori N

(2012) PINK1-mediated phosphorylation of the Parkin ubiquitin-like

domain primes mitochondrial translocation of Parkin and regulates

mitophagy. Sci Rep 2: 1002

Silva GM, Finley D, Vogel C (2015) K63 polyubiquitination is a new modulator

of the oxidative stress response. Nat Struct Mol Biol 22: 116 – 123

Song M, Mihara K, Chen Y, Scorrano L, Dorn GW II (2015) Mitochondrial

fission and fusion factors reciprocally orchestrate mitophagic culling in

mouse hearts and cultured fibroblasts. Cell Metab 21: 273 – 285

Stadtman ER (2001) Protein oxidation in aging and age-related diseases. Ann

N Y Acad Sci 928: 22 – 38

Styskal J, Nwagwu FA, Watkins YN, Liang H, Richardson A, Musi N, Salmon AB

(2013) Methionine sulfoxide reductase A affects insulin resistance by

protecting insulin receptor function. Free Radic Biol Med 56: 123 – 132

Tang WH, Stitham J, Gleim S, Di Febbo C, Porreca E, Fava C, Tacconelli S,

Capone M, Evangelista V, Levantesi G et al (2011) Glucose and collagen

regulate human platelet activity through aldose reductase induction of

thromboxane. J Clin Invest 121: 4462 – 4476

Tang WH, Stitham J, Jin Y, Liu R, Lee SH, Du J, Atteya G, Gleim S, Spollett G,

Martin K et al (2014) Aldose reductase-mediated phosphorylation of p53

leads to mitochondrial dysfunction and damage in diabetic platelets.

Circulation 129: 1598 – 1609

ª 2019 The Authors EMBO Molecular Medicine 11: e10409 | 2019 15 of 16

Seung Hee Lee et al EMBO Molecular Medicine



Ugarte N, Petropoulos I, Friguet B (2010) Oxidized mitochondrial protein

degradation and repair in aging and oxidative stress. Antioxid Redox Signal

13: 539 – 549

Um JW, Han KA, Im E, Oh Y, Lee K, Chung KC (2012) Neddylation positively

regulates the ubiquitin E3 ligase activity of parkin. J Neurosci Res 90:

1030 – 1042

Valdor R, Macian F (2012) Autophagy and the regulation of the immune

response. Pharmacol Res 66: 475 – 483

Wauer T, Simicek M, Schubert A, Komander D (2015) Mechanism of phospho-

ubiquitin-induced PARKIN activation. Nature 524: 370 – 374

Weyrich AS, Dixon DA, Pabla R, Elstad MR, McIntyre TM, Prescott SM,

Zimmerman GA (1998) Signal-dependent translation of a regulatory

protein, Bcl-3, in activated human platelets. Proc Natl Acad Sci USA 95:

5556 – 5561

Wood JM, Decker H, Hartmann H, Chavan B, Rokos H, Spencer JD, Hasse S,

Thornton MJ, Shalbaf M, Paus R et al (2009) Senile hair graying: H2O2-

mediated oxidative stress affects human hair color by blunting

methionine sulfoxide repair. FASEB J 23: 2065 – 2075

Yermolaieva O, Xu R, Schinstock C, Brot N, Weissbach H, Heinemann SH,

Hoshi T (2004) Methionine sulfoxide reductase A protects neuronal cells

against brief hypoxia/reoxygenation. Proc Natl Acad Sci USA 101:

1159 – 1164

Zhang W, Ren H, Xu C, Zhu C, Wu H, Liu D, Wang J, Liu L, Li W, Ma Q

et al (2016) Hypoxic mitophagy regulates mitochondrial quality and

platelet activation and determines severity of I/R heart injury. Elife 5:

e21407

Zhou Z, Li CY, Li K, Wang T, Zhang B, Gao TW (2009) Decreased methionine

sulphoxide reductase A expression renders melanocytes more sensitive to

oxidative stress: a possible cause for melanocyte loss in vitiligo. Br J

Dermatol 161: 504 – 509

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

16 of 16 EMBO Molecular Medicine 11: e10409 | 2019 ª 2019 The Authors

EMBO Molecular Medicine Seung Hee Lee et al


