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Ferroptosis is an iron-dependent programmed necrosis characterized by glutathione
(GSH) depletion and lipid peroxidation (LPO). Armed with both the pro- and antifer-
roptosis machineries, mitochondria play a central role in ferroptosis. However, how
mitochondria sense the stress to activate ferroptosis under (patho-)physiological settings
remains incompletely understood. Here, we show that FUN14 domain—containing 2,
also known as HCBP6 (FUNDC?2), a highly conserved and ubiquitously expressed mito-
chondrial outer membrane protein, regulates ferroptosis and contributes to doxorubicin
(DOX)-induced cardiomyopathy. We showed that knockout of FUNDC2 protected
mice from DOX-induced cardiac injury by preventing ferroptosis. Mechanistic studies
reveal that FUNDC2 interacts with SLC25A11, the mitochondrial glutathione trans-
porter, to regulate mitoGSH levels. Specifically, knockdown of SLC25A11 in
FUNDC2-knockout (KO) cells reduced mitoGSH and augmented erasin-induced fer-
roptosis. FUNDC?2 also affected the stability of both SLC25A11 and glutathione peroxi-
dase 4 (GPX4), key regulators for ferroptosis. Our results demonstrate that FUNDC2
modulates ferroptotic stress via regulating mitoGSH and further support a therapeutic
strategy of cardioprotection by preventing mitoGSH depletion and ferroptosis.
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Ferroptosis is an iron-dependent programmed cell death with the characteristics of glu-
tathione depletion and lipid peroxidation (LPO) (1). Great strides have been made
over the past decade to characterize the molecular pathways involved in ferroptosis
(1-9). Small molecule compounds such as erastin and RSL3 can inhibit the import of
cysteine or target the phospholipid peroxidase GPX4, respectively, leading to the
collapse of cellular redox homeostasis and ferroptosis (1, 2). These studies confirm
glutathione (GSH) metabolism as the key machinery in the defense against lipid perox-
idation and ferroptosis, and inactivation of such defense systems causes ferroptosis.
Numerous other biological processes, including polyunsaturated fatty acid metabolism,
NADPH, and coenzyme Q10 were found to suppress or drive ferroptosis via regulating
cellular redox homeodynamics and lipid peroxidation (4, 10-12). Accumulating evi-
dence has shown that ferroptosis is associated with cardiomyopathy, heart
ischemia—reperfusion injury, and numerous other diseases (13—17). These studies have
raised the possibility of exploiting and defending against ferroptotic vulnerability under
different pathophysiological conditions, including cardiovascular diseases.

Since the discovery of ferroptosis, the mitochondrion has been suggested to play a cen-
tral role. Early electron microscopic (EM) analysis revealed that ferroptotic cells typically
contain shrunken mitochondria with increased inner membrane density (1). Mitochondria
utilize oxygen during oxidative phosphoryladon (OXPHOS) for adenosine triphosphate
(ATP) production. They are also the center for cellular lipid metabolism, iron metabolism,
and reactive oxygen species (ROS) production (18), rendering them particularly susceptible
to lipid peroxidation, a hallmark of ferroptosis. During evolution, mitochondria have there-
fore evolved defense machineries against ferroptosis. These include the mitochondrial form
of GPX4 (mitoGPX4), which detoxifies peroxidized lipids, and mitochondrial ferritin,
which chelates and stores liable iron to prevent it from damaging organelles (3, 13). Recent
work from Gan and coworkers showed that mitochondrial dihydroorotate dehydrogenase
(DHODH) works together with mitoGPX4 in mitochondria to detoxify lipid peroxides
and defends against ferroptosis (3). The specific role of mitochondria during the progres-
sion of ferroptosis remains poorly understood.

Mitochondria house sophisticated redox-sensitive components and are dependent on
redox balance to maintain normal functions (19, 20). Redox imbalance, including exces-
sive depletion or oxidation of the mitochondrial GSH (mitoGSH) pool, is associated
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with several pathophysiological conditions (21). Mitochondria
contain 10 to 15% of the total cellular GSH, although they do
not produce GSH (22, 23). At physiological pH, GSH is nega-
tively charged and thus impermeable to mitochondria. To enter
the mitochondrial matrix, GSH solely relies on the mitochon-
drial carrier proteins such as SLC25A11 (24-26). GSH protects
against ROS, electrophiles, xenobiotics, and protein thiol oxida-
tion, and it is critical for mitochondrial bioenergetics, including
the tricarboxylic acid (TCA) cycle, fatty acid metabolism,
OXPHOS and mitochondrial integrity (27). MitoGSH also
plays an important role in iron homeostasis and iron—sulfur clus-
ter assembly inside mitochondria (28, 29). It also serves as a
cofactor for GPX4 to reduce lipid peroxidation (30, 31), and
mitochondrially localized GPX4 was found to play a key role in
the protection from acute injury induced—cardiomyopathy (13).
These studies point toward a potential role of mitoGSH in
ferroptosis.

FUNDC2 (FUNI14 domain—containing 2, also known as
HCBP6) (32, 33) is a conserved mitochondrial outer membrane
protein with two transmembrane domains. Previously, we
reported that FUNDC2 regulates mitochondrial-dependent death
in platelets in response to hypoxia (34). In an effort to under-
stand the molecular functions of FUNDC2, we noticed that the
cardiac function remained unaffected when FUNDC2 was defi-
cient, although FUNDC2 is highly expressed in the heart, lead-
ing us to investigate the role of FUNDC2 in cardiac injury.
Here, we found that FUNDC?2 interacts with SLC25A11 to reg-
ulate mitoGSH and ferroptosis. This previously unknown
FUNDC2-SLC25A11 axis is critical for ferroptosis regulation
and plays a pivotal role in cardioprotection in response to doxo-

rubicin (DOX)-induced heart injury.
Results

Knockout of FUNDC2 Ameliorates DOX-Induced Cardiomyopathy.
We first screened FUNDC2 protein levels in major organs by
Western blotting analysis and found that FUNDC2 is highly
expressed in the heart, indicating its potential functions there
(Fig. 1A4). Despite the complete loss of FUNDC2 protein (Fig.
1B), the FUNDC2-knockout (KO) offspring were born at Men-
delian ratio and appeared grossly normal. At baseline, adult
FUNDC2-KO mice have normal body weight and normal heart
functions (Fig. 1C-G, control groups). We were interested to see
whether FUNDC2 plays a role in response to cardiac injury.
Doxorubicin (DOX) is a widely used clinical anticancer medi-
cine, with known side effects of cardiotoxicity. By injecting a sin-
gle dose of 10 mg/kg DOX (saline as control) to both wild-type
(WT) and FUNDC2-KO mice, we found that loss of body
weight and heart weight was significantly less in FUNDC2-KO
compared to the WT mice (Fig. 10). Transthoracic echocardiog-
raphy was used to evaluate the cardiac functions by measuring
the left ventricular ejection fraction (LVEF) and left ventricular
fractional shortening (LVFS), indicators of left ventricular systolic
function (Fig. 1D). There was no significant difference in LVEF
and LVES in the WT and FUNDC2-KO mice treated with
saline (control), whereas the cardiac functions were much better
preserved after DOX-treatment in FUNDC2-KO mice compared
to the WT controls (Fig. 1F). In agreement with this, the
mRNA levels of heart failure biomarkers (14, 15), i.e., Anp (atrial
natriuretic peptide), Bnp (brain natriuretic peptide), and Myh7
(myosin-7), were all significantly up-regulated by DOX in the
WT hearts, but not in the FUNDC2-KO hearts (Fig. 17). Of
note, there was no difference in saline-treated groups (Fig. 1F).
Masson’s Trichrome staining indicated that knockout of
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FUNDC2 prevents DOX-induced cardiac fibrosis (Fig. 1G). Col-
lectively, these results suggest that the loss of function of
FUNDC2 protects mice from DOX-induced cardiomyopathy.

Knockout of FUNDC2 Ameliorates DOX-Induced Ferroptosis.
Recent reports indicate that ferroptosis plays an important role in
DOX-induced cardiotoxicity (13, 15). We speculated that
FUNDC2 may modulate ferroptosis to affecc DOX-induced car-
diotoxicity. Therefore, we first checked whether ferrostatin-1
(Fer-1), a widely used ferroptosis inhibitor, can ameliorate DOX-
induced cardiomyopathy. Consistent with previous reports, Fer-1
pretreatment strongly protected against cardiac damage in both
WT and FUNDC2-KO mice (Fig. 1C-G). To further ascertain
the role of FUNDC2 with DOX-induced ferroptosis, we ana-
lyzed the expression of Prgs2 mRNA, a biochemical hallmark for
ferroptosis. As expected, DOX induced a significant nearly three-
fold up-regulation of cardiac Ptgs2 mRNA in the WT mice,
which was abolished by Fer-1 pretreatment (Fig. 24). However,
no change in Prgs2 mRNA expression was observed in the KO
mice (Fig. 2A4). In addition, knockout of FUNDC2 failed to pro-
tect staurosporine (STS)-induced apoptosis, TNF-o/SM-164/
Z-VAD-FMK (T/S/V) induced necroptosis, starvation-induced
autophagy, and H,O,-induced necrosis in mouse embryo fibro-
blast (MEF) cells (S/ Appendix, Fig. S1A-G) compared to WT
cells, indicating a ferroptosis-specific role of FUNDC2.

We further checked the level of 4-hydroxynonenal (4-HNE),
a biomarker of lipid peroxidation and a key indicator of ferrop-
tosis in vivo (15, 16, 32). We found that 4-HNE levels were
significantly increased in the cardiac tissue of the DOX-treated
WT mice, but not in the FUNDC2-KO mice (Fig. 2B and O).
We also analyzed the levels of malondialdehyde (MDA), a prod-
uct of lipid peroxidation (15, 32, 33), and found its
up-regulation could only be detected in WT mice, but not in
the FUNDC2-KO mice (Fig. 2D, Lefd). Previous studies have
suggested that the mitochondria are responsible for the increase
of MDA in response to DOX (13, 15). We then isolated the
subcellular fractions of cardiac tissues and found that DOX
treatment enhanced the MDA levels in mitochondria, but not
in the cytoplasm (Fig. 2D, Middle, Righ?). Notably, such MDA
increase was only observed in the WT but not the FUNDC2-
KO mice (Fig. 2D, Middle, Right). Our results are consistent
with the observation that DOX treatment enhanced lipid perox-
idation specifically in the mitochondria (13, 15). Conversely,
FUNDC?2 deficiency can prevent the increase of DOX-induced
lipid peroxidation. We further examined mitochondrial morphol-
ogy using EM and found that the mitochondria in DOX-treated
hearts were ruptured, with distorted cristac and reduced cristae
density. In contrast, FUNDC2 deficiency largely prevented such
mitochondrial damage (Fig. 2£). Finally, Fer-1 strongly prevents
the DOX-induced mitochondrial deformation, indicating a
DOX-mitochondria—ferropotosis signaling axis (Fig. 2E).

FUNDC2-KO Inhibits Erastin-Induced Cell Death. GSH metabo-
lism lies at the center of redox metabolism and ferroptosis (2).
We measured the total GSH/glutathione disulfide (GSSG) ratio
and GSH levels in cardiac tissue and found that the GSH/GSSG
ratio and GSH levels in FUNDC2-KO myocardium were much
higher than those in the WT groups (Fig. 34 and SI Appendix,
Fig. S24). As FUNDC2 is a mitochondrial protein, we sought to
determine whether FUNDC2 regulates mitochondrial GSH.
Indeed, the mitochondrial GSH/GSSG ratio and GSH levels in
the FUNDC2-KO hearts were higher compared to those in the
WT group (Fig. 34 and SI Appendix, Fig. S2A). Strikingly, both
total and the mitochondrial GSH/GSSG ratio and GSH levels
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Fig. 1. Knockout of FUNDC2 ameliorates doxorubicin-induced cardiomyopathy. (4) Relative expression levels of FUNDC2 in different tissues of the male
mouse were analyzed by Western blotting (Left) and quantified with GAPDH (Middle) or mitochondrial protein ATPSB (Right) as the internal control (n = 3 mice).
(B) Immunoblot of FUNDC2 and GAPDH in heart tissue lysates from WT and FUNDC2-KO male mice. (C-G) Body weight (Left) and heart weight (HW)/tibial length
(TL) ratio were measured in WT and FUNDC2-KO mice subjected to DOX or saline (control) in the presence or absence of ferrostatin-1 (Fer-1) at day 4 (n = 4 to
5 mice) (C). For each group subject, the echocardiogram was performed (D); LVEF (Left) and LVFS (Right) were measured (n = 4 to 5 mice) (E); the relative mRNA
levels of Anp, Bnp, and Myh?7, cardiac hypertrophy biomarkers, were analyzed by qPCR (n = 4 to 5 mice) (F); and the collagen fibrosis in myocardium were visual-
ized by Masson’s Trichrome staining (Left) and quantified by collagen volume fraction (%, collagen fibrosis per total myocardium) (Right). (Scale bar, 50 pm.)
(n =4 to 5 mice) (G). Statistical significance was calculated by Student ¢ test (G) and one-way ANOVA (A, G, E, and F);*P < 0.05, **P < 0.01, ***P < 0.001 and ns
indicates no significance.
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Fig. 2. Knockout of FUNDC2 mitigates doxorubicin-induced ferroptosis. (A-E) For the mice both WT and FUNDC2-KO subjected to DOX or saline (control)
treatment in the presence or absence of Fer-1 at day 4, the relative levels of Ptgs2 mRNA in myocardium were measured by qPCR (n = 4 to 5 mice) (A), and
their expression levels of 4-HNE in hearts were analyzed and quantified relative to GAPDH by immunoblot analysis (n = 3 mice) (B). The cardiac tissues of
mice from each group were stained with anti-4-HNE (Top) and quantitative analysis was performed (Bottom). (Scale bars, 50 pm [Top].) (n = 4 to 5 mice)
(C). MDA levels in the whole (Left), the cytosolic fraction (Middle), and the mitochondrial fraction (Right) (n = 4 to 5 mice) (D) of the myocardium tested were
measured. Representative EM images of cardiac tissues (E) were obtained. (Scale bars, 1 pm [Top] and 500 nm [Bottom].) Statistical significance was calcu-
lated by Student's t test (C) and one-way ANOVA (A, B, and D); *P < 0.05, **P < 0.01, ***P < 0.001 and ns indicates no significance.
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Fig. 3. FUNDC2-KO inhibits but mitoGSH depletion increases erastin-induced cell death. (A) The cardiac glutathione (GSH)/GSSG ratio and the cardiac mito-
chondrial (mito) GSH/GSSG ratio of each mouse were measured in WT and FUNDC2-KO mice subjected to DOX or saline (control [CTL]). (B-D) Cellular, cyto-
solic (Cyto), and mitochondrial (Mito) GSH/GSSG ratio were determined in WT and FUNDC2-KO MEF cells after being treated with 5 pM erastin or dimethyl
sulfoxide (DMSO) for 3 h (B). These two types of cells were treated with 2.5 uM, 5 pM, and 10 pM erastin or DMSO for 6 h or 4 h in the presence or absence
of 5 pM Fer-1; after that, the cell death of each group was determined by PI staining coupled with flow cytometry (6 h) (C); and the lipid ROS level of each
group was analyzed by C11-BODIPY staining coupled with flow cytometry (4 h) (D). (E-H) Cyto and Mito GSH/GSSG ratio were determined in WT and
FUNDC2-KO MEF cells after being incubated with 5 uM erastin or DMSO for 3 h with or without the pretreatment of 20 pM MitoCDNB (£). In addition, both
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(F) at the same position and further analyzed by PI staining coupled with flow cytometry (6 h) (G); and the lipid ROS level was determined by C11-BODIPY
staining coupled with flow cytometry (4 h) (H). Data from three independent experiments and statistical significance was calculated by Student's t test;
*P < 0.05, **P < 0.01, ***P < 0.001 and ns indicates no significance.
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were reduced to ~50% by DOX treatment in WT hearts but
were preserved in the KO hearts (Fig. 34 and SI Appendix, Fig.
S2A). These data demonstrated that high GSH levels, particularly
mitoGSH, appear to be cardioprotective in the context of DOX-
induced cardiotoxicity.

To further understand the molecular mechanism of how
FUNDC2 regulates mitoGSH, we performed in vitro studies
with WT and FUNDC2-KO MEEF cells (S Appendix, Fig.
S2B). Consistent with in vivo results, mitochondrial and the
cytosolic GSH/GSSG ratio and GSH (cytoGSH) levels and in
FUNDC2-KO MEEF cells were much higher than those in the
WT MEF cells (Fig. 3B and SI Appendix, Fig. S2C). Erastin
treatment reduced the GSH/GSSG ratio and GSH levels from
both WT and FUNDC2-KO MEEF cells, but the GSH/GSSG
ratio and GSH levels remained higher in FUNDC2-KO MEF
cells compared to those in WT MEF cells under all conditions
(Fig. 3B and SI Appendix, Fig. S2C). The GSH levels were cor-
related with cell death in response to erastin (Fig. 3C and S/
Appendix, Fig. S2D and E), indicating a functional importance
of GSH in ferropotosis. Lipid ROS accumulation was measured
by flow cytometry using C11-BODIPY, a fluorescent probe of
lipid peroxidation, which demonstrated that FUNDC2 defi-
ciency prevented the erastin-induced lipid ROS accumulation
(Fig. 3D). Further, the erastin-induced lipid ROS accumulation
was evident on mitochondria (87 Appendix, Fig. S2F) and
FUNDC2 deficiency prevented most erastin-induced mito-
chondrial damage (S Appendix, Fig. S2G). In sharp contrast
with the WT cells, erastin-induced Prgs2 mRNA expression was
largely abolished in FUNDC2-KO MEF cells (ST Appendix,
Fig. S2H). In addition, we performed in vitro studies with WT
and FUNDC2-knockdown (KD) H9¢2 cells, a rat cardiomyo-
cyte line. Consistent with the in vivo results, mitochondrial
GSH levels and the GSH/GSSG ratio in FUNDC2-KD H9c2
cells were much higher than in the WT H9c2 cells (S
Appendix, Fig. S3A-C). FUNDC2 KD also prevented DOX-
induced cell death, lipid peroxidation, and mitochondria dam-
age in H9¢2 cells (87 Appendix, Figs. S3D and E and S4A4-C).

DOX-induced ferroptosis was also confirmed in MEF cells.
Consistently, FUNDC2 deficiency prevented DOX-induced
cell death, lipid peroxidation, and mitochondria damage (57
Appendix, Figs. S4D—F and S5A-E), and this effect was rescued
by reintroducing FUNDC2 into FUNDC2-KO MEF cells (57
Appendix, Fig. S5A-E). Conversely, overexpression of FUNDC2
enhanced DOX-induced cell death and lipid peroxidation (S/
Appendix, Fig. S5F-)).

We also investigated the role of FUNDC2 in the context
of other ferroptosis inducers, including sulfasalazine (SASP),
L-buthionine-sulfoximine (BSO), and RSL3 (2). SASP and
BSO reduce the GSH levels by direct inhibition of cysteine/
glutamate antiporter system Xc~ activity and GSH biosynthe-
sis, respectively, while RSL3 induces ferroptosis by inhibiting
GPX4. As shown in ST Appendix, Fig. S6A-L, FUNDC2 defi-
ciency inhibited SASP/BSO/RSL3-induced cell death and lipid
ROS accumulation. Taken together, these results indicated
FUNDC2 mediates ferroptosis, likely through modulating
mitochondrial GSH.

To further confirm that FUNDC2 promotes ferroptosis via
mitoGSH, we treated MEF cells with MitoCDNB, a specific
mitochondrial GSH depletory chemical (27), to selectively
deplete the mitochondrial GSH pool. Pretreatment with
MitoCDNB reduced the mitochondrial GSH/GSSG ratio and
GSH level, which was further reduced after erastin treatment
(Fig. 3E and SI Appendix, Fig. S21). MitoCDNB treatment
effectively enhanced erastin-induced cell death (Fig. 3F and G)
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and lipid ROS accumulation (Fig. 3H) in both WT and
FUNDC2-KO MEF cells. Together, these results suggest that
mitoGSH depletion indeed increases erastin-induced cell death.

FUNDC2-SLC25A11 Axis Modulates Ferroptosis. To gain insight
into the molecular mechanism by which FUNDC2 affects
mitoGSH levels, we performed tandem affinity purification (TAP)
in combination with the mass spectrometry (MS) to identify pro-
teins that may directly interact with FUNDC2. Among the multi-
ple candidates identfied, we were intrigued by SLC25Al1, a
known mitochondrial GSH transporter (24-26) (SI Appendix, Fig.
S7A). SLC25A11 is localized in the mitochondrial inner mem-
brane, serving as a mitochondrial GSH transporter to import GSH
into mitochondria. Coimmunoprecipitation (Co-IP) analysis
revealed that FUNDC2 specifically interacted with endogenous
SLC25A11 protein in Hela (SI Appendix, Fig. S7B) and MEF
cells (81 Appendix, Fig. S70). Although SLC25A10 was also found
to be involved in the import of GSH and other TCA substrates
(24, 35, FUNDC2 did not interact with SLC25A10 (SI Appendix,
Fig. S7D). Super-resolution microscopy (structure illumination
microscopy, SIM) further confirmed the colocalizatdon of
FUNDC2 with SLC25A11 in Hela cells (S7 Appendix, Fig. S7E).

We next sought to investigate whether the interaction
between FUNDC2 and SLC25A11 is of functional conse-
quence in ferroptosis. Using an shRNA approach, we first sta-
bly knocked down SLC25A11 in WT and FUNDC2-KO
MEEF cells (with the scramble shRNA as control) (Fig. 44), and
found that SLC25A11 deficiency deceased the mitochondrial
GSH/GSSG ratio and GSH levels in both WT and FUNDC2-
KO MEF cells without much effect on the cytosolic GSH/
GSSG ratio and GSH levels (Fig. 4B and S/ Appendix, Fig.
S84). SLC25A11 KD also enhanced erastin-induced ferroptosis
regardless of FUNDC2 levels, as evidenced by cell viability, cell
death (Fig. 4C-E), and lipid ROS accumulation (Fig. 4F).
These data suggested that SLC25A11 is required for cells to
survive against ferroptosis.

We further explored whether the gain of function in
SLC25A11 can prevent erastin-induced ferroptosis. We stably
transfected the plasmids encoding the vector or Flag-SLC25A11
into WT and FUNDC2-KO MEF cells (Fig. 4G), and found
that SLC25A11 overexpression increased the mitochondrial
GSH/GSSG ratio and GSH levels in both WT and FUNDC2-
KO MEF cells, with or without erastin treatment (Fig. 4/ and
SI Appendix, Fig. S8B). Consequently, SLC25A11 overexpression
was sufficient to inhibit the erastin-induced cell death (Fig. 4/-K)
and lipid ROS accumulation (Fig. 41).

Taken together, these results suggested that SLC25A11
counteracts FUNDC2-dependent ferroptosis.

FUNDC2 Modulates the Stability of SLC25A11. The date above
have demonstrated that loss of function in FUNDC2 increases
mitoGSH levels via a SLC25A11-dependent mechanism. Here
we sought to determine how FUNDC2 regulates SLC25A11.
By Western blot assay, we found that FUNDC2-KO could
increase the SLC25A11 level and block the erastin-induced
reduction of GPX4 and mitochondrial proteins such as TIM23
and TOM20 in MEF cells (Fig. 54). In addition, the
SLC25A11 level in cardiac tissue of FUNDC2-KO mice was
higher than in WT mice (Fig. 5B). No effect was observed with
SLC25A10, another SLC25 family member (Fig. 5 A and B).
Although the mitochondrial proteins and GPX4 were down-
regulated in response to DOX in both WT and FUNDC2-KO
mice, FUNDC2-KO alleviated the degree of down-regulation
(Fig. 5B). We then tested whether the interaction between
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Fig. 4. FUNDC2/SLC25A11 axis modulates ferroptosis. (A) Immunoblot analysis of FUNDC2, SLC25A11, and actin in WT, WT/SLC25A11-KD, FUNDC2-KO, and
FUNDC2-KO/SLC25A11 KD MEF cells. (B-F) Cyto and Mito GSH/GSSG ratio were determined in WT/scramble, WT/SLC25A11-KD, FUNDC2-KO/scramble, and
FUNDC2-KO/SLC25A11-KD MEF cells after being treated with 5 pM erastin or DMSO for 3 h (B). These four types of cells were treated with 5 pM erastin or
DMSO for 6 h or 4 h in the presence or absence of 5 uM Fer-1; then the cell viability was measured by CCK-8 (C); the cell death was visualized by PI staining
coupled with microscopy in both the brightfield (BF) (Top) and fluorescent modes (Bottom) (Scale bar, 20 um.) (D) at the same position and further analyzed
by PI staining coupled with flow cytometry (6 h) (E); and the lipid ROS level was determined by C11-BODIPY staining coupled with flow cytometry (4 h) (F).
(G) Immunoblot analysis of FUNDC2, SLC25A11, and actin in WT/vector, WT/Flag-SLC25A11, FUNDC2-KO/vector, and FUNDC2-KO/Flag-SLC25A11 MEF cells.
(H-L) Cyto and Mito GSH/GSSG ratio (H) were determined in WT/vector and WT/Flag-SLC25A11, as well as FUNDC2-KO/vector and FUNDC2-KO/Flag-
SLC25A11 MEF cells after being treated with 5 uM erastin or DMSO for 3 h. These four types of cells were treated with 5 pM erastin or DMSO in the presence
or absence of 5 pM Fer-1; then the cell viability was measured by CCK-8 (/); the cell death was visualized by Pl staining coupled with microscopy in both the
brightfield (BF) (Top) and fluorescent (Bottom) modes (Scale bar, 20 um.) (/) at the same position and further analyzed by PI staining coupled with flow cytom-
etry (6 h) (K); and the lipid ROS level was determined by C11-BODIPY staining coupled with flow cytometry (4 h) (L). Data from three independent experi-
ments and statistical significance was calculated by one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 and ns indicates no significance.
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Fig. 5. FUNDC2 regulates SLC25A11 protein. (A) Immunoblot analysis of FUNDC2, SLC25A11, SLC25A10, TIM23, TOM20, GPX4, and actin in WT and
FUNDC2-KO MEF cells treated with 5 uM erastin or DMSO for 6 h. (B) Immunoblot analysis of FUNDC2, SLC25A11, SLC25A10, TIM23, TOM20, GPX4, and
GAPDH in myocardium of WT and FUNDC2-KO mice treated with DOX or saline (control) for 4 d (n = 3 mice). (C) WT and FUNDC2-KO MEF cells treated with
5 pM erastin or DMSO for 3 h were collected for IP with IgG or anti-FUNDC2 antibodies and analyzed with anti-FUNDC2 or SLC25A11 antibodies, respectively.
IB, immunoblot. IgG was used as the negative control. (D) Cardiac tissues of WT and FUNDC2-KO mice treated with DOX or saline (control) for 3 d were col-
lected for IP with IgG or anti-FUNDC2 antibodies and analyzed with FUNDC2 or SLC25A11 antibodies, respectively. IgG was used as the negative control.
(E) Dimeric and monomeric forms of SLC25A11 were analyzed in WT and FUNDC2-KO MEF cells and mitochondrial fractions treated with 5 pM erastin or
DMSO for 6 h. Mitochondria fractions isolated from the cells and total cellular lysates with the presence or absence of SDS were separated by native PAGE,
blotted to NC membranes, and incubated with antibodies against SLC25A11, FUNDC2, VDAC1, and actin. (F) Dimeric and monomeric forms of SLC25A11
were analyzed in the cardiac tissues and mitochondrial fractions from WT and FUNDC2-KO mice treated with DOX or saline (control) for 4 d. Mitochondria
fractions isolated from cardiac tissues and tissue lysates with the presence or absence of SDS were separated by native-PAGE, blotted to NC membrane,
and incubated with antibodies against SLC25A11, FUNDC2, VDAC1, and GAPDH. Data in A and C-F were obtained from three independent experiments.
Statistical significance was calculated by Student's ¢ test (C and D) and one-way ANOVA (4, B, E, and F); *P < 0.05, **P < 0.01, ***P < 0.001 and ns indicates
no significance.
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FUNDC2 and SLC25A11 is enhanced during ferroptosis. By
coimmunoprecipitation assay, we found that erastin treatment
reinforced the interaction between FUNDC2 and SLC25A11
(Fig. 50). Similar results were recapitulated in the cardiac tissue
in vivo (Fig. 5D).

Next, we confirmed whether FUNDC2 regulated the protein
stability of SLC25A11. WT and FUNDC2-KO MEF cells
were treated with cycloheximide (CHX), an inhibitor of protein
synthesis, for different times as indicated in SI Appendix, Fig.
S9A4, and the results showed that FUNDC2-KO blocks the
CHX-induced reduction of SLC25A11, but not other mito-
chondrial proteins such as SLC25A10, TIM23, and TOM20
in MEF cells (87 Appendix, Fig. S9A). However, the SLC25A11
mRNA expression in FUNDC2-KO MEEF cells was similar to
that in WT MEF cells, with or without erastin treatment (S/
Appendix, Fig. S9B).

As a number of mitochondrial proteins need to be assembled
into oligomeric structures to fulfill their functions, we exam-
ined the oligomeric state of SLC25A11 by blue native electro-
phoresis. As shown in Fig. 5E, SLC25A11 protein was present
in a dimeric form in MEF cells and their mitochondrial frac-
tions lysed with the mild nondenaturing detergent Nonidet
P-40, whereas only the monomeric form of SLC25A11 could
be observed in lysis with the strong denaturing deter-
gent sodium dodecyl sulfate (SDS). Protein levels of both the
dimeric and monomeric forms of SLC25A11 were higher in
FUNDC2-KO MEF cells than in WT MEEF cells, regardless of
erastin treatment (Fig. 5F). Similarly, a difference, albeit to a
relatively minute extent, could also be observed in the cardiac
tissues and their mitochondrial fractions in vivo (Fig. 5F).
These results suggest that FUNDC2 regulates the stability and
dimerization of SLC25A11 to modulate its function.

Discussion

FUNDC2 Regulates Ferroptosis. Previous studies suggest a
complex and somewhat controversial role of mitochondria in fer-
roptosis. Mitochondria are well equipped with both pro- and
antiferroptosis machineries (3, 13, 15, 34). The key question is
how these machineries are regulated under (patho-)physiological
conditions, and how the cytosolic ferroptotic signals are trans-
duced into mitochondria, or vice versa, for ferroptosis. Our sur-
prising finding is that a highly conserved mitochondrial outer
membrane protein, FUNDC2, regulates ferroptosis. Knockout of
FUNDC2 both in mice and in cultured MEF cells can protect
the cells from ferroptosis. Such effects are specific to ferroptosis,
as knockout of FUNDC?2 fails to block mitochondrial-dependent
apoptosis and necroptosis (S/ Appendix, Fig. S1A-D). Knockout
of FUNDC2 prevents the doxorubicin-induced mitochondrial
deformation in cardiomyocytes and mitochondrial dysfunction in
cultured MEF cells. Further studies revealed that knockout of
FUNDC2 affects the mitochondrial levels of GSH (Fig. 34 and
B and SI Appendix, Fig. S2A and (), and the stability of
mitoGPX4 (ST Appendix, Fig. S90), a key regulator for ferropto-
sis. It appears that FUNDC2 serves as a sentinel at the outer
membrane of mitochondria for ferroptotic stress and transduces
the signal into the mitochondrial matrix via affecting the trans-
portation of GSH into mitochondria. As such, FUNDC2 may
regulate the mitochondrial GSH pool, which is essential for the
mitochondrial stress response, the import of mitochondrial
proteins, and protein stability and mitochondrial functions.
Recent BioID and TurbolD analyses have shown that FUNDC2
is localized at mitochondria-associated endoplasmic reticulum
(ER) membranes (36), a critical site for mitochondria-ER Ca**

PNAS 2022 Vol.119 No.36 2117396119

signaling and lipid transfer across membranes (37, 38). It is also
possible that FUNDC2 may coordinate the transportation of
GSH across the membrane, which may be important for protein
folding in ER and mitochondria.

FUNDC2-SLC25A11 Axis Regulates MitoGSH. The major finding
of our current study is that FUNDC2 interacts with SLC25A11
to regulate mitoGSH and ferroptosis. Their interaction is
increased in DOX-induced cardiomyopathy or under ferroptotic
stress in MEF cells (Fig. 5C and D). Concomitantly, mitoGSH
levels were decreased, and mitochondrial ROS and lipid peroxida-
tion are much enhanced. Importantly, knockdown of SLC25A11
in the absence of FUNDC2 reduces mitoGSH and augments fer-
roptosis in cultured MEF cells. It appears that FUNDC2 is able
to modulate the stability of SLC25A11 (SI Appendix, Fig. S9A)
and its dimerization (Fig. 5E and F), thus regulating mitoGSH.
This may be important for fine tuning the import of GSH. As
knockout of FUNDC2 improves mitoGSH, we speculate that
the function of FUNDC2 is to suppress SLC25A11 activity to
some extent, although the precise mechanism remains to be
explored. It is also possible that mitochondria have additional sys-
tems to maintain the homeostasis of mitoGSH. Previous studies
have shown that SLC25A10 in the mitochondrial inner mem-
brane was also involved in the GSH transport into mitochondria
(24, 39). However, the silencing of SLC25A10 did not alter
mitoGSH levels in FUNDC2-KO cells (SI Appendix, Fig. S104
and B), and the overexpression of SLC25A10 cannot mimic the
function SLC25A11 plays to prevent erastin-induced ferroptosis
(81 Appendix, Fig. S10C-G). Also, no interaction between
FUNDC2 and SLC25A10 was observed (SI Appendix, Fig.
S7D). Alanine spanning analysis revealed that Q64 residue of
FUNDC2 in the intermembrane space of mitochondria is indis-
pensable for the interaction between FUNDC2 and SLC25A11,
and such interaction substantially affects the mitochondrial GSH/
GSSG ratio (SI Appendix, Fig. S11A-E). Therefore, we conclude
that FUNDC2 regulates mitoGSH by specific interaction with
SLC25A11. As a key cellular reductant, GSH lies at the center of
redox homeodynamics within mitochondria and plays an essential
role in maintaining sulfhydryl-containing proteins in the reduced
and active forms and the stability of these proteins (40, 41).
Thus, the FUNDC2/SLC25A11 axis monitors the levels of
mitoGSH for proper stability and function of GPX4, which is
critical for preventing the detrimental effects of ferroptosis
inducers on mitochondrial morphology and integrity (1). In sup-
porting this, specific depletion of mitoGSH by mitoCDNB
augments erastin-induced ferroptosis. Although the precise details
of the interaction between FUNDC2 and SLC25A11 for the
import of GSH are not completely understood, our work none-
theless reveals how ferroptotic stress impinges on mitochondria
for ferroptosis via affecting mitoGSH, and thus offers mecha-
nisms of molecular regulation of mitoGSH and ferroptosis.

Mitochondria and Ferroptosis in DOX-Induced Heart Injury.
DOX is a widely used chemotherapeutic agent that induces pro-
gressive, chronic, life-threatening cardiomyopathy, limiting its
treatment for malignancies (35, 42). Both cardiomyocyte apopto-
sis and caspase-independent cell death are attributed to the conse-
quent cell loss, leading to the deterioration of cardiac function
(43). DOX accumulates in mitochondria, targets mitochondrial
respiration, and inhibits mitochondrial antioxidant mechanisms,
leading to aggravated mitochondrial ROS production (44).
Moreover, DOX can also induce mitophagy to remove damaged
mitochondria (45-49). In fact, we found that the protein levels
of FUNDC2 and some mitochondrial proteins such as TIM23,
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SLC25A11, and SLC25A10 were also decreased upon DOX
treatment, suggesting mitophagy was triggered (Fig. 5B). In addi-
tion, DOX can interact with iron directly to form a complex
that will result in iron cycling between the ferro [Fe (II)] and ferri
[Fe (III)] forms for additional ROS production (50). Our work
showed that knockout of FUNDC2 in MEF cells and knock-
down of FUNDC?2 in cardiac cells prevented the DOX-induced
mitochondrial superoxide accumulation (S Appendix, Fig. S124
and B). Recent reports have shown that ferroptosis, along with
apoptosis, is the major form of programmed cell death in DOX-
induced myocyte death (15). DOX down-regulates GPX4 and
induces mitochondrial lipid peroxidation and mitochondrial-
dependent ferroptosis, and inhibition of ferroptosis delays or pre-
vents heart injury (13). Our results further extend this finding by
showing that mitochondrial FUNDC2 is important for DOX-
induced cardiomyopathy. Knockout of FUNDC2 largely pre-
vented DOX-induced cardiomyopathy. Further studies revealed
that FUNDC?2 regulates mitoGSH and the stability of GPX4 and
SLC25A11 required for DOX-induced ferroptosis and heart
injury. Our work is in line with most recent reports showing that
mitochondrially localized GPX4 suppressed the production of
lipid peroxidation and prevented DOX-induced ferroptosis (13).
These studies, including ours, highlight a strategy to protect
DOX-induced cardiomyopathy by blocking ferroptosis and
improving the mitochondrial GSH pool and functions.

Materials and Methods

Reagents and Antibodies. The following reagents were used: Erastin (catalog
No. [Cat. No.] S7242, Selleck Chemicals); MitoCDNB (Cat. No. SML2573, Sigma);
RSL3 (Cat. No. 58155, Selleck Chemicals); L-buthionine-sulfoximine (Cat. No.
B2515, Sigma); sulfasalazine (Cat. No. S1576, Selleck Chemicals); staurosporine
(Cat. No. 51421, Selleck Chemicals); Bafilomycin A1 (Cat. No. HY-100558, Med-
ChemExpress); TNF-a (Cat. No. CFO9, Novoprotein Scientific); SM-164 (Cat. No.
HY-15989, MedChemExpress); necroptosis inhibitor (Cat. No. S8037, Selleck
Chemicals); Z-VAD-FMK (Cat. No. 7023, Selleck Chemicals); and cycloheximide
(Cat. No. 57418, Selleck Chemicals).

The following antibodies were used: Anti-FUNDC2 antibody was generated by
immunizing rabbits with recombinant FUNDC2 protein and purified by affinity chro-
matography in our laboratory; anti-GPX4 antibody (Cat. No. ab125066, Abcam);
anti-SLC25A11 (Cat. No. sc-515593, Santa Cruz); anti-SLC25A11 (Cat. No. 12253-1-
AP, Proteintech); anti-SLC25A10 (Cat. No. ARP66277, Aviva Systems Biology); anti-
TIM23 antibody (Cat. No. 611223, BD Biosciences); anti-TOM20 antibody (Cat. No.
11802-1-AP, Proteintech); anti-VDAC1 antibody (Cat. No. Ab14734, Abcam); anti-
LC3 antibody (Cat. No. PM036, MBL); anti-P62 antibody (Cat. No. PM045, MBL);
anti-glyceraldehyde-3-phosphate - dehydrogenase (GAPDH) antibody (Cat. No.
60004-1-1g, Proteintech); anti-Flag antibody (Cat. No. F1804, Merck); and anti-p-
actin antibody (Cat. No. A5441, Sigma).

Cell Culture and Establishment of Stable Cell Lines. MEF, Hela, H9c2, and
HEK-293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
(Gibco) containing 10% fetal bovine serum (FBS) and 1% antibiotics penicillin
and streptomycin (P/S) at 37 °C and 5% CO, in the incubator. Plasmids were
transfected into Hela and HEK-293T cells using MegaTran 1.0 (Cat. No.
1200003, OriGene). Primers for shRNA target SLC25A11 or scramble shRNA (as
a control) were cloned into pSicoR vector. The target sequence in SLC25A11 is
5/-CCTCTTACTCTCAATCTAA-3'. The sequence of the target gene was cloned with
pCDH-CMV vector. These vectors were transfected into HEK-293T cells to package
viruses. To establish the stable SLC25A11-knockdown cell lines, WT and
FUNDC2-KO MEF cells were infected with shRNA expression viruses. To establish
stable expression cell lines, WT and FUNDC2-KO MEF cells were infected with tar-
get gene expression viruses. These stable cell lines were screened by puromycin
(1 mg/mL) for 7 d.

Transient Knockdown of Target Gene. Target gene SiRNA and scramble
siRNA (as a control) were transfected into MEF and H9¢2 cells using RNAIMAX
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(Cat. No. 13778150, Invitrogen). The target sequence in SLC25A11 (mouse) is
5'-CCTCTTACTCTCAATCTAA-3'; the target sequence in SLC25A10 (mouse) is
5/-ACACTGTGCTCACTITCAT-3'; and the target sequences in FUNDC2 (rat) are
5'-GACTGGCAGAGACTGGAAA-3' (sequence 1) and 5'-GCTGTTCGGGCCAGAGTCT-3
(sequence 2).

Mice and DOX Treatment In Vivo. All protocols were approved by the Institu-
tional Animal Care and Use Committee of the Institute of Zoology accredited by
American Association for Accreditation of Laboratory Animal Care International.
Adult (6 to 8 wk old) male animals were used in this study. For the generation
of FUNDC2-KO mice, the FUNDC2-targeting vector consisting of two genomic
fragments, and the neomycin resistance gene (Neo) was used to replace the sec-
ond coding exon of the FUNDC2 gene following homologous recombination as
it was described previously (51). Embryonic stem cell clones (C57BL/6 strain)
were used to generate chimeric mice and eventually the FUNDC2-KO mice. For
doxorubicin (DOX) treatment, WT and FUNDC2-KO mice were subjected to a
single intraperitoneal (i.p.) injection of DOX (Cat. No. 51208, Selleck Chemicals,
10 mglkg, body weight) or saline (control) at day 4. Mice were given an i.p.
injection of ferrostatin-1 (Cat. No. 57243, Selleck Chemicals, 1 mg/kg) or vehicle
1 d before the DOX treatment.

SDS-PAGE and Western Blot Assay. Tissues or cells were collected and lysed
in lysis buffer (50 mM Tris-Cl (pH 7.4), 137 mM NaCl, 2 mM ethylene glycol-bis
(beta-aminoethyl ether)-N,N,N',N'tetraacetic acid (EGTA), 10% glycerol, 1% Noni-
det P-40, protease inhibitor mixture). Protein samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then
transferred to nitrocellulose membranes. Membranes were blocked by blocking
solution (5% skim milk or 5% bovine serum albumin) and then incubated with
the primary antibodies against the target proteins, followed by the corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies. Immunoblotted
bands were detected using a chemiluminescence (ECL) kit and were analyzed by
image J software.

Co-Immunoprecipitation. Tissues or cells were lysed in lysis buffer to obtain
tissue or cell lysates as described above. Lysates were treated with the addition
of primary antibodies or IgG (as negative control) and then reacted with protein
A/G beads overnight at 4 °C under rotary agitation. Afterward, the precipitates
were processed for SDS-PAGE and Western blot analysis.

qPCR. Total RNA was extracted from tissues or cells using TRIzol (Invitrogen) and
used as the template to synthesize the cDNA by a cDNA Synthesis Kit (Takara).
gPCR was carried out using a CFX96 Real-Time System (Bio-Rad) with SYBR
Green Master Mix (Tiangen). Relative level of mRNA was calculated after normali-
zation to the actin-p expression level in cells or GAPDH expression level in car-
diac tissues. For qPCR, the forward (F) and reverse (R) primer sequences were as
follows: Ptgs2, 5-GCGACATACTCAAGCAGGAGCA-3' (F), 5'-AGTGGTAACCGCT
CAGGTGTTG-3" (R); Anp, 5'-TCGTCTIGGCCTTTIGGCT-3" (F), 5'-TCCAGGTGGTCTAG
CAGGTTCT-3 (R); Bnp, 5'-AAGTCCTAGCCAGTCTCCAGA-3' (F), 5'-GAGCTGTCTCTGG
GCCATTTC-3' (R); Myh7, 5'-GCTGAAAGCAGAAAGAGATTATC-3' (F), 5'-TGGAGTTCTT
CTCTTCTGGAG-3' (R); SLC25A11, 5'-CTCGTTACCACTGCTGCTTCCA-3" (F), 5'-ATAG
CGGACGACTTTCAGCAGC-3' (R); Gapdh, 5'-CATCACTGCCACCCAGAAGACTG-3 (F),
5/-ATGCCAGTGAGCTTCCCGTTCAG-3' (R); and Actb, 5'-CATTGCTGACAGGATGCAGA
AGG-3’ (F), 5'-TGCTGGAAGGTGGACAGTGAGG-3' (R).

Immunofluorescence. Hela cells transfected with vector and FUNDC2-Myc
plasmid were seeded onto coverslips and fixed with 4% paraformaldehyde
in phosphate buffered saline (PBS) and then permeabilized with 0.2% Triton
X-100. The cells were first incubated with the anti-Myc antibody (Cat. No.
MA1980, Thermo Fisher) and anti-SLC25A11(Cat. No. 12253-1-AP, Proteintech),
followed by treatment with Alexa488- or Alexa555-conjugated secondary anti-
bodies. The samples were observed with super-resolution microscopy (Delta
Vision OMX).

Isolation of Cytosolic and Mitochondrial Fractions from Cells and
Cardiac Tissues. Cells or tissues were harvested and resuspended in hypotonic
mitochondrial isolation buffer. Cells or tissues were gently homogenized using a
Dounce homogenizer and centrifuged at 1,000 x g for 10 min at 4 °C to discard
the precipitate. The collected supematant was then centrifuged at 10,000 x g
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for 10 min at 4 °C to obtain the supematant containing the cytosolic fractions
and the pellet that contained the mitochondria.

Cell Viability Assay. Cell viability was assessed by Cell Counting Kit-8 (Cat. No.
0039, Beyotime). Cells were seeded at 1 x 10* per well in a 96-well plate.
After the indicated treatment, the absorbance was measured at 450 nm using a
Multi-Plate Reader (Biotek Synergy), based on which the percentage of cell via-
bility was then calculated.

Cell Death Measurement. MEF cells were seeded at 1.5 x 10° per well in
12-well plate. After the indicated treatment, cell death was determined by propi-
dium iodide (P1) staining (100 ng/mL) coupled with flow cytometry (BD FACS
Calibur). PI emission was measured using the FL2 channel. Cell death was visu-
alized by Pl staining coupled with microscopy.

Lipid ROS Measurement. The lipid ROS level was analyzed by C11-BODIPY
(581/591). The cells were seeded at 1.5 x 10° per well in a 12-well plate. After
the indicated treatment, the cells were incubated in 5 uM C11-BODIPY (581/591)
(Cat. No. D3861, Invitrogen) for 30 min at 37 °C in the dark, then measured
using flow cytometry (BD FACS Calibur). C11-BODIPY (581/591) emission was
measured using the FL1 channel. Meanwhile, the cells were seeded at 2.5 x 10°
per well in a live cell imaging culture dish and incubated in 2 uM C11-BODIPY
(581/591) and 200 nM MitoTracker Deep Red for 30 min at 37 °C in the dark, fol-
lowed by observation using microscopy.

LPO Measurement by Liperfluo Probe. The lipid peroxidation level was ana-
lyzed by Liperfluo. Cells were seeded at 2.5 x 10° per well in a live cell imaging
culture dish. After the indicated treatment, the cells were incubated in 2 uM
Liperfluo (Cat. No. L248, Dojindo) and 200 nM MitoTracker Deep Red for 30 min
at 37 °Cin the dark, followed by observation using microscopy.

Mitochondrial Superoxide Measurement. The mitochondrial superoxide
level was analyzed by MitoSOX Red, a mitochondrial superoxide indicator. Cells
were harvested, incubated in PBS buffer containing 5 pM MitoSOX Red, and
stained for 30 min at 37 °C in the dark, then measured using flow cytometry.
MitoSOX Red emission was measured using the FL2 channel.

GSH and GSH/GSSG Measurement. GSH levels and the GSH/GSSG ratio were
measured using a glutathione assay kit (Cat. No. S0052, Beyotime) according to
the product instructions.

MDA Measurement. Cardiac MDA levels were measured using the thiobarbitu-
ric acid reactive substances (TBARS) assay kit (Cat. No. 10009055, Cayman
Chemical) according to the product instructions.

Transmission Electron Microscopy (TEM). Myocardium was freshly isolated
from the indicated mice and then cut into small pieces (1 mm x 1 mm x 1 mm)
in 2.5% glutaraldehyde. The samples were fixed at 4 °C in 2.5% glutaraldehyde
overnight and then postfixed, embedded, cut, and mounted into the Gatan
holder for observation under a FEI Tecnai Spirit 120-kV TEM.

Echocardiography. Transthoracic echocardiography was performed on ane-
sthetized mice to obtain two-dimensional targeted M-mode images on the short
axis at the level of the papillary muscle using a Visual Sonics Vevo2100
pltrasonography system. LVEF and LVFS were calculated by LV dimensions to
quantify the degree of cardiac systolic and diastolic performance.
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Histology. Heart tissues were rapidly isolated and fixed overnight with 4% para-
formaldehyde; then they were embedded in paraffin and serially sectioned at
5-um thickness. The sections were then incubated with anti-4-HNE (Cat. No.
ab46545, Abcam) antibody ovemight, followed by incubation with a secondary
antibody for 30 min at room temperature. To measure the collagen fibrosis in
myocardium, selected sections were stained with Masson's Trichrome Staining
Kit (Cat. No. G1345, Solarbio). Images were captured by a Leica Aperio VESA8
Digital Pathology Scanner.

Blue Native Electrophoresis. To analyze the dimeric and monomeric forms of
SLC25A11, MEF cells and cardiac tissues were collected and mitochondria fractions
of these were isolated and then lysed in lysis buffer (50 mM Tris-HCl [pH 7.4],
150 mM NaCl, and 0.5% Nonidet P-40, protease inhibitor mixture). Lysates with
the presence or absence of SDS were separated by native PAGE, blotted to nitrocel-
lulose membranes and incubated with the indicated antibodies.

TAP/MS. Hela cells transfected with vector and FUNDC2-SBP-2*Flag plasmid
were collected and lysed in lysis buffer to obtain tissue or cell lysates. Lysates
were added to anti-Flag M2 agarose beads (Cat. No. M8823, Sigma) overnight
at 4°C. Then the beads were washed to remove the remaining trapped lysis
buffer, followed by the addition of tobacco etch virus (TEV) protease (Cat. No.
12575, Invitrogen) to cleave the proteins from the Flag-tags. After centrifugation,
the eluents were collected, combined, and incubated with streptavidin sepharose
(Cat. No. 17-5113-01, GE Healthcare) at 4 °C for 3 h. Afterward, the samples
were centrifuged and the precipitates were separated by SDS-PAGE and silver
stain analysis. All the distinctive bands that could be observed were collected for
analysis by mass spectrometry.

Statistical Analysis. Data are shown as the mean + SEM. Statistical analysis
was performed by two-tailed Student's ¢ test or one-way ANOVA with Tukey's
post hoc test. ns, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001.

Data Availability. All study data are included in the article and/or S/ Appendix.
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