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C E L L  B I O L O G Y

CLIC4 localizes to mitochondrial-associated membranes 
and mediates cardioprotection
Devasena Ponnalagu1,2, Shanna Hamilton1,2†, Shridhar Sanghvi1,2†, Diego Antelo1,2, 
Neill Schwieterman1,2,3, Inderjot Hansra1, Xianyao Xu2,4, Erhe Gao5, John C. Edwards6,  
Shyam S. Bansal1,2, Loren E. Wold1,2,3, Dmitry Terentyev1,2, Paul M. L. Janssen1,2, Thomas J. Hund2,4, 
Mahmood Khan2,7, Andrew R. Kohut8, Walter J. Koch5, Harpreet Singh1,2*

Mitochondrial-associated membranes (MAMs) are known to modulate organellar and cellular functions and can 
subsequently affect pathophysiology including myocardial ischemia-reperfusion (IR) injury. Thus, identifying molecular 
targets in MAMs that regulate the outcome of IR injury will hold a key to efficient therapeutics. Here, we found 
chloride intracellular channel protein (CLIC4) presence in MAMs of cardiomyocytes and demonstrate its role in 
modulating ER and mitochondrial calcium homeostasis under physiological and pathological conditions. In a murine 
model, loss of CLIC4 increased myocardial infarction and substantially reduced cardiac function after IR injury. CLIC4 
null cardiomyocytes showed increased apoptosis and mitochondrial dysfunction upon hypoxia-reoxygenation 
injury in comparison to wild-type cardiomyocytes. Overall, our results indicate that MAM-CLIC4 is a key mediator of 
cellular response to IR injury and therefore may have a potential implication on other pathophysiological processes.

INTRODUCTION
A growing body of evidence implicates mitochondrial-associated 
membranes (MAMs) in regulating various cellular processes and act 
as signaling nanodomains of reactive oxygen species (ROS) and 
calcium (Ca2+) (1, 2) between the endoplasmic reticulum (ER) and 
mitochondria. Any dysregulation in the function of MAM proteins 
disrupts the ER-mitochondrial coupling and communication and 
causes adverse effects including tumor formation, inflammation, 
and neurological disorders (1). Therefore, identifying the MAM pro-
teins and defining their signaling mechanisms will underpin previously 
unidentified pharmacological therapeutic targets for several human 
diseases. Intracellular ion channels by maintaining ionic homeostasis 
are known to regulate intraorganellar communication and act as 
a major factor in determining cell fate (3). Although cation channels 
are being characterized in MAMs (4), the molecular identity and 
functional relevance of chloride (Cl−) channels are poorly under-
stood. The major class of intracellular chloride channels, chloride 
intracellular channel (CLIC) proteins, is known to regulate diverse 
physiological functions such as phagosome acidification, cell cycle 
regulation, angiogenesis, and apoptosis and has been implicated in 
human diseases (5, 6). All six mammalian paralogs of CLICs (CLIC1 to 
CLIC6) can exist in both soluble and integral membrane forms and 
reside in different organellar membranes, but their presence in MAM 
is still not established (7). The key unanswered question remains how 
the soluble form of CLICs inserts into the membrane to form func-
tional ion channels.

CLICs facilitate cardioprotection as blocking CLICs increases 
myocardial infarction (MI) (8) upon ischemia-reperfusion (IR) 
injury and abrogates the cardioprotective effects of ischemic pre-
conditioning (IPC) (9). As a CLIC inhibitor, indanyloxyacetic acid 
(IAA-94) can block all the paralogs of CLIC proteins, and the precise 
role and mechanism of CLICs in preventing MI and their importance 
in human heart failure (HF) remain elusive. Our study highlights 
the presence of CLIC4 in MAMs, the previously unidentified role 
and mechanism of the MAM-specific CLIC4 in ER-mitochondrial 
Ca2+ homeostasis, and cardioprotection from IR injury by modulating 
mitochondrial physiology. We observed a differential distribution 
of CLIC4  in cytosol relative to organellar membrane fractions in 
HF patients versus healthy hearts. As CLIC4 is important in mediating 
a wide array of cellular processes (5, 6), our findings shed light on 
mechanisms by which MAM chloride channels regulate several patho-
physiological conditions.

RESULTS
CLIC4 is a MAM Cl− channel
In mouse adult cardiomyocytes, we probed the localization and 
distribution of CLIC4 with respect to the organellar marker of 
mitochondria (MitoTracker), mitofusin 2 [outer mitochondrial 
membrane (OMM) and MAM] (1), and acyl–coenzyme A (CoA) 
synthetase long-chain family member 4 (ACSL4) (MAM) (10) 
(Fig. 1, A and B). CLIC4 showed a higher colocalization with the 
mitochondria (41.2 ± 0.6%, n = 40 cells) and ER-mitochondria con-
tact site proteins mitofusin 2 and ACSL4 (34 ± 1% and 31 ± 2%, 
n = 25 cells, respectively). CLIC4 in isolated crude mitochondria 
(58  ±  10%) and neonatal cardiomyocytes (40  ±  4%, n  =  28) also 
showed an association with MitoTracker-loaded mitochondria (fig. S1), 
but CLIC1, a paralog of CLIC4, showed a lower colocalization to 
crude mitochondria (39 ± 8%, P = 0.03) or neonatal cardiomyocytes 
(29 ± 3%, P = 0.03, n = 28) in comparison to CLIC4 (fig. S1). To 
establish the precise localization of CLIC4  in cardiomyocytes, we 
purified the mitochondria using 30% Percoll gradient centrifugation 
(11) and observed that, similar to GRP78 (ER/MAM marker), CLIC4 
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Fig. 1. Biochemical characterization of CLIC4. (A) Representative image of mouse adult cardiomyocytes loaded with MitoTracker, labeled with anti-CLIC4 antibody, 
anti-ACSL4, and anti–mitofusin 2, and costained with DAPI shows colocalization of CLIC4 to mitochondria (row 1), ACSL4 (row 2), and mitofusin 2 (row 3). (B) Bar graph 
showing quantification of the colocalization. Data are represented as mean ± SEM; N = 4 isolation; n ≥ 25. (C) Representative Western blot showing fractionation profile of 
ultrapure mitochondria (M3) indicating the absence of CLIC4 and GRP78 in M3 fraction but the presence of ATP synthase in M3 fraction. (D) Quantification of percentage 
expression of CLIC4, GRP78, and ATP synthase normalized to total protein as detected by Ponceau S staining in different subcellular fractions. (E) Representative Western blot of 
MAM fractionation indicates the presence of CLIC4 in MAM but their absence in purified mitochondria. (F) Quantification of percentage expression of CLIC4 and GRP78 normalized 
to total protein content estimated by Ponceau S stain in various subcellular fractions. The graph in (D) and (F) depicts mean ± SEM for percentage normalized expression 
of the proteins; N = 3; *P ≤ 0.05, Student’s t test. (G) HEK cells transfected with CLIC4 full-length FLAG (row 1), CLIC4∆C189 (row 2), and CLIC4∆Q67 (row 3) were loaded with 
MitoTracker, anti-FLAG antibody, and anti-prohibitin antibody and costained with DAPI, showing colocalization of all CLIC constructs to mitochondria (Merge).
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presence was negligible in ultrapure M3 fraction (Fig. 1, C and D) 
(12). The absence of CLIC4 in ultrapure mitochondria and their high 
degree of colocalization to MitoTracker-loaded cardiomyocytes 
prompted us to assess their presence in MAMs. Western blot analysis 
and its quantification indicated a preferential distribution of CLIC4 
to MAMs rather than ultrapure mitochondrial fraction, establishing 
CLIC4 as a MAM-specific Cl− channel (Fig. 1, E and F).

We also examined the domain of CLIC4 involved in targeting 
them to MAMs. We transfected human embryonic kidney (HEK) 
cells with N-terminal FLAG-tagged constructs of full-length CLIC4, 
CLIC4-C189, in which the C-terminal domain of CLIC4 was par-
tially truncated, and CLIC4-Q67, which retained the N terminus 

and the transmembrane domain (TMD) (13). Our results demonstrate 
that each transfected CLIC4 construct colocalized to MitoTracker in 
HEK cells (Fig. 1G), thus indicating that the N terminus with intact 
TMD is responsible for its targeting and localization to MAMs.

MAM-CLIC4 modulates Ca2+ homeostasis
MAMs are contact sites for Ca2+ and ROS signaling between ER and 
mitochondria (1, 2, 14). To understand the role of MAM-CLIC4 in Ca2+ 
signaling, we transduced mouse neonatal cardiomyocytes (MNCMs) 
of wild-type (wt) and clic4−/− pups [postnatal day 3 (p3)] with adeno-
virus encoding the organelle-targeted Ca2+ sensors G-CEPIA1er (15) 
[ER/sarcoplasmic reticulum (SR); Fig. 2A] and mtRCamp1h (16) 

Fig. 2. Functional characterization of CLIC4. (A) Representative image of cultured MNCMs 72 hours after adenoviral infection with G-CEPIA1er intra-SR Ca2+ biosensor. 
(B) Representative time-dependent profiles (F/F0) of G-CEPIA1er fluorescence from infected MNCMs. Myocytes were exposed to SERCA inhibitor thapsigargin (THAPS; 
10 M) after 2 min of recording, and the time constant of decay (, s) was calculated as a measure of SR Ca2+ leak. Signal was normalized to minimum fluorescence obtained 
by application of high-dose caffeine (10 mM). (C) The graph depicts mean data ± SEM for baseline G-CEPIA1er fluorescence (F/F0) and tau (s). N = 3 wt isolations, N = 4 
clic4−/− isolations, n = 14 wt MNCMs, n = 33 clic4−/− MNCMs. *P < 0.05, Student’s t test. (D) Representative image of cultured MNCMs 72 hours after adenoviral infection with 
mtRCamp1h matrix Ca2+ biosensor. (E) Representative traces of [Ca2+]m (M) of wt and clic4−/− MNCMs, as well as clic4−/− MNCMs preincubated with Ru360 (1 M) for 
10 min. After 5 min of recording, MNCMs were saponin–permeabilized (SAP) before treatment with EGTA (2 mM) to obtain minimum fluorescence, followed by Ca2+ 
(20 M) to obtain maximal fluorescence. (F) The graph depicts mean data ± SEM for [Ca2+]m (M). N = 3 isolations for wt, N = 3 isolations for clic4−/−, n = 18 wt MNCMs, and 
n = 11 clic4−/− MNCMs. *P < 0.05, Student’s t test. (G) Extramitochondrial Ca2+ is labeled with Ca2+ Green-5N, and the uptake of Ca2+ is measured in wt, clic4−/−, and clic1−/− 
cardiac mitochondria, by addition of 5 M CaCl2 pulses. mPTP activates when the maximum threshold of Ca2+ is reached within mitochondria. (H) Bar graph representing 
quantification of average pulses of CaCl2 required for mPTP opening. Ca2+ required for mPTP opening is represented as mean ± SEM; N = 12 wt, N = 4 clic1−/−, and N = 15 
clic4−/−; *P < 0.05, Student’s t test.
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(mitochondria; Fig. 2D) 48 to 72 hours before measuring SR and 
mitochondrial Ca2+ changes, respectively. To measure SR Ca2+ leak, 
Ca2+ uptake via SR/ER Ca2+–adenosine triphosphatase (SERCa2a) 
was blocked by thapsigargin, and the time constant of decay of 
G-CEPIA1er fluorescence was used as an indicator of SR Ca2+ leak. 
The time constant of decay of G-CEPIA1er fluorescence was rela-
tively faster in clic4−/− in comparison to wt MNCMs, suggesting an 
accelerated SR Ca2+ leak in clic4−/− cardiomyocytes (Fig. 2, B and C). 
Moreover, we also observed increased mitochondrial Ca2+ in clic4−/− 
MNCMs (Fig.  2,  E  and  F) in comparison to wt as indicated by 
increased mtRCamp1h fluorescence. The increased mitochondrial 
Ca2+ in clic4−/− MNCMs was reverted in the presence of mitochondrial 
calcium uniporter (MCU), inhibitor Ru360 (Fig. 2, E and F) (17). 
The faster SR Ca2+ leak and increased mitochondrial Ca2+ levels 
indicate defective SR and mitochondrial Ca2+ homeostasis in clic4−/− 
MNCMs. Ca2+ overload in mitochondria is known to trigger mito-
chondrial permeability transition pore (mPTP) opening, leading to 
cell death (18). Therefore, we measured Ca2+ retention capacity 
(CRC) in wt and clic4−/− cardiac mitochondria. CRC is the ability of 
mitochondria to retain Ca2+ in the matrix until threshold levels are 
reached, eventually leading to mPTP opening. Briefly, extra mito-
chondrial Ca2+ was labeled with Ca2+ Green-5N, and CRC was 
determined by the addition of CaCl2 pulses. Clic4−/− cardiac mito-
chondria exhibited reduced CRC in comparison to wt cardiac mito-
chondria (~17%, P = 0.01, n > 11) signifying an early onset of mPTP 
opening (Fig. 2, G and H) and increased susceptibility to stress. In 
contrast, the absence of ER-specific CLIC1 (19) showed CRC similar 
to wt cardiac mitochondria (Fig. 2, G and H), indicating the specific 
role of MAM-localized CLIC4 but not ER-associated CLIC1  in 
regulating the mPTP opening. The expression of MCU and mPTP 
regulatory protein cyclophilin D (fig. S2, A and B) (8) was similar in 
clic4−/− and wt cardiac tissue. Cyclosporin A (CsA) ((8), an inhibi-
tor of cyclophilin D, was able to enhance CRC in both wt (~2-fold) 
and clic4−/− (~2-fold) cardiac mitochondria in comparison to the 
respective vehicle controls. However, CRC in clic4−/− cardiac mito-
chondria in the presence of CsA (93 ± 7.3%) was still notably lower 
than that in CsA-treated wt cardiac mitochondria (130  ±  7.6%, 
P = 0.025, n = 3) (fig. S2, C and D).

Next, we evaluated changes in mitochondrial and cytoplasmic 
Ca2+ simultaneously to study caffeine-induced ER to mitochondrial 
Ca2+ transfer in wt versus clic4−/− cardiomyocytes. To measure mito-
chondrial Ca2+, MNCMs were transduced with mtRCamp1h-
expressing adenovirus and cytosolic Ca2+ was measured using Fluo-3 
AM. Caffeine was used to induce RyR2-mediated Ca2+ release in 
cardiomyocytes. As shown in Fig. 3 (A and B), we observed a sub-
stantial reduction in cytosolic caffeine transient amplitude in clic4−/− 
cardiomyocytes in comparison to wt cardiomyocytes, indicating 
increased SR-Ca2+ leak in clic4−/− cardiomyocytes due to hyper-
active RyR2 channels. Mitochondrial caffeine transient amplitude 
was similar in both wt and clic4−/− cardiomyocytes upon caffeine 
induction, indicating more efficient Ca2+ transfer at lower cytosolic 
[Ca2+] available for uptake in these cardiomyocytes (Fig. 3, C and D). 
Together, our results establish the importance of MAM-CLIC4 in 
maintaining Ca2+ homeostasis at the ER/SR-mitochondrial interface.

We also evaluated the role of CLIC4 in cytosolic Ca2+ handling. 
Adult wt and clic4−/− cardiomyocytes were loaded with Fluo-3 AM, 
and cytosolic Ca2+ transients were induced by pacing at 0.5 Hz and 
were recorded in the presence and absence of -adrenergic receptor 
stimulation using isoproterenol (ISO) (100  nM). There were no 

changes observed in the Ca2+ transient amplitude, time to peak, and 
rate of SERCa2a Ca2+-mediated uptake in the presence and absence 
of ISO in wt versus clic4−/− cardiomyocytes (fig. S3, A to H). At the 
end of the experiment, caffeine was added to measure SR Ca2+ content. 
We did not observe changes in the caffeine transient amplitude in 
the presence and absence of ISO in wt versus clic4−/− cardiomyo-
cytes. Cytosolic Ca2+ changes were also detected using Fura-2AM 
staining in the presence and absence of ISO (20). In agreement, we 
did not observe any alteration in the Ca2+ transient amplitude 
(340/380) in clic4−/− cardiomyocytes, indicating no changes in the cy-
tosolic Ca2+ transients (fig. S3, I and J). Thus, our study highlights 
that the absence of CLIC4 is not sufficient to overcome the self-
regulatory capacity of Ca2+ handling machinery to alter cytoplasmic 
Ca2+ cycling in adult cardiomyocytes (fig. S3, A to J).

Ablation of CLIC4 enhances MI upon IR injury
Dysregulation of Ca2+ homeostasis in cardiomyocytes has been 
associated with HF and MI (21, 22). Moreover, blocking Cl− channels, 
including CLIC4, using IAA-94 augmented MI upon IR injury (8) 
and prevented cardioprotective effects of IPC (9). To ascertain the 
pathophysiological role of CLIC4, we compared the extent of myo-
cardial injury in age-matched wt and clic4−/− mice upon left main 
descending coronary artery (LCA) ligation (23). The absence of 
CLIC4 significantly exacerbated the infarct size (43  ±  3%, N  =  5, 
P = 0.03) in comparison to wt mice (28 ± 3%, N = 5) as evaluated by 
Evans blue and 2,3,5-triphenyl tetrazolium chloride (TTC) double-
stained cardiac sections (Fig. 4, A and B). The probable ischemic 
area as defined by the area at risk (AAR) in percent of total myo-
cardium was similar across all the groups (Fig. 4C). After LCA ligation, 

Fig. 3. CLIC4 affects ER/SR-mitochondrial Ca2+ transfer. (A) Fluo-3 fluorescence 
(F/F0) profiles of wt and clic4−/− MNCM cytosolic Ca2+ transient induced by high-dose 
caffeine. (B) Mean data ± SEM for Ca2+ transient amplitude. n = 12 clic4−/− cells, 
n = 17 wt cells, and N = 3 isolations per group. (C) mtRCamp1h fluorescence profiles 
of caffeine-induced Ca2+ transient, with graphs in (D) representing mean ± SEM.  
n = 17 wt cells, n = 12 clic4−/− cells, and N = 3 isolations per group (same cells as I 
and II). *P < 0.05, Student’s t test.
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clic1−/− mice showed similar myocardial infarct size as wt hearts 
(fig. S4, A to C), emphasizing that CLIC4, but not CLIC1, is in-
volved in cardioprotection from ischemic events in the heart. As 
expected, the plasma troponin levels after IR injury were increased 
in both groups of mice subjected to IR injury in comparison to 
sham surgeries (fig. S4F). Echocardiography analysis (Fig. 4, D to F) 
(24, 25) demonstrated no differences in the left ventricular ejection 
fraction (LVEF) and left ventricular fractional shortening (LVFS) 
between clic4−/− and wt mice, respectively, after 24 hours of sham 

surgeries. However, in the IR groups, clic4−/− hearts showed im-
paired and akinetic anterior wall motion in comparison to wt hearts 
(Fig. 4D and movies S1 to S4). After IR injury, LVEF and LVFS in 
clic4−/− were found to be 44 ± 6% (Fig. 4E) and 22 ± 3% (Fig. 4F), 
respectively, whereas wt mice showed LVEF of 60 ± 4% and LVFS 
of 32 ± 3% (N = 5 each in wt and clic4−/−, respectively). There was a 
substantial reduction in left ventricular function in clic4−/− mice after 
IR injury in comparison to wt mice, indicating that CLIC4 expres-
sion is vital to maintain cardiac function (P = 0.02, N = 5). On the 

Fig. 4. CLIC4 is required for cardioprotection from IR injury. (A) Mice subjected to LCA ligation for 40 min and reperfusion for 24 hours showed increased infarction in 
cardiac section of clic4−/− mice in comparison to wt. Sham controls did not present any infarction. (B) Graph representing infarction size normalized to the AAR. (C) The 
AAR was similar in the different experimental groups. (D) Representative M mode echocardiographic image of wt and clic4−/− left ventricle after 24 hours of sham and IR 
surgery. Both LVEF (E) and fractional shortening (F) were notably reduced in clic4−/− mice after IR injury in comparison to wt mice. (G) TTC-stained cardiac section of wt 
and clic4−/− hearts after Langendorff-based ex vivo IR injury shows increased infarction in clic4−/− hearts. (H) Quantification of infarction after sham and ex vivo IR injury. 
(I) After global ischemia of 25 min, IAA-94/DMSO was perfused for 10 min before reperfusion in hearts of wt and clic4−/− mice. Representative cardiac sections stained with 
TTC show a significant increase in infarction in wt hearts in the presence of IAA-94, but such increase was not observed in clic4−/− hearts. (J) Quantification of infarct size 
in the presence or absence of IAA-94 in wt and clic4−/− hearts. (K) CRC profile of wt and clic4−/− cardiac mitochondria after ex vivo IR injury. (L) Bar graph representing 
quantification of average pulses of CaCl2 required for mPTP opening is significantly lower in clic4−/− cardiac mitochondria upon ex vivo IR injury. Data are depicted as 
mean ± SEM; N = 5 for each experimental group; *P < 0.05, Student’s t test.
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contrary, clic1−/− mice showed LVEF and LVFS similar to those of 
wt mice after IR injury (fig. S4, D and E).

We also investigated the role of cardiac CLIC4 in an ex vivo IR 
injury model using Langendorff perfused heart assay (12). In 
agreement with the results obtained in in  vivo IR injury model 
(Fig. 4, A to F), we observed a significant increase in the extent of 
MI in clic4−/− hearts in comparison to that of wt (56 ± 7% versus 
38 ± 4%, P = 0.02, N = 5) as determined by TTC staining (Fig. 
4, G and H). The sham control of clic4−/− and wt mice hearts 
showed a similar level of infarction (~18%, N = 5 each). IAA-94 
increased MI in wt mice in comparison to the vehicle control 
[dimethyl sulfoxide (DMSO)] (37 ± 1% versus 63 ± 7%, P ≤ 0.05, 
N = 5) (Fig. 4,  I and J) but not in clic4−/− hearts (61 ± 5% versus 
46 ± 10%, N = 5) after ex vivo IR injury, suggesting CLIC4 as a 
specific target of IAA-94 in the heart. Furthermore, after ex vivo IR 
injury, the Ca2+ required for mPTP opening in clic4−/− cardiac 
mitochondria (37.5 ± 1.3%) was significantly reduced in compari-
son to wt cardiac mitochondria (53.8 ± 2.1%, P = 0.001, N = 4) 
(Fig. 4, K and L). This confirms that the absence of CLIC4 increases 
MI in clic4−/− mice by regulating mitochondrial Ca2+ as demon-
strated previously (Fig. 2). Our results provide empirical evidence 
to attribute cardiac CLIC4 as a novel player in protecting the heart 
from ischemic insults and also as a key target for IAA-94–mediated 
cardio-deleterious effects.

HF is associated with changes in ion channel expression, their 
distribution, and function (26, 27). CLIC4 expression was enhanced 
in the lungs of pulmonary arterial hypertension patients (28) and in 
patients suffering from rheumatic heart valvular disease (29). We 
probed the expression changes of CLIC4 in cardiac sections of mouse 
hearts subjected to 8 weeks of permanent LCA ligation and in HF 
patients. Cardiac sections of mice exposed to chronic myocardial 
injury showed an increase in the expression of CLIC4 (P < 0.01, 
N  =  4) relative to that of sham-operated mice (fig. S5, A and B). 
Such augmented expression of CLIC4 was also observed in cardiac 
sections of HF patients in comparison to those of nonfailing hearts 
(fig. S5, C and D). As CLICs are known to change their distribution 
upon stress (30, 31), we sought to determine the distribution of 
CLIC4 and CLIC1 in failing and nonfailing hearts. As shown in fig. 
S5 (E and F), although not significant, an increase in the distribu-
tion of CLIC4 was observed in cytosol relative to an organellar 
fraction (32) in failing hearts in comparison to nonfailing hearts. 
However, no changes in the distribution of CLIC1 were observed. 
This suggests that in HF, decreased insertion of CLIC4 to organellar 
membrane fraction affects its ion channel function and thereby 
plays a crucial role in cardioprotection.

Cardiomyocyte CLIC4 is involved in cellular protection
We also examined the cardioprotection mediated by CLIC4 at 
the cellular level in MNCMs independent of other cardiac cell 
milieu. Clic4−/− MNCMs subjected to 6 hours/12 hours of hypoxia-
reoxygenation (HR) injury exhibited enhanced cell death in com-
parison to wt (24 ± 8% versus 4 ± 0.4%, P < 0.05, N = 3) as detected 
by increased TUNEL (terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling)–positive 
cells (Fig. 5, A and B) (33), suggesting a role for CLIC4 in determin-
ing cardiomyocyte response to HR injury. Mitochondrial membrane 
potential (∆m) is a key determinant of cell viability (34). Loss of 
∆m upon mPTP opening is well established to induce MI (34). 
Because decreased CRC was noted in clic4−/− cardiac mitochondria, 

we measured loss of ∆m in the wt and clic4−/− MNCMs after HR 
injury using potentiometric dye JC1 (33). Clic4−/− MNCMs exhibited 
a reduction of ∆m, by 26  ±  5% relative to normoxia (P  ≤  0.05, 
N = 4, n = 500 cells), while wt showed m loss by only 7 ± 2%, sug-
gesting a key role of CLIC4 in maintaining ∆m (Fig. 5, C and E). 
Increased mitochondrial ROS generation and Ca2+ overload are the 
major factor governing mPTP opening leading to cell death (18). 
Clic4−/− MNCMs subjected to HR injury exhibited a remarkable 
increase in ROS generation relative to normoxia (1.4 ± 0.1–fold, 
N = 4, n = 500 cells), whereas wt showed only a 1.1 ± 0.04–fold in-
crease (Fig. 5, D and F). These results highlight the prominent role 
of CLIC4 in mediating cellular protection upon HR injury by regu-
lating ROS and mPTP opening.

DISCUSSION
Here, we establish CLIC4 as a novel Cl− channel present at the 
MAMs. There are 1212 proteins identified in MAMs, of which 1000 
have been characterized in the brain and liver (4, 35, 36). A few of 
these proteins are ion channels that are deemed important for regu-
lating Ca2+ homeostasis between ER and mitochondria (4). As ion 
channels play a crucial role in determining the structural and func-
tional integrity of the cell and organelles, their tightly regulated func-
tions are imperative to mediate ER-mitochondrial communication. 
Besides SERCA2a and RyR2, sodium (Na+) and potassium (K+) 
channels are also reported in MAMs (4). However, the identity of 
equally important Cl− channels in cardiac MAMs and their poten-
tial role in regulating MAM functions are not yet deciphered. In this 
study, we systematically reveal the presence of intracellular Cl− 
channel protein, CLIC4, in cardiac MAMs but not in mitochondria. 
In addition, we established that the N-terminal region with the 
intact TMD is essential and sufficient to retain its localization in 
MAMs. CLIC4 (also known as p64H1, mtCLIC, and HuH1) is 
shown to be distributed in mitochondria (19, 37, 38) and ER (39), 
and upon cellular stress conditions, it can translocate to the nucleus 
(31). Our results further highlight the differential distribution of 
CLIC4 in mouse cardiomyocytes.

The discovery of CLIC4 in MAMs prompted us to examine its 
physiological roles. The distance between ER and mitochondria ranges 
between 10 and 25 nm (40), and thus, it is not surprising that they 
are spatially and functionally coupled together. ER-mitochondrial 
interactions are implicated in ROS and Ca2+ transport between 
them (41, 42). We observed a rapid Ca2+ release in cardiomyocytes 
in the absence of CLIC4, indicating SR Ca2+ leak. This suggests a 
possible regulatory role of CLIC4 on Ca2+ release channels like 
IP3Rs and RyR2s (43). Previously, it was shown that the activity of 
RyR2s can be modulated by the anionic gradient observed in SR 
(44). Another CLIC family member, CLIC2, which is absent in mice 
(7), is known to regulate the activity of skeletal muscle RyR1 by 
modulating their open probability by inducing the conformational 
change in them (45). Similar to these results, we demonstrate a role of 
CLIC4 in modulating the activity of RyR2 in mouse cardiomyocytes. 
Consequently, it would be interesting to investigate the mechanism 
by which CLIC4 modulates RyR2 activity.

We also observed an enhanced basal mitochondrial Ca2+ in 
neonatal clic4−/− cardiomyocytes. Furthermore, this increased basal 
mitochondrial Ca2+ could be responsible for reduced CRC in clic4−/− 
cardiac mitochondria. However, in clic4−/− hearts, we did not ob-
serve any changes in the expression of MCU, a protein responsible 
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Fig. 5. CLIC4 mediates cellular protection from HR injury by regulating mitochondrial membrane potential and ROS levels. (A) MNCMs isolated from wt and 
clic4−/− pups were subjected to 6 hours of hypoxia and 12 hours of reoxygenation. Cells were fixed and stained for TUNEL-positive nuclei (red) and nucleus (blue). Arrows 
indicate TUNEL-positive cells. (B) Quantification of TUNEL-positive cells. Data are represented as percentage TUNEL-positive cell mean ± SEM. N = 3 isolations, n = 1000 cells 
for both wt and clic4−/− cardiomyocytes. *P < 0.05, by one-way analysis of variance (ANOVA) test with Newman-Keuls post hoc analysis. (C) Representative confocal images 
of JC1 uptake by MNCMs isolated from wt and clic4−/− p3 pups, subjected to HR injury and cultured in normoxia conditions. (D) Confocal images of H2DCFDA stained wt 
and clic4−/− MNCMs after HR injury and cultured in normoxia condition. (E) Bar graph representing increased mitochondrial membrane potential loss relative to normoxia in 
clic4−/− cardiomyocytes after HR injury in comparison to wt MNCMs. Data are represented as percentage mitochondrial membrane potential loss mean ± SEM. N = 4 iso-
lations and n = 500 cells for both wt and clic4−/− cardiomyocytes; *P < 0.05, by one-way ANOVA test with Newman-Keuls post hoc analysis. (F) Bar graph showing increased 
ROS production relative to normoxia in clic4−/− MNCMs in comparison to wt. All data are depicted as mean ± SEM; N = 4 isolations, n = 500 cells for both wt and clic4−/− 
cardiomyocytes; *P < 0.05, by one-way ANOVA test with Newman-Keuls post hoc analysis.
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for Ca2+ uptake by mitochondria at the ER-mitochondrial micro-
domains (46). Nevertheless, there is a possibility of posttranslational 
modification of MCU such as cysteine oxidation (47) or enhanced 
tyrosine phosphorylation (48) that is known to increase the activity 
of MCU. Earlier, it was shown that CsA does not rescue the reduced 
CRC arbitrated by the CLIC blocker IAA-94 (8). Our results indi-
cate that CsA rescued the decreased CRC observed in clic4−/− cardiac 
mitochondria but not to a similar extent as wt. This suggests pres-
ence of either another target of IAA-94 in cardiac mitochondria 
which works in consortium with CLIC4 in regulating the effects of 
CsA or since clic4−/− cardiac mitochondria are already overloaded with 
Ca2+, threshold levels are attained much earlier than wt.

In addition, our findings on caffeine-induced ER/SR to mito-
chondrial Ca2+ transfer demonstrates that rapid release of Ca2+ 
from SR upon RyR2 activation is accompanied by faster accumula-
tion of Ca2+ in mitochondria, suggesting a potential role for CLIC4 as 
a modulator of ER/SR-mitochondrial Ca2+ transfer. We did not 
observe changes in cytoplasmic Ca2+ transients recorded in the 
presence/absence of ISO in clic4−/− mouse adult cardiomyocytes in 
comparison to that of wt, thus suggesting that the absence of CLIC4 
does not grossly affect the cytoplasmic Ca2+ dynamics but probably 
increases the rate of Ca2+ influx in the ER-mitochondrial domains 
under physiological conditions. Our study signifies the direct 
role of MAM-CLIC4 in maintaining ER/SR-mitochondrial Ca2+ 
homeostasis.

Dysregulation of ER-mitochondrial communication is known to 
alter cardiac physiology and is very well implicated in IR injury to 
the heart (49). Previous studies also show that blocking Cl− channels 
with IAA-94 abrogates the cardioprotection mediated by ischemic/
pharmacological preconditioning (9, 50) and CsA (51) as well as 
causes early onset of mPTP opening (8). In this study, we demon-
strate that clic4−/− mice hearts subjected to either in vivo or ex vivo 
IR injury assays showed enhanced MI and compromised left ven-
tricular function in comparison to wt mice. Moreover, we observed 
a reduction in CRC in clic4−/− mice in comparison to cardiac 
mitochondria isolated from wt mice upon ex vivo IR injury. This 
suggests that increased Ca2+ levels at the basal conditions in clic4−/− 
cardiomyocytes could possibly result in an early onset of mPTP 
opening upon stressful stimuli like IR injury. Similar to other re-
ports (8,  9,  50), wt hearts preconditioned with IAA-94 showed 
increased MI, but no such changes were observed in clic4−/− hearts. 
In addition, in the presence of IAA-94, wt hearts showed infarction 
similar to clic4−/− hearts conditioned with vehicle control, ruling 
out the possibility of other CLICs in cardioprotection from IR injury. 
Thus, the cardio-deleterious effects of IAA-94 are mediated by tar-
geting CLIC4. Earlier CLIC1 was shown to be present in intra-
cellular organelles such as ER, lysosomes, and nucleus (7). In 
cardiomyocytes, CLIC1 is localized in ER (19); however, CLIC1 null 
mutant mice showed no difference in MI after IR injury, suggesting 
that the anionic gradient maintained by ER-CLIC1 does not affect 
cellular response to injury. Together, we can convincingly attribute 
the cardioprotective role to CLIC4 from IR injury by modulating 
mitochondrial physiology. In failing human hearts and mice hearts 
subjected to a chronic myocardial injury (8 weeks of LCA), enhanced 
expression of CLIC4 in cardiac sections was observed. We further 
subfractionated the cardiac tissue (32) and observed that CLIC4 
expression in cytosol relative to organellar membrane fractions was 
enhanced in failing human hearts in comparison to healthy controls. 
Interestingly, CLIC1 did not show any difference in its distribution 

in HF cardiac tissue. The lesser extent of internalization of soluble 
CLIC4 to the organelle membrane in failing heart may contribute to 
its decreased functional activity in intracellular membrane fraction 
like MAM and potentially result in the pathological consequences 
during HF. Thus, the mechanism of changes in the distribution of 
CLIC4 in subcellular fractions during HF needs to be elucidated for 
complete understanding of its role.

Inhibition of CLIC4 is known to induce apoptosis in human 
head and neck squamous carcinoma cell line (HN4) by causing 
mitochondrial membrane depolarization (52). Here, we found that 
clic4−/− cardiomyocytes subjected to HR injury showed increased 
apoptosis and mitochondrial membrane depolarization in compari-
son to wt cardiomyocytes. Both increases in Ca2+ overload and ROS 
production are known to induce the formation and opening of mPTP 
leading to cell death (53). Upon HR injury, clic4−/− cardiomyocytes 
showed increased ROS production relative to wt cardiomyocytes, 
suggesting that, in addition to increased Ca2+ overload observed in 
clic4−/− mice hearts, elevated ROS production during reperfusion 
could be responsible for the mitochondrial membrane depolarization 
and cell death. Our results establish the direct role of MAM-CLIC4 in 
cardiomyocytes in cellular protection from HR injury.

To recapitulate, our results present a novel Cl− channel, CLIC4, 
in MAM that plays a fundamental role in regulating ER/SR-
mitochondrial Ca2+ homeostasis (Fig. 6). Furthermore, our results 
highlight the unprecedented role of MAM-CLIC4  in regulating 
myocardial injury and cardiac function after hypoxia/IR injury by 
regulating mitochondrial membrane potential and oxidative stress 
(Fig. 6). Thus, we speculate that the role of MAM-CLIC4 in medi-
ating ER-mitochondrial communication would also affect other 
physiological and pathophysiological processes.

MATERIALS AND METHODS
All procedures carried on mice are according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals 
and approved by the Ohio State University committee on animal 
care. All experiments on the human heart were conducted under 

Fig. 6. MAM-CLIC4 is important for ER-mitochondrial Ca2+ homeostasis and 
plays a key role in cardioprotection from IR injury by modulating mitochon-
drial function. 
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the approval of the Institutional Review Board of The Ohio State 
University. The published data, methods, and null mutant mice will 
be made available to other researchers for the purpose of reproduc-
ing results or replicating the procedure.

Cell lines
HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 1× GlutaMAX, glucose (4.5 g/liter), 1 mM 
sodium pyruvate, sodium bicarbonate (1.5 g/liter), 10% (v/v) fetal 
bovine serum (FBS), and penicillin (100 IU)/streptomycin (100 g/ml). 
The cells were incubated in humidified 5% (v/v) CO2 incubators at 
37°C and passaged once every 3 days.

Cloning
Truncated clic4 clones were generated using site directed mutagen-
esis by “Quick change” method. We used pCDNA3.1-clic4 encoding 
N-terminal FLAG as a template. Briefly, sense and antisense primers 
(table S1) carrying the site-specific mutation to introduce a stop 
codon at glutamine-67 and cysteine-189 were used to amplify the 
constructs CLIC4Q67 and CLIC4C189, respectively. The reac-
tion mixture was prepared according to the manufacturer’s protocol 
containing 200 ng of pcDNA3.1 CLIC4 plasmid for 20 amplifica-
tion cycles. The amplification reaction mixture was digested with the 
Dpn1 enzyme overnight at 37°C. DH5 competent cells were trans-
formed with the reaction mixture by heat shock and plated on LB 
agar plates containing ampicillin (100 g/ml) at 37°C for 12 hours. 
The positive colonies were screened by Sanger sequencing.

HEK cell transfection
HEK cells were seeded at a density of 15,000 cells on a glass coverslip 
(0.13 mm thickness) coated with poly-d-lysine and cultured over-
night. Once the cells reached 70% confluency, they were transfected 
with 200  ng of Flag-tagged pCDNA-CLIC4, pCDNA-CLIC4Q67, 
and pCDNA-CLIC4C189, respectively, using Lipofectamine 2000 
per the manufacturer’s instructions (Thermo Fisher Scientific). 
After 16 hours of transfection, the cells were loaded with 200 nM 
MitoTracker at 37°C for 10 min, washed, and processed for 
immunocytochemistry.

Isolation of mouse adult/neonatal cardiomyocytes 
and crude mitochondria
Adult cardiomyocytes
Mouse adult cardiomyocytes were isolated using the simplified 
Langendorff-free method of isolation (54) from wt and clic4−/− 
mice. Briefly, mice were anesthetized, and the chest was opened to 
expose the heart. The descending aorta was cut, followed by an 
injection of 7 ml of EDTA buffer [130 mM NaCl, 5 mM KCl, 0.5 mM 
NaH2PO4, 10 mM Hepes, 10 mM glucose, 10 mM butanedione 
monoxime (BDM), 10 mM taurine, and 5 mM EDTA (pH 7.8)] into 
the right ventricle. The ascending aorta was clamped, and the heart 
was transferred to a petri dish containing EDTA buffer. The left 
ventricle was injected with 10 ml of EDTA buffer, followed by 3 ml 
of perfusion buffer [130 mM NaCl, 5 mM KCl, 0.5 mM NaH2PO4, 
10 mM Hepes, 10 mM glucose, 10 mM BDM, 10 mM taurine, and 
1 mM MgCl2 (pH 7.8)], and 30 ml of collagenase enzyme solution 
[collagenase 2 (0.5 mg/ml), collagenase 4 (0.5 mg/ml), and protease 
XIV prepared in perfusion buffer (0.05 mg/ml)]. The heart cham-
bers were separated and gently pulled into 1-mm pieces. The cells 
were dissociated using gentle trituration, and the collagenase activity 

was inhibited by 5 ml of stop buffer [perfusion buffer containing 
5% (v/v) sterile FBS]. The cells were washed three times with per-
fusion buffer and allowed to settle with gravity. The cardiomyocytes 
were then loaded with 200 nM MitoTracker at 4°C for 1 hour. 
The MitoTracker- loaded cardiomyocytes were then spread on 
a poly-l-lysine–treated coverslip for 1 hour and processed for 
immunocytochemistry.
Mouse neonatal cardiomyocytes
MNCMs were isolated as described previously (19, 55) from wt and 
clic4−/− mice. Briefly, hearts were surgically excised from p3 pups 
from wt mice and placed in a dissociation buffer [16 mM NaCl, 
20 mM Hepes, 0.8 mM Na2HPO4, 5.4 mM glucose, 5.4 mM KCl, 
and 0.8 mM MgSO4 (pH 7.35)]. Ventricles were minced in dissocia-
tion buffer, followed by centrifugation at 1000g for 5 min at 4°C. The 
tissue pellet was resuspended in a dissociation buffer containing 
0.25% trypsin and incubated at 37°C for 20 min in the water bath 
shaker for digestion. After 20 min, the cells were spun down (1000g, 
5 min, 4°C), and the dissociated neonatal cardiomyocytes in the super-
natant were collected by passing through a cell strainer (100 m) 
and immediately enriched with 20% (v/v) horse serum. The diges-
tion of the remaining tissue pellet was repeated at least twice or 
until a clear tissue pellet was observed. The dissociated neonatal 
cardiomyocytes were then seeded on gelatin [0.1% (w/v)]–coated 
coverslips and cultured in DMEM containing 20% (v/v) FBS and 
penicillin (100 IU)/streptomycin (100 g/ml), in humidified 
5% (v/v) CO2 incubators at 37°C, and the medium was changed after 
2 days. After the fourth day of isolation, the MNCMs were loaded with 
200 nM MitoTracker at 37°C for 10 min, washed with phosphate-
buffered saline (PBS), and processed for immunolabeling.
Crude mitochondria
Wt, clic1−/−, and clic4−/− mice (12 to 15 weeks) hearts were isolated 
and finely minced and homogenized in isolation buffer A [70 mM 
sucrose, 210 mM mannitol, 10 mM EDTA-Na2, and 50 mM tris-HCl 
(pH 7.4)] using a Potter-Elvehjem homogenizer (seven strokes). The 
homogenate was centrifuged at 1300g for 5 min at 4°C. The super-
natant was transferred into a fresh Eppendorf tube and centrifuged 
at 10,000g for 10 min at 4°C. The pellet containing crude mito-
chondria was resuspended in isolation buffer A containing 200 nM 
MitoTracker and incubated at 4°C for 1 hour. The MitoTracker-
loaded mitochondria were spread on a poly-l-lysine–treated cover-
slip for 1 hour at 4°C. The mitochondria were then processed for 
immunolabeling.

Isolation of ultrapure mitochondria
Ultrapure mitochondrial fractions were isolated as described earlier 
(11). Briefly, a mouse heart (12 to 15 weeks) after homogenization 
in isolation buffer A (70 mM sucrose, 210 mM mannitol, 10 mM 
EDTA-Na2, and 50 mM tris-HCl (pH 7.4)] was centrifuged at 1300g 
for 5 min at 4°C. The supernatant was centrifuged again at 10,000g 
for 10 min at 4°C. The pellet containing crude mitochondria was 
resuspended in 55 l of isolation buffer A. The resuspended crude 
mitochondrial preparation was overlaid on 3  ml of 30% (v/v) 
Percoll prepared in buffer B (250 mM sucrose, 10 mM Hepes-Na, 
and 1 mM EDTA-Na2 (pH 7.4)]. The sample was centrifuged at 
50,000g for 45 min at 4°C. After ultracentrifugation, three clear layers 
were obtained, which were labeled as M1, M2, and M3, where M3 is 
the ultrapure mitochondrial fraction. M1, M2, and M3 layers were 
carefully isolated, resuspended in 1 ml of buffer A, and centrifuged 
at 12,000g for 10 min (three times) at 4°C. The pellet was resuspended 
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in radioimmunoprecipitation assay (RIPA) buffer [50 mM tris-HCl, 
150 mM NaCl, 1 mM EDTA-Na2, 1 mM EGTA-Na4, 1% (v/v) 
NP-40, 0.5% (w/v) Na-deoxycholate, 0.1% (w/v) SDS, 1 mM NaF, 
1 mM phenylmethylsulfonyl fluoride, and 1 mM Na3VO4 (pH 7.4) 
containing protease inhibitors (1 tablet/50 ml, Roche) and phos-
phatase inhibitor (1 tablet/10 ml, Roche)], frozen in liquid nitrogen, 
and processed for Western blot analysis.

Isolation of MAMs and mitochondria
MAM fractions were isolated as published earlier (10, 56). Briefly, 
mouse hearts (12 to 15 weeks) were isolated, minced, and ho-
mogenized in buffer IB-H1 [225 mM mannitol, 75 mM sucrose, 
0.5% (w/v) bovine serum albumin (BSA), 0.5 mM EGTA, and 
30 mM tris-HCl (pH 7.4)] using a Potter-Elvehjem homogenizer (eight 
strokes). The homogenate was centrifuged twice at 740g for 5 min 
each at 4°C. The supernatant was collected and centrifuged again at 
9000g for 10 min at 4°C. The supernatant was removed (cytosol), and 
the pellet was gently resuspended in ice-cold buffer IB-H2 [225 mM 
mannitol, 75 mM sucrose, 0.5% (w/v) BSA, and 30 mM tris-HCl 
(pH 7.4)] and centrifuged at 10,000g for 10 min at 4°C. The super-
natant was discarded, and the pellet was resuspended in buffer IB-H3 
[225 mM mannitol, 75 mM sucrose, and 30 mM tris-HCl (pH 7.4)] 
and centrifuged again at 10,000g for 10  min at 4°C. The pellet 
containing crude mitochondria was resuspended in 55 l of mito-
chondria resuspending buffer (MRB) [250 mM mannitol, 0. mM 
5 EGTA, and 5 mM Hepes (pH 7.4)]. The crude mitochondrial pellet 
was overlaid on 3 ml of 30% (v/v) Percoll prepared in Percoll medium 
[225 mM mannitol, 1 mM EGTA, and 25 mM Hepes (pH 7.4)] and 
centrifuged at 95,000g for 30 min at 4°C. This step separates the 
MAM (upper band) and mitochondria (lower band). The lower 
band containing mitochondria was collected and resuspended in 
MRB buffer and centrifuged at 10,000g for 10 min at 4°C. The pellet 
obtained after centrifugation was resuspended in RIPA buffer and 
frozen in liquid nitrogen. The upper band containing MAM was 
diluted in MRB buffer and further centrifuged at 10,000g for 10 min 
at 4°C. The supernatant was collected and centrifuged at 100,000g 
for 1.5 hours at 4°C. The MAM pellet was collected, resuspended in 
RIPA buffer, and frozen in liquid nitrogen. All the cellular fractions 
including crude heart lysates, cytosol, crude mitochondria, purified 
mitochondrial, and MAM fractions were subjected to three repeated 
freeze-thaw cycles and processed for Western blot analysis.

G-CEPIA1er imaging
MNCMs were infected and cultured with G-CEPIA1er virus (15) 
on glass coverslips. After 48 to 72 hours, CMs were perfused with 
Tyrode’s solution containing 2 mM Ca2+. Biosensor G-CEPIA1er 
was excited using a 488-nm line of an Ar laser, and fluorescence 
emission was collected at 500 to 550 nm, measured in x-y mode at 
400-Hz sampling rate. Myocytes were exposed to SERCa2a inhibitor 
thapsigargin (10 M) after 2 min, and the fluorescence signal was 
monitored using confocal microscopy. The time constant of decay 
of G-CEPIA1er was used as a measure of SR leak, fitting fluores-
cence data to a monoexponential function (57). The SR Ca2+ store 
was depleted by the application of high-dose caffeine (10 mM) in 
Ca2+-free Tyrode’s solution.

mtRCamp1h imaging
To assess mito-Ca2+ handling, MNCMs were infected with mtRCamp1h 
virus (16) on glass coverslips and cultured for 48 to 72 hours. Biosensor 

mtRCamp1h was excited using a 543-nm line of HeNe laser, and 
fluorescence emission was collected at 560- to 660-nm wavelengths, 
measured in the x-y mode and 400-Hz sampling rate. Myocytes 
were perfused with Tyrode’s solution (2 mM Ca2+). A subgroup of 
clic4−/− MNCMs was preincubated with Ru360 (1 M) for 10 min 
before recording. After 5 min of recording, CMs were washed in 
Ca2+-free Tyrode’s solution before permeabilization with saponin 
[0.001% (v/v)]. The solution was replaced with an internal recording 
solution containing cytochalasin D (10 M) and Ca2+ buffer EGTA 
(2 mM) to obtain minimum mtRCamp1h fluorescence. Maximum 
fluorescence was achieved by application of Ca2+ (20 M). Using 
the equation

               [Ca2+]m = Kd × (F – Fmin)/(Fmax – F)

where dissociation constant (Kd) of mtRCamp1h = 1.3 M, flu-
orescence was converted to [Ca2+]m for each MNCM.

Cytosolic and mitochondrial Ca2+ in neonatal  
mouse cardiomyocytes
MNCMs were infected with mtRCamp1h virus on glass coverslips 
(16). After 48 to 72 hours, infected MNCMs were also loaded with 
Fluo-3 AM (Invitrogen) at room temperature (RT) for 10 min in 
Tyrode’s solution containing 2 mM Ca2+, followed by a 10-min 
wash in Tyrode’s solution containing 2 mM Ca2+. Myocytes were 
perfused with Tyrode’s solution containing 2 mM Ca2+ at RT during 
recordings. Biosensor mtRCamp1h was excited using a 543-nm line 
of HeNe laser and fluorescence emission was collected at 560- to 
660-nm wavelengths, and Fluo-3 AM was excited at 488 nm and 
fluorescence emission was collected at 500- to 530-nm wavelengths, 
in linescan mode. Caffeine was applied at 10 mM to induce RyR2-
mediated Ca2+ release. Ca2+ transient amplitudes are presented as 
F/F0, where F0 is basal fluorescence and F = F − F0.

Ca2+ imaging of adult mouse cardiomyocytes
Confocal imaging of cytosolic Ca2+ was performed as described 
previously (17) . Briefly, fresh adult mouse cardiomyocytes (54) 
were loaded with Fluo-3 AM (Invitrogen) at RT for 10 min in 
Tyrode’s solution containing 1  mM Ca2+, followed by a 10-min 
wash in Tyrode’s solution containing 2 mM Ca2+. Myocytes were 
perfused with Tyrode’s solution containing 2 mM Ca2+ at RT during 
recordings. Fluo-3 AM was excited at 488 nm, and fluorescence 
emission was collected at 500- to 530-nm wavelengths, in linescan 
mode at 200 Hz. Myocytes were paced at 0.5 Hz. -Adrenergic agonist 
ISO was used at 100 nM. Caffeine was applied at 10 mM at the end 
of the experiment to assess SR Ca2+ content. Cytosolic Ca2+ tran-
sient amplitude and caffeine transient amplitude are presented as 
F/F0, where F0 is basal fluorescence and F = F − F0. SERCa2a rate 
was calculated by fitting a single exponential to the caffeine-induced 
Ca2+ transient and then fitting a two-component exponential to the 
cytosolic Ca2+ transient with a fixed first tau.

Fura-2AM staining of cardiomyocytes
Briefly, freshly isolated cardiomyocytes after reintroduction with 
Ca2+ (54) were resuspended in in myocyte culture medium [M199 
with 5% BSA, BDM (1 mol/ml), and 1× penicillin/streptomycin]. 
For calcium measurements, the adult cardiomyocytes were loaded 
with Fura-2AM (0.5 M) (20) for 20  min before data collection. 
Data were collected using an IonOptix system (IonOptix) connected 
to a Motic AE31 microscope, visualized on a 40× objective, and 
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stimulated with 20 V at 1 Hz. Changes in intracellular Ca2+ levels 
were monitored using Fura-2 dual-excitation (340/380 nm) single-
emission (510 nm) ratiometric imaging. Measurements were taken 
at baseline and upon ISO treatment (100 nM).

Langendorff perfusion of heart for performing 
ex vivo IR injury
Wt CD1 and clic4−/− mice (12 to 15 weeks) obtained from in-house 
breeding were Langendorff-perfused as described previously (12). 
Briefly, hearts were excised from the mice and placed in ice-cold 
Krebs-Henseleit buffer (KHB) (118 mM NaCl, 4.7 mM KCl, 1.2 mM 
KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 11.1 mM d-glucose, 
and 2 mM CaCl2). The aorta was cannulated, and the heart was per-
fused in a retrograde manner on a Langendorff apparatus with KHB 
bubbled with 95% O2–5% CO2. The heart was perfused for 15 min, 
followed by ischemia for 25  min and reperfusion for 2  hours at 
37°C. For sham control, the heart was continuously perfused for 
160  min at 37°C. In certain cases, the heart was postconditioned 
with either DMSO (vehicle control) or IAA-94 (50 M) for 10 min 
before reperfusion. For assessing CRC, the hearts were subjected to 
25 min of ischemia and reperfused for 20 min. After reperfusion, 
the hearts were either processed to assess mitochondrial CRC or 
stained with TTC to assess infarct size.

In vivo IR injury and permanent ligation
IR injury was performed in mice both using the classical method 
and the new method of induction of myocardial IR injury as de-
scribed previously (23). The LCA was ligated for 40 min, followed 
by reperfusion for 24 hours. The surgeries were performed within 
2 min when the ventilator was not used. Briefly, a small skin cut was 
made over the left chest, and a purse suture was made. After dissec-
tion, the pectoralis minor muscle was retracted to expose the fourth 
intercostal space. A small incision was made at the fourth intercostal 
space, and the heart was “popped out” gently. The left descending 
coronary artery was sutured, and a slipknot was tied around the 
LCA 2 to 3 mm from its origin using a 6-0 silk suture. After ligation, 
the heart was placed back into the intrathoracic space, and the air 
was removed manually before the closure of muscle and skin. The 
internal needle end of the slipknot is cut short, and the other end of 
the suture remains outside the chest and is 0.8 cm long. After 40 min 
of ischemia, the slipknot is released by pulling the long end of the 
suture gently and smoothly to cause reperfusion in the heart. For 
the classical method of in vivo IR injury, the mice were anesthetized 
with 3% (v/v) isoflurane and intubated with a 20-gauge intravenous 
catheter and ventilated with O2 and 2% (v/v) isoflurane. After dis-
section, the coronary artery was sutured in a similar manner as the 
nonclassical method of IR injury. The mice were ventilated contin-
uously during the 40 min of ischemia, and the incision was covered 
with saline-soaked gauze. After the ischemic period, the slipknot was 
released followed by closing the chest. The sham group underwent the 
same surgery but without occlusion of the LCA. The echocardiography 
imaging of mice was performed at the basal level and also after 24 hours 
of reperfusion. For chronic myocardial ischemic injury, the hearts 
were not reperfused but were continuously ligated for 8 weeks.

Evans blue/TTC staining
In the case of in vivo IR injury, after 24 hours of reperfusion, the 
mice were anesthetized, the chest was opened, and the ligature 
around the LCA was retied through the previous ligation. A total of 

20 l of 2% (w/v) Evans blue dye was injected through the aorta. 
The heart is quickly excised, frozen, and sliced into thick sections 
that are perpendicular to the long axis of the heart. The unstained 
portion is defined as an AAR. The sections were then incubated 
with 1% TTC (prepared in PBS) at RT for 15 min, fixed with 4% (w/v) 
paraformaldehyde (PFA) for 5 min, and imaged using Leica S9i. The 
myocardial infarct size (pale) is quantified using ImageJ and ex-
pressed as a percentage of infarct area over AAR. AAR is calculated 
as a percentage of AAR over the total area of the left ventricle. 
The hearts from ex vivo IR injury were also frozen and stained with 
TTC, and the infarct size was calculated.

Echocardiography imaging
A high-frequency, high-resolution ultrasound imaging system was 
used for echocardiography (Vevo 2100 and Vevo 3100 Imaging 
System, FUJIFILM VisualSonics Inc., Toronto, Canada). For 
cardiovascular function assessment of wt and clic4−/− mice, a high- 
frequency transducer probe (VisualSonics MS400 with a frequency 
range of 18 to 38 MHz and VisualSonics MX550D with a frequency 
range of 25 to 55 MHz, FUJIFILM VisualSonics Inc., Toronto, Canada) 
was used. Briefly, mice were anesthetized with 1.5 to 2% (v/v) iso-
flurane mixed with O2, and the heart rate was maintained between 
400 and 450 beats per minute. M and B mode images were acquired 
along the parasternal long-axis view to measure cardiac function. 
Images were analyzed using Vevo LAB 3.1.1 analysis software.

Western blot analysis
Different cellular fractions obtained during MAM and ultrapure 
mitochondrial preparation that were resuspended in RIPA buffer 
were incubated for 1 hour at 4°C with continuous shaking. The 
whole hearts from wt and clic4−/− mice or cardiac section from the 
border zone region after IR injury was minced in RIPA buffer and 
homogenized to prepare heart lysates. The lysates were snap-frozen 
in liquid nitrogen and, once thawed, were incubated at 4°C with 
continuous shaking for 1 hour. After 1 hour, samples were centri-
fuged at 12,000g for 20 min at 4°C, the supernatant was collected and 
loaded on 4 to 20% (w/v) SDS–polyacrylamide gel electrophoresis 
and transferred to nitrocellulose membranes. Protein loading was 
corroborated with Ponceau S staining. Membranes were blocked 
with a LI-COR blocking buffer and washed with tris-buffered saline 
(TBS) before incubating overnight with various primary antibodies 
at 4°C. Primary antibodies used were GRP78/BIP (ab21685), CLIC4 
(sc-135739), CLIC1 (sc-374202), adenosine triphosphate (ATP) 
synthase (ab14748), MCU (14997), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (2118), mitofusin 2 (ab-205236), ACSL4 
(PA5-27137), prohibitin (ab-10198), cytochrome c (pa1-12250), and 
cyclophilin D (AP1035). After washing thrice with TTBS (20 mM Tris 
buffer saline containing 0.05% Tween-20) for 10 min each, mem-
branes were incubated with anti-rabbit/mouse secondary antibodies 
conjugated to IR680/IR800 for 1 hour at RT and washed again thrice 
with TTBS for 5 min. Signals were visualized using an infrared flu-
orescence system (Bio-Rad). The intensity of the bands was quantified 
using ImageJ and normalized to loaded protein using Ponceau S signals 
for different subcellular fractions. In certain cases, the protein amount 
was normalized to the respective GAPDH control.

HR injury
Neonatal cardiomyocytes were subjected to 6 hours of hypoxia and 
12 hours of reoxygenation injury. After 4 days of culturing the neonatal 
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cardiomyocytes in 35-mm glass-bottom petri dishes or coverslips 
coated with 0.1% (w/v) gelatin, cells were subjected to hypoxia in a 
modular humidified 37°C hypoxia chamber (Biospherix, C127) 
with 1% (v/v) O2, 5% (v/v) CO2, and balanced N2 for 6  hours in 
DMEM containing no glucose and FBS. After hypoxia, the cells are 
reperfused in DMEM containing glucose (4 g/liter) and 20% (v/v) 
FBS and cultured for 12 hours. The cells after reperfusion are 
processed for JC1 staining to assess membrane potential, 2′,7′- 
Dichlorodihydrofluorescein diacetate (DCFDA) for ROS measurements, 
and TUNEL assay for assessing cell death. Image analysis was done 
using ImageJ.

Immunolabeling
Isolated crude mitochondria, adult, or neonatal cardiomyocytes, 
HEK-transfected cells, and neonatal cardiomyocytes subjected to 
normoxia/HR injury were loaded with MitoTracker as described in the 
previous section, followed by fixing with 4% (w/v) PFA for 10 min at 
RT (12). Next, the crude mitochondria, cardiomyocytes, and HEK cells 
were permeabilized with 0.5% (v/v) Triton X-100 for 10 min at RT, 
followed by blocking with 10% normal goat serum (NGS) for 30 min 
at RT. The samples were then incubated with the various specific 
primary antibodies [diluted in PBS containing 1% (w/v) NGS and 
0.1% (v/v) Triton X-100] at 4°C overnight. After incubation with the pri-
mary antibodies, GRP78/BIP (ab21685), CLIC4 (sc-135739), CLIC1 
(sc-374202), ATP synthase (ab14748), mitofusin 2 (ab-205236), ACSL4 
(PA5–27137), prohibitin (ab-10198), and cytochrome c (pa1-12250), 
the samples were washed (three times) with PBS containing 0.1% (v/v) 
Triton X-100 and incubated with secondary antibodies conjugated 
to anti-mouse/rabbit Alexa Fluor 488 (2 g/ml) and anti-rabbit/
mouse Atto 647N (1 g/ml) for 1 hour at RT. The samples were 
stained with 4′,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) (nuclei marker; 1:10,000) and mounted with either Mowiol 
4-88 or Prolong Gold (Molecular Probes). Cells were imaged with a 
Nikon A1R high-resolution confocal microscope and median-
filtered (8). The percentage colocalization index was calculated us-
ing ImageJ.

ROS measurement
ROS production was measured using Chloromethyl 22′,7′-Dichlo-
rodihydrofluorescein diacetate (CM-H2DCFDA) (Life Technolo-
gies, C26827). Neonatal cardiomyocytes following reperfusion were 
stained with DCFDA (10 M) in regular DMEM without phenol 
red for 30 min. After staining, the cells were washed with DMEM 
without phenol red and imaged in the same medium using a Nikon 
A1R confocal microscope at excitation and emission wavelengths of 
485/535 nm. Cells in normoxia are used as controls and are processed 
similarly. The fluorescence intensities were quantified using ImageJ. The 
fold change in ROS production relative to normoxia is represented 
in bar graph.

TUNEL assay
The neonatal cardiomyocytes after HR injury or upon normoxia 
(control) were fixed with 4% (w/v) PFA for 10 min, permeabilized 
with 0.25% (v/v) Triton X-100 for 20 min, and stained with TUNEL 
using a TUNEL assay kit per the manufacturer’s instructions (Thermo 
Fisher Scientific). The cells were counterstained with DAPI to stain 
for the nucleus. Fluorescent images were obtained using a Nikon 
A1R confocal microscope with the excitation-emission wavelength 
of 488 and 530 nm, respectively.

Calcium retention capacity
Hearts from wt and clic4−/− mice were washed in PBS, minced, and 
homogenized in buffer A [70 mM sucrose, 210 mM mannitol, 1 mM 
EDTA, and 50 mM tris HCl (pH 7.4)] using a Potter Elvehjem 
homogenizer (seven strokes). The homogenate was centrifuged at 
2500g for 5 min. The supernatant was collected and centrifuged at 
12,000g for 10 min. The pellet containing crude mitochondria was 
resuspended in 55 l of buffer B [70 mM sucrose, 210 mM mannitol, 
0.1 mM EDTA, and 50 mM tris-HCl (pH 7.4)]. Extramitochondrial 
calcium was detected by Calcium Green using a fluorescence spec-
trophotometer (Hitachi F-2710 or Hitachi F-7100). Calcium Green-5N, 
Hexapotassium Salt (2.5 M) (Thermo Fisher Scientific, 10 l from 
500 M stock) was added in certain groups in the presence and 
absence of CsA to the CRC buffer [150 mM sucrose, 50 mM KCl, 
2 mM KH2PO4, 5 mM succinic acid, and 20 mM tris-HCl (pH 7.4)] 
at 25°C, and the fluorescence was measured (excitation at 500 nm 
and emission at 530 nm). After 30 s, 50 l of isolated mitochondria 
sample was added. After another 90 s and subsequently at every 60 s 
thereafter, 5 M CaCl2 pulses were added until a rapid increase in 
fluorescence indicated mitochondrial death. The protein estimation 
was performed for the mitochondria using a Bio-Rad kit according 
to the manufacturer’s instructions. The fluorescence values were 
normalized with respect to the protein concentration, and the calcium 
required to induce mitochondrial death is compared between the 
different experimental groups.

JC1 staining to assess mitochondrial membrane 
potential loss
Neonatal cardiomyocytes under normoxia and HR injury conditions 
were stained with JC1 dye (33) for 30 min at 37°C in a humidified 5% 
(v/v) CO2 incubator. The cells were then washed with DMEM without 
phenol red and imaged using a Nikon A1R confocal microscope. JC1 
dye is an indicator of mitochondrial membrane potential. At higher 
mitochondrial membrane potential, JC1 dye accumulates in the mito-
chondria and forms red J1 aggregates that emit at 590 nm. At lower 
membrane potential, JC1 dye remains in the green monomeric form and 
emits at 530 nm. The ratio of fluorescence intensities of red versus green 
defines the  changes in mitochondrial membrane potential change.

Immunohistochemistry of mouse and human heart sections
Both human and mouse tissue sections were deparaffinized in xylene 
and rehydrated with ethanol and PBS, followed by antigen retrieval 
using citrate-based buffer (Vector Laboratories, #H-3300-250). 
Failing human cardiac tissues were obtained with Institutional 
Review Board approval and informed consent, and the non-failing 
cardiac tissue was procured in collaboration with the Lifeline of 
Ohio Organ Procurement program. Sections were incubated at RT with 
3% (v/v) H2O2 for 10 min to quench endogenous peroxidase activity 
and blocked by 5% (w/v) NGS in PBS for 1 hour. After blocking, sec-
tions were incubated with wheat germ agglutinin (WGA) (1:500 of 
1 mg/ml for 60 min at RT to the label plasma membrane. After WGA 
staining, sections were washed with PBS three times 5 min each. 
Sections were incubated with 0.5% (v/v) Triton X-100 containing 
PBS for 10 min at RT for permeabilization. After three washes with 
PBS, sections were incubated with anti-CLIC4, anti-prohibitin, and 
anti–cytochrome c antibody at 4°C overnight. After primary anti-
body incubation, sections were washed with 0.1% (v/v) Triton 
X-100 containing PBS and then incubated with secondary antibodies. 
After secondary antibody incubation, sections were washed and stained 
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with DAPI (1:10,000 dilution) followed by mounting with either 
Mowiol 4-88 or Prolong Gold (Molecular Probes). Cells were im-
aged with a Nikon A1R high-resolution confocal microscope and 
median-filtered (8).

Subfraction of human cardiac tissue
Frozen human cardiac tissues were subfractionated as described 
previously (32). Briefly, 150 mg of tissue was homogenized in cell lysis 
buffer (CLB) buffer [10 mM Hepes, 10 mM NaCl, 1 mM KH2PO4, 
5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2 (pH 7.5), 
and complete protease inhibitor tablet], and isotonicity was restored 
by adding 100 l of 2.5 M sucrose. Homogenate was centrifuged at 
6300g for 10 min at 4°C. The supernatant was transferred into a fresh 
tube (sup1), and the pellet was resuspended in 500 l of CLB/0.25 M 
sucrose and recentrifuged at 6300g for 5 min at 4°C. The supernatant 
(sup2) was pooled with the previous sample of supernatant (sup1), 
and the pellet was resuspended in 1 ml of TSE buffer [10 mM tris, 
300 mM sucrose, 1 mM EDTA, and 0.1% (v/v) NP-40 (pH 7.5)] and 
homogenized (30 strokes). The sample was centrifuged at 4000g for 
5 min at 4°C. The final pellet obtained after homogenization with TSE 
buffer is resuspended in RIPA buffer and represents an enriched 
nuclear fraction. The pooled supernatant (sup1 and sup2) was cen-
trifuged at 107,000g for 30 min at 4°C in a Beckman ultracentrifuge. 
The supernatant obtained after the centrifugation step represents the 
cytosolic fraction. The pellet obtained after ultracentrifugation is 
resuspended in RIPA buffer and represents the membrane and or-
ganellar fraction. The lysates were processed for Western blotting 
and probed with anti-CLIC1 and anti-CLIC4 antibodies. The ex-
pression of CLIC4 and CLIC1 was normalized to total protein con-
tent detected by Ponceau S staining of the blot by quantifying the 
band intensities using ImageJ software analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1244
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