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MCL-1 is an essential BCL-2 family member that promotes the survival of multiple cellular lineages, but its role in
cardiac muscle has remained unclear. Here, we report that cardiac-specific ablation of Mcl-1 results in a rapidly
fatal, dilated cardiomyopathy manifested by a loss of cardiac contractility, abnormal mitochondria ultrastructure,
and defective mitochondrial respiration. Strikingly, genetic ablation of both proapoptotic effectors (Bax and Bak)
could largely rescue the lethality and impaired cardiac function induced by Mcl-1 deletion. However, while the
overt consequences of Mcl-1 loss were obviated by combining with the loss of Bax and Bak, mitochondria from the
Mcl-1-, Bax-, and Bak-deficient hearts still revealed mitochondrial ultrastructural abnormalities and displayed
deficient mitochondrial respiration. Together, these data indicate that merely blocking cell death is insufficient to
completely overcome the need for MCL-1 function in cardiomyocytes and suggest that in cardiac muscle, MCL-1
also facilitates normal mitochondrial function. These findings are important, as specific MCL-1-inhibiting
therapeutics are being proposed to treat cancer cells and may result in unexpected cardiac toxicity.
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The death of cardiomyocytes has been linked to the
initiation and progression of heart failure (Mughal et al.
2012). Since adult cardiomyocytes are terminally differ-
entiated, they are limited in their ability to be replaced by
self-renewal; therefore, the heart is particularly sensitive
to the death of these cells (Kirshenbaum and Schneider
1995; Kirshenbaum et al. 1996). Indeed, even a very low
rate of cardiomyocyte apoptosis (0.023% vs. 0.002% in
controls) can be sufficient to cause a lethal, dilated
cardiomyopathy (Wencker et al. 2003). Therefore, un-
derstanding how cell death is regulated in cardiomyo-
cytes is critical to identifying potential therapies aimed
at preventing cardiac damage and preserving cardiac
function.

Members of the BCL-2 family of proteins act by either
promoting or inhibiting apoptosis. Intrinsic apoptosis is
triggered when stimuli activate BH3-only molecules
(such as BID, BAD, BIM, PUMA, and NOXA), resulting
in the activation of the multidomain proapoptotic effec-
tors BAX and BAK and inducing mitochondrial outer
membrane permeabilization. Functionally, BAX and BAK

make up the obligate gateway to mitochondrial dysfunc-
tion and cell death induced by the BCL-2 family, as loss of
both blocks the induction of intrinsic apoptosis (Lindsten
et al. 2000; Wei et al. 2001). BAX and BAK activation is
antagonized by the anti-apoptotic family members (such
as BCL-2, BCL-XL, BCL-W, MCL-1, and A1) (Cheng et al.
2001; Zong et al. 2001).

Anti-apoptotic MCL-1 is particularly unique among
prosurvival BCL-2 family members in that it is essential
for embryonic development (Rinkenberger et al. 2000)
and the survival of multiple cell lineages in the adult,
including lymphocytes (Opferman et al. 2003; Dzhagalov
et al. 2008; Vikstrom et al. 2010), hematopoietic stem
cells (Opferman et al. 2005), neutrophils (Dzhagalov et al.
2007; Steimer et al. 2009), and neurons (Arbour et al. 2008;
Malone et al. 2012). In contrast, other anti-apoptotic
BCL-2 family members function in much more restricted
fashions (Veis et al. 1993; Motoyama et al. 1995, 1999).
MCL-1 can antagonize a subset of BH3-only family
members, including BIM, PUMA, NOXA, and BID, but
does not bind other BH3-only family members, in-
cluding BAD and BNIP3 (Certo et al. 2006; Willis
et al. 2007). The reason for MCL-1’s unique nature in
promoting normal physiology in so many cell lineages
is still unclear, as most cell types express multiple
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anti-apoptotic molecules (Krajewski et al. 1995; Yang
et al. 1995; Opferman et al. 2005).

BCL-2 family members play central roles in the regu-
lation of cell death in the heart. During ischemia reperfu-
sion, levels of anti-apoptotic BCL-2 and BCL-XL decline,
and apoptotic cell death occurs (Olivetti et al. 1996;
Murriel et al. 2004). Overexpression of BCL-2 or BCL-XL

can block cardiac death in response to ischemia reperfu-
sion, leading to smaller infarcts and faster recovery
(Brocheriou et al. 2000; Chen et al. 2001b; Huang et al.
2003; Imahashi et al. 2004). Similarly, transgenic expres-
sion of BCL-2 was also protective in a mouse model of
cardiomyopathy (Weisleder et al. 2004). Last, endogenous
BCL-2 has been shown to be induced by preconditioning
(exposure to short cycles of ischemia reperfusion) (Maulik
et al. 1999). In contrast, a number of proapoptotic BH3-
only family members (BID, PUMA, BAD, BNIP3, and
NIX) have been shown to be induced by cardiac stress and
have been implicated in promoting damage (Chen et al.
2001a; Kubasiak et al. 2002; Yussman et al. 2002; Murriel
et al. 2004; Toth et al. 2006). These data indicate that
while both pro- and anti-apoptotic regulators clearly play
important roles in modulating the response of cardio-
myocytes to stress, the specific genetic regulators have
remained unclear.

Using Mcl-1 conditional mice, we demonstrate that
ablation of Mcl-1 in cardiomyocytes results in a fatal
dilated cardiomyopathy evidenced by fibrosis and a lack
of contractility. Moreover, the cardiac dysfunction was
accompanied by increased cell death, thus positing the
question of whether MCL-1 loss in cardiomyocytes trig-
gers an apoptotic response. Therefore, we combined the
genetic ablation of the key apoptotic effector molecules
(BAX and BAK) with Mcl-1 deletion and identified that
codeletion of Mcl-1 and both Bax and Bak could sub-
stantially rescue the lethality and cardiomyopathy in-
duced by MCL-1 loss. However, cardiac-specific loss of
Mcl-1, Bax, and Bak still resulted in ultrastructural
mitochondrial abnormalities and mitochondrial respira-
tory defects, indicating that MCL-1 plays additional roles
beyond simply inhibiting cell death. Therefore, we pro-
pose that a critical function of MCL-1 in cardiomyocytes
is to antagonize the apoptotic machinery to promote the
survival of cardiac muscle cells and facilitate mitochon-
drial respiration and homeostasis.

Results

Cardiomyopathy induced upon constitutive Mcl-1
deletion in cardiac and skeletal muscle

To define the role of MCL-1 in the heart, we bred Mcl-
1flox/flox mice with transgenic mice expressing Cre-
recombinase driven by muscle creatine kinase (Ckmm)
promoter that constitutively expresses in both skeletal
and cardiac muscle starting at embryonic day 13 (E13) (Li
et al. 2000). The resulting Mcl-1flox/flox, Ckmm-Cre mice
were born at the expected Mendelian ratio, but all pups
died within the first 10 d after birth (Fig. 1A; Supplemen-
tal Table 1). In contrast, no lethality was observed in wild-

type mice (Fig. 1A; Supplemental Table 1). MCL-1 protein
levels were significantly decreased by postnatal day 1 (P1)
in the heart and skeletal muscle but not in other tissues,
indicating that the deletion of Mcl-1 in this model is
efficient and muscle-specific (Fig. 1B). Histological anal-
ysis of the hearts of Mcl-1flox/flox, Ckmm-Cre mice at the
age of P7 exhibited thinning of the heart walls, cardiac
dilation, thrombus deposition, and interstitial fibrosis
(Fig. 1C). All of these features were absent in the litter-
mate control mice, indicating that Mcl-1 deletion elicited
the myocardial degeneration. In contrast to the pheno-
types observed in the Mcl-1-deleted hearts, histological
interrogation of skeletal muscle only revealed the rare
appearance of sporadic myofiber necrosis and inflamma-
tion (Fig. 1D). Transmission electron microscopy (TEM)
analysis of Mcl-1-deleted skeletal muscle did not detect
any overt abnormalities (Supplemental Fig. 1). Therefore,
the effects of constitutive Mcl-1 deletion were most
apparent in the cardiomyocytes, with only subtle defects
observed in skeletal muscle.

Mcl-1 deletion in adult cardiac muscle results in rapid,
fatal cardiomyopathy

Since Ckmm-Cre mice express the Cre-recombinase
during embryonic development, it is possible that the
dramatic effects on myocardium could be due to devel-
opmental problems rather than acute damage to mature
muscle. To test this hypothesis, we turned to an induc-
ible, cardiac-specific Mcl-1-deficient mouse model in
which Mcl-1 deletion can be induced during adulthood.
We crossed Mcl-1flox/flox mice with Myh6-Mer-Cre-Mer
(Myh-CreER) transgenic mice that express the tamoxifen-
inducible CreER-recombinase under the control of a
mouse, cardiac-specific a-myosin heavy chain promoter
(Sohal et al. 2001). Mcl-1flox/flox, Myh-CreER mice were
born at the expected Mendelian ratio and exhibited no
overt phenotype in the absence of tamoxifen treatment.
However, 2 wk after tamoxifen treatment of adult mice
(aged 8–12 wk), we observed a significant decrease of
MCL-1 protein levels specifically in the hearts of Mcl-
1flox/flox, Myh-CreER mice but not littermate control mice
(Mcl-1flox/wt) (Fig. 2A). Three weeks after tamoxifen
initiation, echocardiographic (ECHO) analysis detected
dilated cardiomyopathy with increased left ventricle (LV)
interior dimension (LVID) and decreased LV posterior wall
(LVPW) and interventicular septum (IVS) wall thickness
of cardiac-specific Mcl-1-deficient mice but not litter-
mate controls, including Mcl-1wt/wt, Myh-CreER mice (Fig.
2B). These data indicate that the lack of contractility is due
to Mcl-1 deletion and not merely Cre activation or tamoxifen
treatment. The LV contractility as measured by ejection
fraction (EF) and fraction shortening (FS) was significantly
decreased and worsened with time after tamoxifen treat-
ment (Fig. 2C). Ultimately, the Mcl-1flox/flox, Myh-CreER mice
exhibited overt signs of heart failure 3 wk after tamoxifen
initiation, and virtually all animals succumbed shortly
thereafter to heart failure (Fig. 2D). In a time-course exper-
iment, we observed cardiac dysfunction in Mcl-1flox/flox,
Myh-CreER mice as soon as 1 wk after tamoxifen admin-
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istration (Supplemental Fig. 2A). Minor decreases in the
cardiac function of Mcl-1flox/flox, Myh-CreER mice prior to
tamoxifen administration were consistent with a low level
of recombination induced by CreER leakiness (Supplemental
Fig. 2B). These data indicate that the cardiac dysfunction

induced by Mcl-1 deletion in adult mice is initiated quickly
after deletion and rapidly leads to fatal cardiac failure.

Consistent with the ECHO data, histological sections
of Mcl-1flox/flox, Myh-CreER mice harvested 3 wk after
tamoxifen initiation displayed significantly dilated LVs

Figure 1. Cardiomyopathy is induced upon constitutive Mcl-1 deletion in cardiac and skeletal muscle. (A) Survival of muscle-specific
Mcl-1-deleted mice. (**) P < 0.01 by log-rank test when compared with controls. (B) Constitutive Mcl-1 deletion in heart and skeletal
muscle. All tissues were harvested at P1 and immunoblotted with MCL-1 and Actin. (C) Hematoxylin and eosin (H&E)-stained
longitudinal sections of the heart indicate dilated cardiomyopathy and a loss of myofibrils. Connective tissue indicative of fibrosis
stained blue with the Masson’s trichrome stain. Hearts were harvested at P7. Magnifications: top, 23; middle and bottom, 403. (D)
H&E-stained longitudinal sections of the tongue skeletal muscle indicate swollen fragmented fibers with hyaline necrosis.
Magnification, 403. (E) Cardiac-specific deletion of Mcl-1 induced cell death. Caspase-3- and Caspase-7-stained sections of the heart
indicate positive cells in constitutively Mcl-1-deleted hearts (harvested at P7). Magnification, 403.
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Figure 2. Mcl-1 deletion in adult cardiac muscle results in rapid, fatal cardiomyopathy. (A) Tamoxifen-induced Mcl-1 deletion in the heart.
All tissues were harvested 2 wk after tamoxifen initiation and immunoblotted with MCL-1 and Actin. (B) Cardiac function of a Mcl-

1-deleted heart. Transthoracic ECHO studies were performed 3 wk after tamoxifen initiation. M-Mode images were recorded through IVS
and LVPW at the papillary muscle level to get the LV dimensions and IVS and LVPW thickness. (C) Contractility of a Mcl-1-deleted heart as
measured by ECHO for LV EF and FS. The data are presented as percent of baseline (before tamoxifen treatment). (**) P < 0.01. The number
of mice analyzed is indicated as n. Note: Only two Mcl-1-deleted mice were analyzed at 6 wk due to the death of most animals by this time
point. Error bars represent the standard error of the mean. (D) Survival of cardiac-specific Mcl-1-deleted mice. (**) P < 0.01 by log-rank test.
(E) H&E-stained cross sections of the heart indicate dilated cardiomyopathy and a loss of myofibrils. Magnifications: left, 23; right, 403. (F)
Fibrosis in the cross-sections of the heart stained blue with the Masson’s trichrome stain. Magnifications: left, 23; right, 403. (G) Number of
TUNEL- and Caspase-3-positive cardiomyocytes upon Mcl-1 deletion. The number of mice analyzed is indicated as n. Error bars represent
the standard error of the mean. The P-values are indicated comparing wild-type with Mcl-1-deleted mice by two-tailed Student’s t-test.



and decreased wall thickness when compared with litter-
mate control hearts (Fig. 2E). Higher-magnification his-
tology revealed the loss of myofibrils in Mcl-1-deleted
hearts (Fig. 2E). Furthermore, the regions with myofiber
loss exhibited dramatic deposition of interstitial connec-
tive tissue, as detected by Masson’s trichrome staining
(Fig. 2F). These data indicate that similar to the consti-
tutive deletion of Mcl-1 in cardiac and skeletal muscle
(Ckmm-Cre), inducible deletion of Mcl-1 in adult car-
diac tissue (Myh-CreER) results in a rapid and fatal
cardiomyopathy.

Cardiac-specific deletion of MCL-1 induced cell death

MCL-1 is an anti-apoptotic protein, and therefore it could
be predicted that loss of MCL-1 expression promotes the
induction of apoptosis, as has been observed in a variety
of other tissues (Opferman et al. 2003, 2005; Steimer et al.
2009). Within 1 wk after tamoxifen treatment, we ob-
served that Mcl-1 deletion results in the loss of cardio-
myocytes and a corresponding increase in fibrosis. To test
whether cardiac-specific deletion of MCL-1 induces apo-
ptosis of the cardiomyocytes, we performed terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) and Caspase-3 immunohistochemical
staining in constitutive (Ckmm-Cre) Mcl-1-deleted hearts
and inducible tamoxifen-treated Myh-CreER hearts. Low
but significant levels of apoptosis were observed in Mcl-
1-deleted hearts in both mouse models (Figs. 1E, 2G;
Supplemental Fig. 2C). These data are consistent with
previous reports that even low levels of cell death occur-
ring in the heart are sufficient to result in cardiomyopathy,
as adult cardiomyocytes are limited in their ability to re-
generate after damage (Kirshenbaum and Schneider 1995;
Kirshenbaum et al. 1996; Wencker et al. 2003).

Anti-apoptotic MCL-1 functions in part by binding
proapoptotic molecules, including BAX, BAK, BIM, PUMA,
NOXA, and BID, on the mitochondria to prevent the in-
duction of cell death (Certo et al. 2006; Willis et al. 2007).
Immunoblot analyses of proapoptotic molecule expression
indicated that upon Mcl-1 deletion, the expression of most
proapoptotic effectors at the mitochondria was unchanged,
but both BAX and BIM levels were subtly elevated in Mcl-
1-deleted hearts (Supplemental Fig. 3). We were unable to
detect significant expression of either PUMA or NOXA,
potentially as MCL-1 loss may be insufficient to induce the
expression of these molecules in the heart, unlike overt
stimuli like ischemia reperfusion (Toth et al. 2006; data not
shown). BNIP3, a molecule that has been implicated in
cardiac cell death, was also found to be induced by Mcl-1
deletion (Supplemental Fig. 3; Regula et al. 2002). There-
fore, Mcl-1 deletion is accompanied by an increase in
expression of a number of proapoptotic proteins, including
BAX, BIM, and BNIP3.

Genetic ablation of Bax and Bak improves cardiac
function and survival of cardiac-specific Mcl-1
deletion

To further confirm that apoptosis contributed to the cardiac
pathology after Mcl-1 deletion, we sought to genetically

disable the intrinsic apoptotic pathway in the mouse
heart by deleting both proapoptotic effectors BAX and
BAK (Lindsten et al. 2000; Wei et al. 2001). To do so, Mcl-
1flox/flox mice were bred to Bax flox/flox, Bak-deficient mice
to produce mice in which Mcl-1, Bax, and Bak could
simultaneously be genetically deleted using either
Ckmm-Cre or Myh-CreER (Takeuchi et al. 2005). In addi-
tion, deletion of Bax and Bak may also down-regulate cell
death caused by primary necrosis (opening of mitochon-
drial permeability transition pore [mPTP] in the absence of
cytochrome c release) by increasing the threshold for the
opening of the mPTP (Whelan et al. 2012). Therefore, loss
of BAX and BAK could be anticipated to block both
necrotic and apoptotic cell death.

Mcl-1flox/flox, Bax flox/flox, Bak�/�, Ckmm-Cre (hereafter
referred to as Ckmm triple knockout [TKO]) mice were
born at the expected Mendelian ratios and, unlike Mcl-
1flox/flox, Ckmm-Cre, were able to survive to adulthood
(Fig. 3A). Analysis of the one mouse out of 10 Ckmm-
TKO mice that revealed cardiac dysfunction at 5 wk of
age and subsequently died indicated that this mouse ex-
hibited incomplete Bax deletion (Fig. 3A). ECHO analysis
was unable to detect significant cardiac dysfunction in
the other Ckmm-TKO mice as compared with wild-type
and Bax flox/flox, Bak�/�, Ckmm-Cre (hereafter referred
to as Ckmm double knockout [DKO]) littermates up to
10 wk of age (Fig. 3B). Surprisingly, even Mcl-1flox/flox,
Baxflox/wt, Bak+/�, Ckmm-Cre mice (expressing fewer Bax
and Bak alleles) had an extended life span when com-
pared with Mcl-1flox/flox, Ckmm-Cre but still exhibited
impaired cardiac contractility and eventually succumbed
(Fig. 3A,B). Histology of Ckmm-TKO revealed that the
cardiomyopathy observed in Mcl-1flox/flox, Ckmm-Cre
mice was alleviated (Fig. 3C). In contrast, Mcl-1flox/flox,
Baxflox/wt, Bak+/�, Ckmm-Cre mice still exhibited loss of
cardiac myofibers and interstitial fibrosis (Fig. 3C). These
results indicate that the more Bax and Bak alleles remain-
ing, the more severe the cardiac phenotype observed upon
Mcl-1 deletion, suggesting that the proapoptotic effectors
play an important role in the pathogenesis of cardiomyopa-
thy induced by Mcl-1 deletion.

To test whether inhibition of apoptosis was capable of
abrogating the cardiac damage due to inducible Mcl-1
deletion in adult hearts, we generated inducible cardiac-
specific Mcl-1flox/flox, Bax flox/flox, Bak�/�, Myh-CreER

(hereafter referred to as Myh-TKO) mice by crossing
Mcl-1flox/flox, Myh-CreER mice with Bax flox/flox, Bak�/�

mice. Immunoblot analyses indicated efficient deletion of
MCL-1, BAX, and BAK in cardiac tissue of tamoxifen-
treated Myh-TKO mice (Fig. 4A). In contrast to the
prevalent mortality observed in Mcl-1flox/flox, Myh-CreER

mice 3 wk after tamoxifen initiation, Myh-TKO mice
were able to survive for >8 wk after the induction of Cre,
at which point they were sacrificed for analysis (Fig. 4B).
During the first week after tamoxifen treatment, Myh-
TKO mice exhibited a transient but significant defect in
both EF and FS that eventually resolved (Fig. 4C). Upon
sacrifice, Myh-TKO hearts were comparable with litter-
mate control Mcl-1flox/wt hearts without the appearance
of overt apoptosis, interstitial fibrosis, and loss of myo-
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fibers observed in Mcl-1flox/flox, Myh-CreER hearts (Figs.
2E–G, 4D; Supplemental Fig. 2C). We also observed the
induction of BIM and BNIP3 in the Myh-TKO hearts,
indicating that they are upstream of BAX and BAK
(Supplemental Fig. 3). Therefore, codeletion of BAX, BAK,
and MCL-1 prevents heart failure and overt cardiomyopa-
thy by blocking cell death.

Mitochondrial ultrastructural abnormalities
and respiratory deficiency in Mcl-1-deleted hearts

Adequate cardiac function is dependent on an organized
myocardium and mitochondria (Kuznetsov and Margreiter
2009); therefore, we analyzed the ultrastructure of Mcl-

1-deleted hearts by TEM. In normal myocardium, mito-
chondria containing cristae with high electron density
are elongated and tightly aligned between myofibrils
(Milner et al. 2000). However, mitochondria in the Mcl-
1-deleted myocardium from both mouse models appeared
rounded, disorganized, and dispersed (Fig. 5A,B). The
cristae structure of mitochondria also appeared frequently
fragmented, disrupted, and degraded, and many mito-
chondria possessed large vacuoles within an intact outer
mitochondrial membrane (OMM) (Fig. 5A,B). These de-
fects were similar to those observed in the mitochondria
from Mcl-1-deleted SV40-transformed murine embry-
onic fibroblasts (MEFs) (Perciavalle et al. 2012). Addi-
tionally, the loss of myofibrils detected by TEM was

Figure 3. Genetic ablation of Bax and Bak improves cardiac function and survival of cardiac-specific Mcl-1 deletion. (A) Survival of
Ckmm-TKO mice and littermate control mice. (**) P < 0.01 by log-rank test when compared with Mcl-1flox/flox Ckmm-Cre mice. (B)
Contractility of Mcl-1wt/wt, Mcl-1flox/flox, Baxflox/wt Bak+/� Ckmm-Cre, Ckmm-DKO, and Ckmm-TKO hearts. The data are presented as
percent of baseline (before tamoxifen treatment). (*) P < 0.05 versus littermate control mice. Error bars represent the standard error of
the mean. (C) H&E-stained cross-sections of the heart indicate dilated cardiomyopathy and a loss of myofibrils, and Masson’s trichrome
staining indicates fibrosis in the Mcl-1flox/flox Baxflox/wt Bak+/� Ckmm-Cre heart. Magnifications are indicated for each panel. All hearts
were harvested at P84.
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Figure 4. Genetic ablation of Bax and Bak improves cardiac function and survival of cardiac-specific Mcl-1 deletion. (A) Tamoxifen-
induced Mcl-1, Bax, and Bak deletion in heart. All tissues were harvested 8 wk after tamoxifen initiation and immunoblotted with
MCL-1, BAX, and BAK. Manganese superoxide dismutase (MnSOD) served as the mitochondrial marker and Actin served as the loading
control. (B) Survival of Myh-TKO mice and littermate controls. (**) P < 0.01 as determined by log-rank test when compared with Mcl-

1flox/flox Myh-CreER. (C) Contractility of Mcl-1wt/wt, Mcl-1flox/flox Myh-CreER, Myh-DKO, and Myh-TKO hearts. The data are presented
as percent of baseline (before tamoxifen treatment). (*) P < 0.05; (**) P < 0.01. Error bars represent the standard error of the mean. (D)
H&E-stained cross-sections of the heart indicate no evidence of cardiomyopathy in the Myh-TKO hearts. Masson’s staining indicates no
evidence of fibrosis in Myh-TKO hearts. All hearts were harvested 8 wk after tamoxifen initiation. Magnifications are as indicated.
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apparent from Mcl-1-deleted but not littermate control
hearts (Fig. 5A,B).

Mitochondrial cristae are enriched with proteins of the
electron transport chain (ETC) that participate in mito-
chondrial oxidative phosphorylation and respiration
(Da Cruz et al. 2003). Therefore, we sought to address
whether the mitochondria isolated from Mcl-1-deleted
cardiomyocytes exhibited defects in respiration by mea-
suring the oxygen consumption rate (OCR). The mito-
chondria isolated from tamoxifen-treated Mcl-1flox/flox,
Myh-CreER hearts revealed reduced state 3 respiration
(ADP-stimulated) when compared with littermate con-
trol mitochondria (Table 1). The respiratory control ratio
(RCR) of the Mcl-1-deleted mitochondria was signifi-
cantly lower than that of littermate controls (Table 1).
Furthermore, the maximal respiration of Mcl-1-deleted
mitochondria (FCCP-uncoupled) was also reduced when
compared with littermate controls (Table 1). Last, Mcl-1
deletion caused individual ETC complex enzymatic ac-
tivity for NADH ubiquinone oxidoreductase (complex I)
and cytochrome c oxidase (complex IV) to be reduced
when assessed from isolated mitochondria but did not
alter the function of succinateubiquinone oxidoreductase

(complex II) (Supplemental Fig. 4A). The decreased func-
tion of the ETC components was not due to differential
purification, as similar levels of mitochondrial (Prohibitin
and MnSOD) and endoplasmic reticulum (BiP) contami-
nants were found in the preparations (Supplemental
Fig. 4B). These data suggest that MCL-1 is necessary
for the maintenance of normal cardiac mitochondrial
respiration.

Mitochondrial dysfunction can result in elevated pro-
duction of reactive oxygen species (ROS) (Wallace 1999).
ROS are well known to induce mitochondrial DNA
(mtDNA) mutations or deletions that have been impli-
cated to cause cardiomyopathy (Fosslien 2003). There-
fore, we investigated whether we could detect alterations
in the mitochondrial genome by quantitative real-time
PCR (qPCR). Consistent with previous observations
made in Mcl-1-deleted MEFs and livers (Perciavalle
et al. 2012), the induction of cardiac-specific Mcl-1 de-
letion resulted in decreased mtDNA levels when normal-
ized to genomic DNA (Table 2). Given the drop in mtDNA,
we analyzed whether reductions in the total mitochondria
number in the deleted hearts could be detected. Impor-
tantly, we did not observe major differences in the total

Figure 5. Mitochondrial ultrastructural abnor-
malities in Mcl-1-deleted hearts cannot be
prevented by genetic ablation of Bax and Bak.
Transmission electron micrographs indicate
disrupted myocardium and disorganized mito-
chondria with abnormal cristae structure in A.
Constitutively Mcl-1-deleted hearts (harvested
at P9). Bar, 500 nm. (B) Tamoxifen-induced Mcl-1-
deleted hearts (3 wk after tamoxifen initiation).
Bar, 500 nm. (C) Constitutively Mcl-1-deleted
Ckmm-TKO hearts (harvested at P84). (D) Ta-
moxifen induced Mcl-1-deleted Myh-TKO hearts
(8 wk after tamoxifen initiation). For the Ckmm-
TKO and Myh-TKO samples, regions with rela-
tively normal morphology are indicated by i and
iii, whereas the regions with abnormal ultra-
structure are indicated by ii and iv. Bars: top

panels (lower magnification), 2 mm; bottom
panels (higher magnification), 500 nm.
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amount of mitochondrial proteins or citrate synthase
enzymatic activity in Mcl-1-deleted and littermate con-
trol heart lysates, indicating that the loss of MCL-1 did
not simply lead to a dramatic loss of total mitochondrial
mass (Fig. 4A; Supplemental Figure 4B,C). Furthermore,
there was no detectable induction of a PGC1-a-dependent
mitochondrial biogenesis program in the Mcl-1-deleted
hearts; instead, PGC1-a target genes were actually re-
pressed (Supplemental Fig. 5). Such a repression of PGC1-a
target genes has also been observed in several models of
cardiac hypertrophy and failure (Lehman and Kelly 2002;
Garnier et al. 2003; Arany et al. 2006). Thus, these data
indicate that Mcl-1 deletion results in mitochondrial
dysfunction, which we predict contributes to the cardio-
myopathy and decreased mitochondrial respiration in our
model.

Genetic ablation of Bax and Bak was insufficient
to prevent mitochondrial abnormalities induced
by Mcl-1 deletion

Although ECHO and histological analyses did not display
significant cardiac dysfunction, analyses of the ultra-
structure of TKO hearts by TEM revealed that the
myocardial organization and mitochondrial ultrastruc-
ture were quite heterogeneous among different regions of
the heart (Supplemental Fig. 6). Examination indicated
that both interfibrillar and subsarcolemmal mitochondria
appear equally affected and that the mitochondria with
abnormal ultrastructure were primarily found in the
endocardium and not the epicardium. Both Ckmm-TKO
and Myh-TKO hearts still exhibited regions of rounded
mitochondria that were disorganized and dispersed (Fig.
5C,D). The cristae structure of the damaged Ckmm-TKO
and Myh-TKO mitochondria were fragmented and de-
graded but possessed intact OMMs (Fig. 5C,D). These
defects were similar to those observed in the mitochon-
dria from Mcl-1-deleted myocardium (Fig. 5A,B). Addi-
tionally, TEM analyses of Ckmm-TKO and Myh-TKO
hearts still revealed myocardial regions that featured
some loss of myofibrils, but not to the same extent as
those occurring in Mcl-1-deleted hearts (Fig. 5C,D).

Since the TEM detected that Myh-TKO hearts still
exhibit defective mitochondria, we tested whether Myh-

TKO-isolated mitochondria displayed detectable respira-
tory deficiencies. To this aim, Myh-TKO, Myh-DKO, and
Mcl-1-deleted cardiac mitochondria were isolated, and
their ability to respire was determined by measuring OCR.
As previously determined, mitochondria from Mcl-1-de-
leted hearts displayed decreased OCR (Table 1). In con-
trast, Myh-DKO mitochondria respired similarly to con-
trol mitochondria, indicating that loss of both BAX and
BAK does not result in defective mitochondrial respiration
(Table 1). However, despite mitigating the symptoms of
Mcl-1 deletion, the mitochondria from Myh-TKO mice
still exhibited defective OCR, indicating a respiratory de-
fect (Table 1). These data suggest that MCL-1 may also
play a role in promoting normal cardiac mitochondrial
respiration that is distinct from its ability to inhibit
apoptosis.

The mitochondrial respiratory defects induced by
cardiac-specific Mcl-1 deletion alone led to the loss of
mtDNA (Table 2). Therefore, we investigated whether
the loss of mtDNA could be alleviated in the Myh-TKO
hearts. Unlike Myh-DKO cardiac tissue, which expressed
similar levels of mtDNA when compared with nonde-
leted littermate control hearts, the hearts from Myh-TKO
mice still displayed the loss of mtDNA (Table 2). Taken

Table 1. Oxygen consumption of isolated cardiac mitochondria

Glutamate/malate

State 3 State 4 RCR FCCP

Mcl-1flox/wt (n = 6) 400.5 6 29.8 94.5 6 7.9 4.3 6 0.1 408.3 6 27.2
Mcl-1flox/flox, Myh-CreER (n = 3) 239.9 6 9.7* 83.8 6 6.0 2.9 6 0.1** 236.2 6 7.6**
Myh-DKO (n = 3) 485.8 6 55.5 121.3 6 14.3 4.0 6 0.2 522.6 6 62.5
Myh-TKO (n = 3) 287.2 6 4.5* 100.9 6 15.3 3.0 6 0.4** 262.7 6 21.1*

Oxygen consumption (nanoatoms of oxygen/minute/microgram of protein) of mitochondria isolated from Mcl-1flox/wt and Mcl-1flox/flox,
Myh-CreER hearts 2 wk after tamoxifen treatment and from Myh-DKO and Myh-TKO hearts isolated 8 wk after tamoxifen treatment.
Glutamate (5 mM) and malate (2.5 mM) are substrates for complex I. State 3 respiration is stimulated by ADP (150 mM). State 4
respiration is the rate after adding oligomycin (2 mg/mL). Maximum respiration is the rate after adding FCCP (0.4 mM). RCR is the ratio
of state 3 and state 4. (*) P < 0.05; (**) P < 0.01 when compared with Mcl-1flox/wt mitochondria, as determined by two-tailed Student’s
t-test. For each group, n indicates the number of individual animals used for mitochondrial isolation; each measurement was done
in duplicate.

Table 2. Quantification of mtDNA from isolated cardiac

muscle

Fold change vs. Mcl-1flox/wt,
(wild type) no Cre

Mcl-1flox/wt, wild type (n = 5) 1
Mcl-1flox/flox, Myh-CreER (n = 4) 0.75 6 0.086
Myh-DKO (n = 3) 0.97 6 0.192
Myh-TKO (n = 2) 0.82 6 0.01

Cardiac muscle fiber was isolated after tamoxifen treatment and
assessed for relative mtDNA and genomic DNA. The Mcl-1flox/wt

and Mcl-1flox/flox, Myh-CreER hearts were harvested 2 wk after
tamoxifen treatment, while the Myh-DKO and Myh-TKO hearts
were harvested 8 wk after tamoxifen treatment. The ratio of
mtDNA and nDNA by qPCR is presented, with the error
representing the standard error of the mean. For each group,
n indicates the number of individual animals used for DNA
isolation; each measurement was done in triplicate.
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together, these data indicate that even when apoptosis is
genetically blocked by loss of BAX and BAK, the loss of
MCL-1 expression in cardiac tissue results in mitochon-
drial dysfunction.

Discussion

The understanding of how cell death is regulated in
cardiac tissue has emerged over recent years; however,
the precise role of the individual anti-apoptotic BCL-2
family members in regulating this process has remained
unclear. Genetic deletions of either Bcl-2 or Bcl-XL have
not been reported to lead to overt defects in car-
diac muscle development or survival (Veis et al. 1993;
Motoyama et al. 1995, 1999). Conversely, overexpression
of BCL-2 renders cardiac muscle resistant to death in-
duced by a variety of stresses (Kirshenbaum and de
Moissac 1997; Brocheriou et al. 2000; Chen et al. 2001b;
Imahashi et al. 2004). In addition, genetic deletion of Bax
and Bak significantly promoted cell survival and reduced
infarct size in a mouse model of myocardial infarction
(Whelan et al. 2012). Previously, it was unknown whether
MCL-1 played any role in protecting cardiac muscle from
death.

Here, we reveal that cardiac-specific loss of anti-apo-
ptotic MCL-1 expression leads to a rapid and lethal
cardiac dysfunction typified by cardiac dilation, lack of
contractility, interstitial fibrosis, and ultrastructural ab-
normalities in muscle fibers and associated mitochon-
dria. Similar outcomes were observed when Mcl-1 was
deleted either during embryonic development by Ckmm-
Cre or in adult mice using the inducible Myh-CreER

system. Interestingly, we did not observe overt defects
in the skeletal muscle upon Ckmm-Cre-mediated abla-
tion of Mcl-1. There were low levels of muscle fiber
necrosis, but no gross muscular abnormalities were
observable even in the skeletal muscle of Ckmm-TKO
mice in either glycolytic or aerobic muscle fiber types.
One possibility is that skeletal muscle, which possesses
the ability to regenerate, may be able to functionally
compensate for tissue damage, unlike cardiac muscle.
Additionally, it is possible that the skeletal muscle will
not reveal defects until the muscle is stressed. Con-
versely, MCL-1 function in the skeletal muscle may not
be as important as that of cardiac muscle due to compen-
sation by other family members. Further work will be
necessary to fully realize why skeletal muscle appears to
be less affected by Mcl-1 deletion.

Increased cell death was detected upon Mcl-1 deletion,
and the overt cardiac dysfunction and lethality of Mcl-
1-deleted mice was almost completely abrogated by code-
letion of Bax and Bak, the essential intrinsic apoptotic
effectors (Lindsten et al. 2000). Recently, it was described
that BAX can also participate in regulation of necrosis by
driving mitochondrial fusion, thus lowering the threshold
for the opening of the mPTP (Whelan et al. 2012). Inter-
estingly, in a companion study in this issue of Genes &
Development, Thomas et al. (2013) demonstrate that code-
letion of cyclophilin D (CypD), an important regulator of
the mPTP, along with Mcl-1 in mouse hearts attenuated

but did not completely alleviate cardiac dysfunction. Their
data indicate that inhibiting necrotic death only partially
alleviates the cardiac failure observed upon Mcl-1 deletion.
In contrast, our data demonstrate that codeletion of Mcl-1,
Bax, and Bak in mouse hearts more completely rescues the
lethality of the cardiac failure. Together, these data suggest
that while loss of Mcl-1 may induce mPTP-dependent
necrosis, the critical role for MCL-1 in cardiomyocytes is
to prevent the induction of cell death. While primary
necrosis may be occurring, it would also be alleviated by
deletion of Bax and Bak (Whelan et al. 2012). In either
case, the induction of Caspase-3 induced by Mcl-1 deletion
indicates that cytochrome c is being released, thereby
triggering apoptosis.

MCL-1 is an important survival molecule that, when
genetically ablated, results in the loss of a myriad of
normal cell types (Perciavalle and Opferman 2013). Our
data in cardiac muscle suggest that like other cell
lineages, MCL-1 is a major regulator of survival, and
deletion of Mcl-1 triggers induction of BAX, BIM, and
BNIP3 expression, all of which could induce cell death.
However, MCL-1 plays important roles beyond normal
development and maintenance of homeostasis, as it has
also been shown to be highly amplified in a variety of
human malignancies (Beroukhim et al. 2010). High levels
of MCL-1 expression have also been associated with
resistance to the new generation of BH3 mimetic cancer
therapies, including ABT-263 (navitoclax), which target
the prosurvival proteins BCL-2, BCL-XL, and BCL-W
(Konopleva et al. 2006; van Delft et al. 2006; Nguyen
et al. 2007). Therefore, a number of new modalities are in
development with the goal of inhibiting MCL-1’s prosur-
vival activity in an attempt to increase efficacy on
resistant malignancies. Our findings that MCL-1 is an
essential prosurvival molecule in the heart suggest that
a potential unwanted toxicity associated with pharmaco-
logical MCL-1 inhibition may be cardiac toxicity. There-
fore, attempts to therapeutically inhibit MCL-1 function
should be careful to monitor cardiac function.

An important consequence of mitochondrial dysfunc-
tion can be the clearance of damaged mitochondria by
autophagy, also known as mitophagy (Kubli and Gustafsson
2012). Simply deleting Mcl-1 may primarily trigger the
induction of cardiomyocyte apoptosis, leading to loss of
myofibers and the rapid cardiac dysfunction that results
in the death of the mice. However, when the intrinsic cell
death pathway is blocked by codeletion of Bax and Bak, it
is possible that the mitochondrial dysfunction induced by
Mcl-1 loss produces mitochondrial stress that drives
autophagy in an attempt to alleviate the damage. Indeed,
genetic deletion of MCL-1 in the nervous system has been
previously reported to induce autophagy (Germain et al.
2011). However, in a companion study, Thomas et al.
(2013) demonstrate that deletion of Mcl-1 in myocardium
actually leads to the impairment of autophagy in the
heart under both basal and stressed conditions. The
mechanism for specifically how the loss of MCL-1
expression inhibits autophagy induction is still unclear
from their studies and will be an important topic of future
research.
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Despite grossly rescuing cardiac function and prolong-
ing mouse survival, mice lacking Mcl-1, Bax, and Bak in
the heart still exhibit cardiac lesions and defects in
mitochondrial function, as evidenced by deficient mito-
chondrial respiration and the loss of mtDNA. These data
indicate that MCL-1 may be important for the long-term
health and function of the heart. Indeed, the presence of
lesions in the myocardium of the Myh-TKO mice sug-
gests that MCL-1 may play an important role beyond
simply inhibiting cell death. We demonstrated previously
in model cell lines and liver mitochondria that different
forms of MCL-1 reside in distinct mitochondrial localiza-
tions, where they exhibit separable functions (Perciavalle
et al. 2012). On the OMM, MCL-1 acts to bind and se-
quester BH3-only family members antagonizing cell death.
In contrast, N-terminally truncated MCL-1 is imported
into the mitochondrial matrix, where it promotes nor-
mal mitochondrial physiology and morphology. While
the separation of these roles has been observed, they have
not yet been shown to be relevant in vivo. Therefore, it is
possible that in cardiomyocytes, both localizations of
MCL-1 may be necessary for maintaining cardiac function.
Further work will be necessary to functionally reconsti-
tute cardiomyocytes of Mcl-1-deleted mice with individual
MCL-1 mutants to functionally test the contribution of
MCL-1’s anti-apoptotic function and its ability to promote
mitochondrial function.

Importantly, these data demonstrate that MCL-1 is an
essential anti-apoptotic BCL-2 family member to pro-
mote normal heart function, but our observations also
have broader implications for human health. For exam-
ple, we identified that a vital consideration of targeting
MCL-1’s protective effects in cancer therapy would be to
avoid inducing cardiac toxicity. Therefore, effective ther-
apeutic strategies will need to be carefully tailored to
avoid long-term inhibition of MCL-1’s anti-apoptotic
functions in the heart that could induce subsequent
damage. Alternatively, we would also predict that strat-
egies aimed at enhancing or maintaining MCL-1 function
in cardiomyocytes may form the basis to improve heart
function after acute cardiac stress or damage. To realize
these goals, it will be important to gain greater under-
standing of the normal mechanisms by which MCL-1 is
regulated in the myocardium and identify specifically
how MCL-1’s functions participate in promoting heart
function. However, this study represents the first step by
identifying the critical anti-apoptotic player in the heart.

Materials and methods

Mice

Mcl-1 conditional and Bax conditional Bak�/� mice have been
described previously (Opferman et al. 2003; Takeuchi et al.
2005). Ckmm-Cre mice (obtained from The Jackson Laboratory,
strain name B6.FVB(129S4)-Tg(Ckmm-cre)5Khn/J) were described
previously (Li et al. 2000). Myh-CreER mice (obtained from The
Jackson Laboratory, strain name B6.FVB(129)-Tg(Myh6-cre/
Esr1*)1Jmk/J) were described previously (Sohal et al. 2001). To
induce deletion, mice received five doses of tamoxifen (1 mg per
dose; Sigma) emulsified in sunflower oil vehicle (Sigma) by gavage.

All mice were maintained on a mixed 129/C57BL6 background,
and littermate controls were used in all assays. The mice were
bred in accordance with the institutional animal care and use
committee at St. Jude Children’s Research Hospital. All mice used
in the present studies were maintained in specific pathogen-free
conditions, and littermate controls were used as negative controls.

ECHO

Mice were shaved and anesthetized with 0.5%–1.5% isoflurane
in a 95% O2, 5% CO2 chamber prior to ECHO. ECHO was
performed using VEVO-2100 high-frequency ultrasound instru-
mentation (Fujifilm VisualSonics, Inc.) equipped with a MS-
550D transducer operating at 40 MHz. All scans were taken
with the heart rate between 300 and 400 beats per minute (bpm).
M-Mode data were obtained in the parasternal short axis (PSAX)
orientation to determine contractility of the heart. Data were
post-processed using dedicated VisualSonics software (2100-
1.4.0), and direct measurements were determined for IVS, LVPW,
and LV dimensions at diastole and systole. From these data, EF
and FS were determined to assess contractility.

Histology

Heart and skeletal muscle tissue was fixed in 10% neutral
buffered formalin, embedded in paraffin, and cut into 4-um thick
sections using HM500M cryostat (Microm). The paraffin sec-
tions were stained with hematoxlyn and eosin (H&E) and
Masson’s trichrome stain. Paraffin sections were deparaffinized,
and immunohistochemistry for detection of Capase-3 and
Caspase-7 was performed using the following antibodies: anti-
cleaved Caspase-3 and Caspase-7 (BioCare Medical). Anti-rabbit
on rodent polymer (BioCare Medical) with deaminobenzidine
detection system was used for visualization of the antigen. The
number of total and positive nuclei was manually counted. Ten
fields through the heart were analyzed for each animal under
203 magnification.

Western blotting and antibodies

Immunoblot analysis was performed as previously described
(Stewart et al. 2010). Briefly, samples were lysed in radioimmu-
noprecifitation assay (RIPA) buffer (50 mM Tris-HCl at pH 7.4,
150 mM NaCl, 1% TritonX-100, 1 mM EDTA, 1% sodium
deoxycholate, 0.1% SDS) containing protease inhibitors (Roche)
on ice. Lysates were cleared by centrifugation, and protein
concentrations were determined by BCA assay (Pierce). The
following antibodies were used: anti-MCL-1 (Rockland Immu-
nochemical), anti-BAX (Millipore), anti-BAK (Millipore), anti-
Actin (Millipore), anti-MnSOD (BD Biosciences), anti-Prohibitin
(Thermo Fisher Scientific), anti-BIM (Millipore), anti-BNIP3
(Cell Signaling), and anti-BID (Cell Signaling).

Isolation and purification of mouse heart mitochondria

Mice were sacrificed with CO2, and beating hearts were re-
moved. Hearts were rinsed by ice-cold mito isolation buffer (MIB;
200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH at pH
7.4, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.1% BSA) to
remove the blood and then finely minced. Minced tissue was
homogenized with a Polytron tissue grinder at 12,000 rpm for 2.5
sec and then hand-homogenized in a Potter-Helvehjem 10-mL
homogenizer (Teflon glass) for three to five strokes. Mitochon-
dria were isolated by differential centrifugation. Briefly, the
homogenized tissue was centrifuged twice at 600g for 5 min.
The resulting pellet was resuspended in MIB and centrifuged at
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5500g for 10 min. The final pellet was rinsed and gently
homogenized in MIB. Concentration of mitochondria was de-
termined by Bradford assay.

Oxygen consumption

Mitochondria respiration was measured by a Clark-type oxygen
electrode (Hansatech Oxygraph) in 500 mL of mito assay buffer
(MAB; 70 mM sucrose, 220 mM mannitol, 10 mM Pi, 5 mM
MgCl2, 2 mM Hepes, 1 mM EGTA, 0.2% BSA) at 37°C. Complex I
respiration was stimulated by the addition of glutamate (5 mM)
and malate (2.5 mM). State 3 respiration was stimulated by the
addition of ADP (150 mM). State 4 respiration was the rate after
adding oligomycin (2 mg/mL). Maximum respiration was obtained
by the addition of FCCP (0.4 mM). RCR was the ratio between
state 3 and state 4.

Enzymatic assays

The activity of complex I was assayed as previously described
(Frost et al. 2005). Complex II activity was assayed by measuring
succinate-dependent reduction in DCIP, mediated by CoQ1. The
reaction was followed by absorbance at 600 nm following
succinate addition (Miyadera et al. 2003). Complex IV activity
was assayed by measuring oxidation of cytochrome c at 550 nm
and calculated using the extinction coefficient of 19.6
mM�1cm�1 as previously described (Miro et al. 1998). Pyruvate
dehydrogenase (PDH) activity was assayed by measuring the
pyruvate-dependent reduction of INT, mediated by PMS, as
previously described (Hinman and Blass 1981).

DNA isolation and quantification

DNA was extracted from the heart tissue of mice, and the
relative copy number was quantified by analyzing the difference
in threshold amplification between mtDNA and nuclear DNA.
Real-time PCR was performed with SYBR Green (Bio-Rad)
detection using a Bio-Rad iCycler using the ddCt method. The
assay was done in triplicate for each sample.

TEM

Hearts were perfused and fixed in 2.5% gluteraldehyde in 0.1 M
sodium cacodylate buffer and post-fixed in 2% osmium tetroxide
in 0.1 M sodium cacodylate buffer with 0.3% potassium ferro-
cyanide. Tissue was stained with 4% aqueous uranyl acetate,
dehydrated, infiltrated, and embedded in epoxy resin. Ultrathin
sections (80 nm) were cut and imaged using a JEOL 1200 electron
microscope with an AMT XR 111 camera.

Statistical considerations

Mendelian ratio significance was calculated using the x2 test,
Kaplan-Meier curve significance was calculated using the log-
rank test, and ECG significance was calculated using the two-
tailed Student’s t-test. P-values are denoted in the figure legends.
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