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Abstract

Programmed cardiac myocyte death via the intrinsic, or mitochondrial, pathway is a mechanism of
pathological ventricular remodeling after myocardial infarction and during chronic pressure overload
hypertrophy. Transcriptional upregulation of the closely related proapoptotic Bcl2 family members
BNip3 in ischemic myocardium and Nix in hypertrophied myocardium suggested a molecular
mechanism by which programmed cell death can be initiated by cardiac stress and lead to dilated
cardiomyopathy. Studies using transgenic and gene knockout mice subsequently demonstrated that
expression of BNip3 and Nix is both sufficient for cardiomyopathy development and necessary for
cardiac remodeling after reversible coronary occlusion and transverse aortic banding, respectively.
Here, these data are reviewed in the context of recent findings showing that Nix not only stimulates
cardiomyocyte apoptosis but also induces mitochondrial autophagy (mitophagy) and indirectly
activates the mitochondrial permeability transition pore, causing cell necrosis. New findings are
presented suggesting that Nix and BNip3 have an essential function, “mitochondrial pruning,” that
restrains mitochondrial proliferation in cardiomyocytes and without which an age-dependent
mitochondrial cardiomyopathy develops.
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BNip3 and Nix are Inducible Cardiomyocyte Death Factors

The cellular hallmark of acquired dilated cardiomyopathy is loss of functioning
cardiomyocytes, frequently with their replacement by fibrotic tissue [1]. In the case of
myocardial infarction, this “cardiomyocyte drop-out” is early and localized and constitutes the
primary injury. In chronically ischemic hearts and nonischemic cardiomyopathies,
cardiomyocyte drop-out (typically characterized in the literature as apoptosis) is widespread
and induced as a programmed secondary response to the primary injury [2-5]. Because adult
cardiac myocytes are incapable of meaningful cellular regeneration [6], chronic persistent
apoptosis at a rate of 0.1-1% of total cardiomyocytes is sufficient to produce cardiac dilation
and heart failure [7]. The workload placed on the heart by programmed cardiac myocyte loss
initiates a feed-forward cycle of unfavorable geometrical remodeling that further induces
cardiomyocyte death genes, resulting in a downward functional spiral progressing to dilated
cardiomyopathy and end-stage heart failure [8,9].

Cardiomyocyte apoptosis can be mediated either through the extrinsic cytokine death receptor
pathway, or the intrinsic mitochondrial pathway. The focus here is on mitochondrial apoptosis,
regulated by the Bcl2 family of mitochondrial-targeted pro- and anti-“apoptotic” proteins.
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These factors unambiguously regulate caspase-dependent apoptosis and so the moniker of
“pro-" or “anti-apoptotic” is at least partially correct. As explained in more detail below,
however, evidence is accumulating that Bcl2 family proteins also regulate nonapoptotic forms
of programmed cell death that occur concomitantly and can be confused with apoptosis. Here,
| characterize Bcl2 family members as “pro”- or “anti-apoptotic” according to convention, with
the caveat that this is a functional generalization that does not suggest one specific mechanism
for cell death.

Bcl2 family proteins are classified according to their structural features and function in cell
death [10]. The “multidomain” proteins, Bax and Bak, are pore-forming proteins that
permeabilize mitochondrial outer membranes, leading to cytochrome c release and intrinsic
apoptosis signaling. Pore formation by Bax and Bak is facilitated by proapoptotic BH3 domain-
only factors, including cardiac-expressed BNip3 and Nix (also called BNip3L). BNip3, Nix,
and related BH3-only factors heterodimerize with antiapoptotic factors like Bcl2 and BclXI in
the heart, which prevents activation of Bax and Bak. While the pore-forming proteins tend to
be constitutively expressed, the regulatory factors are under transcriptional and
posttranslational controls [10-15]. Thus, the canonical function of proapoptotic BNip3 and
Nix in programmed cardiomyocyte death is to sense cardiac stress and initiate outer
mitochondrial membrane pore formation through activation of Bax and Bak. The latter factors
permit mitochondrial cytochrome c release into the cytosol, leading to caspase activation and
apoptosis (Fig. 1, left).

Although BNip3 and Nix are structurally and functionally similar, they are regulated in the
heart by entirely distinct stimuli: BNip3 is transcriptionally upregulated in the heart by hypoxia
[14,16]. Although Nix is also upregulated by hypoxia in some tissues [17-19], this is not the
case in the heart or in cultured cardiomyocytes. Instead, myocardial Nix upregulation appears
to be a specific transcriptional response to pathological hypertrophy and is mediated by
activation of Gg/protein kinase C signaling pathways [13,15].

Forced Expression of BNip3 and Nix is Sufficient to Induce Dilated
Cardiomyopathy in Mice

Our laboratory employed conventional and conditional cardiac transgenesis to determine
whether the increased BNip3 or Nix observed in ischemic and hypertrophied hearts was
sufficient to induce the cardiomyocyte death and ventricular remodeling that lead to dilated
cardiomyopathies in these syndromes. Our initial foray into this area of investigation expressed
Nix in mouse hearts using the standard a-myosin heavy chain («MHC) transgene promoter
[13]. This widely used promoter confers cardiomyocyte-specific expression that begins shortly
after the birth of the mouse pup. aMHC-Nix mice were normal at birth (i.e., just before Nix
began to be expressed) but failed to thrive thereafter, and all died at the age of 7-8 days.
Echocardiography performed on day®6 revealed dilated and hypocontractile left ventricles, and
TUNEL staining of these hearts showed massive cardiomyocyte apoptosis (apoptotic indices
of 15-20%). Thus, forced cardiomyocyte Nix expression is sufficient to cause rapidly
progressive apoptotic cardiomyopathy and premature death. In a follow-up study that used a
conditional (tetracycline suppressible) cardiac Nix expression system, we observed that
cardiomyocyte apoptosis was more prevalent and dilated cardiomyopathy more severe after
neonatal than adult Nix expression. However, simultaneous superimposition of microsurgical
aortic coarctation and Nix induction in the adult hearts greatly accelerated the progression to
heart failure [20]. These studies demonstrated a connection between cardiomyocyte growth
and programmed death, revealing that the susceptibility of cardiomyocytes to programmed
death is increased to a similar degree by normal postnatal cardiac growth and pathological
cardiac hypertrophy. Based on the studies of Nix regulation and the consequences of transgenic
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Nix expression on the heart, we suggested that Nix coordinates transcriptional and
physiological cues leading to cardiomyocyte drop-out and left ventricular remodeling [21].

We have also examined the in vivo consequences of cardiomyocyte BNip3 overexpression
using a conditional, tetracycline-suppressible cardiac expression system [22]. Whereas the
heart was exquisitely sensitive to Nix-mediated cardiomyocyte death (see above), neonatal
BNip3 expression at approximately 50 times the normal myocardial levels increased the rate
of cardiomyocyte TUNEL positivity to only ~1%. However, simultaneous superimposition of
microsurgical left anterior descending coronary artery occlusion and BNip3 induction in adult
hearts created markedly larger myocardial infarctions (~35% of the left ventricle) than in
identically treated nontransgenic littermates (~20% of the left ventricle) [22]. These results
show that forced BNip3 expression is sufficient to modestly increase cardiomyocyte apoptosis
in neonatal hearts but not to cause the aggressive cardiomyopathy seen with Nix expression at
similar levels and under identical conditions. We concluded that transcriptional upregulation
is only one factor that leads to BNip3-induced cardiomyocyte death and that posttranslational
regulation, either through ischemia-stimulated translocation to mitochondria [23,24] or nuclei
[25,26], is required to fully activate BNip3 death promoting activity in the heart.

Ablation of BNip3 and Nix Prevents Ventricular Remodeling after Ml and
Pressure Overload, Respectively

Since BNip3 and Nix are transcriptionally upregulated in the heart in a stimulus-specific
manner, we hypothesized that preventing their expression might have benefits in the particular
conditions wherein they are induced. Our approach was to create BNip3 and Nix gene knockout
mice, subject them to the specific stimulus that normally induces the ablated gene (ischemia—
reperfusion for BNip3 and pressure overload or Gg-mediated hypertrophy for Nix), and
compare cardiomyocyte apoptosis, ventricular remodeling, and cardiac function between the
knockout mice and identically treated wild-type controls.

Germ-line ablation of the BNip3 gene resulted in a mouse that was without any detectable
cardiac, hematological, neurological, or other phenotype at baseline. Accordingly, we felt
comfortable analyzing its response to the stress of cardiac ischemia—reperfusion injury [22].
We employed a model of reversible left anterior descending coronary artery ligation that
mimics early reperfusion after myocardial infarction. BNip3 ablation did not affect infarct size.
This is not surprising because for BNip3 ablation to have an effect, it must first be expressed,
and it is only expressed and activated in the heart in response to ischemia (see above). Because
cardiomyocytes within the infarct area die a necrotic death shortly after interruption of blood
flow and before they can regulate BNip3 gene and protein expression, BNip3 ablation does not
diminish infarct size. In the peri-infarct region, however, cardiomyocytes are injured rather
than killed outright and presumably survive long enough to induce BNip3 (that kills them later
on). Indeed, in the days following the primary ischemia—reperfusion injury, cardiomyocyte
apoptosis was induced in both the peri-infarct region and the remote myocardium but was
~50% less prevalent in BNip3 null mice, compared to wild-type controls. Decreased
cardiomyocyte apoptosis caused by BNip3 ablation was associated with striking declines in
left ventricular remodeling and improved cardiac performance, as measured by magnetic
resonance imaging. Together, these results show that BNip3 is an important factor mediating
cardiomyocyte loss and adverse ventricular remodeling in postischemic hearts.

Because Nix is upregulated by cardiac hypertrophy [13,15], we postulated that Nix gene
ablation would prevent ventricular remodeling and the progression to heart failure in
chronically pressure-overloaded hearts. However, germ-line Nix knockout mice produced by
three independent groups, including our own, exhibited a profound hematological phenotype
that was a potential confounder for our proposed cardiac studies: increased blood reticulocyte
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counts associated with decreased in vivo and in vitro apoptosis of splenic erythroid precursors
and extreme hypersensitivity to erythropoietin [27-29]. For this reason, we employed a
Nkx-2.5 Cre-lox strategy to create mice in which the Nix gene was selectively deleted in cardiac
myocytes. The cardiac-specific Nix knockout mice then underwent surgical transverse aortic
banding to create chronic pressure overloading [30]. Pressure overloaded mouse hearts develop
characteristically increased cardiomyocyte apoptosis that is associated with progressive
ventricular dilatation and cardiac failure. However, cardiac-specific Nix knockout mice
exhibited only half as much cardiomyocyte apoptosis (TUNEL positivity) and developed less
late replacement fibrosis, than pressure overloaded hearts from control mice. Furthermore,
while the pressure overload hypertrophy response was not affected by cardiomyocyte Nix
ablation, the progressive ventricular dilation and wall thinning that typically follow after aortic
banding were largely prevented, which preserved systolic function. These findings showed that
apoptosis is a cause of functional cardiac decompensation after pressure overload and
established that Nix is a critical inducible factor mediating this response.

Nix Induces Apoptotic and Nonapoptotic Forms of Death

There is no question that Nix induces conventional caspase-dependent apoptosis through
mitochondrial outer membrane permeabilization. In our first studies, we demonstrated
mitochondrial localization of Nix and showed that it induces mitochondrial cytochrome ¢
release, caspase activation, and oligonucleosomal DNA degradation, leading to cell death
[13]. More recently, however, we observed that only ~80% of transfected Nix localizes to
mitochondria in neonatal rat cardiomyocytes or HEK293 cells, with the remainder localizing
to the endoplasmic reticulum (ER)/sarcoplasmic reticulum (SR) [31]. In the same studies, we
noted that transcriptional upregulation of Nix after experimental pressure overload was
associated with preferential increases in SR- (rather than mitochondrial-) associated Nix. The
SR is the dominant site for cardiomyocyte calcium storage, and we also found that ER/SR-
localized Nix can affect intracellular calcium stores, as had previously been described for Bcl2
and Bax [32-34]. In the case of Nix, there was a direct relationship between Nix and ER/SR
calcium: Nix overexpression increased reticular calcium stores, while Nix ablation decreased
reticular calcium stores [31].

Calcium transport from reticulum to mitochondria through junctional “calcium hot-

spots” [35] is a potent stimulus for the mitochondrial permeability transition, leading to a form
of cell death referred to as “programmed necrosis” [36,37]. Accordingly, we hypothesized that
reticular—mitochondrial cross-talk stimulated by ER/SR-localized Nix might induce
nonapoptotic, or “necrotic”, cell death that had previously been attributed to Nix, but never
mechanistically defined [38]. To examine this notion, we created and expressed mitochondria-
specific, ER/SR-specific, and cytosolic Nix mutants and assessed in vitro cell viability, caspase
activation, and the mitochondrial inner membrane potential, Ay, (which is lost upon opening
of the permeability transition pore) [31]. The nontargeted cytosolic Nix mutant did not induce
cell death. Mitochondrial-directed Nix produced cell death associated with caspase activation
but with no mitochondrial permeability transition, i.e., Ay, was maintained. In contrast,
reticular-directed Nix produced cell death with opening of the mitochondrial permeability
transition pore (MPTP), as well as with caspase activation (a secondary consequence of
cytochrome c released after MPTP opening and outer mitochondrial membrane rupture) [38].
We interpreted these results as evidence that Nix stimulates conventional intrinsic pathway
apoptosis but that also induces programmed necrosis by localizing to ER/SR, increasing
reticular calcium stores and calcium delivery to mitochondria and causing mitochondrial
permeability pore transition (Fig. 1, right). The in vivo relevance of these events to Nix-
mediated cardiomyocyte death and ventricular remodeling has not yet been established.
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Mitochondrial Pruning: The Essential Function of Cardiac-Expressed Nix and

BNip3

An important unresolved question about cardiac-expressed programmed cell death factors is
“Why are they in the heart in the first place?” At best, the heart has limited ability to regenerate
lost cardiac myocytes [6]. There seems to be no evolutionary advantage to programmed
cardiomyocyte death, and the studies reviewed above show only benefits from deleting BNip3
or Nix in the heart. The conventional response to the “Why?” question is that apoptosis is
necessary for normal embryonic development of the heart, and while temporally and spatially
restricted apoptosis is observed during cardiac development, our studies showed that germ-
line deletion of Nix [27,30], BNip3 [22], and even both in combination (see below) has no
effect on cardiac development or young adult heart structure. Thus, these two death genes seem
to have no critical developmental function in the heart.

The nuances of cardiac physiology are sometimes best revealed by instruments less crude than
acute aortic banding or experimental myocardial infarction. We considered that long-term
observation of the Nix and BNip3 knockout models might reveal a different aspect of the
phenotype, and therefore, we maintained a small cohort of these mice for over a year, with
periodic noninvasive assessment of cardiac size and contractility. These heretofore
unpublished studies revealed that hearts of BNip3 knockout mice were structurally and
functionally normal throughout the study period, i.e., in mice of all ages. By contrast, germ-
line Nix knockout mice developed cardiac enlargement with depressed left ventricular
contractile performance at 60 weeks, compared to age-matched wild-type controls (Fig. 2a, b).
Interestingly, cardiac enlargement in senescent Nix knockout mice was not associated with
typical wall thinning by echocardiography or magnetic resonance imaging (MRI; Fig. 2c).
Indeed, left ventricular mass assessed by MRI was significantly increased (Fig. 2d).

The above observation that absence of Nix produces cardiac enlargement with aging was made
in germ-line Nix knockout mice. It was therefore possible that cardiomegaly and
cardiomyopathy developed as a secondary response to some systemic influence, such as the
hematological abnormalities that are characteristic of this gene knockout [27,28], rather than
because of a direct protective effect of Nix in cardiac myocytes. We wanted to know whether
loss of Nix specifically from cardiac myocytes would reproduce this pathology and, in so doing,
demonstrate a cell-autonomous protective function for cardiomyocyte-expressed Nix. We also
considered that the near functional identity of Nix and BNip3 in mediating cell death [38] might
reflect a similar functional redundancy for any putative cardioprotective effect. For these
reasons, we initiated a second series of long-term studies in cardiac-specific Nix knockout mice
(Nix flox/flox + Nkx2.5 Cre) crossed onto the BNip3 knockout background (BNip3—/-), termed
BNip3/Nix double cardiac knockout (DCKO). At 8 weeks of age, echocardiographic cardiac
structure and function were normal in both BNip3—/—and BNip3/Nix DCKO mice (Fig. 3a, top
and Fig. 3b). However, by 30 weeks, the DCKO mice had developed massive cardiac
enlargement with depressed left ventricular ejection performance but without wall thinning
(Fig. 3a, middle and bottom, and Fig. 3b). In other words, the DCKO mice developed the same
age-dependent cardiac phenotype as did the germ-line Nix knockout mice but in half the time.
This finding indicates that BNip3 and Nix have similar or synergistic protective effects on the
heart and that these effects are cardiomyocyte autonomous.

At the cellular and subcellular level, the two known functions of Nix are to stimulate
programmed cell death and to stimulate mitochondrial clearance [38,39]. As reviewed above,
the programmed death effect has been demonstrated in a variety of cell types, in vitro and in
vivo. To date, mitoautophagy has only been shown in erythroid cells, where elimination of
mitochondria before release of newly developed reticulocytes (young red blood cells) into the
blood stream appears to be essential to prevent hemolytic anemia. However, uncontrolled
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mitochondrial proliferation has previously been demonstrated as a cause of cardiomyopathy
that is remarkably similar to that which developed in the aging germ-line Nix knockout and
DCKO mice [40,41]. Thus, we examined cardiac mitochondria in young and old DCKO mice:
Assays of mitochondrial DNA content (RT-gPCR of mitochondrial cytochrome ¢ oxidase 1
(CO1) DNA compared to nuclear-encoded NADH dehydrogenase (NDUFV1) DNA) and
mitochondrial protein (citrate synthase activity) suggested increased mitochondrial content in
DCKO hearts at both 8 and 30 weeks of age, compared to normal values in BNip3—/—hearts
(Fig. 4a, b). This impression was confirmed by ultrastructural studies: Young (12-week-old)
BNip3—/—hearts showed normal mitochondrial size, density, and pattern of distribution within
the sarcoplasm, with normal mitochondrial cristae and lamellar structures (Fig. 4c). In contrast,
mitochondrial distribution within DCKO hearts of the same age lacked the highly organized
pattern that is usual for cardiac myocytes, and there were numerous examples of degenerated
mitochondria with almost complete loss of cristae (Fig. 4d, arrows). Strikingly, hearts of older
(30-week) DCKO mice showed marked increases in mitochondrial content, with almost
complete loss of normal subcellular organization. Mitochondrial size showed dramatic
heterogeneity, with both giant and dwarf mitochondria present (Fig. 4e, top left panel). As in
young DCKO hearts, degenerated mitochondria were observed (Fig. 4e, arrows). In addition,
however, there was widespread atypical mitochondrial morphology consisting of peripheral
loss and dilation of cristae, with sparing of the central lamellae (Fig. 4e, arrow heads; Fig. 4e,
bottom right panel).

Mitochondrial abnormalities in young DCKO mice that have not yet developed a cardiac
phenotype suggested either that the cardiomyopathy was unrelated to the mitochondrial
findings or that the phenotype simply was not evident at baseline in younger animals. To
differentiate between these possibilities, we performed aortic banding on three 8-week-old
BNip3—/—mice (who responded to aortic banding exactly as wild-type mice do [30]) and seven
DCKO mice and followed their response to pressure overloading for 4 weeks. This is similar
to the experiment in which we previously showed that cardiac-specific ablation of Nix alone
decreased left ventricular remodeling 10 weeks after aortic banding [30]. However, with
concomitant BNip3 ablation in the DCKO mice, the hearts began to dilate and fail within 1
week of pressure overloading (Fig. 5). Thus, the mitochondrial abnormalities observed with
concomitant genetic ablation of both Nix and BNip3 in cardiac myocytes are associated with
a dysfunctional response to pressure overloading and ultimately result in spontaneous
cardiomyopathy with many of the morphological, functional, and ultrastructural characteristics
of cardiomyopathies previously attributed to increased mitochondrial biogenesis [40,41].

We know of no evidence that Nix or BNip3 regulate mitochondrial biogenesis. However, Nix-
mediated mitochondrial clearance during reticulocyte maturation [28,42] and the current
findings suggest that Nix might regulate mitochondrial content by targeting senescent or
damaged mitochondria for autophagic elimination. Two nearly simultaneous, but independent,
studies have identified the molecular mechanism by which Nix can identify damaged
mitochondria and target them for autophagic clearance: recruitment of LC3/GABARAP
proteins that promote autophagic membrane formation. In the first report [43], phage display
screening for binding partners of the autophagic protein GABARAP (y-aminobutyric acid
receptor-associated protein) identified Nix as a relatively low-affinity (Kd~100 uM) binding
factor. These investigators modified the putative GABARAP binding site in Nix, amino acids
31-43 (at the opposite end of the Nix protein from the C-terminal mitochondrial targeting and
transmembrane domains), and demonstrated that a critical tryptophan (W36) is essential for
Nix-GABARAP binding. Interestingly, BNip3 shares a similar sequence near its amino
terminus. A nearly concurrent report identified the Nix-GABARAP interaction in a yeast two-
hybrid screen using the autophagy factor Atg8 as bait [44]. Confirmatory studies of human
Atg8 family members showed Nix binding to all LC3/GABARAP proteins, except LC3B. As
in the first study, the Nix-GABARAP binding domain was localized to the amino terminus

J Cardiovasc Transl Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorn

Page 7

(resides 35-38), and a critical tryptophan was identified (W35 of murine Nix). The functional
significance of Nix-GABARAP binding for mitophagy was then established in an elegant
experiment that used the hallmark reticulocyte mitochondrial clearance defect [28,29,41] as
an assay for in vivo mitophagy. Bone marrow from Nix null mice was retrovirally transfected
to express either wild-type or mutant (W35 and others) Nix and transplanted into irradiated
mice. Both wild-type and GABARAP binding-deficient Nix was capable of rescuing the
reticulocyte mitochondrial clearance defect under normal conditions. This result suggests that
there is a redundant mitochondrial clearance mechanism, which is likely BNip3-mediated
mitophagy. However, in mice where reticulocytosis was provoked by inducing a hemolytic
anemia with hydralazine (a model we had previously used to exacerbate the reticular—
mitochondrial abnormality in Nix—/— mice [41]), the W35 GABARAP binding-deficient Nix
mutant gave only an incomplete rescue. This result indicates that Nix-mediated autophagic
clearance of mitochondria can be especially important under conditions of cell stress. This
proposed mechanism, summarized schematically in Fig. 6 (top), could explain our findings in
Nix- and Nix/BNip3-deficient hearts. Indeed, our ultrastructural studies also suggest an
abnormality in mitophagy and autophagic vesicle formation in senescent hearts lacking Nix
and/or BNip3 (Fig. 6, bottom). However, definitive proof connecting cardiomyopathy with
absence of Nix/BNip3, defective autophagic mitochondrial clearance and resulting
mitochondrial overabundance, will require experimental models that are not currently
available.

In conclusion, accumulated data indicate that Nix and BNip3 exert multiple effects, all of which
involve direct or indirect interactions with mitochondria. Apoptosis is stimulated by Nix/
BNip3-mediated outer membrane permeabilization. Mitochondrial permeability transition is
likely induced via calcium cross-talk between endoplasmic reticulum/sarcoplasmic reticulum
and mitochondria, caused by the ability of Nix to increase reticular calcium content (a function
likely shared by BNip3, although this has not formally been demonstrated), and “mitochondrial
pruning” may be a constitutive, homeostatic function of these two death proteins, where
damaged or senescent mitochondria are recognized and preferentially eliminated by Nix and/
or BNip3. The latter function would be expected to have special impact in the heart, which has
the highest metabolic rate of any human organ, and is especially rich in mitochondria [45]. In
the absence of normal Nix- and BNip3-mediated mitochondrial pruning, we observe
accumulation of abnormal mitochondria. If mitochondrial pruning is indeed the necessary
physiological function of these two mitochondrial “death genes,” then Nix- (and BNip3-)
mediated cardiomyocyte death represents malfunction of normal homeostasis caused by stress-
mediated increases in expression. This conceptual paradigm explains the presence of these
death proteins in cardiac myocytes and also warrants caution for therapies designed to inhibit
programmed cell death by directly attacking these factors.
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Fig. 1.

Schematic diagram depicting canonical apoptotic function of Nix and BNip3 and atypical
MTPT opening by Nix. Left, Nix and BNip3 localize to mitochondrial outer membranes via
carboxyl-terminal hydrophobic domains and stimulate membrane permeabilization by Bax
and/or Bak. Cytochrome c released into the cytoplasm binds in a functional “apoptosome” with
other factors to activate initiator caspase 9, resulting in cascade activation of effector caspase
3, DNA fragmentation, and apoptosis. Right, Nix localizes to endoplasmic and sarcoplasmic
reticulum where it increases reticular calcium via a poorly defined mechanism. Reticular
calcium transferred to mitochondria through calcium “hot spots” is takenupbythe
mitochondrial calcium uniporter and opens mitochondrial permeability transition pores,
resulting in osmotic swelling and mitochondrial rupture. Although cytochrome c is released
by this mechanism, cell death occurs because of metabolic shutdown, not apoptosis
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Fig. 3.

Age-dependent cardiomyopathy in 30-week-old Nix/BNip3 double cardiac knockout
(DCKO) mice. a Representative M-mode echocardiograms from 8-week BNip3—/—and DCKO
mice (top), from a 30-week BNip3—/— mouse (middle, left), and from three 30-week DCKO
mice (middle, right, and bottom). b Quantitative group echocardiographic data. LVEDD left
ventricular end diastolic dimension
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Fig. 4.

Mitochondrial abnormalities in Nix/BNip3 double cardiac knockout mice. a Quantitative PCR
of cardiac mitochondrial CO1 and nuclear NDUFV1 gene content. b Myocardial citrate
synthase activity. c—e Transmission EM of myocardial samples from different genotypes and
ages: ¢ Twelve-week-old BNip3—/—. Top, 6,000x; bottom, 30,000x. d Twelve-week-old
DCKO. Top, 6,000x; bottom, 70,000x%. e Thirty-week-old DCKO. Top left, 6,000%; top right,
25,000x; bottom left, 30,000x%; bottom right, 50,000%
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Rapid decompensation of Nix/BNip3 double cardiac knockout (DCKO) mice after acute
pressure overloading. a Time-dependent changes in echocardiographically determined left
ventricular end diastolic dimension (LVEDD, upper left), fractional shortening (upper right),
ratio of wall thickness to radius (h/r, bottom left), and mass (lower right) after transverse aortic
constriction (TAC). b Transverse aortic gradient (left) and peak positive dP/dt (right) at terminal

invasive hemodynamic studies 4 weeks after TAC
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Fig. 6.

Schematic diagram depicting proposed molecular mechanism for mitochondrial pruning by
Nix and BNip3. a Nix localizes to mitochondrial outer membranes via hydrophobic C-terminal
domain (COOH) and to GABARAP via amino terminal domain (NH,). GABARAP acts as a
docking protein with autophagic membrane-associated LC3 to target Nix-labeled
mitochondrion for autophagic clearance. b Mitochondrial replaced by double membrane
delimited autophagic vesicles in a senescent BNip3 knockout mouse heart (30,000x). ¢ High
magnification (80,000x) of autophagic vesicle containing mitochondrial remnants
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