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Transcriptional	upregulation	of	the	proapoptotic	BCL2	family	protein	NIX	limits	red	blood	cell	formation	
and	can	cause	heart	failure	by	inducing	cell	death,	but	the	requisite	molecular	events	are	poorly	defined.	Here,	
we	show	complementary	mechanisms	for	NIX-mediated	cell	death	involving	direct	and	ER/sarcoplasmic	retic-
ulum–mediated	(ER/SR-mediated)	mitochondria	disruption.	Endogenous	cardiac	NIX	and	recombinant	NIX	
localize	both	to	the	mitochondria	and	to	the	ER/SR.	In	genetic	mouse	models,	cardiomyocyte	ER/SR	calcium	
stores	are	proportional	to	the	level	of	expressed	NIX.	Whereas	Nix	ablation	was	protective	in	a	mouse	model	
of	apoptotic	cardiomyopathy,	genetic	correction	of	the	decreased	SR	calcium	content	of	Nix-null	mice	restored	
sensitivity	to	cell	death	and	reestablished	cardiomyopathy.	Nix	mutants	specific	to	ER/SR	or	mitochondria	
activated	caspases	and	were	equally	lethal,	but	only	ER/SR-Nix	caused	loss	of	the	mitochondrial	membrane	
potential.	These	results	establish	a	new	function	for	NIX	as	an	integrator	of	transcriptional	and	calcium-medi-
ated	signals	for	programmed	cell	death.

Introduction
Apoptosis is essential for normal organism development and tis-
sue homeostasis but creates or contributes to disease when it devi-
ates from normal physiological constraints. Members of the BCL2 
family of mitochondria-targeted proteins play central regulatory 
roles by positively or negatively influencing apoptotic signals from 
external and internal death stimuli. Permeabilization of the mito-
chondrial outer membrane by proapoptotic BAX and BAK is the 
commitment step for apoptosis because it is the first event to dam-
age intracellular organelles (1). This gatekeeper function is regu-
lated by BH3-only factors that are transcriptionally upregulated 
or posttranslationally activated in response to specific cell death 
signals. Tissue-specific expression of BH3-only proteins confers 
situational precision to apoptotic responses. Death signaling by 
these factors is opposed by antiapoptotic BCL2 proteins that bind 
to and sequester BH3-only proteins, thereby preventing mitochon-
drial outer membrane permeabilization by BAX and BAK (2).

The BH3-only protein NIX is expressed under specific physi-
ological or pathological conditions in hematopoietic cells, cardiac 
myocytes, and other cell types. In the hematopoietic system, Nix 
expression increases during normal erythroblast maturation and 
is essential to restraining erythrocyte production and for mito-
chondrial pruning in maturing erythroblasts (3–5). In the heart, 
Nix is transcriptionally upregulated during pathological cardiac 
hypertrophy in response to hemodynamic overload or neurohor-
monal excess (6, 7). NIX-mediated apoptosis contributes to pro-

grammed loss of cardiac myocytes that leads to heart failure (8). 
In each of these roles, mitochondria are central to the function 
of NIX. Consistent with this notion, an alternately spliced mouse 
NIX isoform lacking the domain that targets Nix to mitochondria 
has no proapoptotic activity (7).

Emerging evidence indicates that some BCL2-related factors 
localize to ER in addition to mitochondria (1). Major functions 
of ER and of analogous sarcoplasmic reticulum (SR) in the heart 
are storage and stimulated release of calcium. Mitochondria that 
are closely associated with ER/SR can capture released calcium 
and use it to stimulate energy production or to provoke apopto-
sis/necrosis, depending upon ER/SR calcium content, the magni-
tude of the calcium signal, and other factors (9). Overexpression 
of antiapoptotic BCL2 or combined ablation of proapoptotic 
BAX and BAK decreases ER calcium content and protects against 
cell demise in vitro (10, 11). In both instances, correction of ER 
calcium content by overexpression of the SR calcium ATPase 
(SERCA) calcium-uptake pump restores the lethality of calcium-
mobilizing agents. Conversely, overexpression of BAX and BAK 
enhances ER-mitochondrial calcium transfer and increases apop-
tosis (12). Thus, proapoptotic BCL2 family proteins have the 
potential to contribute to cell death directly through effects on 
mitochondrial permeability and indirectly by increasing calcium 
delivery from ER to mitochondria.

Although tissue culture experimentation indicates that BCL2 
family proteins can play a role in calcium-mediated programmed 
cell death, the in vivo relevance of this mechanism has not been 
established. We considered that an ER-mediated calcium trigger 
for cell death is likely to have importance in cardiac or skeletal 
myocytes where the proximity between ER/SR and mitochon-
dria that are essential for maintenance of calcium-rich junctional 
microdomains is enforced by highly organized subcellular archi-
tecture (13). Indeed, the original observation of calcium-induced 
cell death was made in cardiac myocytes (14), and cytosolic or SR 
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calcium overload is accepted as contributing to cardiomyocyte 
demise in heart failure and ischemic injury (15, 16).

Here, using gene ablation, gene transfer, and genetic comple-
mentation approaches, we examined the contribution of ER/SR 
calcium to NIX-mediated cell death in vitro and to cardiac failure 
in vivo. We demonstrate that Nix localizes in part to the ER/SR and 
increases SR calcium content, which causes mitochondrial perme-
ability transition and programmed cell death. These findings iden-

tify Nix-induced modulation of SR calcium as a cell-death mecha-
nism that promotes propagation of ER/SR-mitochondrial calcium 
transfer, thus conferring sensitivity to environmental stressors.

Results
NIX regulates ER calcium stores. Like most other BH3-only Bcl2 family 
proteins (17), NIX has a carboxyl terminus transmembrane domain 
that is required for mitochondrial localization and outer mem-

Figure 1
Nix localizes to mitochondria and ER and cofractionates with mitochondrial and ER/SR proteins. (A) HEK293 cells were transfected with FLAG-Nix  
or β-gal control; fractionated into 10,000 g pellet (10p), 100,000 g pellet (100p), and 100,000 g supernatant (S); and immunoblotted with anti-
FLAG, calnexin (Cal), or COX IV antibodies. (B) Neonatal rat ventricular myocytes were infected with adenoviruses encoding FLAG-Nix or β-gal 
control and processed as in A. E, empty lane. (C and D) Hearts from mice subjected to 1 week of pressure overload (TAC) and nonoperated 
controls (Non) were fractionated into a 10,000 g pellet and a 100,000 g pellet. The 100,000 g pellet was separated on a discontinuous sucrose 
gradient to yield the SR-rich fraction (SR, see Methods). 50 μg (C) and 20 μg (D) of the indicated fractions were separated by SDS-PAGE 
and immunoblotted with anti-Bnip3L (Nix), calnexin, or COX IV antibodies. Positive control (+C) (10 μg) was cellular extract from FLAG-Nix 
transfected HEK293 cells, showing multiple bands corresponding to Nix homodimers and heterodimers. (E) FLAG epitope–tagged Nix or β-gal 
control (both green) were transiently expressed in HEK293 cells and analyzed by fluorescence microscopy for colocalization with mitochondrial 
MitoFluor Red 589 (Mito) or ER calnexin (both red). Nuclei are blue (DAPI). Overlay for Nix is at bottom. Original magnification, ×1,000. Scale 
bar: 10 μm (shown for comparison).
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brane permeabilization and therefore for apoptosis (7). Accordingly, 
recombinant NIX cofractionates with mitochondrial cyclooxygenase 
IV (COX IV) in transfected human embryonic kidney 293 (HEK293) 
cells (Figure 1A) and cultured neonatal rat ventricular cardiac myo-
cytes (Figure 1B). As with BAX, BAK, and BCL2, however (10–12, 
18), a proportion of NIX is found in subcellular fractions that are 
enriched in the ER/SR protein marker calnexin and have no mito-
chondrial contamination (COX IV) (Figure 1, A and B). Indeed, 
whereas endogenous myocardial NIX protein levels do not dramati-
cally increase after pressure overloading in a conventional myocar-
dial microsomal fraction that contains both mitochondrial and 
ER/SR markers (Figure 1C), sucrose gradient fractionation reveals 
a striking increase in ER/SR-associated NIX after transverse aortic 
banding (Figure 1D). In cultured HEK cells transfected with FLAG-
NIX, the relative proportion of NIX that is present within ER is 
approximately 20% of the total (Figure 1E). Thus, endogenous and 
recombinant NIX localize, in part, to ER/SR.

We determined the in vivo consequences of ER/SR-localized NIX 
on intracellular calcium stores by assaying caffeine-stimulated cal-
cium release (a measure of SR calcium content; ref. 19) in cardiac 
myocytes prepared from mice conditionally overexpressing Nix in 
the heart. Temporally defined NIX expression in adult mouse hearts 
does not cause the widespread apoptosis and heart failure seen with 
neonatal expression (20) and therefore permits characterization 
of NIX functions in cardiac myocytes. Isolated cardiac myocytes 
from conditional NIX-overexpressing mice had 25% ± 5% greater 

increases in caffeine-stimulated cytosolic Ca2+ ([Ca2+]i) than con-
trols, consistent with increased SR calcium stores (Figure 2A). The 
reciprocal experiment, performed using cardiac myocytes isolated 
from mice in which Nix was genetically ablated (4), showed that 
the SR Ca2+ content, assessed by caffeine application, was 28% ± 4%  
lower than  in controls  (Figure 2B). Levels of  immunoreactive 
SERCA, phospholamban (PLN), ryanodine receptor (RYR), Na/Ca2+  
exchanger, and calsequestrin (CSQN) were unaffected by Nix abla-
tion (Figure 2C). Likewise, the peak inward calcium current (ICa) 
(Figure 2D) and sodium-calcium exchanger (NCX) current (Figure 
2E) were the same in Nix-KO and WT hearts. Thus, cardiac myo-
cyte SR calcium stores change in the same direction as experimen-
tally manipulated cardiac Nix expression.

Restoration of Nix-knockout SR calcium by SERCA disinhibition. Overex-
pression of SERCA, the ER/SR calcium-uptake pump, corrects ER 
calcium in cells derived from BAX/BAK double-knockout (DKO) 
mice (11). In the heart, SERCA is tonically inhibited by PLN (21). 
Therefore, to determine whether NIX-regulated SR calcium has a 
role in programmed cardiomyocyte death, we used a genetic com-
plementation approach to restore SR calcium content in cardiac 
myocytes of Nix-knockout mice by crossing them with PLN-knock-
out mice (22). Disinhibition of SERCA by PLN ablation in Nix-null 
cardiac myocytes fully restored SR calcium stores, measured as the 
increase in caffeine-stimulated [Ca2+]i (Figure 3A). Calcium cycling 
during phasic electrical stimulation, a measure of SR calcium avail-
able for excitation-contraction coupling (23), and cardiomyocyte 

Figure 2
Nix regulates ER and SR calcium stores. (A) Ventricular cardiac myocytes isolated from nontransgenic (NTG) or conditional Nix-overexpressing 
(Nix OE) mouse hearts were loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i by monitoring the 510 nm emission during rapidly 
alternating excitation at 340 and 380 nm. Data are reported as the 340:380 nm emission ratio. A representative pair of tracings is shown (left). 
Group data (right) represent mean ± SEM of 24 NTG and 42 Nix OE cardiac myocytes from 3 pairs of hearts. Caf, caffeine. (B) Ventricular cardiac 
myocytes isolated from WT or Nix-knockout (Nix–/–) mouse hearts were loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i as 
above. A representative pair of tracings is shown (left). Group data (right) represent mean ± SEM of 25 WT and 50 Nix–/– cardiac myocytes from 
5 pairs of hearts. (C) Crude cardiac extracts from Nix-null (Nix–/–) and WT hearts were subjected to immunoblotting for RYR, SERCA, NCX, PLN, 
and CSQN (50 μg protein/lane). (D) Representative peak ICa traces recorded from a holding potential of –50 mV to the indicated test potentials in 
patch-clamped isolated Nix-null and WT cardiac myocytes. (E) Representative traces of Na+/Ca2+ exchange current induced by a rapid solution 
change from 150 mM Na+ to 150 mM Li+ (indicated above) at a holding potential of –40 mV, recorded from Nix-null and WT cardiac myocytes.
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contraction itself were likewise diminished in Nix-knockout mice 
and fully restored by combined PLN ablation (Figure 3, B and C).

SR calcium stores contribute to Nix-mediated programmed cell death. 
In the heart, Nix is transcriptionally upregulated in Gq-mediated 
hypertrophies (6). Nix-mediated cardiomyocyte apoptosis is a key 
factor in hypertrophy decompensation, including the lethal peri-
partum heart failure that develops in cardiac Gq transgenic mice (7, 
8, 24). We used this experimental model to explore the consequenc-
es of SR calcium on Nix-mediated programmed cell death and 
heart failure. For these experiments, the Gq transgene was intro-
duced into the Nix-knockout (Gq-Nix–KO) and Nix/PLN–DKO  
(Gq-Nix/PLN–DKO) backgrounds and the postpartum courses 
followed in comparison with those of the mice carrying the Gq 
transgene alone (Gq mice).

Consistent with previous reports (24, 25), approximately half of 
peripartum Gq mice died of an aggressive apoptotic cardiomyopa-
thy within 2 weeks of delivery (Figure 3D). As recently reported in a 
different genetic mouse strain (8), Nix ablation in Gq mice reduced 
peripartal mortality (Figure 3D), prevented adverse left ventricular 

dilation (ratio of ventricular radius [r] to wall thickness [h]; Fig-
ure 3E), improved cardiac performance (percentage of echocardio-
graphic fractional shortening; Figure 3F), and reduced cardiomyo-
cyte apoptosis (Figure 3G). Restoration of SR calcium content by 
combined PLN ablation in Gq-Nix/PLN–DKO mice reversed the 
salutary effects of Nix ablation on ventricular dilation and con-
tractile performance (Figure 3, E and F). Attenuation of Nix–/– pro-
tection against peripartum lethality was also observed but was 
limited to the first postpartum week (Figure 3D), and effects on 
TUNEL positivity were minimal (Figure 3G). These findings indi-
cate that the adverse effects of restoring SR calcium in Nix–/– mice 
on Gq-mediated peripartal heart failure are not entirely explained 
by increased cardiac myocyte apoptosis. Consistent with this con-
clusion, Gq-Nix/PLN–DKO peripartum mice universally exhibited 
evidence of cardiomyocyte necrosis in the form of dystrophic cal-
cification (7/7), which did not appear at all in Gq-Nix–KO peripar-
tum mice (0/6) and which was evident in only one-third (2/6) of Gq 
peripartum mice. These findings link SR calcium to NIX-mediated 
necrotic cardiomyocyte death and heart failure.

Figure 3
In vivo restoration of SR calcium stores in Nix-knockout cardiac myocytes by SERCA disinhibition reverses the Nix-null rescue of Gq peripartum 
cardiomyopathy. (A) Ventricular cardiac myocytes isolated from WT, Nix-knockout (Nix–/–), or Nix/PLN-DKO (Nix–/–PLN–/–) mouse hearts were 
loaded with Fura-2 AM and analyzed for caffeine-stimulated [Ca2+]i. A representative set of tracings is shown (left). Group data (right) represent 
mean ± SEM of 35 WT, 28 Nix–/–, and 38 Nix–/–PLN–/– cardiac myocytes from n = 3 to 4 hearts each. (B) Pacing-stimulated [Ca2+]i in ventricular 
myocytes from the same groups. Representative tracings are shown (left) and group data represented as mean ± SEM (right). (C) Contraction of 
paced ventricular myocytes from the same groups. Representative contraction tracings are shown as the absolute change in cell length over time 
(left). Quantitative analysis of the peak rate of change of cell shortening are represented as mean ± SEM (right). Horizontal bars indicate time. 
(D) Kaplan-Meier analysis of mouse survival in the peripartum period. Daily survival of Gq (n = 36), Gq Nix–/– (n = 30), and Gq Nix–/–PLN–DKO 
(Gq DKO, n = 19) dams was assessed after giving birth. log-rank statistic was employed to detect statistical significance. *P = 0.017 versus Gq 
by post-hoc test (Holms-Sidak). (E–G) Comparative analysis of left ventricular dilation (E, measured as the ratio of ventricular radius [r] to wall 
thickness [h]), contraction (F, measured as echocardiographic percentage of fractional shortening), and apoptosis (G, measured as the percent-
age of TUNEL-positive cardiac myocytes) for the same study groups (n = 6–13/group). WT is shown for comparison with normal. Statistical 
significance was determined by 1-way ANOVA and Tukey’s post-hoc testing.
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ER/SR-targeted NIX is as deadly as but acts differently than mito-
chondrial NIX.  Calcium  taken  up  by  mitochondria  triggers 
programmed cell death by opening mitochondrial permeabil-
ity transition pores (PTPs) (26). Since ER/SR calcium overload 

activates this process by increasing calcium transfer through 
calcium “hot spots” to physically proximate mitochondria (13), 
we explored the effects of Nix on ER/SR calcium-mitochondrial 
signaling. We first established that Nix-null mitochondria are 

Figure 4
Creation of mitochondria- and ER-specific Nix mutants. (A) Calcium-induced swelling of purified WT (triangles) and Nix-knockout (diamonds) 
liver mitochondria. Calcium (250 μM) was added (arrow) and the decrease in absorbance of 540 nm light assessed over time. Each curve repre-
sents the mean of 2 separate experiments. (B) Schematic depiction of mutation strategy for organelle-specific Nix. TM, putative transmembrane 
domain. (C and D) FLAG epitope–tagged WT Nix (Nix-WT), Nix-ActA, Nix-cb5, or truncated Nix (Nix-trunc) were transiently expressed in HEK293 
cells, fractionated into 10,000 g pellet, 100,000 g pellet, and 100,000 g supernatant, and immunoblotted with anti-FLAG, calnexin, or COX IV 
antibodies (25 μg protein/lane). (D) Transiently transfected WT Nix, Nix-ActA, Nix-cb5, or truncated Nix (all green) as in C were analyzed by 
fluorescence microscopy for colocalization with MitoFluor Red 589 or ER calnexin (both red). Nuclei are blue (DAPI). Overlays are shown at 
bottom. Original magnification, ×1,000. Scale bar: 10 μm (shown for comparison).
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normally sensitive to calcium-mediated PTP opening (Figure 
4A), indicating that NIX involvement in calcium-mediated pro-
grammed cell death is a consequence of its effect on ER/SR cal-
cium content and not on altered mitochondrial responsiveness 
to [Ca2+]. We therefore directly compared the lethality of mito-
chondria- versus SR-associated NIX by creating NIX mutants 
targeted specifically to each organelle or to none at all (Figure 

4B). Mitochondria and ER (or SR in heart) are physically asso-
ciated, and it is therefore difficult to obtain a mitochondrial 
fraction that  is completely  free of ER/SR contamination (9, 
13, 27). However, it is possible to obtain an ER/SR-rich subcel-
lular fraction that is essentially free of mitochondrial protein. 
Accordingly,  immunoblot  analysis  using  the  FLAG  epitope 
tag to localize WT and mutant NIX to fractions enriched in 

Figure 5
ER- and mitochondria-targeted Nix are equally effective in killing cultured cardiac myocytes but utilize different mediators. (A) Cultured neonatal rat 
cardiac myocytes were infected with adenoviruses encoding WT Nix or 1 of the 3 Nix mutants and subjected to fluorescence microscopy for subcel-
lular localization. Shown are overlay images with FLAG-Nix (green) and MitoFluor Red 589 (red). Original magnification, ×1,000. Scale bar: 10 μm 
(shown for comparison). (B) Cultured neonatal rat cardiac myocytes were infected with adenoviruses encoding WT Nix or 1 of the 3 Nix mutants, 
and Nix expression was analyzed by immunoblotting for FLAG epitope and GAPDH (loading control; 25 μg/lane). Arrows indicate Nix mutants with 
varying molecular weights. (C) Quantitative analysis of cardiomyocyte death (left y axis, white bars) and TUNEL positivity in the absence (right y 
axis, black bars) and presence (right y axis, gray bars) of 25 μM BAPTA-AM induced by subcellular targeting of Nix. Means ± SEM of 4 independent 
experiments for death and 8 (–BAPTA) and 5 for TUNEL (+BAPTA) are shown. (D) Confocal microscopy of TMRE (red) and fluorescent caspase 
substrate (rhodamine 100 bis-l-aspartic acid amide; green) in cultured neonatal rat cardiac myocytes infected with adenoviruses encoding WT Nix 
or 1 of the 3 Nix mutants. Original magnification, ×400. Nuclei are blue (Hoechst 33342). Scale bar: 20 μm (shown for comparison).
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cytosolic, mitochondria- and ER-rich, or ER (without mito-
chondrial  contamination)  proteins  revealed  that  NIX-ActA 
cofractionated with COX IV, the mitochondrial marker (Figure 
4C). In contrast, NIX-cb5 cofractionated with calnexin, the ER 
marker (Figure 4C). Truncated NIX was seen in all fractions but 
was largely in the cytosolic supernatant (Figure 4C; WT NIX is 
also shown for comparison). Immunofluorescence microscopy 
of HEK293 cells transfected with each of the Nix constructs 
confirmed proper subcellular targeting of the mutants (Figure 
4D): WT NIX (NIX-WT) colocalized with both MitoTracker Red 
and the ER/SR marker calnexin, whereas NIX-ActA was specific 
for mitochondria and NIX-cb5 was specific for ER. NIX-trunc, 
which lacks any targeting domain, showed a diffuse cytoplasmic 
and nucleoplasmic distribution (Figure 4D).

Adenoviral vectors were used for high-efficiency expression of 
Nix-WT and the 3 Nix mutants in cultured neonatal rat cardiac 
myocytes, which were then assayed for markers of apoptosis and 
cell viability. Organelle-specific targeting in neonatal rat cardiac 
myocytes was again confirmed by immunofluorescence micros-
copy (Figure 5A), and equivalent cardiomyocyte expression of 
WT and the mutant NIX proteins was shown by immunoblot 
analysis (Figure 5B). In studies of cell viability, TUNEL positiv-
ity, caspase activation, and mitochondrial transition pore acti-

vation (tetramethylrhodamine ethyl ester [TMRE]), NIX-trunc 
had no effects (Figure 5, C and D). NIX-WT, NIX-ActA, and NIX-
cb5 exhibited similar proapoptotic activities (TUNEL positivity, 
Figure 5C; and caspase activation, Figure 5D), and each simi-
larly increased cardiomyocyte death (2-fold or more; Figure 5C) 
compared with the control adeno–β-gal virus. However, whereas 
NIX-WT and NIX-cb5 caused a loss of mitochondrial membrane 
potential (Δψm), indicative of PTP opening, mitochondria-spe-
cific NIX-ActA did not (Figure 5D). Since NIX does not open 
PTPs of isolated mitochondria (but only causes mitochondri-
al outer membrane permeabilization) (4), this finding reveals 
that Nix localization to ER/SR is essential to opening of mito-
chondrial PTPs. The connection between ER/SR, Nix, and pro-
grammed cell death is further supported by the observation that 
buffering of [Ca2+]i with the membrane-permeable Ca2+ chelator 
BAPTA-AM strikingly reduced apoptosis caused by Nix-WT and 
Nix-ActA but not by Nix-cb5 (Figure 5C). This demonstrates a 
unique role for compartmentalized calcium (i.e., not subject to 
BAPTA chelation; ref. 28) in cell death caused by the ER/SR-
specific Nix mutant.

Discussion
Here, we show that the proapoptotic Bcl2 family member NIX 
activates a programmed cell death pathway modulated by ER/SR 
calcium in cardiac myocytes. NIX localizes in part to ER/SR and 
contributes to SR calcium overload that mediates cell death in a 
manner consistent with local propagation of ER/SR-mitochondri-
al calcium transfer. This reflects a dual mechanism for cell death 
mediated by Nix: transcriptional Nix upregulation leads to apop-
tosis through the intrinsic mitochondrial pathway, while modu-
lation of intracellular calcium stores provides for sensitivity to 
environmental stressors that induce cell death via mitochondrial 
permeability transition (Figure 6).

A number of Bcl2 family members are expressed under tran-
scriptional control in myocardial disease, including NIX and 
the closely related proapoptotic BH3-only protein BNIP3 (6–8, 
29). The canonical role of these and other BH3-only factors is 
to sense stress signals and promote mitochondrial pore forma-
tion by the multidomain Bcl2 proteins BAX and BAK (30–32). 
Permeabilization of mitochondrial outer membranes by BAX/
BAK releases cytochrome c from the mitochondrial intermem-
branous space and permits its interaction with cytosolic factors 
that initiate apoptosis signaling via the caspase cascade (32, 33). 
Cardiac-expressed antiapoptotic Bcl2 members, such as BCL2 
and BCL-xl (32, 34), antagonize this process. Thus, BH3-only 
proteins are the sensors, multidomain proteins the effectors, 
and  BCL2/BCL-xl  the  negative  regulators  of  mitochondrial 
pathway apoptosis.

In the heart, cardiac myocyte viability and the functional and 
structural integrity of the injured or stressed myocardium are 
determined in part by regulated expression of Nix and related 
mitochondrial death factors. Nix mRNA is not present in measur-
able amounts in normal myocardium but is strikingly increased 
in experimental genetic and pressure overload hypertrophy and in 
hypertensive human hearts (7, 8). Nix-mediated activation of mito-
chondrial pathway apoptosis signaling, indicated by cytochrome c  
release and caspase 3 cleavage, has been shown in a variety of cul-
tured cell systems and in in vivo hypertrophied and failing myocar-
dia (7, 8). Mitochondria are also central to programmed necrotic 
death mediated through opening of mitochondrial PTPs (26). 

Figure 6
Mechanisms of Nix-induced cell death. Transcriptionally induced NIX 
is targeted to the mitochondria and ER/SR and activates programmed 
cell death in cells via a canonical mitochondrial pathway and what we 
believe is a novel ER/SR pathway. Mitochondria-targeted Nix causes 
mitochondrial outer membrane permeabilization, likely in coordination 
with Bax and Bak, leading to cytochrome c release, apoptosome for-
mation, caspase 3 activation and apoptotic cell death. ER/SR-targeted 
Nix contributes to ER/SR calcium overload. This sensitizes cells to 
environmental stimuli, resulting in local calcium release at junctional 
“hot spots” with mitochondria. Released calcium is taken up by a mito-
chondrial uniporter, causing intramitochondrial calcium overload that 
triggers mitochondrial permeability pore formation with loss of mito-
chondrial potential, mitochondrial swelling, and release of essential 
mitochondrial proteins, preventing ATP generation with resultant bioen-
ergetic failure. This is rapidly followed by failure of energy-dependent, 
plasma membrane–localized ion transporters, causing intracellular ion 
overload, cellular swelling and rupture, and necrotic cell death. MPTP, 
mitochondrial permeability transition pore.
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Although there are reports that some BH3-only factors can cause 
nonapoptotic cell death (35), a specific mechanistic role for Nix or 
other primarily mitochondrial BH3-only proteins in programmed 
necrosis has not been described.

We observed that Nix increases ER/SR calcium and that ER/SR- 
localized Nix (but not mitochondria-specific Nix) promotes 
mitochondrial permeability transition. It seems counterintuitive 
that mitochondria-targeted Nix cannot open the mitochondrial 
transition pore but that ER/SR-targeted Nix does so. This indi-
cates an indirect effect of Nix on mitochondria that is mediated 
through the ER/SR, a notion that is supported by our previous 
observation that direct application of recombinant Nix protein 
to isolated mitochondria in a cell-free system does not cause 
mitochondrial swelling (a hallmark of permeability transition) 
(4). In contrast, calcium readily causes mitochondrial swelling 
in the same assay (ref. 4 and Figure 4A), and since Nix increases 
ER/SR calcium, this reveals a likely mechanism: calcium can be 
taken up by mitochondria through the poorly characterized 
low-affinity calcium uniport transporter (uniporter). Physical 
proximity between ER/SR and mitochondria in cardiac myo-
cytes (27, 36) creates junctional calcium “hot spots” at which 
locally high concentrations of calcium can be efficiently taken 
up by the uniporter (13). Calcium within these hot spots is spa-
tially restricted and therefore protected from the conventional 
cyclical changes of excitation-contraction coupling and, in our 
and other studies, from chelation by cytosolic BAPTA (28) (see 
Figure  5C).  Calcium  delivery  to  the  mitochondria  activates 
matrix dehydrogenases, thus impairing mitochondrial respira-
tion and depleting ATP necessary to sustain the electrochemical 
gradient across mitochondrial  inner membranes. Mitochon-
drial depolarization and ATP depletion lead to suspension of 
minimal essential functions, i.e., necrotic death. The loss of Δψm 
in cells expressing WT and ER/SR-targeted Nix but not mito-
chondria-specific Nix is indicated in our studies by decreased 
fluorescence of red mitochondrial TMRE staining in Figure 5D. 
As a consequence of increased mitochondrial inner-membrane 
permeability, there is an oncotic influx of water resulting in 
mitochondrial swelling and ultimately disruption of the mito-
chondrial outer membrane. Physical rupture of mitochondria 
due to permeability transition releases normally sequestered 
intermembranous proteins, cytochrome c, AIF, and endoG, each 
of which can activate apoptotic pathways (1). Thus, as shown by 
caspase activation and TUNEL positivity in Figure 5, apoptotic 
pathways can be activated indirectly by ER/SR-localized Nix as 
a consequence of the mitochondrial permeability transition and 
resulting membrane rupture (37, 38).

Establishing the in vivo consequences of ER/SR-targeted Nix 
was a major goal of these investigations, but precisely how Nix 
increases cardiomyocyte ER/SR calcium stores and whether 
Nix may be more important at either ER or SR (to the extent 
that they can be structurally and functionally distinguished) 
is not known. Regulation of ER calcium and mitochondrial 
death pathways has previously been described for BCL2, the 
multidomain proteins BAX and BAK, and the ER-specific BH3-
only factor BIK (39, 40). Overexpression of antiapoptotic Bcl2 
or Bcl-xl or ablation of proapoptotic BAX and BAK reduced 
ER calcium content by increasing the leak of calcium through 
IP3 receptors and protected against cell death in vitro (10, 11, 
41–44). Recent studies have shown that antiapoptotic BCL2 and 
BCL-xl reduce ER calcium content by binding to and sensitizing 

IP3R (44, 45). Proapoptotic BAX and the BH3-only protein tBID 
antagonize this by preventing the interaction between IP3R and 
BCL2, which increases ER calcium and lowers the threshold for 
mitochondrial pathway apoptosis (41). IP3Rs are rare in cardiac 
myocytes and their role in cardiac homeostasis is controversial 
(46), so the cardiac relevance of any similar interactions between 
Nix and IP3R is uncertain.

The critical importance of ER/SR calcium for in vivo cardio-
myocyte death was revealed in our studies through restoration 
of calcium stores in Nix-knockout hearts, achieved by ablat-
ing PLN. Because cardiomyocyte-free calcium concentrations 
increase in response to cellular stress, Nix-mediated modulation 
of ER/SR calcium and resulting ER/SR-mitochondrial crosstalk 
generates physiological inputs for programmed cell death in 
addition to conventional transcriptional regulation. Calcium 
involvement in cell death signaling may have special importance 
in the heart, as SR calcium overload produced by overexpression 
of an L-type calcium channel (LTCC) increases programmed car-
diomyocyte death in vitro and in vivo (16, 36) and SR calcium 
overload in cardiac myocytes with impaired Na+/Ca2+ exchang-
er–mediated calcium extrusion stimulates apoptosis (47). Cal-
cium-mediated stimulation of cardiomyocyte apoptotic and 
nonapoptotic death pathways has the potential to complicate 
efforts to enhance cardiac contractility and treat heart failure 
by increasing SR calcium, as with SERCA overexpression or PLN 
inhibition (48). The PLN-knockout mouse serves as an example 
of this double-edged sword: the baseline phenotype of the PLN-
knockout mouse is enhanced contractility due to increased SR 
calcium levels. Accordingly, ablation of PLN has been used to 
“rescue” some mouse models of heart failure (22, 48, 49). How-
ever, enhanced myocyte contractility with PLN ablation has not 
universally been associated with improved function, and in some 
instances, PLN ablation has increased cardiac myocyte apoptosis 
(50–53). In the current studies, environmental stress in the form 
of pregnancy was a necessary cofactor for both programmed car-
diomyocyte death induced by Gq overexpression and for resensi-
tization of the cell death response in Gq-Nix KO mice after res-
toration of SR calcium by PLN ablation. This provides further 
support for the idea that Nix responds to both transcriptional 
(Gq transgene) and physiological (pregnancy) stressors and acts 
as a coincidence detector to integrate genetic and environmen-
tal cell death signals. The only other known function of Nix is 
to stimulate autophagic removal of mitochondria from matur-
ing erythroblasts prior to their release into the blood stream as 
circulating reticulocytes (3, 5). Further studies will determine 
whether this function also requires an interaction between ER 
and mitochondria, but if mitochondrial pruning is analogous 
to “programmed mitochondrial death,” it is likely that similar 
mechanisms are involved.

Methods
Characterization of genetically modeled mice.  Mice with inducible cardiac myo-
cyte–specific expression of Nix (20), germline ablation of Nix (4), and cardi-
ac-specific Gq overexpression (54) were described previously. Gq transgenic 
mice were crossed with Nix-null (4) and PLN-null mice (22) for peripartum 
cardiomyopathy studies. All animal studies were approved by the Institu-
tional Animal Care and Use Committee at the University of Cincinnati and 
the Animal Studies Committee at Washington University School of Medi-
cine. 2D directed M-mode echocardiography, histopathology, and TUNEL 
studies were performed as described previously (8).
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Subcellular cardiac fractionation. Hearts from mice were subjected to 
7 days of pressure overload by transverse aortic constriction (8) (with 
transcoarctation gradients of 81 ± 3 mmHg), snap-frozen in liquid nitro-
gen, and homogenized in a buffer containing 10 mM HEPES, pH 7.2,  
320 mM sucrose, 3 mM MgCl2, 25 mM Na2P4O7, 1 mM DTT, 5 mM 
EGTA, 1 mM PMSF, and Complete Mini Protease Inhibitor Cocktail 
Tablet (Roche) (55). The homogenate was filtered through a 40-micron 
filter and subjected to centrifugation at 3,800 g for 15 minutes to remove 
nuclei and myofibrils. The supernatant was subjected to centrifugation 
at 10,000 g for 20 minutes, and the resultant pellet was labeled 10p. 
The supernatant was then subjected to centrifugation at 100,000 g for 
1 hour. The supernatant from this was labeled as the S fraction. The 
resultant pellet (100p) was resuspended and subjected to separation on 
a discontinuous sucrose gradient (15%–35%) at 132,000 g for 16.5 hours. 
The microsomal enriched (SR) fraction was isolated from the 15%/35% 
interface. The various fractions were then subjected to immunoblotting 
for Nix (anti-Bnip3L antibody; Abcam).

Studies in fibroblasts. HEK cells were transfected with N-terminal FLAG-
tagged mouse Nix (7), and subcellular fractionation was performed as 
described (55). Immunoblotting was performed with antibodies against 
FLAG (M2 monoclonal antibody; Sigma-Aldrich), COX IV (Abcam), cal-
nexin (Santa Cruz Biotechnology Inc.), and GAPDH (Abcam).

Isolated myocyte mechanics and Ca2+ kinetics.  Isolation of mouse ventricular 
myocytes was carried out as described previously (56). Cell shortening and 
Ca transients were measured separately from cardiomyocytes at room tem-
perature. Myocytes were field stimulated by a Grass S5 stimulator (0.5 Hz,  
square waves) in the absence or presence of 0.1 μM isoproterenol, and 
contractions were videotaped and digitized on a computer. For Ca signal 
measurements, cells were loaded with Fura-2 (Fura-2 /AM; 2 μM) and alter-
nately excited at 340 and 380 nm by a Delta Scan dual-beam spectropho-
tofluorometer (Photon Technology International) at baseline conditions 
and upon rapid application of 10 mM caffeine. Ca transients were recorded 
as the 340/380 nm ratio of the resulting 510 nm emissions in the absence 
or presence of 0.1 μM isoproterenol (Sigma-Aldrich). Data were analyzed 
by Felix software (Photon Technology International). Peak ICa and NCX 
current were measured using patch clamp technique in isolated cardiac 
myocytes, as described (57).

Analysis of calcium-handling proteins. Frozen cardiac tissues were homog-
enized in 50 mM Tris, pH 8.0, 1 mM EDTA, 5 mM NaN3, and 1 Complete 
Mini Protease Inhibitor Tablet (Roche) and cleared of undigested matter 
with filtration (40 micron) and centrifugation at 1,000 g for 15 minutes. 
The resultant crude cardiac extracts were immunoblotted for RYR, SERCA, 
NCX, PLN, and CSQN (all from Affinity BioReagents).

Construction and characterization of Nix mutants. Employing an N-ter-
minal FLAG-tagged mouse Nix cDNA described previously (7), we used 
PCR-based strategies to obtain the following constructs: Nix truncated 
at amino acid 186, immediately prior to the transmembrane C-terminal 
domain (Nix-trunc); Nix-trunc with the peptide tag ActA replacing the 
transmembrane domain (Nix-ActA, mitochondrially targeted mutant); 
and Nix-trunc with the peptide tag cb5 (Nix-cb5, ER/SR targeted mutant), 
as described (58). In brief, the ActA and cb5 amino sequences were back-
translated, C-terminal stop codons were added, and synthetic oligonucle-
otides corresponding to sense and antisense strands (ActA, sense strand 
only: 5′-CTGATCCTGGCCATGCTGGCCATCGGCGTGTTCAGCCT-
GGGCGCCTTCATCAAGATCATCCAGCTGAGGAAGAACAAC-3′; cb5, 
sense  strand  only:  5′-ATCACCACCGTGGAGAGCAACAGCAGCTG-
GTGGACCAACTGGGTGATCCCCGCCATCAGCGCCCTGGTGGTG-
GCCCTGATGTACAGGCTGTACATGGCCGAGGAC-3′) were annealed 
and cloned into pBluescript between EcoRI and HindIII sites. Coding 
sequences for ActA+stop and cb5+stop were seamlessly joined to Nix-

trunc using the technique of splicing overlap extension (59). To assess 
subcellular targeting of Nix constructs, HEK cells on chamber slides were 
transfected with Nix cDNA using FuGENE (Roche). After 24 hours, cells 
were fixed in 4% paraformaldehyde in PBS, permeabilized at room tem-
perature with 0.2% Triton X-100 in PBS for 5 minutes, and treated with 
0.1 M glycine, pH 3.5, to quench residual paraformaldehyde. Slides were 
blocked in 1% BSA, 0.1% Tween-20, 0.05% NaN3 in PBS, and 3% donkey 
serum (Santa Cruz Biotechnology Inc.), and double antibody staining of 
FLAG epitopes and calnexin was performed in blocking solution with 
1% donkey serum with the same antibodies used for immunoblotting 
studies, together with donkey anti-mouse Alexa Fluor 488 and donkey 
anti-mouse Alexa Fluor 594 secondary antibodies (Molecular Probes; 
Invitrogen). For mitochondrial staining, 200 nM MitoFluor Red 589 was 
applied after antibody treatments. Slides were mounted with VECTA-
SHIELD containing 1.5 μg/ml DAPI (Vector Laboratories). Images were 
obtained with an Olympus ×100 oil-immersion lens mounted on a Nikon 
inverted fluorescence microscope.

Mitochondrial isolation and analysis. Liver mitochondria were isolated and pore 
opening determined by mitochondrial swelling assay, as described (26).

Adenoviral infection studies.  Recombinant adenoviruses were created by 
cloning FLAG-tagged Nix (7) and mutant Nix proteins (see above) into 
pAdEasy-1 vector (Stratagene) using pShuttleCMV and recombination 
in  BJ5183-AD-1  cells,  according  to  the  manufacturer’s  instructions. 
Viral sequences were confirmed by restriction digests, transfected into 
and amplified in HEK cells, and titrated by agarose overlay, as previously 
described (24). Neonatal rat ventricular myocytes were isolated from 1- to 
2-day-old Sprague-Dawley rat pups and infected with adenoviruses at a 
titer of 100 PFUs/cell for 48 hours at 37°C, as described previously (24). 
The LIVE/DEAD Assay (Invitrogen) and DeadEnd Fluorometric TUNEL 
kit (Promega) were employed to study cell death.

Confocal microscopy. Δψm (to assess mitochondrial PTP formation) and 
caspase activation were analyzed by TMRE (26) and caspase substrate 
(Rhodamine 110 bis-l-aspartic acid amide; Molecular Probes, Invitrogen) 
immunofluorescence, respectively, by confocal microscopy performed on 
a Zeiss LSM 510 NLO Two-Photon Microscope with a ×40 C-Apochromat 
objective. Lasers employed for excitation of fluorescence were Ar (458, 477, 
488, and 514 nm), green HeNe (543 nm), and red HeNe (633 nm); and images 
were analyzed with Aim Image Browser (Zeiss). Hoechst 33342 dye (Molecu-
lar Probes; Invitrogen) fluorescence was employed to counterstain nuclei.

Statistics. Results are mean ± SEM. Experimental groups were compared 
using 2-tailed Student’s t test for comparison between 2 groups and 1-way  
ANOVA for comparison among multiple groups followed by Tukey’s 
post-hoc test. Nonparametric testing was employed when data were not 
normally distributed. Dunn’s post-hoc test was employed after ANOVA 
on ranks. log-rank test was employed for survival analyses. P < 0.05 was 
considered significant.
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