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ABSTRACT Bcl-2 proteins are major regulators of cellular responses to intrinsic and extrinsic
apoptotic stimuli. Among them, overexpression of the antiapoptotic protein Bcl-x, modu-
lates intracellular Ca?* homeostasis and organelle-specific apoptotic signaling pathways.
However, the specific activities of Bcl-x, at mitochondria and the endoplasmic reticulum (ER)
have not been fully defined. To further explore this, we generated mouse embryonic fibro-
blast (MEF) cell lines deficient in Bcl-x; expression (Bcl-x-KO). Deficiency in Bcl-x; expression
did not induce compensatory changes in the expression of other Bcl-2 proteins, and Bcl-x-KO
MEF cells showed increased sensitivity to various apoptotic stimuli compared with wild-type
MEF cells. Targeting Bcl-x, at mitochondria but not at the ER restored apoptosis protection
in Bcl-x-KO MEF cells to the degree observed in wild-type MEF cells. However, expression of
ER-targeted Bcl-x_ but not mitochondrially targeted Bcl-x, was required to restore Ca?* ho-
meostasis in Bcl-x-KO MEF cells. Of importance, ER-targeted Bcl-x; was able to protect cells
against death stimuli in the presence of endogenous Bcl-x,. These data indicate that mito-
chondrial Bcl-x, can regulate apoptosis independently of ER Bcl-x_ and that when localized
exclusively at the ER, Bcl-x, impinges on Ca?* homeostasis but does not affect apoptosis un-

ARTICLE

Monitoring Editor

Donald D. Newmeyer

La Jolla Institute for Allergy
and Immunology

Received: Feb 7, 2012
Revised: Apr 10, 2012
Accepted: Apr 27, 2012

less Bcl-x, is present in additional cellular compartments.

INTRODUCTION

The Bcl-2 protein family is major regulator of cellular apoptotic sig-
naling (Hardwick and Youle, 2009). Since the founding family mem-
ber Bcl-2 was shown to protect cells from apoptotic insults (Vaux
et al., 1988), >20 Bcl-2—-related proteins have been identified pos-
sessing either antiapoptotic or proapoptotic function (Hardwick
and Youle, 2009). Bcl-2 proteins all share one or more homologous
domains designated the Bcl-2 homology (BH) domain. Among
antiapoptotic members, Bcl-x| retains the prototypical structural
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organization of four BH domains (BH1, BH2, BH3, and BH4) and a
membrane-targeting hydrophobic carboxyl-terminal region (Boise
et al., 1993; Muchmore et al., 1996). One important characteristic
of Bcl-2 proteins is that they display differential interactions with
each other and with other regulatory proteins in the apoptotic cas-
cade, thus profoundly influence apoptotic signaling (Reed et al.,
1998; Gross et al., 1999; Danial and Korsmeyer, 2004; Schwartz and
Hockenbery, 2006).

Recent genetic and biochemical studies have revealed a con-
served cascade that leads to the disruption of mitochondrial outer
membrane (MOM) integrity and the release of apoptosis-inducing
factors into the cytosol, subsequently resulting in the destruction of
cells (Newmeyer and Ferguson-Miller, 2003; Boyce et al., 2004;
Jiang and Wang, 2004). Although antiapoptotic Bcl-2 proteins are
generally believed to promote cell survival by preventing MOM dis-
integration, proapoptotic Bcl-2 family members facilitate MOM per-
meabilization during apoptosis (Kuwana and Newmeyer, 2003;
Chipuk and Green, 2008). Although most studies have focused on
how Bcl-2 proteins modulate MOM during apoptosis, there is a
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large body of evidence indicating that Bcl-2 proteins are also local-
ized and function on the endoplasmic reticulum (ER; Germain and
Shore, 2003; Oakes et al., 2006; Pinton and Rizzuto, 2006).

It has been proposed that ER-resident proapoptotic Bcl-2 pro-
teins sense insults to the ER, resulting in death signals being com-
municated to mitochondria or apoptosis being directly initiated at
the ER level (Zong et al., 2003; Rong and Distelhorst, 2008; Wang
et al., 2011b). The involvement of the ER in antiapoptotic signaling
has been linked to its role as an intracellular Ca?* store (Rong and
Distelhorst, 2008). Apoptosis protection caused by overexpression
of antiapoptotic Bcl-2 proteins, including Bcl-2, Bcl-x|, and Mcl-1,
can be partially attributed to their ability to modulate ER Ca?* sig-
nals through interactions with the inositol 1,4,5-trisphosphate re-
ceptor (InsP3R) Ca?* release channel (White et al., 2005; Li et al.,
2007; Rong et al., 2008, 2009; Eckenrode et al., 2010).

Although these studies have been highly informative, they rely
largely on overexpression systems to study antiapoptotic Bcl-2 pro-
teins, which might not reveal the activities of endogenous proteins.
More important, there are no studies designed to examine the spe-
cific function of Bcl-2 and Bcl-x at distinct organelles in nonoverex-
pression systems. To address this, we generated Bcl-x —deficient
mouse embryonic fibroblast (MEF) cell lines to study the effect of
organelle-specific Bcl-x_ reexpression on apoptosis and ER Ca?* ho-
meostasis. Bcl-x|—deficient MEF cell lines displayed increased sensi-
tivity to apoptosis and disrupted ER Ca?* homeostasis. Expressing
mitochondrially targeted Bcl-x in these lines increased apoptotic
protection to the levels comparable to wild-type Bcl-x; In contrast,
expression of ER-localized Bcl-x, completely restored ER Ca?* ho-
meostasis but had no effect on apoptotic protection. When ex-
pressed in the wild-type background, however, ER-targeted Bcl-x.
did increase apoptotic protection. These data show that mitochon-
drial localization alone is sufficient to provide protection, but also
that mitochondrial localization is an absolute requirement for ER-
localized Bcl-x_to be antiapoptotic.

RESULTS

bcl-x gene knockout does not cause compensatory

changes in expression of other Bcl-2 proteins

The antiapoptotic Bcl-2 protein Bcl-x is generated from alternative
splicing of the bcl-x gene (Boise et al., 1993). Massive cell death has
been found in a variety of tissues in bcl-x-deficient mouse, which
dies at embryonic stage, implicating its important role in develop-
ment (Motoyama et al., 1995). To investigate the function of endog-
enous Bcl-x_ protein in apoptosis regulation, we established MEF
cells deficient in Bel-x_ expression (Bcl-x knockout [Bcl-x-KOJ). Bel-x-
KO MEF cells were generated from embryos of a pregnant mouse
heterozygous for the bcl-x gene (bcl-x*-). Whereas the expression
of Bcl-x_ in the established MEF cell lines was readily detected by
Western blot analysis, the expression of the other spliced transcript,
Bcl-xs, was undetectable, indicating that Bcl-x is the predominant
splicing product in these cells (Figure 1A). Among 10 MEF cell lines
developed, cell lines 1, 3, 5, and 6 had higher Bcl-x_ expression
levels and were considered to express Bcl-x| from both alleles
(bcl-x*'*, designated wild-type [WT]). In contrast, no Bcl-x| expres-
sion was detected in cell lines 2, 4, and 9, which were designated
Bcl-x-KO MEF cells (bcl-x7). In cell lines 7, 8, and 10, lower Bcl-x,
expression levels were detected, which could be attributed to
heterozygous deletion of the bcl-x gene (bcl-x*").

Decreased expression of antiapoptotic Bcl-2 has been shown to
affect the expression of other apoptotic regulators (Rubenstein
et al., 2011). We therefore investigated the effect of knocking out
the bcl-x gene in MEF cells on the expression of other genes, par-
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Gene Description fold of changes (KOWT)  pvalue
Bel2-like 1 (Bcl-x) -3.69 1.69x10°10
B-cell leukemia/lymphoma 2 (Bcl-2) -1.01 0.79691
myeloid cell leukemia sequence 1 (Mcl-1) 1.09 0.007846
Bel2-like 2 (Bcl-w) 1.06 0.333466
B-cell leuke mia/lymphoma 2 related

proteinA1b (A1/Bfl-1) 1.05 0.253429
Bcl2-antagonist/killer 1 (Bak) 1.07 0.111168
Bel2-associated X protein (Bax) 1.03 0.389398

Wild-type  Bcl-x-KO

FIGURE 1: bcl-x deficiency does not cause compensatory changes in
expression of other Bcl-2 proteins. (A) Primary embryonic fibroblast
cells were isolated from 10 embryos of an 11-d-pregnant bcl-x
heterozygous mouse. MEFs were immortalized by expressing SV40 T
antigen and cloned. Bcl-x|_ expression in the established MEF cell lines
was detected by Western blot analysis. (B) Changes in mRNA
expression of Bcl-2 genes induced by bcl-x deficiency were
determined by microarray analysis. Data are represented as fold
changes in mean value of mRNA levels in two WT and two Bcl-x-KO
cell lines (triplicate RNA samples for each cell line). Negative values
indicate down-regulation. (C) Expression of Bcl-2 proteins in the
indicated MEF cell lines was determined by Western blot analysis. KO
#1, cell line 9; KO #2, cell line 4; WT #1, cell line 3; WT #2, cell line 6.

ticularly those of Bcl-2 protein family. Microarray analysis was carried
out in two Bcl-x-KO (lines 4 and 9) and two wild-type (lines 3 and 6)
MEF cell lines. Gene expression levels were measured and the fold
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change between Bcl-x-KO and wild-type cells was determined
(Figure 1B). In this assay (GeneChip Mouse Gene 1.0 ST Array), anal-
ysis of multiple probes on different exons was summarized into an
expression value representing all transcripts from the same gene.
Because the bcl-x—deficient mouse was generated by homologous
recombination, some exons in the targeted bcl-x gene were still in-
tact. By this approach, bcl-x mRNA was still detectable in bcl-x-de-
ficient cells, and bcl-x mRNA level in Bcl-x-KO cells was significantly
reduced compared with that in wild-type cells, validating the disrup-
tion of intact bcl-x mRNA in Bcl-x-KO cells (Figure 1B). Knocking out
the bcl-x gene did not cause significant changes in expression of
other Bcl-2 proteins, including antiapoptotic Bcl-2 proteins, proapop-
totic multiple-domain Bcl-2 proteins (Figure 1B), and proapoptotic,
BH3-only Bcl-2 proteins (Supplemental Table S1). Western blot anal-
ysis was performed to further confirm that bcl-x deficiency did not
cause significant changes in Bcl-2 protein expression (Figure 1C).
These results indicate that alterations in cellular apoptotic signaling
in Bcl-x-KO MEF cells are likely attributable to Bcl-x deficiency,
therefore providing an excellent cell system to study the mechanism
of endogenous Bcl-x_ in apoptosis regulation.

Endogenous Bcl-x; modulates cellular responses

to apoptotic stimuli

To investigate the functional activity of endogenous Bcl-x in apop-
totic signaling, we treated two wild-type and two Bcl-x-KO MEF
cells with a range of reagents known to induce apoptosis. Cells were
exposed to the topoisomerase inhibitor etoposide, the transcrip-
tional inhibitor actinomycin D, the DNA intercalating agent doxoru-
bicin, the protein kinase inhibitor staurosporine, or the oxidative
stress inducer hydrogen peroxide (H;O,). Treatment with all re-
agents resulted in more cell death in Bcl-x-KO cells than in wild-type
cells, except that the protection against actinomycin D in wild-type
cells seems to be transient (Figure 2A). Given that Bcl-x|_ is the major
splicing product of the bcl-x gene in MEF cells, higher sensitivity of
Bcl-x-KO cells to apoptotic insults suggests that endogenous Bcl-x|.
is able to protect cells against apoptotic insults.

To further confirm that endogenous Bcl-x, is able to inhibit apop-
tosis, we measured caspase 3/7 activity in both wild-type and Bcl-x-
KO MEF cells treated with apoptotic stimuli. As shown in Figure 2B,
upon apoptotic insult treatment, caspase 3/7 activity was enhanced
in Bcl-x-KO MEFs to higher levels than those in wild-type cells. The
increase in caspase 3/7 activity in Bcl-x-KO cells was correlated with
the increase in cell death, suggesting that endogenous Bcl-x| pro-
tects cells against apoptotic stimuli.

To ensure that enhanced apoptosis observed in Bel-x-KO MEF
cells was due to the lack of Bcl-x_ expression, we reexpressed Bcl-x.
cDNA in Bcl-x-KO MEF cells (cell line 9) and obtained cells reex-
pressing different levels of Bcl-x_ (Figure 3A). Three cell lines with
different Bcl-x expression levels were selected: cell line H (high),
with Bcl-x|_expression level higher than the endogenous Bcl-x level;
cell line M (medium), with Bcl-x;_ expression level comparable to the
endogenous level; and cell line L (low), with expression level lower
than the endogenous Bcl-x_ level. When cells were treated with dif-
ferent apoptotic reagents as described previously (Figure 2A), reex-
pression of Bcl-x restored apoptotic resistance of Bcl-x-KO cells
(Figure 3B). Of importance, Bcl-x protected cells against apoptotic
stimuli in a dose-dependent manner, providing additional evidence
that increased sensitivity to death stimuli in Bcl-x-KO cells is caused
by the lack of endogenous Bcl-x expression. This is further strength-
ened by the observation that the caspase 3/7 activity detected in
the different cell lines after apoptosis induction closely correlated
with the cell viability measurements (Figure 3C).
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Mitochondrially targeted Bcl-x, prevents apoptosis more
effectively than ER-targeted Bcl-x,

To investigate the antiapoptotic functions of Bcl-x_ localized at dif-
ferent intracellular organelles, we constructed Bcl-x, mutants that
either lacked the membrane-targeting sequence or contained ER-
specific or mitochondrial-specific membrane targeting sequences.
The carboxyl-terminal transmembrane sequence of Bcl-x_ was de-
leted, which specifically confines Bcl-x, to the cytoplasm (Bcl-x.-AC).
The C-terminal transmembrane region of Bcl-x, was replaced by the
cytochrome b5 (cb5) membrane-targeting sequence, which directs
Bcl-x| specifically at the ER membrane, or the membrane-targeting
sequence of the listerial protein ActA, which specifically targets Bcl-
x| at mitochondria (Supplemental Figure S1A). The same targeting
sequences were used previously to target both antiapoptotic and
proapoptotic Bcl-2 proteins to a specific organelle (Zhu et al., 1996;
Scorrano et al., 2003; Zong et al., 2003; Fiebig et al., 2006). To con-
firm subcellular localization of Bcl-x| mutant proteins, we subcloned
cDNAs of the respective Bcl-x mutants into a plasmid containing
green fluorescent protein (EGFP-C1). GFP-tagged Bcl-x_ mutant
proteins were transiently expressed in Bcl-x-KO and imaged using
confocal microscopy. The mitochondrial protein Tom20 served as a
mitochondrial maker, and the ER was labeled with calreticulin.
Whereas GFP-tagged Bcl-x -ActA colocalized with Tom20, the stain-
ing patterns for GFP-Bcl-x -ActA and calreticulin were clearly dis-
tinct (Supplemental Figures S1B and S1C). In contrast, GFP-Bcl-x, -
cb5 was completely targeted at the ER, with its fluorescence
colocalizing with that of calreticulin but not Tom20. The subcellular
localization of GFP-tagged Bcl-x_ proteins was further confirmed in
live cells examined by coexpressing fluorescent protein markers of
mitochondria and the ER (Supplemental Figure S1D). The pattern of
GFP-Bcl-x -ActA localization entirely matched that of coexpressed
mitochondrial-red fluorescent protein (RFP), whereas GFP-tagged
Bcl-x(-cb5 completely colocalized with ER-localized DsRed, provid-
ing additional evidence of a high degree of differential expression
between mitochondria-localized and ER-localized Bcl-x, .

To investigate whether Bcl-x|_proteins targeted at specific organ-
elles mediate different apoptotic signaling pathways, we reex-
pressed the mutant Bcl-x_ proteins in Bcl-x-KO MEF cells (cell line 9)
at a level comparable to that of endogenous Bcl-x (Figure 4A). Bcl-
x-KO MEF cells reexpressing different Bcl-x| mutants were treated
with various death reagents (etoposide, doxorubicin, actinomycin
D, staurosporine, and H,0O,), and cell viability was measured. Reex-
pression of Bcl-x{-ActA in Bcl-x-KO MEF cells provided protection
against all apoptotic reagents at a level comparable with that of
wild-type Bcl-x_ (Figure 4B). In contrast, both Bcl-x; lacking mem-
brane-anchoring region (Bcl-x.-AC) and ER-localized Bcl-x| (Bcl-x,-
cbb) failed to protect cells against any of the death stimuli. These
data suggest that mitochondrial localization is an absolute require-
ment for Bcl-x_to be protective in various apoptotic paradigms. This
was further confirmed by the experiments in which caspase 3/7 ac-
tivity was measured in response to cell death stimuli. The caspase
3/7 activity of Bel-x-KO MEF cells reexpressing Bel-x -cb5 or Bel-x, -
AC was higher than that in cells reexpressing Bcl-x -ActA or wild-
type Bcl-x_ (Figure 4C). Similar results were obtained from a second
set of cell lines (Supplemental Figure S2).

ER-targeted Bcl-x; modulates ER Ca?* homeostasis

Previously, we demonstrated that overexpression of Bcl-x lowers
the steady-state [Ca?*] within ER stores ([Ca®*]gg) and affects intrac-
ellular Ca?* ([Ca?*];) signaling by modulating channel activities of the
ER Ca?* release channel InsP3 receptor (White et al., 2005; Li et al.,
2007). Here we investigated whether organelle-targeted Bcl-x.
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Endogenous Bcl-x; modulates cellular response to different apoptotic stimuli. (A) Apoptosis was induced by
the indicated apoptosis agents: etoposide (5.0 pM), doxorubicin (1.0 pM), actinomycin D (0.2 pg/pl), staurosporine (5.0
nM), or Hy0O; (0.4 mM). Bcl-x-KO MEFs were more sensitive to these reagents. Data represent mean * SD of three
independent experiments. (B) Caspase 3/7 activity was measured 12 h after the treatment of etoposide, doxorubicin, or
staurosporine, 9 h after treatment with H,O,, or 7 h after actinomycin D treatment, using fluorometric assay. Values are
normalized to the values obtained in the untreated control cells. Data are shown as mean + SD of three independent
experiments.
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Reexpression of Bcl-x| in Bcl-x-KO MEFs restores resistance to apoptotic stimuli in a dose-dependent
manner. (A) Bcl-x; was reexpressed in Bcl-x-deficient MEFs. Western blot analysis was used to determine Bcl-x_
expression levels. (B) Viability of the indicated MEF cells was measured in the presence of the indicated apoptotic
stimuli, including etoposide (5.0 pM), doxorubicin (1.0 uM), actinomycin D (0.2 pg/pl), staurosporine (5.0 nM), and H,O,
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the conditions described in Figure 2B. Values are normalized to the values of untreated cells. Data show mean + SD of
three independent experiments.
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proteins influenced InsP3-dependent [Ca?*]; signaling. To investi-
gate whether organelle-targeted Bcl-x_ proteins influenced InsP3-
dependent [Ca?*]; signaling, we monitored [Ca?*]; in response to an
increase in intracellular [InsP3] evoked by flash photolysis of caged
InsP3 (Figure 5A). Maximal InsP3 uncaging and/or receptor activa-
tion in these cells was produced by UV pulses of 250-ms duration.
This level of InsP3 evoked larger [Ca?*] transients in Bcl-x-KO cells
compared with wild-type cells (Figure 5, A and B). Reexpression of
Bcel-x, in Bcl-x-KO localized at the ER but not at mitochondria re-
stored InsP3-evoked Ca?* signal to the level observed in wild-type
cells (Figure 5, A and B). These data are consistent with previous
studies showing that Bcl-x_ overexpression reduces ER Ca?* store
content and thus the magnitude of ER Ca?* release in response to
maximal InsP3 stimulation (Li et al., 2007). In these studies the pres-
ence of the type-3 InsP3R isoform was required for Bcl-x_ to lower
ER Ca?* store content (Li et al., 2007). Western blot was used to
confirm the presence of each InsP3R isoform in both wild-type and
Bcl-x-KO MEF cells (Supplemental Figure S3).

Because steady-state [Ca?*]gg is determined by the balance be-
tween ER Ca?* leak and Ca?* uptake by sarco/endoplasmic reticu-
lum Ca?*-ATPase (SERCA), [Ca?*]gr was further evaluated by moni-
toring [Ca?*]; in response to inhibition of ER Ca?* uptake by the
SERCA inhibitor cyclopiazonic acid (CPA) in the absence of external
Ca?*. A smaller Ca?* response was evoked by CPA in wild-type cells
than in Bcl-x-KO cells (Figure 5C). The ER Ca?* release was quanti-
fied by calculating the integral of the [Ca?*]; transient, since the total
released [Ca?*] more closely reflects the steady-state store content
(Figure 5D). Again, the phenotype of wild-type cells was observed
only in Bcl-x-KO cells reexpressing Bcl-x_localized at the ER but not
Bcl-x_ localized at mitochondria. To further confirm the effects of
organelle-targeted Bcl-x_ on ER Ca?* store, we also carried direct
measurements of [Ca?*]gg using the low-affinity Ca?* indicator mag-
fura-2. Because mag-fura-2 compartmentalizes in the ER as well as
in the cytoplasm, the plasma membrane was permeabilized to re-
move cytoplasmic indicator, and the cells were perfused with a Ca?*-
free solution to allow passive depletion of ER Ca?* store (Eckenrode
et al., 2010). After equilibration, Ca?* uptake into the store was in-
duced by switching the perfusate to the solution containing 1.5 mM
MgATP and 200 nM free [Ca?*]. Once a steady state had been
reached, the solution was switched to one containing saturating
[InsP3] (10 pM) without MgATP (Foskett et al., 2007). As depicted in
Figure 5E, application of InsP3 induced depletion of the ER Ca?*
store. This was a unidirectional measure of Ca?* flux, since the
MgATP required for SERCA pump function was not present during
InsP3 addition. Consistent with the previous experiments, Bcl-x_ de-
ficiency elevated steady-state Ca®* in the ER that was rescued by
Bcl-x reexpression on the ER (Figure 5, E and F). In addition, the
magnitudes of Ca®* release evoked by saturating [InsP3] mirrored
the filling state of the ER (Eckenrode et al., 2010; Figure 5G) and are
in agreement with the data from intact cells (Figure 5A). Taken to-
gether, these data show that expression of ER-targeted Bcl-x_ pro-
duces phenotypes that are entirely consistent with our present un-
derstanding of how this protein functions at the ER to regulated
Ca?* signaling.

Endogenous Bcl-x| is essential for antiapoptotic activities

of Bcl-x| localized at the ER

Overexpressing ER-localized Bcl-x in the breast cancer line MCF-7
and Rat-1 fibroblasts exhibits broader antiapoptotic activities than
Bcl-x| targeted at mitochondria (Fiebig et al., 2006). To explore the
discrepancy between this finding and our observations that ER-lo-
calized Bcl-x,_ failed to protect against apoptosis in Bcl-x-KO cells
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(Figure 4), we stably reexpressed Bcl-x -cb5 in wild-type and Bcl-x-
KO MEF cells at similar levels and obtained uncloned populations of
cells (Figure 6A). Cells were then exposed to various death stimuli
(etoposide, doxorubicin, actinomycin D, staurosporine, and H,O5),
and cell viability was measured. Whereas Bcl-x -cb5 did not possess
any antiapoptotic activities in Bcl-x-KO cells, expressing the same
protein in wild-type cells markedly protected against cell death in
all apoptotic paradigms examined, indicating that antiapoptotic
activities of Bcl-x_ targeted at ER depends on endogenous Bcl-x.
(Figure 6, B and C). Examination of caspase 3/7 activity of cells
treated with different apoptosis triggers further confirmed the indis-
pensable role of endogenous Bcl-x_ in the antiapoptotic function of
ER-targeted Bcl-x_ (Figure 6, D and E).

DISCUSSION
Antiapoptotic Bcl-x is localized at both mitochondria and the ER
(Hsu et al., 1997; Tagami et al., 2000; Fiebig et al., 2006). At mito-
chondria, Bcl-x_ functions to prevent MOM permeabilization during
apoptotic stress and also plays an important role in optimizing mito-
chondrial bioenergetic function through interactions with various
membrane proteins (Vander Heiden et al., 2001; Alavian et al., 2011;
Chen et al., 2011). In previous work, we demonstrated that Bcl-x_
functioned at the ER to modulate basal Ca?* signaling and steady-
state ER Ca?* store content by interacting with the InsP3 receptor
(White et al., 2005; Li et al., 2007). Collectively, these studies reveal
that Bcl-x_has diverse physiological roles that appear to depend on
its intracellular localization. In the present study, we sought to better
understand the relationship between intracellular localization of Bcl-
x_ and apoptotic protection. Our approach was to generate a Bcl-
x —deficient model in which Bcl-x_ targeted at different organelles
was reexpressed and its effects on apoptotic sensitivity were exam-
ined. MEF cells deficient in Bcl-x_ expression were established from
bcl-x heterozygous mice. Although alternative splicing of the bcl-x
gene generates Bcl-x, and Bcl-xg, Bcl-x, is the major splicing prod-
uct in MEF cells (Figure 1A). Unlike the effect of reducing Bcl-2 ex-
pression in LNCaP cells (Rubenstein et al., 2011), knocking out Bcl-
x| expression in MEF cells failed to induce compensatory changes in
other Bcl-2 family members (Figure 1, B and C). As expected, cells
deficient in Bcl-x, expression were more sensitive to various death
stimuli than were wild-type cells. Furthermore, reexpression of wild-
type Bcl-x_ in Bcl-x-KO cells restored cellular protection against
apoptotic insults in a Bcl-x_ dose-dependent manner (Figure 3).
These data demonstrate the validity of this experimental model.
Bcl-2 proteins have been reported to be localized at both mito-
chondria and the ER (Germain and Shore, 2003). To distinguish be-
tween the functions of Bcl-x_ localized at different organelles, we
targeted Bcl-x_ to a particular organelle by replacing the carboxyl
transmembrane region of Bcl-x| with known organelle-targeting se-
quences. Given that mitochondria and the ER have been proposed
to dynamically interact with each other inside cells (Sano et al.,
2009), it is challenging to exclusively target proteins to a given or-
ganelle. Unlike previous studies in which antiapoptotic Bcl-2 pro-
teins targeted at a particular organelle were overexpressed (Zhu
et al., 1996; Fiebig et al., 2006), in the present study we carefully
selected stable cell lines so that mitochondria- or ER-localized Bcl-x;
was expressed at levels similar to that observed in wild-type cells
(Figure 4). It was expected that lower expression levels would also
help ensure more exclusive targeting. The colocalization of the tar-
geted Bcl-x|_ proteins with their respective organelles was assessed
using confocal microscopy, and the data show correct targeting of
our constructs, at least within the spatial limits of confocal micros-
copy (Supplemental Figure S1).

[ 2611

Bcl-x| regulates apoptosis and ER Ca?* store



A UV flash UV flash B ] *

‘ —x

2.5

- N
Gl
H
=

— Bcl-x-KO — Bcl-x-KO +
Bel-x, -ActA

204 Wild-type Bol-x-KO + )
Bcl-x, -cb5 1
15/X R
0 & O xo ox
1.0 4 . 3 '.\_3{" :J‘.oc}? 3""0‘093

A[Ca2*] (FIFg)
o

[Ca2+] (F/Fq)

N
0 0 10 0 01D AR A
time (seconds) @
0 Ca2* + CPA 0 Ca2* + CPA @ 5.
180 - = * *
Bcl-x-KO + 2, 307 Bl
1607 — Bcl-x-KO — Bol-x, -ActA S 5.
S 1401 1 Widtype Bol-x-KO + S 20-
e 1204 BC|-XL-Cb5 :’ 154
% %
3,100 3 107
© 5_
80 ]
60 £ 0 & '
Y o
15 20 0 15 20 & *"{-O‘Y{Q%

N\ \ A
P ¥ -\~\?~ 5

tlme (mlnutes) Q’%(}' <’ \'+\’
<P

'n
@

E

MgATP MgATP . R —
{ ; —~ 0.57 * =)
1.5+ CaZ+ CaZ+ mO 1 = x 0.3 = =]
' InsP3 InsF’3 % 0.4+ 2
149 ¥ ! BoxkKO+ o . 2
> Bel-x -ActA & 0-37 o 0-21
x 43 —Bcl-x-KO o 1 ©
'y Bcl-x-KO + S 024 E:
&4 Wild-type BcI-xL-ch & +AJ0-1 T
= & 0.1 ~
N o ©
3 1.1 O © o : . :
104 4\1\ ’ & © oy o r&Q@ J}‘O OF © 6
‘ & F AT Lo & S E LT
W 5 F MRS e
0.9-r T 1 T T 1 Q’ X Q) g
0 200 400 O 200 400 LS

time (seconds)
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(A) Representative [Ca?*]; responses in fluo-2AM-loaded cells in response to flash photolysis of caged InsP3.
(B) Summary bar graphs demonstrate the amplitude of [Ca2*]; change after InsP3 uncaging shown in A. Data represent
the mean + SEM amplitude of 31-66 cells pooled from at least three independent coverslip (*p < 0.05; ANOVA). (C) The
Ca?* content of the ER was indirectly assessed by monitoring [Ca?*]; measured by fura-2 in response to acute inhibition
of ER Ca?* uptake by CPA (10 uM). Representative traces of the indicated cell lines are shown. (D) Bar graphs
summarizing the total released [Ca?*] assessed by measuring the area under the Ca?* transient evoked by CPA (area
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We observed that in the Bcl-x-KO background mitochondrially
localized Bcl-x, functioned as effectively as wild-type protein in in-
hibiting apoptosis. On the other hand, ER-targeted Bcl-x_ failed to
exhibit any antiapoptotic activity in Bcl-x-KO cells (Figure 4). It is in-
triguing, however, that Bcl-x_ expression at the ER in Bcl-x-KO cells
completely rescued abnormal Ca?*-signaling phenotypes (Figure 5).
It is well documented that steady-state ER Ca?* correlates closely
with apoptotic sensitivity—increased ER Ca?*, increased apopto-
sis—and vice versa. Here increased ER Ca?* content sensitizes cells
to apoptotic stimuli by providing a greater pool of releasable Ca?*
that enhances mitochondrial Ca?* uptake and susceptibility to MOM
permeabilization (Oakes et al., 2006; Pinton and Rizzuto, 2006;
Rong and Distelhorst, 2008). In support of such a model, lowering
ER Ca?* content alone protects against apoptotic stimuli (Pinton
et al., 2001), and restoring Ca?* levels in ER-depleted stores resen-
sitizes cells to apoptosis (Scorrano et al., 2003). In the present study,
however, restoring ER Ca?* content by targeting Bcl-x_ to the ER in
Bcl-x-KO cells had no effect on apoptosis. This was also true of stau-
rosporine and HyO,, which are stimuli predicted to be proapoptotic
because of their ability to mobilize ER Ca?* through InsP3R activa-
tion (Zheng and Shen, 2005; Khan et al., 2007; Takada et al., 2011).

Both overexpression of Bcl-2 and Bcl-x_ have been shown to
lower ER store Ca?* (Lam et al., 1994; Foyouzi-Youssefi et al., 2000;
Pinton et al., 2001; White et al., 2005; Li et al., 2007). In previous
studies, we provided evidence for a molecular mechanism that ac-
counts for Bcl-x—regulated ER store content. We found that Bcl-x_
interacts directly with the InsP3R channel to increase the functional
affinity for its agonist InsP3. Although the interaction has no effect
on InsP3R-dependent Ca?* release in response to saturating [InsP3],
it dramatically increases channel activity at low [InsP3], effectively
increasing the basal level of channel activity in resting cells and re-
ducing steady-state ER Ca?* content (White et al., 2005; Li et al.,
2007). Only saturating [InsP3] was assessed in the present study, and
so increased InsP3R sensitivity with Bcl-x| expression is not appar-
ent. Nevertheless, the data show elevated steady-state ER Ca?* in
Bcl-x-KO cells, consistent with our previous models. Moreover, these
data demonstrate that endogenous Bcl-x is an absolute require-
ment for normal ER Ca?* homeostasis.

Although our previous studies concluded that reduced ER store
content was not necessarily a requirement for Bcl-x_to be antiapop-
totic, they did confirm that Bcl-x -InsP3R interactions at the ER were
an essential component of maximal apoptotic protection (White
etal., 2005; Li et al., 2007). Why then in the present study did restor-
ing ER Ca?* homeostasis by targeted expression of Bcl-x_ at the ER
have no effect on apoptosis sensitivity? Indeed, this is in direct con-
tradiction to previous studies showing that overexpression of ER-
localized Bcl-x_ did confer antiapoptotic activity against several
apoptotic insults (Fiebig et al., 2006). We reasoned that the discrep-
ancy could be accounted for if Bcl-x_ localized at other organelles
was essential for it to be antiapoptotic at the ER. Consistent with
this, expression of ER-targeted Bcl-x, was fully effective in protect-
ing against apoptosis in wild-type cells (Figure 6). Thus the present
study provides molecular evidence that the protective function of
Bcl-x_at the ER requires Bcl-x| localization at other cellular compart-
ments. We speculate that this compartment is mitochondria, but
further studies are needed to assess exactly how mitochondrially
targeted Bcl-x_is required to sense physiological changes conferred
by Bcl-x| at the ER, and how these signals are translated into apop-
totic protection. Our previous studies demonstrated that Bcl-x_ in-
teracted with InsP3Rs to enhance Ca?* signals, which were sensed
by neighboring mitochondria to promote Ca?*-dependent mito-
chondrial bioenergetics (White et al., 2005). In this scenario, it is
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possible that mitochondrial Bcl-x,_ is required to facilitate ER-to-mi-
tochondrial Ca?* transfer, and enhanced mitochondrial bioenerget-
ics subsequently renders cells better able to withstand apoptotic
challenges.

In summary, we developed Bcl-x,—deficient MEF cells suitable for
the study of Bcl-x—regulated apoptotic pathways. We demon-
strated that localization at mitochondria is necessary for endoge-
nous levels of Bcl-x to provide apoptotic protection. Furthermore,
we showed that localization of Bcl-x_ at the ER is required for normal
Ca?* homeostasis, but that targeting Bcl-x_ at the ER provides in-
creases apoptotic protection only if Bcl-x is also present at other
organelles.

MATERIALS AND METHODS

Reagents

Etoposide, doxorubicin, H,O,, and actinomycin D were purchased
from Sigma-Aldrich (St. Louis, MO), and staurosporine was pur-
chased from Enzo (Farmingdale, NY). All reagents were dissolved in
dimethyl sulfoxide. Lipofectamine 2000 was purchased from Invitro-
gen (Carlsbad, CA). Unless otherwise stated, all other reagents were
purchased from Sigma-Aldrich. Antibodies (Abs) used for Western
blot analysis were anti-Bcl-xg/_S-18 polyclonal Ab (pAb; Santa Cruz
Biotechnology, Santa Cruz, CA), anti—B-actin monoclonal Ab (mAb;
Sigma-Aldrich), anti-Bak pAb (Upstate, Lake Placid, NY), anti-Bax
N20 pAb (Santa Cruz Biotechnology), anti-Mcl-1 pAb (Epitomics,
Burlingame, CA), antixBcl-2 mAb (Santa Cruz Biotechnology), anti-
Bcl-w pAb (Cell Signaling Technology, Danvers, MA), anti-type 1
InsP3R and type 2 InsP3R pAbs (gifts from Kevin Foskett), anti-type
3 InsP3R mAb (BD Transduction Laboratory, San Jose, CA), anti-cal-
reticulin pAb (Enzo), anti-Tom20 pAb (a gift from Brain Wattenberg),
peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG;
Thermo Scientific, Waltham, MA), peroxidase-conjugated goat anti—
mouse IgG (Thermo Scientific), and Alexa Fluor 594 goat anti-rabbit
IgG (Molecular Probes, Eugene, OR).

DNA plasmids

Human Bcl-x. cDNA was cloned into the mammalian expression
vector pEF6/myc-His A (Invitrogen) to generate the plasmid pEF6-
Bcl-x.. A stop codon was introduced after amino acid 210 by PCR to
generate the plasmid pEF6-Bcl-x -AC. The mitochondrial targeting
sequence ActA and the ER targeting sequence cb5 were also gener-
ated by PCR as described previously (Zong et al., 2003) and subse-
quently subcloned after amino acid 210 of Bcl-x| to make pEF6-Bcl-
x-ActA and pEF6-Bcl-x -cb5, respectively. The constructs used for
intracellular localization experiments were generated by subcloning
appropriate DNA fragments from pEFé into pEGFP-C1 (Clontech,
Madison, WI).

Generation of cell lines

Embryos from an 11-d-pregnant Bcl-x heterozygous mouse were
isolated. Primary embryonic cells were dissociated and plated on
gelatin-coated dishes. Seven days later, adherent embryonic cells
were plated and immortalized by transfecting the pPCDNA3 plasmid
encoding SV40 large T antigen. The limiting dilution method was
used to isolate single clones from each of the 10 original embryos.
After stable cell lines had been established, the expression of Bel-x|
was examined by Western blot. To reexpress Bcl-x,_ in Bcl-x-KO cells,
we transfected pEF6 plasmids encoding wild-type or mutant Bel-x_
cDNAs into wild-type or Bcl-x-KO MEF cells using Lipofectamine
2000 reagent (Invitrogen). Cells stably expressing Bcl-x proteins
were obtained by growing transfected cells in the medium contain-
ing the antibiotic blasticidin (1.5 pg/ml; Invitrogen) and subcloned
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FIGURE 6: Antiapoptotic activities of ER-targeted Bcl-x, depend on endogenous Bcl-x,. (A) Bcl-x, was stably
reexpressed in wild-type and Bcl-x-KO MEF cells, and expression of Bcl-x_in uncloned cell populations was determined
by Western blot. Note that the molecular weights of Bcl-x.-cb5 and endogenous Bcl-x are different. (B) Wild-type MEF
cells with or without Bcl-x -cb5 expressions were treated with the indicated death stimuli, and cell viability was
determined. The data depict mean + SD of three independent experiments. (C) The indicated Bcl-x-KO MEF cell lines
were treated with the apoptotic stimuli as shown in B, and their effects on cell survival were examined. Mean + SD of
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FIGURE 6: Continued.

three independent experiments are shown. (D) On treatment with the indicated death stimuli for the indicated time
points, caspase 3/7 activity of various wild-type MEF cells was determined using a fluorometric assay. Each experiment
was performed in triplicate, and mean + SD of three independent experiments is shown. (E) Different Bcl-x-KO MEF
cells were treated with the indicated apoptotic stimuli for the indicated time points, and caspase 3/7 activity was
measured. Data represent the mean + SD of three independent experiments.
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by a limited dilution approach. Western blot analysis was used to
determine the expression level of different Bcl-x proteins in Bcl-x-
KO MEFs. All cells were cultured in DMEM medium (Mediatech,
Manassas, VA) supplemented with 10% fetal bovine serum (FBS;
Gemini, West Sacramento, CA), 100 U/ml penicillin (Mediatech),
and 100 pg/ml streptomycin (Mediatech) in an incubator with 95%
humidity and 5% CO, at 37°C.

Gene expression analysis

Total RNA from two wild-type and two Bcl-x-KO MEFs was isolated
using a RNeasy kit (Qiagen, Germantown, MD). The quality of total
RNA was confirmed using a 2100 Bioanalyzer (Agilent, Santa Clara,
CA). cRNA was generated using a WT Expression Kit (Ambion,
Austin, TX) and labeled using a GeneChip WT Terminal Labeling Kit
(Affymetrix, Santa Clara, CA). Hybridization to GeneChip Mouse
Gene 1.0 ST Array (Affymetrix) was carried out according to the
manufacturer’s protocol. After array processing and scanning, the
resulting raw data were summarized and normalized using RMA in
Partek Genomics Suite 6.5 (Partek, St. Louis, MO) by the University
of Louisville Microarray Facility. Exon-level signals were summarized
to gene expression levels using mean values. The significance of the
changes was determined using analysis of variance and applying
false discovery rate as multiple-test correction.

Cell viability assay

MEF cells were plated in 48-well tissue culture plates with ~1 x 10*
cells per well 24 h before treatment with apoptotic stimuli. At the
indicated time points, cells were trypsinized and resuspended in
growth medium containing 1.0 pg/ml propidium iodide (PI; Invitro-
gen). Cell viability was measured by Pl exclusion using flow cytom-
etry (FACSCalibur; Beckon Dickinson, San Jose, CA) as described
previously (Olberding et al., 2010). The experiments were performed
in triplicate. Viability of the treated cells was presented as percent-
age of those of untreated control cells.

Caspase 3/7 assay

The Sensolyte Homogeneous R110 Caspase 3/7 Assay Kit
(AnaSpec, San Jose, CA) was used to directly measure caspase 3/7
activity in cells. Twenty-four hours before the treatment, cells were
plated in white-walled 96-well plates. At the indicated time points,
measurement was performed according to the manufacturer’s pro-
tocols. The fluorescence signal (excitation/emission, 496/520 nm)
was measured kinetically over 2 h at an interval of 1 min by a
Gemini EM microplate spectrofluorometer (Molecular Devices,
Sunnyvale, CA). Data were presented as relative fluorescence units
(RFUs) versus time (RFU/min). The slope was calculated and
normalized to those of untreated cells as described previously
(Olberding et al., 2010).

Western blot analysis

Cell pellets were collected, and whole-cell lysates were generated
by resuspending cells in RIPA lysis buffer (150 mM sodium chloride,
1.0% [vol/vol] Triton X-100, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate, and 50 mM Tris, pH 8.0) containing protease
inhibitors (Complete; Roche, Indianapolis, IN). To remove cell debris
and nuclear materials, we first sonicated cells for 30 s at 10% ampli-
tude (Sonic Dismembrator, Model 500; Fischer Scientific, Hampton,
NH) before centrifugation at 13,200 rpm at 4°C for 10 min and col-
lected the supernatant . The protein concentration was determined
using the BCA Assay (Pierce, Rockford, IL). Twenty micrograms of
protein sample was loaded on a 4-12% Bis-Tris gel (Bio-Rad,
Hercules, CA) and transferred to polyvinylidene fluoride (Millipore,
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Billerica, MA). The membrane filters were incubated in buffer con-
taining 1x phosphate-buffered saline (PBS), 0.2% (vol/vol) Tween 20,
and 10% (wt/vol) nonfat dry milk (Bio-Rad) with appropriate primary
antibodies at 4°C overnight or at 25°C for about 3 h. After three
10-min washes with 1x PBS/0.2% Tween solution, the membrane
filters were then incubated with the appropriate peroxidase-coupled
secondary antibodies at 4°C overnight or for at 25°C for about 3 h.
Proteins were detected using the enhanced chemiluminescence de-
tection system (Pierce) as described previously (Wang et al., 2011a).

Immunofluorescence

Bcl-x-KO MEF cells were plated on 18-mm coverslips in a six-well
tissue culture plate and grown for 24 h. Cells were then transiently
transfected with the pEGFP-C1 plasmids carrying the cDNAs of
various Bcl-x. mutants using the jetPRIME transfection reagent
(Polyplus-transfection SA, lllkirch, France) following the manufac-
turer’s instructions. Forty-eight hours posttransfection, coverslips
were transferred into a 12-well tissue culture plate and washed
twice with 1.0 ml of 1x Hanks balanced salt solution (HBSS). After
15 min of fixation with 0.4 ml of 0.4% paraformaldehyde, cells were
washed three times with 1.0 ml of 1x HBSS and then permeabilized
with 0.4 ml of 0.2% Triton X-100 for 15 min. After three washes with
1.0 ml of incubation solution (0.02% Triton X-100 and 1.5% FBS in
1x HSSB), cells were incubated with primary antibodies in incuba-
tion solution for 1 h at room temperature. After three 10-min washes
with incubation solution, cells were incubated with secondary anti-
bodies for 1 h at room temperature and again washed three times
with incubation solution. The coverslips were then immersed in
mounting medium (Dako, Carpinteria, CA), put on slides, and
sealed with nail polish. The fluorescence images were visualized
and acquired using a PlanApo 60x, 1.40 numerical aperture oil im-
mersion objective on a Nikon Eclipse Ti confocal microscope (Nikon,
Melville, NY).

Fluorescent image of live cells

Bcl-x-KO MEF cells were transiently transfected with the pEGFP-C1
plasmids carrying the various Bcl-x mutants using an Amaxa Nucle-
ofector device (Lonza, Allendale, NJ) following the manufacturer’s
instructions and seeded into 35-mm glass coverslips. To label endo-
plasmic reticulum, we cotransfected cells with pDsRed-ER plasmid
(Clontech). To visualize mitochondria, we labeled cells with Cell-
Light Mitochondria-RFP (Invitrogen) 16-24 h postnucleofection ac-
cording to the manufacturer’s instructions and imaged them after a
further 24 h in culture. Coverslips were placed in a chamber (Warner
Instruments, Hamden, CT) and mounted onto an Olympus IX71 in-
verted microscope (Olympus, Center Valley, PA). Individual cells
were visualized using a PlanApo 60x, 1.42 numerical aperture oil
immersion objective and confocal images acquired using a VT-Infin-
ity 3 (VisiTech International, Sunderland, United Kingdom).

Cytoplasmic and ER [Ca?*] measurements

For cytoplasmic [Ca?*], cells cultured on glass coverslips were loaded
with 2 uM fura-2AM (Invitrogen) by incubation at room temperature
for 45 min and mounted in a recording chamber positioned on the
stage of an inverted microscope (IX71; Olympus). Fura-2 was alter-
nately excited at 340 and 380 nm, and the emitted fluorescence was
filtered at 510 nm and collected and recorded using a charge-cou-
pled device-based imaging system running SimplePCl software
(Hamamatsu, Sewickley, PA). The chamber was continuously per-
fused with HBSS (pH 7.4) at room temperature. A rapid solution
changer was used to switch the composition of the solution bathing
the cells under study. To measure ER [Ca?*], we loaded cells with
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mag-fura-2AM (5 uM) for 60 min at room temperature and perfused
them with intracellular-like medium (ICM) containing 125 mM KCl,
19 mM NaCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, and 1 mM ethylene glycol tetraacetic acid (pH 7.3 with KOH)
and permeabilized them by a 2- to 3-min exposure to ICM containing
20 puM digitonin. After 20-30 min of incubation in ICM, stores were
Ca?* loaded by switching to ICM solution with a free [Ca?*] adjusted
to 200 nM and 1.5 mM MgATP. To induce Ca?* release, we applied
InsP3 in the same Ca?*-containing ICM solution but without MgATP
to prevent reuptake. Data were acquired as described for fura-2, and
ratiometric data (R) were normalized to basal store-depleted levels
(Ro). For experiments using flash photolysis of caged-InsP3, cells were
loaded with the membrane-permeable caged InsP3 compound ci-
InsP3/PM  (p-2,3-O-isopropylidene-6-O-(2-nitro-4,5-dimethoxy)ben-
zyl-myo-inositol 1,4,5-trisphosphate-hexakis(propionoxymethyl) es-
ter; SiChem, Bremen, Germany) by incubation with 1 uM for 60 min
at room temperature. InsP3 was photoreleased by brief pulses
(250 ms) of UV light (350-400 nm) delivered uniformly throughout
the image field. The application of UV pulses precluded the use of
fura-2 as a [Ca?*] indicator, and therefore cells were coloaded with
the longer-wavelength dye fluo-2AM (5 pM; TEFLabs, Austin, TX)
and fluorescence data (F) normalized to basal levels (Fo).

Statistical analysis

Statistical analysis was performed using Student’s t test and the
two-way analysis of variance (ANOVA). p < 0.05 was considered
significant.
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