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Ca**-Induced Apoptosis
Through Calcineurin
Dephosphorylation of BAD

Hong-Gang Wang,"?* Nuzhat Pathan,' Iryna M. Ethell,"
Stanislaw Krajewski," Yu Yamaguchi," Futoshi Shibasaki,?
Frank McKeon,? Tanya Bobo,* Thomas F. Franke,* John C. Reed"}

The Ca®"-activated protein phosphatase calcineurin induces apoptosis, but the
mechanism is unknown. Calcineurin was found to dephosphorylate BAD, a
pro-apoptotic member of the Bcl-2 family, thus enhancing BAD heterodimer-
ization with Bcl-x, and promoting apoptosis. The Ca®"-induced dephospho-
rylation of BAD correlated with its dissociation from 14-3-3 in the cytosol and
translocation to mitochondria where Bcl-x, resides. In hippocampal neurons,
t-glutamate, an inducer of Ca®" influx and calcineurin activation, triggered
mitochondrial targeting of BAD and apoptosis, which were both suppressible by
coexpression of a dominant-inhibitory mutant of calcineurin or pharmacolog-
ical inhibitors of this phosphatase. Thus, a Ca®"-inducible mechanism for
apoptosis induction operates by regulating BAD phosphorylation and localiza-

tion in cells.

Sustained increases in cytosolic-free Ca®™
lead to activation of the serine-threonine
phosphatase (PPase) calcineurin (PPase-B)
and subsequent apoptosis in susceptible cells
(). Overexpression of active calcineurin in-
duces apoptosis through a mechanism that is
suppressible by Bcl-2 (2). Bel-2 family pro-
teins regulate a distal step in an evolutionarily
conserved pathway controlling apoptosis (3).
Many Bcl-2 family proteins are anchored in
the outer membranes of mitochondria, but
oriented toward the cytosol. BAD is a pro-
apoptotic member of this family that het-
erodimerizes with anti-apoptotic proteins
such as Bcl-2 and Bel-x,, promoting cell
death (4). Phosphorylation of BAD is in-
duced by growth factors, impairing its bind-
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ing to Bcl-x; and abrogating its pro-apoptotic
effects in cells (5). Several protein kinases
can phosphorylate BAD, including Akt (5),
which mediates cell survival signals within
the phosphatidylinositol 3’ kinase pathway
(6); protein kinase A (PKA) (7), a kinase
previously implicated in cell survival (8); and
Raf-1, which promotes cell survival when
targeted to mitochondrial membranes through
interactions with Bcel-2 (9).

We explored the possibility that phospho-
rylated BAD (phospho-BAD) might be a sub-
strate of calcineurin involved in apoptosis.
Transfection of 293T cells with a plasmid
encoding a constitutively active form of cal-
cineurin that lacks a negative regulatory do-
main (ACnA/B) (2) decreased 2P incorpora-
tion into BAD (Fig. 1A). Coexpression of
ACnA/B with either constitutively active
Akt(E40K) (6, 10) or mitochondria-targeted
active Raf-1 (M-Raf) (9) restored 2P label-
ing of BAD. Experiments with a BAD mu-
tant, BAD(S75E, S99E), in which two serines
previously implicated in Akt-mediated phos-
phorylation (5, 7, 9) were replaced with an
unphosphorylatable residue (glutamic acid),
provided evidence that Akt and Raf-1 target
different sites on BAD (Fig. 1B). However,
regardless of whether active Akt or Raf-1 was
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used, coexpression of ACnA/B markedly re-
duced 32P incorporation into BAD (Fig. 1B),
suggesting that calcineurin can dephosphory-
late multiple sites on this pro-apoptotic pro-
tein in cells. Consistent with a direct interac-
tion, ACnA/B could be coimmunoprecipi-
tated from lysates of 293T cells transfected
with the BAD(S75E, S99E) protein, which
mimics a phosphorylated form of BAD rec-
ognized as a substrate by this PPase (/7).

Though a constitutively active form of cal-
cineurin could induce dephosphorylation of
BAD both in cells (Fig. 1, A and B) and in vitro
(Fig. 1, C to E), we also examined whether
endogenous calcineurin could associate with
the endogenous BAD protein and control its
phosphorylation state in untransfected cells.
Calcineurin is the only known serine-threonine
PPase whose activity is stimulated by Ca®*
(12). Changes in BAD phosphorylation were
therefore examined in cells treated with Ca®*-
mobilizing agents, including the Ca?* iono-
phores ionomycin and A23187 (/3) and the
endoplasmic  reticulum  Ca?”-adenosine
triphosphatase inhibitor thapsigargin (THG),
which induces Ca®™ release from internal stores
(14). HCT116 colon cancer and Dul45 prostate
cancer cells contain high endogenous phospho-
BAD when grown with serum (/5). Treatment
of these cells with Ca®*-mobilizing agents in-
duced dephosphorylation of BAD, as deter-
mined by immunoblot analysis with antibodies
specific to phospho-BAD, without altering the
amount of BAD protein (Fig. 1F) (/3). Akt
kinase activity was unchanged under these
same conditions (/3), suggesting that the re-
duced amount of phospho-BAD was a result of
active dephosphorylation of BAD rather than
kinase suppression.

Coimmunoprecipitation experiments re-
vealed that Ca®?"-mobilizing agents triggered
dissociation of BAD from 14-3-3 (Fig. 1F).
Moreover, endogenous calcineurin could be co-
immunoprecipated with endogenous BAD be-
fore treatment with Ca?"-mobilizing agents. In
contrast, PPase-2A was not coimmunoprecipi-
tated with BAD (Fig. 1G), indicating specificity
of the calcineurin-BAD interaction. Interesting-
ly, little or no calcineurin complexed with BAD
after induction of dephosphorylation with
Ca?*-mobilizing agents (Fig. 1F). Thus, cal-
cineurin appears to exist in a complex contain-
ing phospho-BAD before, but not after, Ca®*-
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induced activation of this PPase. Similarly, dis-
sociation of BAD-calcineurin complexes was
induced by removal of serum growth factors
from cultures, which results in reduced activity
of endogenous Akt, Raf-1, and other kinases,
allowing constitutive PPases to gradually de-
phosphorylate BAD (Fig. 1F) (13).

Coimmunoprecipitation experiments were
also performed to determine whether cal-
cineurin-induced changes in BAD phospho-
rylation correlate with alterations in het-
erodimerization with Bcl-x; . In 293 or 293T
cells coexpressing FLAG-BAD and Bcl-x,,
ACnA/B induced increased association of
BAD with Bcl-x; (Fig. 2A), consistent with
its ability to dephosphorylate BAD (Fig. 1).
In contrast, Akt(E40K) and M-Raf partially
inhibited the ACnA/B-induced association of
BAD with Bcl-x,, correlating with their abil-
ity to partially restore phosphorylation of
BAD (Fig. 1, A and B). Bcl-x; did not co-
immunoprecipitate with BAD(S75E, S99E)
protein (Fig. 2A), regardless of whether it
was coexpressed with ACnA/B (11).

The functional relevance of calcineurin-me-
diated dephosphorylation of BAD was explored
by assessing the effects on cell death of coex-
pressing BAD and ACnA/B. Coexpression of
BAD and ACnA/B greatly increased cell death
[measured 2 days later by propidium iodide (PI)
exclusion assay] compared with cells express-
ing either BAD or ACnA/B alone (Fig. 2B),
demonstrating functional synergy between
BAD and this PPase. Nearly all of the PI-

Fig. 1. Calcineurin dephosphorylates BAD pro-
tein. (A and B) Transient transfection of 293T
cells (9) with various plasmids, as indicated
(27). Cells were cultured either for 2 days in
medium containing 5% (v/v) fetal bovine se-
rum (A) or changed to 0.05% serum after 1 day
to minimize growth factor activation of endog-
enous kinases (B), then labeled with 32PO,, for 4
hours (9). FLAG-tagged BAD was immunopre-
cipitated with antibody to FLAG (anti-FLAG),
subjected to SDS-PAGE, and transferred to ni-
trocellulose filters, followed by exposure to x-
ray film for detection of 32P-labeled FLAG-BAD
(top) (WT, wild type). Blots were subsequently
probed with polyclonal rabbit antiserum to
BAD (bottom), followed by emission chemilu-
minescence (ECL)-based detection (75). (C to E)
Glutathione S-transferase (GST)-tagged BAD
or GST-BAD(S75E, S99E) proteins were phos-
phorylated in vitro with purified GST-Akt (C),
Raf-1 (D), or PKA (E) and either [y-32P]ATP (C
and D) or unlabeled ATP (E) (28). After purifi-
cation with glutathione-Sepharose, phosphoryl-
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positive cells had apoptotic morphology (/).
Active Akt(E40K) and active M—Raf-1 signif-
icantly reduced cell death induction by the com-
bination of BAD and ACnA/B, consistent with
their ability to restore phosphorylation of BAD
(Fig. 1) and to inhibit the effects of ACnA/B on
BAD-Bcl-x; dimerization (Fig. 2A). In con-
trast to the wild-type BAD protein, the BAD
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(S7SE, S99E) mutant failed to synergize with
ACnA/B in inducing cell death (Fig. 2B), con-
sistent with its inability to dimerize with Bel-x
(Fig. 2A) (16). The BAD(S75E, S99E) protein
also failed to induce apoptosis when expressed
alone (11).

Transfection of a BAD mutant in which
the serines associated with Akt-mediated

Fig. 2. Calcineurin induces BAD translocation to mitochondria, dimerization with Bcl-x,, and
BAD-mediated apoptosis. (A) For coimmunoprecipitation experiments (30), 293 cells were tran-
siently transfected with 7 pg of total DNA, including 0.5 ug of pFLAG-CMV2-BAD or pFLAG-
CMV2-BAD(S75E, S99E), 0.5 pg of pcDNA3-Bcl-x, 1.5 pg each of pMEP plasmids encoding
HA-ACnA and CnB, 3 pg of M—Raf-1- or HA-Akt(E40K)—producing plasmids, or pcDNA3 plasmid
DNA. After 2 days, cell lysates were prepared (9) and FLAG-BAD was immunoprecipitated with
anti-FLAG followed by immunoblot analysis of the resulting immune-complexes with either
anti—Bcl-x, (top) or anti-BAD (bottom) polyclonal antisera. (B and C) Cultures of 293 cells were
transfected with plasmids encoding wild-type (WT) GFP-BAD, GFP-BAD(S75E, S99E) mutant, or
control GFP (77) and 1 pg each of pMEP encoding HA-ACnA and CnB, 3 pg of M-Raf- or
HA-Akt(E40K)—producing plasmid, or parental plasmid DNA. The percentage (= 200 cells counted)
of dead GFP-positive cells was determined by Pl-exclusion assay (mean = SD; n = 3) (black bars)
at 2 days and the percentage of cells with punctate fluorescence indicative of mitochondrial or
internal membrane localization (ML %) was determined (mean * SD; n = 3) at 1 day (9) (N/A, not
applicable). For (C) 293 cells were cotransfected with plasmids encoding FLAG-mouse BAD(S112A,
$136A), and either ACnA/B, Akt(E40K), or M—Raf-1. The percentage of apoptotic cells (mean = SD;
n = 3) was determined 2 days later. (D) GFP-BAD location was determined as above for cells
transfected with plasmids encoding various PPases (37) (PP2A, PPase 2A; PP2C, PPase 2C).
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ated GST-fusion proteins were incubated with fixed (C and E) amounts of calcinceurin (2 pg) (28) or variable (D) amounts of hemagglutinin
(HA)-tagged calcineurin (immunoprecipitated from 0 to 200 g of cell lysate) (28) for variable [0 to 60 min in (C)] or fixed [30 min in (D); 10 min
in (E)] times before analysis by SDS-PAGE and autoradiography (C), counting of released 32P (D), or immunoblotting with antibodies specific for
phospho-S75 or phospho-S99 in BAD. Coomassie-stained (C.S.) input GST-BAD and GST-BAD(S75E, S99E) proteins are shown (C), as well as
immunoblot analysis of input HA-CnA with anti-HA (D) and of GST-BAD with anti-BAD (E). (F) HCT116 cells were cultured for 1 day with or without
serum and 1 wM THG or ionomycin (lono), as indicated. Cell lysates were normalized for protein content and anti-BAD (B) immunoprecipitates (IP)
were prepared and subjected to SDS-PAGE and immunoblot analysis with antibodies specific for phospho-BAD (S75), total BAD, 14-3-3, or the A
subunit of calcineurin (29). In some cases, the lysates (Lys) were analyzed directly (15 pg of protein). Control immunoglobulin G1 (1gG1)
immunoprecipitations (Ig) were also analyzed for all lysates, confirming specificity, but are only shown for untreated HCT116 cells. (G) Endogenous
BAD was immunoprecipitated from HCT116 lysates and the immune-complexes were analyzed by immunoblotting with anti-CnA or anti—PPase 2A
(CNTL, control; a-BAD, anti—phospho-BAD; PP2A, PPase 2A).
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phosphorylation were mutated to alanine,
BAD(SS/AA), resulted in far more apoptosis
compared with wild-type BAD, consistent
with the inability of Akt and some other
kinases to phosphorylate this mutant protein
and to prevent its dimerization with Bel-x
(5, 7, 9). In contrast to BAD, however, in
cells expressing BAD(SS/AA), active cal-
cineurin only marginally enhanced apoptosis,
further confirming the specificity of the func-
tional synergy observed between calcineurin
and wild-type BAD (Fig. 2B). As expected
(5, 7, 9), active Akt was unable to suppress
apoptosis induced by BAD(SS/AA) (Fig.
2C). Nevertheless, active M—Raf-1 still sup-
pressed apoptosis induction by BAD(SS/
AA), indicating that Raf-1 regulates the ac-
tivity of BAD through different phosphoryl-
ation sites than Akt and some other kinases.

Unlike most Bcl-2 family proteins, BAD
has no membrane-anchoring domain (4). If

Fig. 3. Ca®"-mobilizing
agents induce calcineu-
rin-dependent translo-
cation of BAD from to
mitochondria and apo-
ptosis. (A to D): Du145
cells were cultured with-
out (A) or with 1 pM
THG (B to D) for 05
day, when most of the
cells remained viable.
Cells were fixed and
stained with antibodies
to BAD (A and B), mito-
chondrial Hsp60 (C), or
1gG1 control (D), fol-
lowed by either FITC-
conjugated (A, B, and D)
or rhodamine-conjugat-
ed (C) secondary anti-
bodies (32). (E to H)
CSM14.1  cells were
transfected with 1 p.g of
pEGFP-BAD (E to G) or
pEGFP-BAD (S75E, S99E)
(H) and either 3 pg of pCMV-HA- M

REPORTS

calcineurin-mediated dephosphorylation of
BAD protein induces dimerization with anti-
apoptotic Bcl-2 family proteins, calcineurin
should promote association of BAD with in-
tracellular membranes where Bcl-2 and Bcl-
x, reside. To test this hypothesis, we ex-
pressed green fluorescent protein (GFP)-
tagged BAD in 293 cells, with or without
ACnA/B. Fluorescence microscopy showed
that when cultured with serum, 293 cells
expressing GFP-BAD exhibited a mostly dif-
fuse cytosolic pattern. In contrast, when co-
expressed with ACnA/B, GFP-BAD was con-
centrated in punctate foci within the cytosol
of more than half of the GFP-positive cells
(Fig. 2B). Two-color analysis with a mito-
chondria-specific dye revealed that much of
the GFP-BAD protein was associated with
mitochondria in these cells (/7). Overexpres-
sion of either active Akt(E40K) or M-Raf
partially prevented ACnA/B-induced local-

ACnA(H101Q) (G) or control DNA (33). i 50 z
Cells were exposed to 1 uM THG for 12 . 3
hours (F to H) before preparing photomicro- £ 2
graphs under ultraviolet light. (I to L) Rat 2 4 o5 B
hippocampal neurons were transfected (34) £ i
with plasmids encoding GFP-BAD (| and J) or E 20- b
GFP control (73), without () or with (K and = g
L) HA-CnA (H101Q). Cells were cultured l 0 x . X =0
without () or with () and K) a 05- Gﬁ’,ﬁﬁ{gﬁ;ﬁ; 7 3 N FK  CsA

hour exposure to 1 mM L-glutamate. HA-
CnA(H101Q) was detected by indirect im-

munofluorescence with Cy3-conjugated secondary antibody (L) . (I) and ( J) show confocal analysis of the same
GFP-BAD-expressing neuron before and at 4 hours after L-glutamate treatment (bar, 10 um). (K) and (L) show
a field from a culture of L-glutamate—treated cells containing two neurons successfully transfected with
GFP-BAD plasmid, only one of which expresses HA-CnA(H101Q) (bar, 20 pm). Note that GFP-BAD is
associated with mitochondria in the neuron that failed to express HA-CnA(H101Q), producing ringlike green
emissions from the surface of these organelles. In contrast, GFP-BAD is excluded from the mitochondria
(appear as holes in the cytosol) of the L-glutamate-treated neuron that expresses HA-CnA(H101Q). Locations
of mitochondria were confirmed by preculturing cells with MitoTracker (73). (M) Hippocampal neurons
transfected with plasmids encoding GFP-BAD, CnA(H101Q) (CN), or various combinations were cultured with
or without 1 mM L-glutamate. In some cases, cells were pretreated for 0.5 hour with 0.5 .M CsA or FK506.
The percentages of cells with membrane-associated GFP-BAD (membrane %) at 6 hours (closed bars) and
apoptotic nuclear morphology (based on DAPI staining) at 24 hours (open bars) were determined (mean = SE;
n = 3) (35).

ization of BAD to mitochondria (Fig. 2B).
Moreover, the human BAD(S75E, S99E) mu-
tant was resistant to ACnA/B-induced local-
ization to mitochondria, consistent with its
inability to associate with Bcl-x, . These ef-
fects of ACnA/B appeared to be specific,
because overexpression of the constitutively
active PPase-2A or PPase-2C did not cause
relocalization of GFP-BAD (Fig. 2D), but did
cause dephosphorylation of several proteins
(1.

Prostate cancer cells are known for their
sensitivity to Ca?*-induced apoptosis (17),
so we chose them as an additional model for
correlating changes in phosphorylation with
the intracellular location of BAD by monitor-
ing the endogenous BAD protein rather than
relying on GFP tagging. When Dul45 cells
were cultured in serum-containing medium,
the BAD protein was phosphorylated (/3)
and was located diffusely throughout the cy-
tosol, as determined by indirect immunoflu-
orescence microscopy (Fig. 3A). In contrast,
treating Dul45 cells with THG or A23187
resulted in BAD dephosphorylation (/3) and
relocalization of BAD to mitochondria (Fig.
3, B and C). Targeting of BAD to mitochon-
dria was evident within 1 hour and maximal
within 4 to 6 hours, preceding apoptosis,
which was maximal at ~1 day after THG or
A23187 treatment.

Calcineurin has been implicated in neuro-
nal cell death induced by insults that elevate
cytosolic Ca?* (18, 19), prompting us to
examine the location of BAD in neuronal
apoptosis models. Immortalized rat hippocam-
pal CSM14.1 cells transfected with GFP-BAD
and treated with THG (Fig. 3, E and F) or
A23187 (11) showed a redistribution of GFP-
BAD protein from the cytosol to mitochondria -
and other internal membranes. In contrast, co-
transfection of a trans-dominant inhibitory mu-
tant of CnA/B, ACnA(H101Q), prevented the
THG-induced redistribution of GFP-BAD in
these cells (Fig. 3G) and reduced apoptosis
from 71% = 5% to 30% = 4%. The GFP-
BAD(S75E, S99E) protein failed to translocate
from the cytosol to membranes, consistent with
its inability to dimerize with Bel-x; (Fig. 3H).
In contrast to the ACnA(H101Q) dominant-
inhibitory protein, RNA and protein synthesis
inhibitors did not prevent Ca?*-induced apo-
ptosis of CSM14.1 cells, indicating that gene
transcription is not required (/7).

We obtained similar results with primary
rat hippocampal neurons, using 1 mM L-
glutamate as a stimulus for inducing increas-
es in cytosolic Ca®>* (20). L-Glutamate in-
duced the translocation of GFP-BAD (Fig. 3,
J to L) but not GFP (/3) from cytosol to
mitochondria. In contrast, coexpression of the
inhibitor, ACnA(H101Q), prevented L-gluta-
mate—induced redistribution of GFP-BAD in
most of these cells (Fig. 3, K and L) and
completely suppressed L-glutamate—induced
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apoptosis under these in vitro conditions (Fig.
3M). Immunolocalization studies of another
calcineurin substrate, NF-AT (nuclear factor
of activated T cells), revealed that L-gluta-
mate—induced translocation of NF-AT from
cytosol to nucleus in >95% of control neu-
rons compared with <5% of neurons ex-
pressing ACnA(H101Q), thus providing fur-
ther evidence that the calcineurin dominant-
inhibitory mutant was effectively suppressing
endogenous calcineurin function (/3).
FK506 (0.5 uM) and cyclosporin A (CsA)
(0.5 wM), drugs that indirectly inhibit cal-
cineurin through their effects on petidyl-
proyl-cis/trans-isomerases (/), were equally
potent as ACnA(H101Q) at suppressing L-
glutamate—induced nuclear translocation of
NF-AT (/3), but less effective at inhibiting
mitochondrial targeting of GFP-BAD (Fig.
3M). The extent of FK506- and CsA-mediat-
ed suppression of GFP-BAD relocalization,
however, correlated well with apoptosis sup-
pression (P < 0.05) (Fig. 3M), implying that
phospho-BAD rather than phospho-NF-AT
is a more relevant substrate of calcineurin
under these circumstances and suggesting
that FK506-FKBP and CsA-cyclophilin drug-
protein complexes preferentially interfere
with calcineurin’s interactions with phospho—
NF-AT compared with phospho-BAD. Of
note, although CsA can have cytoprotective
effects beyond calcineurin suppression due to
its binding to mitochondrial cyclophilin and
interference with mitochondrial permeability
transition pore opening (27), the effects of
FK506 and ACn(H101Q) cannot be ex-
plained by this altenative mechanism. More-
over, FK506 and ACn(H101Q) were consis-
tently more potent than CsA at suppressing
L-glutamate—induced translocation of GFP-
BAD and apoptosis in neurons (Fig. 3M).
These findings obtained by monitoring the
translocation of GFP-BAD in transfected
neurons were verified to also apply for the
endogenous BAD protein in untransfected
hippocampal neurons. Localization of endog-

Fig. 4. L-Glutamate

induces dephosphoryl- A
ation, translocation,
and Bcl-x; binding of
endogenous BAD in
neurons. Hippocampal
neurons were cultured
without (C) or with 1
mM L-glutamate (Glut), {
0.5 pM FK506, or both 01
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enous BAD protein by immunofluorescence
microscopy revealed diffuse cytosolic stain-
ing in untreated cells, whereas L-glutamate
exposure caused mitochondrial targeting of
BAD (Fig. 4A) (22). Furthermore, immuno-
staining with an antibody to phospho-BAD
provided evidence that L-glutamate treatment
is associated with dephosphorylation of en-
dogenous BAD protein in hippocampal neu-
rons, because untreated neurons were nearly
all immunopositive whereas about half of
L-glutamate—exposed cells became immu-
nonegative (Fig. 4A). In contrast, addition of
FK506 to neuronal cultures reduced the per-
centage of L-glutamate—treated cells with mi-
tochondria-targeted BAD, decreased L-gluta-
mate—induced loss of anti-phospho-BAD an-
tibody reactivity, and diminished apoptosis of
these untransfected neurons (Fig. 4A). These
L-glutamate—induced changes in BAD local-
ization and anti-phospho-BAD antibody re-
activity were associated with increased bind-
ing of endogenous BAD to Bcl-x;, and with
slightly decreased association of BAD with
endogenous calcineurin, as determined by co-
immunoprecipitation experiments (Fig. 4B).
FK506 diminished L-glutamate—induced for-
mation of BAD-Bcl-x; dimers, consistent
with involvement of calcineurin (Fig. 4B).
Inhibition of BAD targeting to mitochondria
and apoptosis by ACn(H101Q) in hippocampal
neurons was specific to circumstances where
calcineurin activation is known to occur. For
example, when 1 uM staurosporine was used as
a general inhibitor of kinases necessary for
cell survival, GFP-BAD relocalized to mito-
chondria and apoptosis was induced regard-
less of whether cells were cotransfected with
CnA(H101Q)-producing plasmids or treated
with FK506 or CsA (/3). Thus, calcineurin-
independent mechanisms for controlling
BAD phosphorylation and mitochondrial tar-
geting also exist; calcineurin inhibitors do not
prevent BAD relocalization and apoptosis in
all circumstances, arguing for their specific
role in Ca?"-mediated cell death. Also, in

reagents. (A) Neurons >
were fixed and confocal

immunofluorescence
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was performed with either anti-phospho-BAD(S112) (gray bars) or anti-BAD (75) (open bars), counting
cells (n = 100) with phospho-BAD immunopositivity (%P-BAD) or with BAD translocation to
mitochondria (ML%) (22) at 6 hours. Apoptosis was determined at 1 day by DAP} staining (mean *+ SD;
n = 3). (B) Lysates from cultured neurons were used for immunoprecipitation (IP) of BAD with a
monodonal antibody (Transduction Labs), followed by SDS-PAGE and immunoblot analysis with
anti-BAD, anti-Bcl-x, or anti-CnA. Lysates (25 pg of total protein) were also analyzed directly for
comparison of amounts of input proteins (ECL detection).

contrast to 1 mM L-glutamate, cytotoxicity
induced by a high dose (10 mM) of L-gluta-
mate was not suppressible by CnA (H101Q)
(13), suggesting that alternative Ca?* -initiat-
ed cell death pathways can be activated under
such conditions (18, 21, 23).

Though pathological elevations in cytosolic
Ca2* concentrations can induce apoptotic or
necrotic cell death through multiple mecha-
nisms, the finding that redistribution of BAD
and apoptosis were suppressible by an inhibi-
tory mutant of calcineurin argues that this
PPase is a significant mediator of cell death
signals in at least some cellular contexts. Cal-
cineurin has been implicated in both transcrip-
tion-dependent and -independent apoptosis,
with the former attributed to calcineurin-medi-
ated dephosphorylation of NF-AT and subse-
quent trans-activation of apoptosis genes such
as Fas-ligand (24). Our results suggest that
calcineurin can also induce transcription-inde-
pendent apoptosis by dephosphorylating BAD,
thus allowing the BAD protein to dimerize with
Bcl-x; or other Bcl-2 family proteins located in
mitochondrial and other internal membranes.
Thus, the interaction of calcineurin with BAD
provides a Ca?* -inducible mechanism for con-
trolling the phosphorylation state and hence the
bioactivity of this pro-apoptotic protein, thereby
linking calcineurin to the apoptosis machinery.
The relative ineffectiveness of FK506 and
CsA at suppressing BAD targeting to mito-
chondria and apoptosis compared with
ACnA(H101Q) illustrates the need for ac-
tive-site inhibitors of calcineurin that directly
interfere with its PPase activity for neuronal
protection. Conversely, suppression of cal-
cineurin-mediated  dephosphorylation  of
BAD conceivably could contribute to im-
mune system—independent cancer progres-
sion induced by CsA (25).
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