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Protein phosphatase 2A activates the proapoptotic function of BAD in interleukin
3—dependent lymphoid cells by a mechanism requiring 14-3-3 dissociation

Chi-Wu Chiang, Gregory Harris, Cindy Ellig, Shane C. Masters, Romesh Subramanian, Shirish Shenolikar,

Brian E. Wadzinski, and Elizabeth Yang

BAD is a proapoptotic member of the BCL-2
family of proteins, which play a major role in

regulating apoptosis in cytokine-dependent
hematopoietic cells. The function of BAD is
regulated by reversible phosphorylation. De-
privation of survival factors induces BAD
dephosphorylation, resulting in apoptosis.

Serine—threonine phosphatase activity de-
phosphorylated BAD in interleukin-3—depen-
dent FL5.12 lymphoid cells. Inhibition of
PP2A activity by treatment of cells with
PP2A-selective inhibitors, okadaic acid and

fostriecin, prevented BAD dephosphoryla-
tion in these cells. Conversely, BAD dephos-
phorylation was not inhibited by the PP1-
selective inhibitor tautomycin. In cell-free
extracts, BAD phosphatase activity was also
inhibited by the PP2A-selective inhibitors
okadaic acid and fostriecin, but not by the
PP1-specific protein inhibitor I-2. Dissocia-
tion of 14-3-3 from BAD was a prerequisite
for BAD dephosphorylation in vitro, suggest-
ing a mechanism by which 14-3-3 can regu-
late the activation of the proapoptotic func-

tion of BAD in vivo. Significantly, the
inhibition of BAD phosphatase activity res-

cued cell death induced by survival factor
withdrawal in FL5.12 cells expressing wild-
type BAD but not phosphorylation-defective

mutant BAD. These data indicate that PP2A,
or a PP2A-like enzyme, dephosphorylates
BAD and, in conjunction with 14-3-3, modu-
lates cytokine-mediated survival. (Blood.

2001;97:1289-1297)
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Introduction

Apoptosis is a major mechanism regulating hematopoietic develqgrogenitor cells, dephosphorylated BAD counters the survival
ment and homeostasis. The prototypical apoptosis regulator BClft@ction of BCL-2 and BCL-X by binding to BCL-2 or BCL-X.
was discovered as the gene involved in a lymphoma translocati®hAX is displaced from BCL-2 or BCL-X, and BAX homo-
and its oncogenic role was proven in animal models of lyndimerization increases, leading to cell dettim the presence of
phomagenesis® The BCL-2 family of proteins, consisting of survival factor IL-3, BAD is phosphorylated at Ser112 and Ser136.
prosurvival members (including BCL-2, BCLXMCL-1,Al) and Phosphorylated BAD does not bind mitochondrial BCL-2 or
proapoptotic members (including BAX, BAD, BCLgX BAK, BCL-X_ and is sequestered in the cytosol by 14-38AD is
BID) play key roles in integrating signals from survival factors andapidly dephosphorylated on IL-3 withdrawal, and its proapoptotic
death stimulf*® The mechanisms of apoptosis have been extefunction is activated.
sively studied in cytokine-dependent hematopoietic systems, suchSeveral signaling pathways impact BAD phosphorylation. Both
as interleukin-3 (IL-3)-dependent progenitor cells. mitochondria-anchored cyclic adenosine monophosphate-dependent pro-
Reversible phosphorylation is a key regulatory mechanism fgin kinase A (PKA)® and p21-activated protein kinase 1 (PAKLan
cell survival and cell death in response to extracellular survivphosphorylate BAD at Ser112 and inactivate its proapoptotic activity in
factors, such as IL-3,insulin-like growth factor-1 (IGF-1§,and IL-3—dependent FL5.12 cells. Recently, PKA was also reported to
erythropoietin®1® and is highly relevant to hematopoietic cellphosphorylate Serl55 in the BH3 domain, disrupting the binding of
biology. IL-3—induced phosphorylation of BCL-2 at Ser70 correBAD to BCL-X, and BCL-2 and promoting cell survivi2! In other
lates with its antiapoptotic functiot;'2and mitochondrial serine— cell types, Akt phosphorylates BAD at Serl136 in response to survival
threonine phosphatase PP2A has been implicated in the dephosptaaters such as IGFAIGF-1 also protects murine hematopoietic 32D
ylation of BCL-212 FKHRL1, a forkhead transcription factor thatcells from IL-3 withdrawal-induced death by at least 3 alternative
can regulate apoptosis in erythrdifl and other cell type¥, is signaling pathway?; including the P13-kinase—Akt pathway, the mito-
phosphorylated by Akt and sequestered in the cytosol by 14-3-3gan-activated protein kinase pathway, and a third pathway resulting in
the presence of the survival factdfsOn activation of apoptosis, the mitochondrial translocation of Raf. These pathways all lead to BAD
FKHRL1 is dephosphorylated and translocates to the nuclegosphorylation and inactivation of its proapoptotic function. Thus, the
where it transactivates cell death genes such as the Fas ligand gemersible phosphorylation of BAD represents a point of convergence
BAD, a proapoptotic member of the BCL-2 family, is highlyfor diverse survival-apoptosis signaling pathways.
regulated by phosphorylation. In IL-3—dependent FL5.12 lymphoid The integrated actions of kinases and phosphatases are likely to
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regulate the phosphorylation of BAD in response to survival andral supernatants were collected 2 days later and filtered through
apoptosis signaling. Serine-threonine phosphatases have baépum filters.
shown to be involved in the regulation of BAD phosphorylation.
. . . ’

PP2B (cal'cmeurln) ac_ts as a BAD phosphatase in neuronal éeII§Nestem blotting and immunoprecipitation
In a murine T-cell line, BAD was shown to be a substrate
for PP1x.24 Cell lysates for Western blotting were prepared in radioimmunoprecipita-

We addressed the role of serine—threonine phosphatasedidh assay (RIPA) buffer (100 mM NaCl, 1% Nonidet P-40, 0.5%
regulating BAD dephosphorylation in IL-3-dependent FL5.19eoxycholic acid, 0.1% sodlgm dodecyl s.u.lfat.e (SDS), 50 mM TI’IS-C.|, pH
lymphoid cells—the cells in which the proapoptotic function of® 2d 1 mM EDTA). For immunoprecipitation, “Lells were lysed in
BAD was originally reported. We used a panel of phosphata'sommc immunoprecipitation (IP) buffer (142.5 mM KCI, 5 mM MgC10

?nq\/l HEPES, and 0.25% Nonidet P-40) with or without Q. phosphatase

inhibitors with differential selectivity against PP1 and IDPZAi‘nhibitor microcystin-LR, incubated with polyclonal anti-BAD Ab C20,

including okadaic acid (OA), fostriecin, calyculin A, and tautomy-

. S . . [Srecipitated with protein A-Sepharose, fractionated by 12.5% SDS-PAGE,
cin, and inhibitors against PP2B, cyclosporin A, and FK506. BA nd transferred to polyvinylidene difluoride membrane. To immunoprecipi-

dephosphorylation was investigated in cells and in cell-free e¥ge BAD without 14-3-3, 1% empigen BB or 26M R18 peptide
tracts, and the role of BAD phosphatase in cell death w@sHCVPRDLSWLDLEANMCLP$82 was added to the IP buffer. For
examined. Our findings revealed that the BAD phosphatase activisquential experiments, R18 was added to the BAD immunoprecipitate,
in FL5.12 cells was PP2A or a PP2A-like enzyme. We found thé&illowed by 3 washes with isotonic IP buffer. Western blots were developed
the dissociation of 14-3-3 from BAD was required for BADusing enhanced chemiluminescence.

dephosphorylation in vitro, suggesting that 14-3-3 actively protects

BAD against dephosphory_lqtion in vivo. Moreover, the inhibitioqn Vitro BAD phosphatase assay

of BAD phosphatase activity rescued FL5.12 cells from IL-3

deprivation-induced cell death. These data indicate that PP2A, drat analyses of BAD dephosphorylation in whole cell homogenates, cell
PP2A-like phosphatase, catalyzes BAD dephosphorylation a@¥racts were prepared in phosphatase assay buffer A (50 mM Tris-Cl, 150
regulates its proapoptotic activity in this model of lymphoid"™ NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.25% Nonidet P-40, 1 mM

progenitor cells, and they implicate 14-3-3 binding in the regul@nenyimethylsulfonyl fluoride, 1fig/mL aprotinin, and 1@.g/mL leupep-
tion of BAD dephosphorylation tin),13 and incubated on ice with or without empigen BB for 30 minutes.

Cell lysates were centrifuged at 14 000 rpm for 30 minutes at 4°C, and the
supernatant was further incubated at 30°C for 30 minutes with or without
the addition of R18 peptide. For dephosphorylation of BAD by PP2A, BAD

Materials and methods was immunoprecipitated from 10FL5.12BCL-X/BAD cells and incu
bated in phosphatase assay buffer B (20 mM imidazole, 150 mM NaCl, 1%
Materials empigen BB, 14.4 mM3-mercaptoethanol, 1 mM phenylmethylsulfonyl

. - S R
Mouse anti-BAD monoclonal antibodies B31420 and B36420 were pufrly.or'de’ 10pg/mL aprotinin, and 1Q.g/mL leupeptin}°® at 4°C for 30

chased from Transduction Laboratory (Lexington, KY). Rabbit anti—BAIfantes' Purified PP2A catalytic subunit (0.01 mg/mL) from bovine testes
antibody (Ab) (C20) and anti-14-383(K-19) Ab V\;ere burchased from Was added to the reaction mixture and incubated at 30°C for 30 minutes.
Santa Cruz Biotechnology (La Jolla, CA). Antiphospho Serl112 Ab W%hgsbph?tasfe reactl_ons we'r:e ternzjmated by gidDngDS sample bu_ff_er 4
from Upstate Biotechnology (Lake Placid, NY). Serine—threonine phosph%r—' oiling for 5 minutes. For en oge'nou's ) phosphatase activity, 40
tase inhibitors, OA, calyculin A, and tautomycin were purchased fror’r‘r_g FL5.12 C?" lysates prepared by son_lcatlon_ln phospha_tas_e_assay buffer B
Alexis Biochemicals (San Diego, CA). Rabbit muscle phosphorylase \g{}thouter.nplgen were prglncubated with orW|thoutPP1 |nh.|b‘|tor2 (I-2) at
phosphorylase kinase (rabbit muscle), protein kinase C, histone H1 (tyb@ #M final concentration, then added to immunoprecipitated BAD.
I1I-S calf thymus), and microcystin-LR are from Sigma (St Louis, MO)Phosphatase reactions were performed as described above.

A23187 was purchased from Calbiochem (San Diego, CA). Cyclosporin A

and ‘FK506 were obta_lned from th_e pharmacy _of Vgnderbllt Unlverswpl and PP2A phosphatase activity assays

Medical Center, Nashville, TN. Fostriecin was a kind gift from Parke Davis

Pharmaceuticals (Ann Arbor, Ml). Recombinant human PP1 inhibitor I-Rabbit muscle phosphorylase a labeled by phosphorylase kinase and

was purified as describe#l. protein kinase C-phosphorylated histone H1 (type IlI-S calf thymus) were
prepared as describéH32 The phosphatase activity against labeled phos
Cells and cultures phorylase a or histone H1 was measured by quantitating the releé&¥e of

by scintillation counting.The assay was limited to a maximum of 20%

FL5.12 cells were cultured in Iscove modified Dulbecco medium supplgsiease of tota??P to ensure linearity of the phosphatase reaction. FL5.12
mented with 10% fetal bovine serum and IL-3. FL5.12 BCLBXAD and e . /BAD cells were treated with 500 nM OA, EM fostriecin, or
FL5.12BCL-X /BAD112A136A cell lines were constructed by infecting,enicie alone for 3 hours and were sonicated in phosphatase buffer B
FL5.12 BCL-X_ cells with retroviruses containing pBab_eBAD Or without empigen; 2.5ug or 0.25 ug cell lysate was used for the
pBabeBAD112A136A. Two days later cells were selected wilaghmL 4o 0noqphorylation of labeled phosphorylase a or histone H1, respectively.
purqmygm, and gmgle-cell clones were isolated after 4 days. In, IL'ES/sates were incubated with an additional 5 nM NI OA for 15 minutes
deprivation experlment_s, FL.5'12 BCLBAD cell§ were Wash_ed with on ice before the labeled substrates were added. PP2A activity is defined as
phosphate-buffered saline 3 times and recultured in media lacking IL-3. RRL, - it inhibited by 5 nM OA, and PP1 activity is defined as the activity
treatment of cells in culture, each phosphatase inhibitor or the same VOIums?ensitive t0 5 nM OA but inhibited by &M OA. %

of vehicle was added to the media, as stated in the figures.

Plasmid and retrovirus preparation Cell survival assay

The cDNAs of wild-type or phosphorylation-defective mutantCalyculin A (5 nM) was added to the media of FL5.12 BCLABAD cells
BAD112A136A with serine-to-alanine substitutions at Ser112 and Ser186 FL5.12 BCL-X/BAD112A136A cells for 4 hours in the presence of
were cloned in the retroviral expression vector pBabeffand transfected 1L-3, followed by IL-3 withdrawal. Cell viability was measured by trypan
into BOSC orpNX cells by the calcium phosphate method, as described blue exclusion.
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treated with increasing concentrations of OA and assayed for BAD

Results phosphorylation by Western blot analysis (Figure 1C). A predomi-
nant dephosphorylated band and a minor hyper-phosphorylated
Okadaic acid inhibits BAD phosphatase activity band were seen in untreated cultures. In the presence of IL-3 and 10

nM OA, a significant increase in hyper-phosphorylated BAD was

In the presence of survival factors, bOt.h phosphorylated an served. Maximal BAD hyper-phosphorylation occurred in cells
dephosphorylated BAD are present, forming a doublet on SDS— . ; ; o
olyacrylamide gel electrophoresis (PAGE). The slower migratinreated with 250 nM OA. Okadaic acid also inhibited BAD
P ) hosphorylation in a time-dependent manner (Figure 1D). The

band represents BAD phosphorylated at Serll2 and Serl . .
(hyper-pﬁosphorylated B,IZD) F;nd );he faster migrating band Colrllw_tensny of the hyper-phosphorylated band relative to the dephos-

tains mainly the dephosphorylated form and a minor amount Bporylated band increased significantly after 1 hour of incubation
BAD phosphorylated at a single sitdn the absence of survival with 500 nM OA. After 3 hours, only hyper-phosphorylated BAD

factor IL-3, FL5.12 cells undergo apoptosis, and BADisdephosph((:)c-)ulzl,?]be Cquetfmted' K i late ki d the inhibiti
rylated. Because high levels of BAD cause cell death, cel(l)sf osphatases are known 1o reguiate kinases, and the inhibition

overexpressing both BCLyXand BAD were used in our studies phosphatases by OA can affect multiple cellular signaling
: 4-37 i -
To explore which serine—threonine phosphatases are involved%thwayss' To test the hypothesis that BAD hyper-phosphoryla

BAD dephosphorylation, we treated FL5.12 cells expressir{gn induced by OA is due to the inhibition of BAD phosphatase

BCL-X, and BAD (FL5.12BCL-X/BAD) with the potent PP1 and tivity and not to the indirect activation of kinases, we asked

PP2A phosphatase inhibitor okadaic acid. During IL-3 withdrawa\f\,'hether OA promoted the phosphorylation of BAD that had

BAD was seen on SDS-PAGE as mostly the faster migratinB,reVioUSIy been dephosphorylated. FL5.12BCLBAD cells

dephosphorylated band (Figure 1A, upper panel). When OA where deprived of IL-3 for 3 hours until BAD was completely

added to the culture media, the slower migrating hyper-phosphofigPhosphorylated and then were treated with OA for another 3
lated species of BAD persisted even during IL-3 starvation, ARoUrs (Figure 1E). No increase in hyper-phosphorylated BAD was

antibody specific to phosphorylated Ser112 of BAD confirmed thdftected. In contrast, OA treatment of cells grown in the presence
the slower migrating BAD was phosphorylated and that the fastgf IL-3 shifted BAD to its fully phosphorylated form. Thus, OA

migrating BAD was not phosphorylated at Ser112 (Figure 140uld only promote the conversion of BAD to its hyper-
lower panel). In the presence of both IL-3 and OA, only hype,phosphorylated form when BAD kinases were activated by sur-

phosphorylated BAD was observed (Figure 1B). The inhibition gfival factors such as IL-3. This suggests that OA did not activate

BAD dephosphorylation suggested the presence of an OA-sensitRAD kinases but that it inhibited a phosphatase that dephosphory-

BAD phosphatase activity. A mutant BAD with alanine substitul2t€S BAD.

tions at residues Ser112 and Ser136 cannot be phosphorylateg@@ia_selective inhibitors enhanced BAD phosphorylation

these sites and is more potent than wild-type BAD in promoting yiyo

cell death. OA treatment of a stable FL5.12 cell line expressing

BCL-X, and this phosphorylation-defective mutant BAD did nofThree major serine-threonine phosphatases—PP1, PP2A, and

result in mobility shifts indicative of phosphorylation (Figure 1B)PP2B—are found in eukaryotic cells. Although OA inhibits both

This confirmed that the enhanced BAD phosphorylation caused Bf?1 and PP2A, it inhibits PP2A at concentrations 10 to 100 times

OA occurred at Ser112 and Serl36, sites involved in the regulati@wer than those required to inhibit PPTo characterize the BAD

of apoptosis. phosphatase activity in FL5.12 cells, an array of phosphatase
To test whether OA inhibited BAD dephosphorylation in a dosénhibitors was investigated as modulators of BAD phosphorylation.

and time-dependent manner, FL5.12BCLAXAD cultures were Calyculin A is an inhibitor that shows a slight preference for PP1

A B
i /’
BAD 3| gy i — -
Figure 1. Okadaic acid inhibits BAD dephosphoryla- pgﬂ)) —_ﬁ PBAD"’

tion. (A) FL5.12BCL-X./BAD cells were treated with 0.5

wM OA or dimethyl sulfoxide (DMSO) for 4 hours in the

presence (+) or absence (—) of IL-3. Cell lysates were pBAD—'EI IL-3 5 +

analyzed by Western blotting. The blot was first probed IL-3 + _ _ OA + + - -
with monoclonal anti-BAD Ab 31420 (upper panel), then OA _ B i - = + + = + = *
reprobed with antiphospho serine 112 BAD Ab (lower

panel). pBAD, phosphorylated BAD. (B) FL5.12BCL-X/

BAD (wt BAD) and cells expressing the phosphorylation- C D

defective BAD mutant (BAD!12A1364) were treated with 0.5 pBAD.
wM OA with (+) or without (=) IL-3 for 3 hours, and - Nyl

analyzed by Western blotting using polyclonal anti-BAD BAD:‘IL!_MI pg:[[;:t == - — .1
Ab C20. (C) FL5.12BCL-x,/BAD cells were treated with =

indicated doses of OA in the presence of IL-3 for 3 hours OA (nM) 0 10 50 100 250 500
and analyzed by Western blotting using anti-BAD Ab

31420. (D) Cells were treated with 0.5 pM OA for the

times indicated and analyzed by Western blotting as

above. (E) BAD phosphorylation induced by OA is the E 1 2 3 4 5
result of inhibition of BAD phosphatase activity, not
indirect activation of kinases. FL5.12BCL-X,/BAD cells pBAD:: — un - —
were grown in the presence (lanes 1, 5) or absence of BAD T m—
IL-3 (lanes 2-4) for 3 hours. Cells in lanes 3 to 5 were then

treated with DMSO (lane 3) or 0.5 pM OA (lanes 4, 5) for IL-3 + - - - +
another 3 hours. Lysates were analyzed by Western

blotting as above. 0OA - - - o

WtBAD BAD!12A1364

IL-3 + +
OA 0 1h 3h 5h
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over PP2Ain vitro. At a concentration as low as 5 nM in the medided by 5 nM OA, and PP1 activity is defined as the phosphatase
calyculin A promoted the complete phosphorylation of BADactivity resistant to 5 nM OA but sensitive tquM OA.33

(Figure 2A, upper panel). Fostriecin, an antitumor antibigtit®is Using phosphorylase a, a substrate for both PP1 and PP2A, we
a highly selective inhibitor of PP2A-like enzymes and inhibitfound that most of the serine-threonine phosphatase activity in
PP2A at 10000 to 40 000 times lower concentration than thahtreated FL5.12BCL-XBAD cells was inhibited by adding 5 nM
required for PP1 inhibition in vitré142 Fostriecin increased BAD OA to the lysate. This represented the activity of PP2A and
phosphorylation at 2.5uM. At 5 pM, fostriecin caused all PP2A-like enzymes (Figure 3A, upper panel, left). The remainder
detectable BAD to be phosphorylated (Figure 2A, middle panel). bf the total phosphatase activity in untreated cells was inhibited by
contrast, tautomycin, a selective inhibitor against PP1 in4Aand 1 wM OA and represented PP1 activity. When FL5.12BCL-X

in vivo,2344showed no effect on BAD phosphorylation at concenBAD cultures were treated with 0.8M OA for 3 hours, which
trations up to quM (Figure 2A, bottom panel). Results from theseeffectively inhibited BAD dephosphorylation, the phosphorylase
studies suggested that the BAD phosphatase in FL5.12 cells is maisbsphatase activity was reduced by 54% (Figure 3A, upper panel,
likely PP2A or a PP2A-like enzyme. right). Addition of 5 nM OA to the lysates decreased the activity by

Calcium-induced apoptosis in hippocampal neurons was r@aother 20%, indicating that most of the PP2A activity was
ported to occur through calcineurin (PP2B)-mediated dephosphpthibited by OA treatment. The remaining phosphatase activity was
ylation of BAD.2® Thus, we addressed the possible role ofimilar to the PP1 activity in lysates from untreated cells and was
calcineurin in BAD dephosphorylation in FL5.12 cells (Figure 2B)completely inhibited by the further addition of fM OA,

The calcium ionophore A23187, which activates calcineurin, diddicating that OA treatment did not significantly affect PP1
not promote BAD dephosphorylation. Conversely, treatment @ttivity. Therefore, treatment of FL5.12 cells with ¥ OA, the
FL5.12 cells with the calcineurin inhibitors cyclosporin A anctoncentration which abrogated BAD dephosphorylation, inhibited
FK506 did not increase BAD phosphorylation. Similarly, nanost PP2A activity while not significantly affecting PP1.

change in BAD phosphorylation was observed in mouse embryo Phosphatase activity was also measured using PKC-phosphory-
fibroblasts treated with high extracellular calcium, the calciunated histone H1 as a PP2A-selective substa(Eigure 3A,
ionophore A23187, or calcineurin inhibitors, whereas OA causethdttom panel). In lysates of cells treated with Q8 OA, 70% of
complete shift of BAD to the hyper-phosphorylated form (data nabtal histone H1 phosphatase activity was inhibited (Figure 3A,
shown). These findings indicated that calcineurin does not playattom panel, right). Only approximately 15% more was inhibited
significant role in BAD dephosphorylation in FL5.12 cells angy the further addition of 5 nM OA to the lysates (Figure 3A,
mouse embryo fibroblasts. bottom panel), again indicating that most PP2A activity was
inhibited when BAD dephosphorylation was maximally inhibited
in FL5.12 cells.

Next, phosphorylase phosphatase activity was measured in
When OA and other serine—threonine phosphatase inhibitors #tgates from fostriecin-treated cells (Figure 3B). More than 50% of
used to treat celtd or are injected into micé, the inhibitors have total cellular phosphatase activity was inhibited after fostriecin
been shown to form stable complexes with their target enzymestiratment, and 25% more activity was inhibited by the addition of 5
cell-free extracts or tissue homogenates. The tight associatiod OA to the lysates (Figure 3B, right). Further addition gfl1
between phosphatase inhibitors and their target enzymes K34 reduced the phosphatase activity to background (Figure 3B,
facilitated in vitro measurement of the PP1 and PP2A activities ifght). This indicated that treatment with fostriecin, at the dose that
lysates of cells treated with different inhibito®&!*To confirm that blocked BAD dephosphorylation, also inhibited most PP2A and
treatment of FL5.12 cultures with PP2A inhibitors resulted if?P2A-like activities but left PP1 activity largely unaffected.
selective inhibition of the expected phosphatase activity in cells, In summary, the concentrations of PP2A inhibitors used to
PP1 and PP2A activities were measured in lysates of FL5.12BQbhibit BAD dephosphorylation in vivo effectively were shown to
X /BAD cells treated with inhibitors using eithe¥P-labeled selectively inhibit most intracellular PP2A, but not PP1, activity in
phosphorylase a 6#P-labeled histone H1 as substrates. PP2A ariel.5.12 cells. These results established the BAD phosphatase as
PP2A-like activities are defined as the phosphatase activity inhiBP2A, or a member of the PP2A subfamily, in FL5.12 cells.

Inhibition of BAD phosphatase activity in FL5.12 cells
is coincident with PP2A inhibition

A Calyculin A B Calcium ionophore
0 005 05 5 SaM +IL-3 +A23187 -IL-3

BAD E = pBAD
"BAD:t--.--- BAD:" L~ 4__|

Fostriecin Cyclosporin A
0 25 5 75 10uM

0 5 uM
PBAD —pf e, mr = == = PRAD— [ |

Figure 2. PP2A-selective inhibitors block BAD dephos-
phorylation in vivo.  (A) FL5.12BCL-X,/BAD cells were
treated with PP1 and PP2A inhibitors calyculin A, fostrie-

Tautomycin FK506 cin, and tautomycin in the presence of IL-3 for 3 hours.
0 001 .01 1 1 5uM 0 5 5 50uM BAD was analyzed by Western blotting as in Figure 1.
BAD _ . H (B) Cells were treated with an activator (2 uM A23187) or

BAD:: -"-‘-i ‘ PEAAB#-. ‘ — -l an inhibitor (cyclosporin A or FK506) of PP2B (calcineurin)

and analyzed for BAD by Western blotting.
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phosphatase activity on BAD. Immunoprecipitations of BAD from
FL5.12 lysates confirmed that 14-3-3 dissociated from BAD under
these conditions (Figure 4B,C). In the absence of empigen,
abundant 14-3-3 coprecipitated with BAD (Figure 4B, upper
panel). In the presence of 1% empigen and the potent serine—
threonine phosphatase inhibitor microcystin, no 14-3-3 was de-
tected in the BAD immunocomplexes, and phosphorylation of
BAD was maintained (Figure 4B, upper panel). In contrast, in the
presence of empigen but in the absence of a phosphatase inhibitor,
significant BAD dephosphorylation occurred (Figure 4B, lower
panel). Similarly, the specific 14-3-3 displacement peptide R18
~Unireated facilitated BAD dephosphorylation in the absence of a phosphatase
inhibitor (Figure 4C).

To establish that the dissociation of 14-3-3 was required before
BAD dephosphorylation, the BAD immunocomplex was first
incubated without or with R18 to remove 14-3-3, then subjected to
dephosphorylation using FL5.12 lysates as the source of cellular
phosphatases (Figure 4D). When 14-3-3 was present in the BAD
immunocomplex, the addition of FL5.12 lysate did not stimulate
dephosphorylation of BAD. However, the dissociation of most
14-3-3 from the BAD immunocomplex by R18, followed by
incubation with FL5.12 extracts, resulted in BAD dephosphoryla-
tion. These experiments demonstrated that dissociation of 14-3-3

125

=
E
<
&
@
3

>
=3
1

Histone H1 phosphatase activity

%

Untreated OA from BAD is essential for efficient BAD dephosphorylation.
B PP2A-selective inhibitor, but not PP1-specific inhibitor, inhibits
) 123 BAD dephosphorylation in vitro
f 100 Using either empigen or R18 to dissociate 14-3-3, we were able to
£ assess the sensitivity of the BAD phosphatase to selective inhibi-
E& 75+ tors inwhole cell homogenate the presence of R18, BAD was
= completely dephosphorylated within 20 minutes (Figure 5A, upper
; 50 il panel). Addition of 0.5.M fostriecin to lysates containing R18
i& completely inhibited BAD dephosphorylation (Figure 5A, upper
T 254 - y panel), as confirmed by the antiphospho-Serl112-specific antibody
£ (Figure 5A, bottom panel). The minimal effective concentration of
& o | fostriecin required to inhibit BAD phosphatase activity under these
Untreated Fostriecin conditions was approximately 100 times higher than thg far
Figure 3. PP2A activity is significantly inhibited by in vivo OA and fostriecin the purified PP2A catalytic subunit but was at least approximately

treatment. (A) Phosphatase activity in lysates of cells treated with 0.5 uM OA (OA) 200 times lower than the kg for PP142 Similarly‘ 100 nM OA
using either 32P-labeled phosphorylase a (upper panel) or 32P-labeled histone H1 completely inhibited BAD phosphatase in vitro (data not shown).
(lower panel) as substrate. (B) Phosphatase activity in lysates of cells treated with 5 o . .
uM fostriecin (fostriecin) using P-labeled phosphorylase a as substrate. Cells  1h€ response of the BAD phosphatase activity in these studies is
exposed to vehicle alone (untreated) were used as controls. Assays were performed  consistent with that of PP2A, or a PP2A-like enzyme. The ability of
with further addition of vehicle alone (M), 5nM OA (&), or 1 pM OA () to the lysates.  PP2A to dephosphorylate BAD in vitro was confirmed using
Activities were expressed as a percentage of 32P release in untreated lysates. Data ified PP2A talvti bunit . ipitated BAD
shown were mean = SD of triplicate assays from at least 2 separate experiments. pu_rl e Catalylic subunit on Immunoprecipitate

(Figure 5B).

To exclude the possibility that PP1 was involved in BAD
dephosphorylation in whole cell extracts, we added the PP1-
In examining BAD dephosphorylation in vitro, cell lysates werepecific protein inhibitor 1-2. 1-2, an endogenous PP1 regulator
prepared in buffer containing a mild detergent but no phosphatdseind in most mammalian cells, inhibits PP1 activity with aKi
inhibitors, followed by incubation at 30°C, SDS-PAGE, and.1 nM and has little or no effect on PP2A activifyUsing
Western blot analysis. Surprisingly, no significant BAD dephosphdmmunoprecipitated BAD as a substrate and FL5.12 lysates as the
ylation was observed under these conditions (data not showsyurce of phosphatases, we assessed the dephosphorylation of
Because 14-3-3 binds to the phosphorylated sites of BAD, vigAD by Western blot analysis. Addition of the PP1 inhibitor I-2 to
asked whether 14-3-3 played a role in preventing BAD dephosphéi-5.12 lysates had no effect on BAD dephosphorylation (Figure
ylation. Our BAD phosphatase assay was thus modified by addi6@), indicating that the major BAD phosphatase was an [-2—
either empigen BB (Emp), a zwitterionic detergent that has bearsensitive phosphatase. We us&®-labeled phosphorylase as
used to dissociate 14-3-3 from phosphorylated kerdfinsR18, a substrate to confirm that PP1 was effectively inhibited in FL5.12
peptide (PHCVPRDLSWLDLEANMCLP) shown to displace 14dysates treated with I-2 (Figure 5D). Approximately 20% of the
3-3 targets by interacting with basic residues in the amphipathistal phosphorylase phosphatase activity was inhibited by I-2
groove of 14-3-3829Both empigen (Figure &, upper panel) and (Figure 5D, I-2), consistent with the amount of PP1 activity shown
R18 (Figure 4A, bottom panel) enhanced BAD dephosphorylatioim, earlier experiments to be present in FL5.12 cells (see Figure 3).
suggesting that the removal of 14-3-3 from BAD facilitatedurther addition of 5 nM OA reduced the phosphatase activity to

14-3-3 inhibits BAD dephosphorylation in vitro



1294  CHIANG etal BLOOD, 1 MARCH 2001 - VOLUME 97, NUMBER 5
A B Figure 4. 14-3-3 prevents BAD dephosphorylation in
vitro. (A) FL5.12BCL-X,/BAD lysates were prepared in
pBAD g m 14_3_3_,b phosphatase buffer A with or without 1% empigen BB (Emp)
BAD (upper panel) or 25 pM R18 peptide (lower panel). BAD
Time 0 30 30 depho?plrorylztign was carrigld out fc;r 30 minu(te)s at 4°C or
30°C, followed by Western blotting for BAD. (B) BAD was
Emap - + o+ pg:g___: L . - o immunoprecipitated by polyclonal C20 Ab from FL5.12BCL-
Temp 4 30 4 30 X/BAD cells in isotonic IP buffer with or without 1% empigen
- BB (Emp), in the presence or absence of 0.1 uM microcys-
pgﬁg == -‘-Q Emp * tin, and the immunocomplexes were analyzed by Western
Microcystin + + - blotting. BAD was detected by monoclonal Ab 31420. The
Time 0 30 30 same blot was probed for 14-3-3 using polyclonal Ab K-19.
(C) BAD was immunoprecipitated in isotonic buffer with or
RIS o = + without 25 pM R18 peptide, in the presence or absence of 1
1M okadaic acid (OA), and analyzed by Western blotting as
C D in panel B. (D) BAD was immunoprecipitated in isotonic
buffer, R18 peptide was or was not added to the BAD
immunocomplex, which was washed, and 40 pg FL5.12
14-3-3—| - » 14-3-3 —+| g lysate was added and incubated at 30°C in phosphatase
buffer B. Reaction products were analyzed by Western
blotting for BAD and 14-3-3 as in panel B.
BAD_, >
PR e S | MO0 SR TR e
RI§ = + + RI8 = + - +
OA + + = FL5.12 lysates o - + +

background level (Figure 5D, I-20A 5 nM), indicating that the

curve similar to that of cells treated with calyculin Ain the presence

remaining activity was owing to PP2A and PP2A-like enzyme®f IL-3 (Figure 6A). Thus, a phosphatase inhibitor, at a dose shown
Thus, in vivo and in vitro data suggested that PP1 was notta inhibit BAD phosphatase activity and to promote BAD hyper-

significant BAD phosphatase in FL5.12 cells.

Inhibition of serine—threonine phosphatases enhanced the
survival of FL5.12 cells expressing wild-type BAD, but not
phosphorylation-defective mutant BAD, after IL-3 withdrawal

phosphorylation (Figure 2A), rescued cells from IL-3 deprivation-
induced apoptosis. In contrast, the phosphorylation-defective mu-
tant FL5.12 BCL-X/BAD112A136A was not rescued by calyculin

A treatment during IL-3 withdrawal (Figure 6B), confirming that
rescue of survival was specific to the inhibition of BAD dephosphor-

causing it to dissociate from mitochondrial BCL-2 or BCL.-xnd

y calyculin A suggested that BAD phosphatase plays a critical role

to associate with 14-3-3 in the cytodoTo assess the physiologic in the induction of apoptosis in FL5.12 cells.
relevance of the BAD phosphatase in apoptosis, we asked whether

the inhibition of BAD dephosphorylation enhances cell survival in. . .
the absence of survival factors. We initially observed rescue of ce Scussion

by OA (data not shown); however, interpretation of those resuli$ie dephosphorylation of BAD activates its proapoptotic function.
was complicated by the cytotoxicity of OA during prolongedn IL-3—dependent FL5.12 cells, PP2A or a PP2A-like enzyme is
incubation. Therefore, we used calyculin A, which causes lefsund to regulate cell death by dephosphorylating BAD. Mamma-
death in these cells (Figure 6A). FL5.12 BCL/BAD cells treated lian serine—threonine phosphatases have been classified into sev-
with 5 nM calyculin A and deprived of IL-3 exhibited a survivaleral subfamilies, including PP1, PP2A, Cadependent PP2B, and

A
BAD
PBA

o

pBAD )
¥
BAD

- —

—

Figure 5. PP2A-selective inhibitor, but not PP1-

specific inhibitor, inhibits BAD dephosphorylation in

vitro. (A) FL5.12BCL-X,/BAD lysates were prepared in pBAD—
phosphatase buffer A with or without fostriecin, in the
presence or absence of 25 uM R18 peptide, incubated at Time 0 20 20 20
30 C for 20 m|ngtes, and analyzed by Western blotting— RIS i + 4 +
first for BAD with monoclonal Ab 31420 (upper panel)

and then reprobed with polyclonal antiphosphoserine Fostriecin (uM) 0
112 Ab (lower panel). (B) PP2A dephosphorylated BAD in
vitro. Immunoprecipitated BAD was incubated with puri-
fied PP2A and analyzed by Western blotting. (C) FL5.12
lysates with or without the addition of 1.6 uM of the PP1
inhibitor 1-2 were used as the source of phosphatase to
react with immunoprecipitated BAD. (D) FL5.12 lysates
preincubated with 1.6 M inhibitor 1-2 for 15 minutes
without (I-2) or with the addition of 5 nM OA (I-2+0A
5 nM) were assayed for phosphatase activity using
32p-labeled phosphorylase a as substrate. Results were
expressed as a percentage of 32P release in lysates with T
no additions (CTL) and represent mean = SD of triplicate
assays.

30 30

Lysate (ug) 0

| —
L, (PP1) - - +*

e e |

o

125

10 -]

pBAD—»
BAD ™

PP2A (ug)

50 4

% phosphorylase a phosphatase activity

CTL I-2 F2+0A 5 oM
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PP2B (calcineurin) was shown to catalyze BAD dephosphoryla-
tion in hippocampal neurons in response to"Canflux and to
promote apoptosi& In our studies, known calcineurin modulators
had no significant effect on BAD phosphorylation or dephosphory-
lation in FL5.12 cells or mouse embryo fibroblasts. Moreover,
BAD dephosphorylation was not impaired in vitro in buffers
containing 0.2 mM EGTA or lacking calcium or calmodulin,
suggesting that, in FL5.12 cells, PP2B is not the principal BAD
phosphatase. More recently, BAD was also shown to be associated
with, and dephosphorylated by, RPIln the IL-2—dependent
0 . ; TS T-cell line2* Our experiments using tautomycin in vivo and
I-2 of PP1 in vitro indicated that PP1 also was not a major regulator
Hours of BAD activity in FL5.12 cells. In IL-3-dependent FL5.12
lymphoid cells, PP2A or a PP2A-like phosphatase is most likely the
major enzyme responsible for BAD dephosphorylation. Identifica-
tion of PP2A as a BAD phosphatase was unlikely to have been
influenced by the abundance of PP2A in these cells because the
treatment of NIH 3T3 cells, in which PP1 is the major phosphatase,
with OA also caused BAD hyper-phosphorylation (data not shown).
Moreover, the phosphorylation of CREB, a known PP1 target, was
significantly increased in FL5.12 cells treated with the PP1-
selective inhibitor tautomycin but not with OA (data not shown).
These results support the specificity of PP2A or a PP2A-like

A

% of Viability

B 100

754

% of Viability
2
1

25

. . | S enzyme as a BAD phosphgtage in FL5.12 cells. The e>_<istence_ of
0 12 24 36 distinct BAD phosphatases in different cells may be consistent with
Hours the ability of each cell type to respond to different survival factors
Figure 6. Serine/threonine phosphatase inhibitor calyculin A rescues FL5.12 or apoptotic stimuli.
cells expressing BAD from apoptosis after IL-3 withdrawal. Cells expressing In preliminary coimmunoprecipitations, PP2A was detected in

wild-type BAAD (A) or the phosphorylation-defective mutant BAD (B) were treated WiFh the BAD immunocomplex; however, it was not consistently
5nM calyculin A (<, A) or vehicle alone ([J, O) for 4 hours. Cells were then cultured in . . . .
the presence (<, [J) or absence (A, O) of IL-3. Viability was assayed by trypan blue present when more stringent immunoprecipitation conditions were
exclusion at the indicated times after IL-3 withdrawal. Data are mean = SD of ~ applied. In addition, BAD was not detected in microcystin pull-
triplicate assays and are representative of 3 experiments. down assays. Because phosphorylated BAD is bound to 14-3-3 and
becomes more susceptible to phosphatase activity only early in the
Mg?*-dependent PP2C, based on primary structure, substrafoptotic process, the BAD-phosphatase interaction is likely
specificity, cation requirements, and sensitivity to inhibifgr® transient and may elude detection. It is also possible that the BAD
These phosphatases have been shown to regulate diverse celRii@sphatase we characterized is a novel phosphatase belonging to
functions such as metabolism, cell cycle progression, T-lymphte PP2A subfamily.
cyte activatior*3¢ long-term potentiation of hippocampal neu  In characterizing the BAD phosphatase activity in vitro, we
rons8 and apoptosid®2449-51 PP2A, in particular, represents afound that displacement of 14-3-3 from BAD was essential for its
complicated group of enzymes that share biochemical propert@@phosphorylation by cellular phosphatases. This result provides
but have different regulatory subunits that influence substrad@ta for a previously hypothesized role for 14-3-3 in protecting
specificity and intracellular targetirf§54 The PP2A subfamily BAD from phosphatases'*® The 14-3-3 proteins may also
includes PP4, PP6, and other less well-characterized enzymesinfiuence cell survival by inhibiting dephosphorylation of apoptotic
this study, we have characterized a BAD phosphatase activigtivators in addition to BAD, such as FKHRL1, which is also
based on its sensitivities to several different serine—threonifggulated by survival factor stimulation through phosphorylation
phosphatase inhibitors. Treatment of FL5.12 BCUBAD cells and 14-3-3 binding? A similar role has been shown for 14-3-3 in
with OA, at a dose that inhibited PP2A but not PP1, promoted tigotecting Raf-1 from inactivation by phosphatases in \A#%.
complete phosphorylation of BAD in the presence of a surviv&issociation of 14-3-3 from Raf-1, resulting from subsequent
factor and sustained BAD phosphorylation during IL-3 withdrawgdhosphorylation of 14-3-3 by PKE,attenuates Raf-1 activation.
(Figure 1). Fostriecin, a more selective inhibitor than OA again§ur data suggest that competitive binding between 14-3-3 and the
PP2A, also caused complete BAD phosphorylation in vivo amgkllular phosphatases for Serll2 may represent a coordinate
inhibited BAD phosphatase activity in vitro at concentrations anechanism for regulating BAD function. Our finding that dissocia-
least approximately 200 times lower than thggdfor PP1 (Figures tion of 14-3-3 was necessary before BAD dephosphorylation is
2, 5). Calyculin A, a highly permeable phosphatase inhibitoglso consistent with a model in which these events occur sequen-
blocked BAD dephosphorylation in vivo at 5 nM (Figure 2). Intially in vivo on apoptosis stimulation.
contrast, tautomycin, which preferentially inhibits PP1 both in vitro Inhibiting BAD dephosphorylation by blocking cellular phos-
and in vivo3344did not affect BAD dephosphorylation in FL5.12phatase activity rescued FL5.12 cells from IL-3 withdrawal-
cells (Figure 2). Finally, inhibitor-2 (I-2), the physiologic regulatoinduced cell death, suggesting that phosphatases play an active role
of PP1 activity, failed to inhibit BAD phosphatase activity inin regulating cell death. Reversible phosphorylation of BAD is
FL5.12 cell lysates (Figure 5). Taken together, these results suggesfulated by kinases such as Akt and PKA on survival factor
that the BAD phosphatase is either PP2A or a member of tsémulation and by phosphatases in cell death. In FL5.12 cells, IL-3
PP2A subfamily. withdrawal causes the rapid inactivation of BAD kinases, but the
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Survival defective BAD, from apoptosis suggests that the BAD pathway is a
major, but not an exclusive, one in IL-3 deprivation-induced cell
death in these cells. Similarly, BAD is unlikely to be the only
substrate of PP2A in cell death. Other relevant targets include
BCL-2, which is dephosphorylated by mitochondrial PP2A.
PP2A has also been implicated in the negative regulation of the
survival kinase AkB? which likely also plays a role in the IL-3
signal transduction pathwa&$.
The BAD phosphatase activity we characterized is present
PPases PP constitutively, but the functional consequences of this activity may
ases . ; ;
depend on the complex interactions between 14-3-3, BAD, kinases,
BAD and phosphatases in survival and apoptotic conditions. In vivo,
14-3-3 protects phosphorylated BAD from phosphatase activity
Death when IL-3 is present. When apoptosis is stimulated by IL-3
Figure 7. Activation of the proapoptotic function of BAD by phosphatase in withdrawal, changes in the interaction between 14-3-3 and BAD
IL-3—dependent FL5.12 cells is regulated by 14-3-3 binding.  In the presence of ~ may favor the dephosphorylation of BAD. Although the mecha-
issur;’li;’s' f"’;‘:s";:'t-'s'rigl?rgzglhozz:‘;gs'zte; ""C”odnt;'tzﬂzvl;3;&’/‘;"*‘%’;“33’;;‘;2 B®2 nism of 14-3-3 dissociation is unknown, death signals could disrupt
proposepthat einpapoptoticystimulus such as IL-3 \{vithdrawa’;} deZtabiIize§ the the 14-3-3-BAD Complex by the modification of 14-3-3, perhaps
14-3-3-BAD interaction, increasing the susceptibility of BAD to PP2A or a PP2A-ike  through phosphorylatiéh or cleavage of 14-3-3 by caspas@s.
phosphatase, promoting BAD dephosphorylation and cell death. Additionally, increases in other 14-3-3 binding proteins could
compete for BAD interactiofi thus accelerating BAD dephosphor

rate at which phosphorylated BAD disappears in the absenceyé)?tion' Regulation of BAD phosphorylation involves a number of

IL-3 exceeds its half-life in the presence of IL-3 (data not Shown&lnases and phosphatases that integrate various signal transduction

arguing that BAD is actively dephosphorylated in the absen@@thways in different cell types to promote survival or to activate
of IL-3 apoptosis. We propose that in FL5.12 cells, a death signal increases

e susceptibility of BAD to the phosphatase by destabilizing the
4:3-3—BAD complex, leading to rapid dephosphorylation of BAD
aglld in turn causing cell death (Figure 7).

Kinases P /
—

+IL-3

In the presence of IL-3, both phosphorylated and dephospho
lated BAD are present, suggesting a balance between kinase
phosphatase activities. When BAD cannot be phosphorylated
Serll2 and Serl36, moderate stable expression can only be
maintained by overexpression of a heterodimerizing partner,

BCL-X, or BCL-2. The recent finding that Ser155 phosphorylatiopcknowledgments

results in dissociation of BAD from BCL-Xand BCL-2821offers

the possibility that the 112A136A mutant is phosphorylated &We thank Dr Roger Colbran for advice on phosphatase inhibitor
Serl155 in the presence of IL-3 and allows cell survival. Survival agftudies and Dr Haian Fu for helpful discussions on 14-3-3 and for
cells expressing the phosphorylation defective 112A136A mutakindly providing the R18 peptide. We thank Drs Jeffrey Rottman,
in the presence of IL-3 indicates that BAD dephosphorylation Bart Lutterbach, and Lilin Wang for critical reading of the
insufficient to cause cell death and suggests that other pathwaysraenuscript. We thank Ms Anuja Chattopadhyay for excellent
also involved. However, the ability of phosphatase inhibitors technical assistance. We thank Dr Jeffrey Rottman for expert
rescue cells expressing wild-type BAD, but not phosphorylatiomomputer assistance.
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