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BAD (Bcl-2 antagonist of cell death) belongs to the proapo-
ptotic BH3-only subfamily of Bcl-2 proteins. Physiological activ-
ity of BAD is highly controlled by phosphorylation. To further
analyze the regulation of BAD function, we investigated the role
of recently identified phosphorylation sites on BAD-mediated
apoptosis. We found that in contrast to the N-terminal phos-
phorylation sites, the serines 124 and 134 act in an antiapoptotic
manner because the replacement by alanine led to enhanced cell
death. Our results further indicate that RAF kinases represent,
besides PAK1, BAD serine 134 phosphorylating kinases. Impor-
tantly, in the presence of wild type BAD, co-expression of sur-
vival kinases, such as RAF and PAK1, leads to a strongly
increased proliferation, whereas substitution of serine 134 by
alanine abolishes this process. Furthermore, we identified BAD
serine 134 to be strongly involved in survival signaling ofB-RAF-
V600E-containing tumor cells and found that phosphorylation of
BAD at this residue is critical for efficient proliferation in these
cells. Collectively, our findings provide new insights into the
regulation of BAD function by phosphorylation and its role in
cancer signaling.

Apoptosis is a programmed cell death mechanism that regu-
lates the destruction of cells. This is crucial for multicellular
organisms in processes such as development and tissue home-
ostasis (1–3). Mitochondria constitute a convergence point in
the process of apoptosis (3, 4). Crucial regulators of apoptosis at
the level of mitochondria are the proteins of the Bcl-2 family
that are characterized by the presence of Bcl-2 homology
domains (BH1–BH4).2 The Bcl-2 family of proteins is divided
into three subfamilies, including proteins that either inhibit
(e.g. Bcl-XL, Bcl-2, or Bcl-w) or promote (e.g. Bak, Bax, or Bok)
programmed cell death (4–6). A second subclass of proapo-
ptotic Bcl-2 family members consists of the BH3-only proteins
that share sequence homology only at the BH3 domain. This
subclass comprises BAD, Bmf, Bik, Noxa, Hrk, Bim, Bid, and

Puma (4). A complex interplay between anti- and proapoptotic
proteins of this familymediates induction and execution of pro-
grammed cell death. Surprisingly, several proteins of the Bcl-2
family shaped up as regulators of various physiological pro-
cesses other than apoptosis, such as autophagy, mitochondrial
respiration, and the glucose metabolism (7).
BAD (Bcl-2-associated death promoter, Bcl-2 antagonist of

cell death) is a BH3-only protein that promotes apoptosis by
forming heterodimers with the prosurvival proteins Bcl-2 and
Bcl-XL (8). Phosphorylation of specific serine residues, Ser-112
and Ser-136 of murine BAD (mBAD) or the corresponding
phosphorylation sites Ser-75 and Ser-99 of human BAD
(hBAD) leads to complex formation with 14-3-3 proteins and
subsequent relocation of BAD (9, 10). Phosphorylation of
mBAD at Ser-155 (Ser-118 of hBAD) disrupts the association
with Bcl-XL or Bcl-2, provoking cell survival (11). Therefore,
the phosphorylation status of BAD at specific serine residues
reflects a checkpoint for cell death or survival. Numerous
kinases were shown to phosphorylate BAD (12–21), including
RAF kinases (14, 22–25). Regarding RAF kinases, we demon-
strated that B-RAF phosphorylates BAD in a direct manner,
leading to inhibition of BAD-induced cell death (25). This find-
ing is of particular importance because highly active B-RAF has
been demonstrated to represent one of the crucial players in
cancer development (26). In total, five serine phosphorylation
sites (at positions 112, 128, 136, 155, and 170) and two threo-
nine phosphorylation sites (117 and 201) have been reported so
far for murine BAD. In human BAD, we recently identified
several novel in vivo phosphorylation sites (serines 25, 32/34,
97, 124, and 134) besides the established phosphorylation sites
at Ser-75, Ser-99, and Ser-118 (25).
In this study, we investigated the putative role of hBADphos-

phorylation sites located at the N and C terminus and demon-
strate that, contrary to the N-terminal part of hBAD, the resi-
dues Ser-124 and Ser-134 are directly involved in regulation of
apoptosis. Additionally, our results indicate that RAF kinases
represent, besides PAK1, in vivoBADSer-134-phosphorylating
kinases. Furthermore, we demonstrated that phosphorylation
of BAD Ser-134 by RAF kinases and PAK1 triggers cell prolif-
eration and disclose that BAD cooperates with RAF in promot-
ing proliferation in B-RAF mutant cancer cells.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Benzamidine, leupeptin, apro-
tinin, and Nonidet P-40 were obtained from Sigma. Glutathi-
one-Sepharose was purchased from GE Healthcare, and Ni2�-
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nitrilotriacetic acid-agarose was from Qiagen. Monoclonal
anti-phospho-ERK antibody (sc-7383), polyclonal anti-B-RAF
antibody (sc-166), polyclonal anti-BAD antibodies (sc-943 and
sc-8044), anti-Myc antibody (sc-40), and polyclonal anti-actin
antibody (sc-1616) were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and polyclonal anti-Akt/PKB antibody was
from Cell Signaling Technology. Phosphospecific antibody
directed against phosphoserine 134 of human BAD (or corre-
sponding phosphoserine 170 in murine BAD) was from
Abnova. Phosphospecific antibodies directed against phospho-
serines 75 and 118 of human BAD (or corresponding phospho-
serines 112 and 155 in murine BAD) were obtained from Cell
Signaling Technology (catalog numbers 9296 and 9297, respec-
tively). Horseradish peroxidase-conjugated polyclonal anti-
rabbit and anti-mouse IgG were obtained from GE Healthcare.
Cell Culture, Transfection, and Immunoblotting—HEK-293

(ATCC CRL-1573), HeLa 229 (ATCC CCL-2.1), A375,
SK-MEL-28, DX3, and MEL-Juso cells (kindly provided by
Daniela Haug, University of Würzburg, Germany) were culti-
vated in DMEM supplemented with 10% fetal bovine serum
(Biochrom), 2 mM L-glutamine, and 100 units/ml penicillin/
streptomycin at 37 °C in humidified air with 5% CO2. The cell
lines PC3 and HCT 116 (kindly provided by Joachim Fensterle
(Æterna Zentaris, Frankfurt, Germany) were cultivated in
RPMI andMcCoy’s 5a medium, respectively, that were supple-
mented with 10% fetal bovine serum (Biochrom), 2 mM L-glu-
tamine, and 100 units/ml penicillin/streptomycin. Prior to
transfection, cells were seeded at 3 � 105 cells/well of a 6-well
plate and grown for 24 h before transfection by jetPEI
(Polyplus). 16 h post-transfection, cells were washed twice with
phosphate-buffered saline (PBS) and cultivated for 22 h in
medium supplemented with 0.1–0.3% serum. To investigate
the putative involvement of different survival kinases, the
following kinase inhibitors were used: U0126 (Promega),
PD0325901, wortmannin (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), and sorafenib (Bayer, Leverkusen). All inhib-
itors were dissolved in DMSO and used at the indicated con-
centrations. After harvesting, the cells were washed once with
PBS and then lysed inNonidet P-40 buffer (50mMTris-HCl, pH
8.0, 137mMNaCl, 2mMEDTA, 2mMEGTA, 10% (v/v) glycerol,
0.1% (v/v) �-mercaptoethanol, 25 mM �-glycerophosphate, 10
mM sodium pyrophosphate, 1 mM Na3VO4, 25 mM NaF, 1%
Nonidet P-40, and amixture of standard proteinase inhibitors).
Protein concentration was determined by the Bradford
method. SDS-PAGE and immunoblotting were performed as
described previously (10).
siRNA Transfection—One day prior to transfection, cells

were seeded into 12-well plates to a confluence of 70%. Trans-
fection of siRNAs targeting the coding sequence (5�-ACG-
AGTTTGTGGACTCCTTTA-3�) or the 3�-UTR (5�-TCAC-
TACCAAATGTTAATAAA-3�) of BAD or luciferase as
control (5�-AACUUACGCUGAGUACUUCGA-3�) was per-
formed with Lipofectamine 2000 reagent (Invitrogen) and
Optimem medium (Invitrogen) with a final siRNA concen-
tration of 100 nM. After 48 h, cells were harvested and used
for Western blotting and monitoring of the number of viable
cells by trypan blue (Sigma) exclusion.

DNA Expression Plasmids and Purification of Proteins—The
hBAD expression plasmid was generated as described (25).
Site-specific mutations of hBAD were introduced using the
QuikChange site-directedmutagenesis kit (Stratagene) accord-
ing to the manufacturer’s instructions. The accuracy of the
BAD mutants was confirmed by DNA sequencing. PAK1 con-
structs were from Jonathan Chernoff (Philadelphia, PA). Akt/
PKB plasmids were kindly provided by Jakob Troppmair (Inns-
bruck, Austria). Expression and purification of RAF kinases,
PAK1, and Akt/PKB from Sf9 insect cells were performed as
described previously (27, 28). GST-tagged hBADwas expressed
in Escherichia coli using pGEX-2T vector (GE Healthcare) and
isolated by glutathione-Sepharose affinity chromatography.
Further purification was achieved by ion exchange chromatog-
raphy using an ÄKTA system (GE Healthcare). The purity of
the proteins was assessed by SDS-PAGE and Coomassie Blue
staining (see also supplemental Fig. S1).
Cell Survival Assay—For the analysis of cell survival, cells

were transiently transfected in triplicates. After 16 h, cells were
washed twice with PBS and grown for 30 h in medium supple-
mented with 0.1% serum. Cell viability was assessed by staining
cells with trypan blue.
Analyses of Cell Proliferation and Growth Inhibition—To

monitor cell proliferation, HEK-293 and HeLa cells were tran-
siently transfected in triplicates. 16 h post-transfection, cells
were washed twice with PBS and grown in medium supple-
mented with 0.3% serum. SK-MEL-28, A375, PC-3, HCT 116,
MEL-Juso, and DX3 cells were incubated with and without the
indicated kinase inhibitors or transfected with the named
siRNAs for 48 h. Cell proliferation and growth inhibition were
analyzed by photographing and counting the cells as well as by
counting living cells by use of trypan blue in a hemicytometer at
different time points (2, 3, and 6 days following transfection).
To visualize cell proliferation,mitochondria of viable cells were
stained by MitoTracker Deep Red FM (catalog no. M22425,
Invitrogen) according to the manufacturer’s instructions,
and fluorescence intensity was measured at 633-nm excita-
tion and 670/30-nm emission by a Typhoon 9200 imager (GE
Healthcare).
Kinase Activity Measurements—Kinase activity of RAF-con-

taining samples was monitored using recombinant MEK and
ERK-2 as substrates. For that purpose, HeLa cell lysates (5 �g)
or purified proteins (1 �g) were mixed with 0.5 mM ATP in 25
mM Hepes, pH 7.6, 150 mM NaCl, 25 mM �-glycerophosphate,
10 mM MgCl2, 1 mM dithiothreitol, and 1 mM sodium vanadate
buffer (50-�l final volume). Following the addition ofMEK and
ERK-2, the reaction mixture was incubated for 30 min at 30 °C.
The incubation was terminated by the addition of Laemmli
sample buffer, and the proteins were separated by 10% SDS-
PAGE and transferred to nitrocellulosemembranes. The extent
of ERK phosphorylation was determined with anti-phospho-
ERK antibodies.

RESULTS

In Contrast to the N-terminal Phosphorylation Sites, Ser-124
and Ser-134 of hBAD Contribute to Apoptosis Control—BAD
function is regulated by phosphorylation at several residues in
response to survival factors. Phosphorylation of mBAD at ser-
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ines 112, 136, and 155 (corresponding to serines 75, 99, and 118
in hBAD)was a subject of numerous studies. In contrast, little is
known about the function of the recently published phosphor-
ylation sites (25). Because the function of the internal phospho-
serines, regulating the interactions of BAD with 14-3-3 pro-
teins, has been thoroughly investigated (9–11, 29–31), we
examined in this study the role of phosphorylation of serines
located at the N- and C-terminal parts of hBAD. For that pur-
pose, we analyzed the role of phosphorylation of serines 25, 32,
and 34, located at the N terminus as well as phosphorylation
sites located at the C-terminal part of the hBAD protein (i.e.
serines 124 and 134with respect to survival regulation) (see Fig.
1A). The functional role of these novel phosphorylation sites
was assessed by site-directed mutagenesis, where the serines of
interest were replaced by alanine. The analysis of the proapo-
ptotic function of hBAD and hBAD mutants was carried out in
HeLa cells. The cells were transiently transfected with the indi-
cated expression plasmids and starved for 30 h in medium sup-
plemented with 0.1% serum. The number of apoptotic cells was
determined by trypan blue.
As displayed in Fig. 2A, the substitution of the N-terminal

Ser-25, Ser-32, and Ser-34 by alanine did not result in signifi-
cant changes of the proapoptotic activity of BAD. In contrast,
the substitution of Ser-124 or Ser-134 by alanine led to
enhanced cell death, indicating that phosphorylation at these
positions plays a pivotal role in the regulation of cell survival. In
these experiments, BAD was expressed to the same levels (see
Fig. 2B). These results were also verified by poly(ADP-ribose)
polymerase cleavage (data not shown).
Characterization of hBAD Ser-134 Phosphorylation—The

proapoptotic protein BAD has been reported to be a substrate
for a wide spectrum of kinases (see references within Ref. 25).
Recently, we and others demonstrated that mammalian RAF
isoforms represent direct BAD-phosphorylating kinases (14,
22–25). However, in our previous study (25), we restricted our
efforts to the regulatory serines 75, 99, and 118. In this study, we
focused our efforts on characterization of human BAD serine
134 phosphorylation. To monitor the in vivo phosphorylation
at this critical serine residue, we co-expressed different RAF
isoforms (B- andC-RAF) and performed a comparative analysis
involving other BAD-phosphorylating kinases, such as PAK1 or
Akt/PKB. By analyzing co-transfectedHeLa cells, we found that
Ser-134 of hBAD becomes efficiently phosphorylated by B- and

C-RAF and PAK1 (Fig. 3A). Because the co-expression of active
Akt/PKB caused relative low extents of Ser-134 phosphoryla-
tion (in the range of about 25% of the value obtained by RAF),
we concluded that Akt/PKB is less involved in this process. To
investigate whether the replacement of Ser-134 by alanine
influences the phosphorylation of the survival sites Ser-75 and
Ser-118 by B-RAF, we monitored also the extent of phosphor-
ylation at these sites. As demonstrated in Fig. 3A (bottom), no
difference was observed between S134A mutant and hBAD
wild type. RAF kinases appear to be able to phosphorylate BAD
serine 134 directly because two different MEK inhibitors

FIGURE 1. Amino acid sequence of human BAD protein (A) and of the BAD fragment surrounding the BH3 domain in human and mouse BAD (B). Amino
acid sequences were aligned using the ClustalW algorithm (available at the European Bioinformatics Institute Web site). All published phosphorylation sites are
highlighted in magenta, and their positions within the sequence are indicated by numbers. The BH3 domain is shown in blue, and the putative lipid-binding
domains (LBD1 and LBD2) are indicated by orange and green rectangles, respectively. In B, the FKK/FK regions vicinal to the BH3 domain are indicated in yellow.

FIGURE 2. Serines 124 and 134 located at the C-terminal part of hBAD
contribute to apoptosis control. HeLa cells were transiently transfected
with the indicated expression vectors. 16 h post-transfection, cells were cul-
tivated for 30 h in medium supplemented with 0.1% serum. A, the extent of
apoptotic cells was detected by trypan blue staining. B, expression levels of
BAD wild type and BAD variants in transfected cell lysates were detected with
an antibody directed against BAD. The experiments were repeated three
times with the same results. Error bars, S.D.
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(U0126 and PD0325901) did not affect the phosphorylation sig-
nal by RAF (Fig. 3C).
To monitor the direct phosphorylation of Ser-134 by the

indicated kinases (Fig. 3), we investigated also the in vitro phos-
phorylation of hBADbypurified kinases (supplemental Fig. S1).
To this end, non-phosphorylated hBAD has been purified from
E. coli, whereas RAF kinases, PAK1, and Akt/PKB were
expressed and isolated from Sf9 insect cells. The purity of the
isolated proteins was assessed by SDS-PAGE and Coomassie
Blue staining (see supplemental Fig. S1). The phosphorylating
kinases PAK1, Akt/PKB, and B-RAF provided similar results in
vivo and in vitro (Fig. 3A and supplemental Fig. S1). In contrast,
although C-RAF proved to be a potent in vivo Ser-134-phos-
phorylating kinase, in vitro it failed to phosphorylate this site
significantly. The reason for this discrepancy could be ex-
plained by the ability of C-RAF to build an active heterodimeric
complex with B-RAF (32–34) in vivo.

FIGURE 3. Comparative analysis of hBAD phosphorylation by Akt/PKB,
PAK1, and RAF kinases using anti-BAD-pS134 antibody. HeLa cells were tran-
siently transfected with the indicated expression vectors. In the case of Akt/PKB
and PAK1, activating mutants (T308D/S473D and T423E, respectively) were used.
16 h post-transfection, cells were cultivated for 30 h in medium supplemented
with 0.3% serum with (C) or without (A) of the indicated MEK inhibitors (10 �M).
Total cell lysates were separated on a 15% SDS-polyacrylamide gel and blotted
onto nitrocellulose membrane. Phosphorylation of human BAD at serine 134 as
well as BAD expression was analyzed. Phosphorylation degrees of the survival
serines 75 and 118 are also included (see lower lanes). The expression of different
kinases was verified by use of specific antibodies. The phosphorylation degree of
BAD at serine 134 by kinases shown in A was quantified by optical densitometry
(B). In C, the efficiency of MEK inhibitors was analyzed by an antibody directed
against phosphorylated ERK. These experiments were repeated three times with
comparable results. Error bars, S.D.

FIGURE 4. BAD-induced apoptosis is regulated by interplay between ser-
ines 75, 118, and 134. HeLa cells were transiently transfected in triplicates
with the expression vectors as indicated. 16 h post-transfection, cells were
washed and grown in medium supplemented with 0.1% serum. A, the extent
of apoptotic cells was detected by trypan blue staining. B, expression levels of
BAD constructs and B-RAF in transfected cell lysates were detected via spe-
cific antibodies. Error bars, S.D.
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As previously reported (25), we demonstrated that co-ex-
pression of B-RAF (or activated C-RAF) inhibits BAD-medi-
ated apoptosis following growth factor removal. These effects
were ascribed to RAF-mediated phosphorylation of serine 75
and 118 in human BAD because the substitution of these resi-
dues by alanine led to increased apoptotic levels even in the
presence of B-RAF (25). In this study, we investigated the puta-
tive impact of serine 134 phosphorylation on apoptosis degree
in the presence of active RAF, such as B-RAF. As exhibited in
Fig. 4A, the single mutation of serine 134 to alanine does not
influence the proapoptotic activity of BAD asmuch as observed
in Fig. 2A. The reason for this effectmight be that BAD-induced
apoptosis is regulated through an interplay between the serine
residues 75, 118, and 134 that is controlled by B-RAF. In the
presence of B-RAF, single mutation of serine 134 to alanine
barely affects the proapoptotic activity of BAD because co-ex-
pression of B-RAF leads to increased phosphorylation of BAD
serines 75 and 118 (see also Fig. 3A). In a previous report (25),
we demonstrated that B-RAF-mediated phosphorylation of
BAD serines 75 and 118 leads to inhibition of BAD-induced
apoptosis. Without co-expression of B-RAF, the phosphoryla-
tion levels of the regulatory serines 75 and 118 are low, resulting
in strong induction of apoptosis. The degree of apoptosis
induction can even be strengthened by mutation of serine 134.
This situation was simulated by using a triple BAD mutant
(BAD-S75A/S118A/S134A) that resulted in intense induction
of apoptosis, even in the presence of B-RAF (Fig. 4A). These
results, together, indicate that residues 75 and 118 are crucial
for regulation of BADproapoptotic activity, whereas serine 134
mediates the fine tuning of BAD-induced apoptosis. These
observations, together, indicate that residues 75 and 118 are
crucial for the regulation of BADproapoptotic activity, whereas
serine 134 mediates the fine tuning of BAD-induced apoptosis.
Phosphorylation of hBAD Ser-134 Enhances Cell Pro-

liferation—Data shown in Fig. 3 reveal that RAF kinases and
PAK1 phosphorylate BAD at position serine 134. Because these
survival kinases play a crucial role in several types of cancer, we
analyzed here inmore detail the effect of BAD phosphorylation
on cell proliferation. To this end, we co-expressed RAF kinases
and PAK1 with wild type BAD or BAD-S134A mutant in HeLa
cells and induced apoptosis through starvation conditions. Cell
proliferation was analyzed by counting of living cells (Fig. 5, A
and C) as well as by staining of mitochondria of viable cells and
detection of fluorescence intensity by a laser scanner (Fig. 5, B
and C).
Results obtained by both methods support the finding that

RAF and PAK1 serve as phosphorylating kinases for hBAD ser-
ine 134. Surprisingly, proliferation activity of cells expressing
RAF and PAK1 was considerably elevated in the presence of
wild type hBAD (Fig. 5). On the other hand, in the presence
of BAD-S134A mutant, the degree of cell proliferation was
reduced to control levels. The measured fluorescence intensi-

ties reflect the amount of viable cells because they correlate
with counted cell numbers (Fig. 5C). The change of mitochon-
drial activity may play a minor role in this context.
Of note, the induction of cell proliferation by the co-expres-

sion of BAD with survival kinases is not only due to an inhibi-
tion of apoptosis because the percentage of apoptotic cells is
similar to the vector control (Fig. 4A). These observations are
not cell type-specific because comparable results were obtained
using HEK-293 cells (data not shown).
Taken together, we show here that serine 134 has two func-

tions during survival signaling. On the one hand, this site con-
trols intensity of BAD-mediated apoptosis, and on the other
hand, it is involved in the regulation of proliferation.
Phosphorylation of BAD Serine 134 Plays an Exclusive Role in

B-RAF Mutant Tumor Cells—In experiments performed with
cells containing wild type RAF or RAS, we showed by overex-
pression that RAF kinases effectively phosphorylate BAD at
serine 134, whereas Akt/PKB caused a relatively low extent of
Ser-134 phosphorylation (Fig. 3A). To test whether this obser-
vation is valid in naturally occurring tumor cells, we investi-
gated cancer cell lines possessing endogenously mutated RAF
and RAS proteins. Two melanoma cell lines used in this study
(A375 and SK-MEL-28) carry a valine-to-glutamic acid muta-
tion at residue 600 of B-RAF (B-RAF-V600E), which leads to
elevated RAF signaling in these cell lines (26) (see also Fig. 9). In
contrast, the cell linesHCT116,DX3, andMEL-Juso are known
to harbor activating mutations within the RAS genes. RAS has
been reported to activate a variety of cellular targets besides
RAF, such as RAS-GDS,Tiam-1, andPI3K (for a review, see Ref.
35). Concerning driving tumorigenesis, one of the most proba-
ble targets of RAS is PI3K. This is known to activate the prosur-
vival Akt/PKB pathway (36) (see also Fig. 9). As a control, we
also used the tumor cell line PC3, which carries neither a RAF
nor a RASmutation. Surprisingly, the phosphorylation of BAD
serine 134 was only observed in the cell lines containing B-RAF
mutant (Fig. 6A). These results are in agreementwith the exper-
iments presented in Fig. 3A, where we overexpressed RAF
kinases and Akt/PKB in HeLa cells.
The RAF inhibitor sorafenib (also known as BAY 43-9006 or

Nexavar�) has been reported to decrease proliferation in
B-RAF mutant tumor cells (37) (see also Fig. 6B). Interestingly,
impaired proliferation goes along with a diminished phosphor-
ylation of hBAD serine 134 in sorafenib-treated A375 and SK-
MEL-28 cells (Fig. 6, B and C). In contrast, the PI3K inhibitor
wortmannin had a minor effect on cell proliferation and phos-
phorylation of hBAD serine 134 (Fig. 6,B andC). To investigate
the putative synergistic effects between sorafenib and wort-
mannin, we also incubated the cells with both inhibitors
together. Because wortmannin barely impaired the effects of
sorafenib alone, we could exclude the possibility that inhibition
of PI3K leads to enhanced RAF signaling that would mask the
effect of wortmannin (Fig. 6, B and C). Inhibition of MEK by

FIGURE 5. BAD stimulates RAF-mediated cell proliferation. HEK-293 and HeLa cells were transiently transfected in triplicates with the expression vectors as
indicated. 16 h post-transfection, cells were washed and grown in medium supplemented with 0.3% serum. A, cell proliferation was analyzed by counting living
cells by trypan blue exclusion 2 days following transfection. B, to visualize cell proliferation, mitochondria of viable cells were stained by MitoTracker, and
fluorescence intensity of the wells was measured by a Typhoon 9200 imager. C, combination of results obtained in A and B. To show that the measured
fluorescence intensities correlate with counted cell numbers, the results presented in A and B were quantitatively compared. BAD constructs and kinases were
expressed to comparable levels in each sample (data not shown). These experiments were repeated three times with comparable results. Error bars, S.E.
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PD0325901 affects proliferation and phosphorylation of hBAD
serine 134 similar to inhibition of RAF by sorafenib (Fig. 6, B
and C). This leads to the conclusion that although RAF kinases
are potentially able to phosphorylate hBAD serine 134 directly
(Fig. 3C), in naturally occurring tumor cell lines, proliferation

and phosphorylation of BAD serine 134 is apparently mediated
through the RAF-MEK-ERK cascade. In agreement with pub-
lished data (38), inhibition of MEK or RAF leads to a slight
increase of the whole amount of BADprotein (Fig. 6C), indicat-
ing a dual role of BAD in MAPK-mediated survival signaling.

FIGURE 6. BAD serine 134 plays an exclusive role in B-RAF mutant tumor cells. A, to monitor the phosphorylation degree of BAD at serine 134 in naturally
occurring cancer cells, two cell lines that carry B-RAF-V600E mutant (A375 and SK-MEL-28), three cell lines that harbor activating mutations within the RAS
genes (HCT 116, DX3, and MEL-Juso), and a control tumor cell line that carries neither RAF nor RAS mutation (PC3) were investigated. The amounts of the
endogenous BAD protein, phosphorylation of BAD at serine 134, and endogenous actin were detected by immunoblotting. B and C, A375 and SK-MEL-28 cells
were treated with the indicated kinase inhibitors, and cell growth (B) and expression levels of endogenous BAD and actin as well as phosphorylation of BAD
serine 134 (C) were analyzed. The efficiencies of the kinase inhibitors wortmannin, sorafenib, and PD0325901 have been verified by change of Akt serine 473
and ERK phosphorylation, respectively. Error bars, S.D.
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The efficiency of wortmannin, sorafenib, or PD0325901 has
been verified by change of Akt serine 473 and ERK phosphory-
lation, respectively. In cell lines containing mutated RAS, pro-
liferation was more inhibited by wortmannin than by sorafenib
or PD0325901 (supplemental Fig. S2). All three inhibitors
barely caused inhibition of proliferation in cells containing nei-
ther a RAF nor RAS mutation (supplemnetal Fig. S2).

To analyze whether BAD directly contributes to cell prolif-
eration in B-RAFmutantmelanoma cells we used BAD-specific
siRNA to down-regulate the endogenous BAD protein (Fig.
7A). Compared with mock cells and control cells that were
transfected with siRNA directed against luciferase, knockdown
of BAD led to marked inhibition of proliferation in A375 and
SK-MEL-28 cells (Fig. 7B). This growth inhibition could be
abrogated by overexpression of wild type BAD (Fig. 8). Impor-
tantly, overexpression of BAD serine 134 to alaninemutant was
not able to rescue efficient proliferation upon knockdown of
endogenous BAD. In cell lines containing mutated RAS and in
cells containing neither a RAF nor RAS mutation, knockdown
of BAD did not affect cell proliferation (supplemental Fig. S3).

DISCUSSION

Post-translational modifications of BH3-only proteins, such
as phosphorylation, proteolytic processing, and lipid modifica-
tions, emerged as regulatory elements that integrate extracellu-
lar survival signals with the apoptotic machinery. Regarding
regulation of BAD function, phosphorylation plays perhaps the
most important role among these post-translational events.
Recently, using mass spectrometry, we identified 10 distinct
phosphorylation sites within the human BAD protein (25) (see
also Fig. 1A). Although someof these phosphoserines have been
found to be located at the N terminus of hBAD (serines 25, 32,
and 34), three other phosphorylation sites are positioned at the
C-terminal part of the protein (i.e. serines 118, 124, and 134).
The third group of hBAD phosphorylation sites (serines 75, 91,
97, and 99) are either directly or indirectly involved in binding

of 14-3-3 proteins. Because the function of the phosphoserines
that regulate the interactions of BAD with 14-3-3 proteins has
been thoroughly investigated already (9–11, 29–31), we exam-
ined in this study the role of serine phosphorylation at the N-
and C-terminal parts of hBAD in more detail. Substitution of
Ser-124 and/or Ser-134 by alanine led to an increase of apopto-
tic activity, indicating that phosphorylation at these positions is
actively involved in the control of apoptotic pathways (Fig. 2A).
By contrast, substitution ofN-terminal serines 25, 32, and 34 by
alanine did not significantly change the proapoptotic activities
of BAD, allowing the conclusion that the phosphorylation of
the N terminus does not play a decisive role in the regulation of
cell survival. Although mutation of Ser-134 to alanine led to an
increased apoptotic activity (Fig. 2A), in the presence of B-RAF,
this effect was less pronounced (Fig. 4A). This observation is in
accordance with our previous results showing that B-RAF
phosphorylates also serines 75 and 118 of human BAD, thereby
inhibiting BAD-mediated apoptosis (25). Thus, the inhibition
of hBAD-induced apoptosis by B-RAF could be realizedmostly
through phosphorylation of serines 75 and 118, whereas serine
134 mediates the fine tuning of BAD-induced apoptosis.
In our previous attempts to characterize the translocation of

BAD tomitochondria, we identified two lipid-binding domains
(termed LBD1 and LBD2) within the C-terminal region of
human BAD (10). Whereas LBD2 overlaps with helix-5 local-
ized at the very C terminus, LBD1 encompasses the C-terminal
half of the BH3 helix and covers also the short 124SFKK127

region (Fig. 1A). Thus, due to its close proximity to the FKK
motif, it is feasible that the phosphorylation of Ser-124 may
regulate BAD function by modulating the interaction of BAD
with membrane lipids. However, the proposed regulation of
BAD function by phosphorylation of Ser-124 seems to be
unique for the human BAD protein because most of the mam-
malian homologues (e.g.murine BAD) do not contain the com-
plete FKK motif (Fig. 1B). On the other hand, the alignment of

FIGURE 7. BAD is required for efficient proliferation in B-RAF mutant melanoma cells. A375 and SK-MEL-28 cells were transfected with siRNAs against the
coding sequence of BAD or luciferase (Luci) as control. Two days post-transfection, knockdown of BAD at the protein level (A) and the effect of BAD knockdown
on cell growth (B) were analyzed. In A, actin levels show equal loading. Error bars, S.D.
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human and murine BAD reveals that both BAD proteins con-
tain the conserved segment PRPKS134/170AG including either
Ser-134 in human or Ser-170 in murine BAD (Fig. 1B). Ser-170
has previously been identified as a BAD phosphorylation site in
murine BAD (39). The recent availability of the phosphospe-
cific antibodies against phosphoserine 134/170 allows the
search for potential kinases that can phosphorylate Ser-134.
Although the consensus sequence RXXSmakes Akt/PKB prob-

able as a potential phosphorylating kinase, the two proline res-
idues present in the motif PRPKSAG render this possibility
unlikely. Indeed, co-expression of hBADwith Akt/PKB did not
result in significant phosphorylation of Ser-134. Instead, as
shown in Fig. 3A, we identified PAK1 and RAF as the most
potent BAD-phosphorylating kinases under both in vivo and in
vitro conditions. Concerning PAK1, one should take into con-
sideration that this kinase was described to phosphorylate BAD
in an indirect manner targeting RAF as a downstream effector
kinase (14).
Intriguingly, our data indicate that co-expression ofwild type

BADwith RAF kinases and PAK1 strongly increases cell prolif-
eration (Fig. 5), whereas the BAD-S134Amutant abolishes this
effect. As generally accepted, the RAS-RAF-MEK-ERK path-
way regulates cellular survival, differentiation, andproliferation
(40–43). Enhanced activation of this cascade, often caused
through activating mutations in the composite proteins, plays
an important role during cancer development (44) and is found
in many tumors (45–46). In human cancer, mutated RAF
(mainly B-RAF) was identified in 60% of melanomas (46) and
with lower incidence in papillary thyroid cancers (47), colorec-
tal carcinomas (26, 46, 48), and lung cancers (46). RAS muta-
tions were found in about 15–30% of human cancers overall
(46, 49–50). Activating RAS and B-RAF mutations typically
show mutual exclusivity in tumors (26, 46, 51). Notably,
although either mutated RAS or B-RAF is required for tumor
development, it was demonstrated that both mutations do not
result in similar downstream effects (52–53). In this study, we
disclose an additional parameter that is apparently involved in
tumor progression. In this regard, we demonstrate that the
phosphorylation of BAD serine 134 is increased in cell lines
with elevated RAF activity but not in cells harboring a high RAS
or Akt/PKB activity (Figs. 3A and 6A). Additionally, we found
that in melanoma cells, the phosphorylation of this site is pref-
erentially realized through the RAF-MEK-ERK cascade (Fig.
6C), althoughRAF kinases are potentially able to phosphorylate
this site directly (Fig. 3C). This result underlines the former
observation that mutation of B-RAF leads to an exquisite
dependence on MEK activity (52, 53), where the authors dem-
onstrated that B-RAF mutant tumor cells are considerably
more sensitive to MEK inhibition than either RAS mutant or
B-RAF/RAS WT cells. These studies showed that only in
B-RAF mutant cells does MEK inhibition cause potent inhibi-
tion of proliferation (52, 53). The increased sensitivity to MEK
inhibitors of B-RAFmutant cells was observed to be based on a
different regulation of Bcl-2 proteins in these cell lines (53). The
aberrant regulation of Bcl-2 proteins in B-RAF mutant tumor
cells may be realized by a specific mitochondrial localization of
B-RAF-V600E compared with wild type B-RAF, as recently
reported (54). Concerning BAD phosphorylation, Eisenmann
et al. (55) demonstrated that the enhanced sensitivity to MEK
inhibition is based on a melanoma-specific MAPK-mediated
survival signaling. In normal melanocytes, BAD was shown to
be phosphorylated at serines 75, 99, and 118, leading to insen-
sitivity to MEK inhibition (55). In contrast, in B-RAF mutant
melanoma cells, BAD was only phosphorylated at serine 75.
MEK inhibition resulted in dephosphorylation of this site and
induction of apoptosis (55). Another study linked resistance to

FIGURE 8. Phosphorylation of BAD at the position serine 134 is critical for
B-RAF driven proliferation. A375 (A) and SK-MEL-28 (B) cells were co-trans-
fected with siRNAs against the 3�-UTR of endogenous BAD (but not against
exogenous BAD) or luciferase (Luci) and the indicated expression vectors.
Two days post-transfection, knockdown of endogenous BAD and overexpres-
sion of BAD wild type as well as BAD-S134A mutant was monitored by immu-
noblotting. Actin levels show equal loading. The resulting growth inhibition is
presented below (see bar graph). Error bars, S.D.
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anoikis in melanoma cells to phosphorylation of BAD serine 75
(38). Accordingly, the MAPK-dependent phosphorylation of
BAD serine 75 seems to represent an important mechanism to
escape from apoptosis, especially in melanoma cells. However,
all former studies considered BAD to be only an inducer of
apoptosis that is inactivated through phosphorylation, espe-
cially at serine 75. We demonstrate here for the first time that
phosphorylation of serine 134 of hBAD is required for efficient
proliferation in B-RAF-V600E-containing tumor cells (Figs. 7
and 8). Serine 170 of murine BAD that corresponds to serine
134 of human BAD was previously connected to cell prolifera-
tion (39). However, one has to consider that the properties of
murine BADmay differ from human BAD due to a large N-ter-
minal extension. Additionally, in Dramsi et al. (39), phosphor-
ylation of serine 170 was mimicked by mutation of this residue
to aspartic acid. Notably, in this study, the kinases responsible
for serine 134 phosphorylation as well as an involvement of this
regulatory site in naturally occurring tumor cells has not been
addressed. Here we disclose that BAD serine 134 is phosphor-
ylated in a RAF-dependent manner and that BAD cooperates
with RAF in promoting proliferation and therefore may play an
active role during tumor development. The observation that
MEK inhibition leads to a decrease in BAD serine 134 phos-
phorylation but to an increase in the amount of the whole BAD
protein underlines the dual role of BAD. Under survival condi-
tions, BAD is phosphorylated at serine 134 and promotes pro-

liferation in cells with elevated RAF activity (Fig. 9). On the
other hand, when entering apoptotic conditions, dephosphor-
ylated BAD accumulates within the cell, leading to complex
formationwithBcl-2/XL and induction of apoptosis. Thus, apo-
ptosis and proliferation seem to be regulated through interplay
between the phosphorylation sites serine 75, 118, and 134.

CONCLUSIONS

Results presented in this study open new insights regarding
the function of BAD and are in accordance with studies point-
ing to roles for BAD other than apoptosis control (56). Further-
more, our findings showing that human BAD is actively
involved in proliferation of B-RAF-V600E-containing tumor
cells may provide a new link between survival signaling and
cancer development.
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