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Bruton’s tyrosine kinase (Btk) is crucial for B-lymphocyte activation and development. Mutations in the Btk gene cause X-linked
agammaglobulinemia (XLA) in humans and X-linked immunodeficiency (Xid) in mice. Using tandem mass spectrometry, 14-
3-3� was identified as a new binding partner and negative regulator of Btk in both B-cell lines and primary B lymphocytes. The
activated serine/threonine kinase Akt/protein kinase B (PKB) phosphorylated Btk on two sites prior to 14-3-3� binding. The in-
teraction sites were mapped to phosphoserine pS51 in the pleckstrin homology domain and phosphothreonine pT495 in the ki-
nase domain. The double-alanine, S51A/T495A, replacement mutant failed to bind 14-3-3�, while phosphomimetic aspartate
substitutions, S51D/T495D, caused enhanced interaction. The phosphatidylinositol 3-kinase (PI3-kinase) inhibitor LY294002
abrogated S51/T495 phosphorylation and binding. A newly characterized 14-3-3 inhibitor, BV02, reduced binding, as did the Btk
inhibitor PCI-32765 (ibrutinib). Interestingly, in the presence of BV02, phosphorylation of Btk, phospholipase C�2, and NF-�B
increased strongly, suggesting that 14-3-3 also regulates B-cell receptor (BCR)-mediated tonic signaling. Furthermore, down-
regulation of 14-3-3� elevated nuclear translocation of Btk. The loss-of-function mutant S51A/T495A showed reduced tyrosine
phosphorylation and ubiquitination. Conversely, the gain-of-function mutant S51D/T495D exhibited intense tyrosine phos-
phorylation, associated with Btk ubiquitination and degradation, likely contributing to the termination of BCR signaling. Col-
lectively, this suggests that Btk could become an important new candidate for the general study of 14-3-3-mediated regulation.

Tec family kinases (TFKs) are nonreceptor tyrosine kinases
found primarily, but not exclusively, in hematopoietic lin-

eages, where they are differentially expressed. The family consists
of five members, tyrosine kinase expressed in hepatocellular car-
cinoma (Tec), Bruton’s tyrosine kinase (Btk), interleukin 2 (IL-
2)-inducible T-cell kinase (Itk), bone marrow tyrosine kinase gene
in chromosome X protein (Bmx), and resting lymphocyte kinase
(Rlk/Txk) (1). Btk plays a crucial role in lymphocyte maturation
and signaling. It is involved in multiple signaling pathways, such
as activation of phospholipase C� (PLC�), calcium mobilization,
actin reorganization, adhesion, migration, survival, and apoptosis
(1–3). Following the cloning of BTK as the gene that is defective in
X-linked agammaglobulinemia (XLA) (4, 5), a point mutation
affecting a conserved arginine residue (R28C) in the Btk pleckstrin
homology (PH) domain was identified in the immunoglobulin-
deficient mouse strain known as X-linked immunodeficiency
(Xid) mice (1, 6, 7).

Btk contains 659 amino acids and consists of five different
domains, including an N-terminal PH domain and a Tec homol-
ogy (TH) domain, followed by Src homology domains 3 and 2
(SH3 and SH2) and a C-terminal kinase domain (SH1) (5). Acti-
vation of many cell surface receptors, including the B-cell receptor
(BCR), as well as stimulation of the phosphatidylinositol 3-kinase
(PI3-kinase) signaling pathway, triggers plasma membrane trans-
location of Btk (8, 9). Consequently, the tethering of Btk to the
inner leaflet of the cytoplasmic membrane leads to transient phos-
phorylation on two tyrosine residues, pY551 and pY223 (10, 11).

The highly conserved activation loop tyrosine Y551 is trans-
phosphorylated by a Src family tyrosine kinase and, due to a con-
formational change, is followed by an autophosphorylation event

at Y223 (11). Protein kinase C� (PKC�) negatively regulates Btk
by phosphorylating it on serine 180, which results in reduced
membrane recruitment, transphosphorylation, and subsequent
activation (12). Interaction of Btk with caveolin 1 also leads to
downregulation of Btk kinase activity (13). In contrast, PKC� ac-
tivates Btk, while Btk downregulation results in the induction of
the PKC� activity (14). Moreover, Btk phosphorylation at two
serines (S21 and S115) creates a binding site for the prolylisomer-
ase Pin1, which modulates Btk activity in a cell cycle-dependent
manner (15).

14-3-3 is the name of a family of highly divergent proteins that
are present in all eukaryotes, from plants to mammals. To date
more than 300 proteins binding to 14-3-3 family members have
been identified (16). 14-3-3 proteins modulate their targets at var-
ious levels, such as subcellular localization, stability, phosphory-
lation, biological activity, and/or dynamic interactions (17). Fur-
thermore, these proteins regulate many cellular processes relevant
to cancer biology, in particular, apoptosis, mitogenic signaling,
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and cell cycle checkpoints. The human genome contains seven
14-3-3 isoforms, �, �, ε, �, �, �, and � (18). Their ligands share
14-3-3-binding consensus motifs and recognize serine/threonine
phosphorylation sites (19). Examples of such motifs are RSXpT/
SXP and RXY/FXpT/SXP, where pT/S denotes phosphothreo-
nine/serine. Binding is mostly dependent on the phosphorylation
of the serine or threonine residues on target proteins, which allows
conditional association with 14-3-3 proteins (20). Moreover,
another common consensus motif for 14-3-3 binding is
RXRXXpS/T, which has been shown to be mainly dependent on
Akt/PKB kinase activity (21, 22).

Using a proteomics approach, here, we identify 14-3-3� as a
novel Btk-binding partner. In addition, we demonstrate two po-
tential binding motifs (pS51 and pT495) in Btk that mediate in-
teraction with 14-3-3�. We further show that these sites are phos-
phorylated by Akt/PKB, leading to the interaction of Btk with
14-3-3�. Interestingly, interaction of 14-3-3� with the phosphor-
ylated S51/T495 sites seems to target Btk for ubiquitination and
degradation. Finally, we demonstrate that phosphorylation of Btk
at these residues (pS51/pT495) is strictly dependent on PI3-kinase
signaling, as well as functional 14-3-3�.

MATERIALS AND METHODS
Cell lines, reagents, and transfection. Namalwa (a Burkitt lymphoma
B-cell line), K562 (human chronic myelogenous leukemia cells), RBL-
2H3 (rat basophil leukemia cells with mast cell characteristics), and Cos-7
(African green monkey fibroblast-like kidney) cells were obtained from
the American Type Culture Collection (ATCC). Cos-7 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Invitrogen). All other
hematopoietic cells were cultured in RPMI 1640 medium with supple-
ments. All cells were cultivated at 37°C in a humidified 5% CO2 incubator.

Preparation of primary mouse B cells. Xid/CBA mice were obtained
from Charles River Laboratories (Kungsbacka, Sweden). Btk knockout
(KO)/CBA mice were created by backcrossing Btk KO SW129 mice as
described previously (23). Wild-type (wt) CBA mice were used as con-
trols. Splenic B cells from all strains were enriched essentially as de-
scribed previously (23). Briefly, purified mouse splenic B cells were
isolated using a magnetic-separation column (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). The spleen cells, which had been
stained with anti-B220 antibody-coupled micromagnetic particles
(Miltenyi Biotec), were retained on the separation column under a
high-gradient magnetic field. These cells were subsequently eluted
from the column. Mouse models were used with ethical approval from
the Stockholm South animal ethics committee with the registration
number S194-08.

Protease inhibitor Complete Mini EDTA-free tablets (Roche), phos-
phatase inhibitor cocktail (Sigma), protein G-Sepharose 4 Fast Flow and
A–Sepharose CL-B4 (GE Healthcare), and Dynabeads (Invitrogen; LC
Laboratories) were used in protein analysis. All other high-grade labora-
tory chemicals and reagents were obtained from Sigma. The SDS-PAGE (4
to 12% Bis-Tris-glycine) gels and nitrocellulose membranes from the
iBlott Dry-Blotting system were purchased from Life Technology. PCI-
32765 (ibrutinib) was a kind gift from Joseph J. Buggy (Pharmacyclics,
Inc.). BV02 was a kind gift from Maria Alessandra Santucci (Italy). Tran-
sient transfections were performed in 6-well plates using polyethylenei-
mine (PEI) from Polysciences Inc. (Warrington, PA, USA) according to
the manufacturer’s protocol.

Antibodies. The antibodies used in this work were as follows: anti-14-
3-3� (1:2,000) and anti-pan-14-3-3 (1:2,000) were from Santa Cruz Bio-
technology, antiactin (1:100,000) from Sigma, anti-RXRXXpS/T (1:
1,000) and anti-NF-�B (pSer536) (1:2,000) from Cell Signaling, anti-
phospho-Btk (pY551) (1:1,000) from BD Pharmingen, anti-PLC�2

(pY759) (1:1,000) from Epitomics, and anti-phosphotyrosine 4G10 from
Upstate Biotechnology. Anti-pan-Akt (1:4,000) and anti-Akt (pS473) (1:
1,000) were from Invitrogen, and goat F(ab=)2 anti-human IgM were from
Southern Biotechnology. Polyclonal rabbit antibody against the Btk SH3
domain has been described previously (8).

Plasmids. The plasmids wt-Btk-GFP, GFP-Btk-NLS, wt-pSGT-Btk,
and DsRed-Liar were described in our recent work (24). The Btk T495A,
T495D, S51A, S51D, S51A/T495A, and S51D/T495D constructs were cre-
ated by site-directed mutagenesis, and all plasmids were verified by se-
quencing. GFP–14-3-3� and 14-3-3�–Myc were purchased from Origene.
mRFP–14-3-3� was a kind gift from Martin J. Humphries (University of
Manchester, Manchester, United Kingdom). The wt Akt, membrane-tar-
geted constitutive-active Akt (mCA Akt), and dominant-negative Akt
(DN Akt) were kindly provided by Brian Hemmings (Friedrich Miescher
Institute, Switzerland).

Immunoprecipitation and immunoblotting. Immunoprecipitation
and immunoblotting analysis was carried out as previously described (24,
25). All incubations were done at 4°C overnight. The secondary antibody
was labeled with Alexa Fluor 680 (Molecular Probes) and used at 1:20,000
dilution for 1 h at room temperature. The membranes were scanned with
the Odyssey infrared imaging system (Li-Cor). The densities of target
bands were quantified using Image J application software.

Immunofluorescence and confocal microscopy. Cells were seeded
overnight at 40 to 50% confluence in 6-well plates, and 16 h later, the cells
were transfected with plasmids and incubated for 48 h before processing for
immunostaining and confocal microscopy, as previously described (24).

Affinity purification of Btk-Flag for mass spectrometric analysis. To
identify novel Btk complexes, we expressed epitope (Flag)-tagged Btk in
two hematopoietic cell lines, Namalwa and K562. Btk-Flag was cloned
into the retroviral vector pMSCV containing internal ribosome entry site
(IRES)-driven green fluorescent protein (GFP) and transiently trans-
fected into Phoenix GP cells. Viral particles were prepared from the su-
pernatant and used to transduce Namalwa and K562 cells. GFP-positive
cells were enriched to 98% purity, and the selected population was gated
for cells with low expression of Btk-Flag. Purified Btk-Flag complexes,
captured with anti-Flag-agarose beads, were eluted, lyophilized, and pre-
pared for gel-free tandem mass spectrometry (MS-MS) analysis. The de-
tails of preparations for mass spectrometry analysis were previously de-
scribed (24).

Transfection of siRNAs. A small interfering RNA (siRNA) against
human 14-3-3� was obtained from Santa Cruz (sc-29583). An siRNA
directed against Bmx was used as a control, as described previously (26).
Transient transfection of siRNAs (100 nM) was done using the Neon
transfection system (Invitrogen) or with Lipofectamine 2000, following
the manufacturer’s instructions. Forty-eight hours later, cells were col-
lected and used for further analyses. Extracts from untransfected cells, or
cells transfected either with siRNA 14-3-3� or with the siRNA control,
were harvested for immunoblot analysis.

RESULTS
Identification of 14-3-3 proteins as novel Btk-interacting part-
ners. To identify novel proteins that regulate Btk activity and
function, proteomic analysis using mass spectrometry (MS-MS)
was performed on hematopoietic cell lines stably expressing an
epitope-tagged Btk (24). The peptide coverage for each 14-3-3
isoform found in the proteomic data obtained by the MS analysis
is as follows: 14-3-3�, 37.5%; 14-3-3�, 28.3% (Table 1; see Table
S1 in the supplemental material); 14-3-3ε, 19.2%; 14-3-3�, 18.4%;
and 14-3-3�, 16.3%, while no peptide scores for the 14-3-3� and
14-3-3� isoforms could be found. Therefore, in our study, we
focused on the zeta isoform, since it represents the greatest peptide
coverage (Table 1), even though interaction with other 14-3-3
isoforms might also exist. In some experiments, a panantibody
was used for detecting all the 14-3-3 isoforms. It is worthwhile to
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mention that expression of 14-3-3� is pronounced in B cells, ac-
cording to the human protein atlas (HPA) database (http://www
.proteinatlas.org).

To verify the proteomics data, we investigated the interaction
of endogenous Btk with 14-3-3 in both human peripheral blood
mononuclear cells (PBMCs) and primary mouse B cells, as well as
in hematopoietic cell lines, including K562 and Namalwa (Fig. 1).
In primary human PBMCs, immunoprecipitation with a pan-an-
ti-14-3-3 antibody resulted in the pulldown of endogenous Btk
(Fig. 1A). Furthermore, reciprocal immunoprecipitation of en-
dogenous 14-3-3 and Btk, followed by immunoblotting with Btk-
and 14-3-3�-specific antibodies, demonstrated robust interaction
between the two proteins (Fig. 1B). Second, we wondered whether
the XLA/Xid Btk point mutation (Btk-R28C) would affect binding
of Btk to 14-3-3. To this end, primary mouse B cells isolated from
wt and Xid mice were processed for immunoprecipitation/immu-
noblotting analysis. There was no significant variation between wt
Btk and the Btk R28C mutant with respect to their interactions
with 14-3-3 proteins (Fig. 1C; see Fig. S1 in the supplemental
material). These data confirm that Btk and 14-3-3 interact in vivo
in both human and mouse B cells.

Btk specifically binds to the 14-3-3� isoform. According to
the peptide sequence coverage of the MS-MS analysis, we could
predict that the 14-3-3� isoform predominantly interacts with
Btk (Table 1). To biochemically confirm this observation, we
cotransfected Btk with GFP-tagged 14-3-3� into Cos-7 cells,
which normally do not endogenously express Btk. Immuno-
precipitation and Western blot analysis with anti-Btk and anti-
GFP antibodies revealed that Btk and native 14-3-3� strongly
interact (Fig. 1D). In addition, ectopic expression of Myc-
tagged 14-3-3� and Btk led to a robust interaction between the
two proteins (Fig. 1E).

Phosphorylation of the 14-3-3�-binding motifs, RXRXXpT/S,
in Btk. Next, we sought to identify the residues that may be re-
sponsible for the binding between Btk and 14-3-3�. Visual inspec-
tion of the primary sequence of Btk identified two putative 14-3-
3-binding motifs with the consensus sequence RXRXXpT/S. One
motif is located in the PH domain (46-RGRRGS-51), while the
other is in the kinase domain (490-RHRFQT-495). To determine
whether these potential 14-3-3�-binding sites are subject to phos-
phorylation, a phospho-specific antibody directed against the
RXRXXpT/S motif was used. Namalwa cells were either starved or
activated with F(ab=)2 anti-human IgM (20 �g/ml) for 15 min,
and whole-cell lysates were immunoprecipitated using an anti-
body against the RXRXXpT/S motif. Interestingly, the phospho-
specific antibody was strongly reactive with Btk in activated cells
but not in cells that had been serum starved or kept under steady-
state conditions, indicating that following B-cell receptor stimu-
lation, phosphorylation of Btk on serine or threonine is aug-
mented (P 	 0.004) (Fig. 2A). Similarly, immunoblot analysis
with anti-RXRXXpT/S antibody showed enhanced Btk phosphor-
ylation (P 	 0.004) on this motif in anti-14-3-3 immunoprecipi-
tation complexes obtained from stimulated cells (Fig. 2B). Hence,
14-3-3� binds to Btk in a phosphorylation-dependent manner. In
addition, we showed that the interaction of Btk and 14-3-3� in-
creases in proportion to the level of Btk phosphorylation. After
stimulation of RBL cells with pervanadate, the interaction be-
tween Btk and 14-3-3� was induced and reached its peak at 10
min, with a slight decay thereafter over a period of 30 min (see Fig.
S4 in the supplemental material).

The Akt/PKB kinase phosphorylates the RXRXXpT/S motif
on Btk. These results show that the RXRXXpT/S motif in Btk is
phosphorylated following B-cell activation and that such post-
translationally modified Btk interacts with 14-3-3�. These se-
quences are also known consensus phosphorylation sites for Akt/
PKB (21, 22). Previously, it has been reported that in B cells, a
physical interaction between Btk and Akt might occur (27). In
light of these facts, we carried out biochemical analysis to address
the origin of the serine/threonine phosphorylation in Namalwa
cells, following serum starvation or anti-IgM activation, in the
presence or absence of the PI3-kinase inhibitor LY294002. Treat-
ment of cells with the anti-IgM antibody led to robust phosphor-
ylation of the RXRXXpT/S motif on Btk (Fig. 3A). However, phos-
phorylation was reduced when cells were activated in the presence
of the PI3-kinase inhibitor LY294002 (P 	 0.001) (Fig. 3A). Sec-
ond, we coexpressed three different Akt constructs with Btk, and
the phosphorylation status of Btk and its interaction with Akt were
monitored. As expected, phosphorylation of Btk was considerably
enhanced upon heterologous expression of the constitutively ac-
tive Akt (mCA Akt; P 	 0.001). In contrast, there was no detect-
able phosphorylation when a dominant-negative form of Akt (DN
Akt) was used (Fig. 3B). In addition, Btk was found to interact
with the ectopically expressed Akt constructs (Fig. 3B). Together,
these data indicate that Akt and Btk are downstream of PI3-kinase
(8). Thus, treatment of cells with a PI3-kinase inhibitor, as well as
expression of a construct encoding DN Akt, prevents serine/thre-
onine phosphorylation of Btk.

Next, we carried out experiments to assess the time course corre-
lation between phosphorylation events on Btk and Akt/PKB and
Btk’s capacity to interact with 14-3-3. Btk phosphorylation on pY551,
pS51, and pT495 was monitored for 1 h after activation of cells with
anti-IgM. Cells from the Namalwa B-cell line were starved for 3 h

TABLE 1 Unique peptide sequences confirmed by MS-MS analysisa

No. of
MS-MS
spectra

No. of unique
peptides

Mascot
score

Coverage
(%) Peptide sequence

5 4 182 19 SVTEQGAELSNEER
EKIETELR
DICNDVLSLLEK
YLAEVAAGDDKK

3 2 170 13 SVTEQGAELSNEER
TAFDEAIAELDTLSEESYK

3 2 133 11 SVTEQGAELSNEER
YLAEVAAGDDKK

4 2 124 9 LAEQAER
SVTEQGAELSNEER

3 2 123 11 SVTEQGAELSNEER
DICNDVLSLLEK

3 2 117 11 SVTEQGAELSNEER
YLAEVAAGDDKK

4 3 108 10 SVTEQGAELSNEER
FLIPNASQAESK
NLLSVAYK

2 2 101 11 SVTEQGAELSNEER
YLAEVAAGDDKK

a The selections were based on high Mascot scores. The overall coverage of all amino
acid sequences (92 amino acids [aa]) of unique peptides was calculated on primary
sequences of the 14-3-3� isoform (245 aa) to be 37.5% (92 aa out of 245 aa).
Proteomics analyses were based on 5 independent experiments, and each individual
MS-MS data set was collected from 15 samples.
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prior to anti-IgM stimulation and followed for 1 h (1 min to 60 min).
Tyrosine phosphorylation of pY551 robustly peaked after 1 min,
while the pS51/pT495 phosphorylation optimum appeared later, af-
ter 10 min. Interestingly, phosphorylation on pS51/pT495 appeared
after the activation of the Akt/PKB kinase, as measured by the level of
pS473 phosphorylation. Remarkably, the level of 14-3-3 interaction
with Btk coincided with the S51/T495 phosphorylation status of Btk,
both yielding a very potent increase (Fig. 3C).

Collectively, this analysis confirms that the activating Y551
phosphorylation of the Btk kinase domain is a very early response
and demonstrates that this event is followed by Akt/PKB phos-
phorylation. Subsequently the bona fide Akt/PKB target sites on
Btk are phosphorylated, with binding to 14-3-3 being simultane-
ously increased.

PCI-32765 (ibrutinib) and BV02 inhibitors block the inter-
action of Btk and 14-3-3. Since the PI3-kinase–Akt pathway
induces serine/threonine phosphorylation and subsequent
binding of Btk to 14-3-3, we wondered whether specific inhi-
bition of Btk and/or 14-3-3 would affect the physical interac-

tion between the two proteins. Therefore, we employed two
newly developed inhibitors—PCI-32765 (ibrutinib), an irre-
versible Btk inhibitor (28), and BV02, a 14-3-3 inhibitor (29),
and performed a coimmunoprecipitation analysis in primary
mouse B cells (Fig. 4A). Purified primary B lymphocytes were
treated with the drugs, and 24 h later, whole-cell lysates were
prepared and subsequently processed for immunoprecipita-
tion/immunoblotting analysis as described in Materials and
Methods. Interestingly, interaction of Btk with 14-3-3 was re-
duced (P 	 0.015) in both the PCI-32765- and BV02-treated
cells (Fig. 4A). In addition, the BV02 inhibitor was used in two
hematopoietic cell lines (Namalwa and K562), and a similar
effect was observed (see Fig. S2 in the supplemental material).
Quantitative analysis showed a reduction of the interaction by
two-thirds in the presence of PCI-32765 and/or BV02 inhibitor
compared to untreated cells (Fig. 4A).

Btk phosphorylation correlates with activation of PLC�2
and NF-�B, and this pathway participates in 14-3-3-regulated
tonic signaling. The above data demonstrate that the BV02 inhib-

FIG 1 Novel interaction of Btk with 14-3-3 proteins, predominantly the 14-3-3� isoform. (A) Coimmunoprecipitation (IP) of Btk and 14-3-3 from human
PBMCs using rabbit polyclonal antibodies to Btk and to 14-3-3, respectively. WCL, whole-cell lysate. (B) Reciprocal coimmunoprecipitation of Btk and 14-3-3
from Namalwa and K562 cells using rabbit polyclonal antibodies to Btk and to 14-3-3, respectively. Cos-7 cells, which do not normally express Btk, were used as
a negative control. (C) Endogenous Btk was coimmunoprecipitated with 14-3-3 from primary mouse cells, using pan-14-3-3 antibody. Samples were analyzed
by Western blotting, using an anti-Btk antibody. Primary B cells from Btk-deficient mice (Btk
/
; KO-Btk) were used as a negative control. (D) Btk- and
GFP–14-3-3� expression plasmids were transiently transfected into Cos-7 cells and analyzed by immunoprecipitation and Western blotting. (E) Cos-7 cells were
transfected with 14-3-3�–Myc and –Btk plasmids. The mock pSGT plasmid served as a negative control. 14-3-3�–Myc proteins were immunoprecipitated with
the anti-Myc antibody and probed with anti-Btk.
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itor interferes with the interaction between 14-3-3 and Btk. There-
fore, we sought to assess the phosphorylation status of the un-
bound fraction of Btk as a consequence of BV02 treatment and
compared it to that of Btk complexed with 14-3-3. BV02 potently
inhibited the interaction between the two proteins in the Na-
malwa cell line under both serum-starved and -activated condi-
tions using F(ab=)2 anti-human IgM (Fig. 4B). Interestingly, phos-
phorylation of Btk at the conserved activation loop Y551 was
augmented following treatment of cells with the 14-3-3 inhibitor
BV02 under both conditions (Fig. 4B). Moreover, Btk activation
following treatment with BV02 leads to activation and phosphor-
ylation of both PLC�2 and NF-�B, both well-known downstream
targets of Btk, while the phosphorylation status of Erk44/42 was
essentially unaffected (Fig. 4B). Importantly, both PLC�2 and
NF-�B phosphorylation levels are potently enhanced following
BV02 treatment. This suggests that tonic signaling, which is cru-
cial for B-cell survival, is strongly regulated by 14-3-3.

Downregulation of 14-3-3� by siRNA causes nuclear accu-
mulation of Btk. To further investigate the implications of the
14-3-3� and Btk interaction, we employed an siRNA targeting the
endogenous 14-3-3� isoform. To deplete 14-3-3� in B cells, siRNA
was introduced into Namalwa cells, and 48 h later, the cells were
fractionated into nuclear and cytoplasmic compartments (Fig.
4C). Immunoblot analysis showed that 14-3-3� knockdown led to
a marked increase of Btk protein in the nucleus. In contrast, a
control siRNA directed against the Tec family kinase (Bmx) did
not exhibit any effect on the nuclear distribution of Btk (Fig. 4C).

Colocalization of 14-3-3� and Btk. Our previous studies have
shown that Btk is predominantly cytoplasmic and translocates to
the inner leaflet of the cytoplasmic membrane upon PI3-kinase
activation (8). Moreover, nucleocytoplasmic shuttling of Btk was
also observed and investigated in detail, but the shuttling mecha-
nism and the functional consequences still remain elusive (25).

We therefore sought to analyze the effect of coexpressing a fusion
construct consisting of 14-3-3� and red fluorescent protein (RFP–
14-3-3�) with wt Btk fused to green fluorescent protein (GFP-Btk)
or with Btk equipped with a nuclear localization signal (GFP-Btk-
NLS). We also wanted to study the influence of ankyrin repeat
domain 54 (ANKRD54)/Liar fused to pDsRed-monomer-C1
(DsRed-Liar), since ANKRD54 has been recently demonstrated to
modulate Btk shuttling (24). RFP–14-3-3� and wt GFP-Btk colo-
calized in both the cytoplasmic and perinuclear regions (Fig. 5).

In contrast, depletion of 14-3-3� by siRNA resulted in a signif-
icant increase of Btk in the nucleus (Fig. 5), whereas conversely,
overexpression of ANKRD54, as expected, reduced Btk levels in
the compartment (Table 2). Nevertheless, while nuclear-targeted
GFP-Btk-NLS is entirely nuclear resident (24), coexpression of
14-3-3� with GFP-Btk-NLS yielded cytoplasmic colocalization
and, surprisingly, significant nuclear exclusion of Btk (P 	
0.0001), as shown in Table 2. Similar influence on Btk localization
has been shown with the ANKRD54 protein (24). Consequently,
these observations strongly suggest the existence of a functional
link between 14-3-3� and Btk regulating nucleocytoplasmic shut-
tling and subcellular localization.

Effect of mutating the 14-3-3� docking sites in Btk. Next, we
wanted to delineate the effect of mutating the putative 14-3-3�
docking sites in Btk. Following identification of the two potential
Akt phosphorylation and 14-3-3-binding motifs, we performed a
sequence alignment of the 14-3-3-binding region in Btk and
found that both sites are phylogenetically conserved (see Fig. S3 in
the supplemental material). To determine the roles of these resi-
dues in the activation and signaling of Btk, we mutated them to
alanine or aspartic acid, singly or doubly. Accordingly, DN and
CA mutants were generated as follows: S51A, T495A, and S51A/
T495A as DN forms and S51D, T495D, and S51D/T495D as po-
tentially phosphomimetic CA forms. To biochemically assess their

FIG 2 14-3-3� binds more efficiently to serine/threonine-phosphorylated Btk. (A) Namalwa cells at steady state, starved or activated using anti-IgM (20 �g/ml)
for 15 min. Btk phosphorylated on S51/T495 was immunoprecipitated from Namalwa cell extracts with an anti-RXRXXpT/S antibody, and the precipitated
proteins were detected with an antibody against Btk. (B) The 14-3-3 proteins in Namalwa cells were immunoprecipitated with the anti-pan-14-3-3 antibody and
probed for the presence of the phosphorylated S51/T495 by immunoblotting with anti-RXRXXpT/S. Btk was detected by immunoblotting with anti-Btk
antibody. Quantitative analysis of the bands indicated by the arrowheads was performed by densitometry analysis using Image J software. The bars represent the
means and standard errors (SE) of two independent experiments. **, P 	 0.004.
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functions, constructs encoding these mutants were ectopically ex-
pressed together with control plasmids in Cos-7 cells. Forty-eight
hours later, whole-cell lysates were processed for an immunopre-
cipitation/immunoblotting analysis using antibodies against 14-
3-3 and Btk. Compared to 14-3-3 binding to wt Btk, binding to the
S51A/T495A double mutant was strongly diminished in the pre-

cipitates. Moreover, the single-site mutants showed an intermedi-
ate interaction. Surprisingly, in comparison with the single mu-
tants, steady-state levels of the S51D/T495D mutant were reduced
(Fig. 6A, top). We conclude that maximal binding of 14-3-3 to Btk
requires both the S51 and the T495 sites and that the interaction is
strictly dependent on their phosphorylation status.

FIG 3 Akt/PKB kinase phosphorylates the RXRXXpT/S motif on Btk. (A) Namalwa cells were serum starved or activated with anti-IgM (20 �g/ml) for 15 min
in the presence or absence of the PI3-kinase inhibitor LY294002. Western blot analysis of the induced phosphorylation of Btk S51/T495 was detected using
phospho-specific antibody. The arrowhead shows the position of the Btk band. (B) Akt constructs (wt Akt, mCA Akt, and DN Akt) were transiently coexpressed
with Btk in Cos-7 cells. WCL was immunoprecipitated with anti-Btk antibody, and the precipitated proteins were identified using anti-RXRXXpT/S antibody.
Pan-Akt antibody was used to demonstrate Akt’s interaction with Btk. Quantitative analysis of the bands indicated by arrowheads was performed by densitom-
etry analysis using Image J software. The data shown are representative of three independent experiments (the error bars indicate SE). ***, P 	 0.001. (C) Time
course of Btk (pY551 and pS51/T495) and Akt (pS473) phosphorylation and of 14-3-3� interaction with phosphorylated Btk during anti-IgM (20 �g/ml)
stimulation. The cells were starved for 3 h and then subjected to anti-IgM activation. The error bars represent the means � SE of two independent experiments.
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Constitutive 14-3-3� binding to Btk causes ubiquitination
and degradation. The surprising finding that steady-state levels of
the double phosphomimetic S51D/T495D mutant was reduced
(Fig. 6A, top) prompted us to do further experiments that might
shed light on the underlying mechanism. Therefore, we wanted to
study the fate of phosphorylated Btk following constitutive 14-
3-3� binding. It is possible that the strong binding of the S51D/
T495D mutant to 14-3-3� renders it unstable, leading to its deg-
radation. To also determine whether the reduced levels of the
mutant could be due to ubiquitination, we immunoprecipitated
ectopically expressed Btk in Cos-7 cells transfected with the S51A/
T495A or S51D/T495D construct and probed the immunoblotted

filters with an antiphosphotyrosine antibody (4G10) or an anti-
ubiquitin (P4G7) antibody, respectively. We demonstrate here
that the S51D/T495D mutant is highly tyrosine phosphorylated
and also ubiquitinated (Fig. 6A, second and third gels from top).
In stark contrast, the S51A/T495A double mutant was neither
phosphorylated nor ubiquitinated, suggesting that posttransla-
tional modification at these two residues is critical for the degra-
dation of Btk (Fig. 6B). These findings are compatible with the
idea that the decrease in the steady-state levels of S51D/T495D is
due to ubiquitination, targeting Btk for proteasomal degradation.
In support of this, when the S51D/T495D mutant was overex-
pressed in Cos-7 cells, followed by overnight incubation with the

FIG 4 Inhibition of Btk and 14-3-3�. (A) Primary mouse B cells were treated with the Btk inhibitor PCI-32765 and the nonpeptide 14-3-3 inhibitor BV02
and incubated for 24 h. Control samples were incubated with DMSO. WCLs were processed for Western blot analysis. Quantitative analysis of Btk bands
was performed by densitometry analysis using Image J software. The bars represent the means and SE of two independent experiments. *, P 	 0.015. (B)
Namalwa cells were starved or activated using anti-IgM (20 �g/ml) for 15 min in the presence or absence of BV02. WCLs were processed for Western
blotting using phospho-specific antibodies against Btk (pY551), PLC�2 (pY759), NF-�B (pS536), or pErk p44/42 (Thr202/Tyr204). (C) siRNA-mediated
depletion of endogenous 14-3-3� in Namalwa cells. Cells were transfected with a 14-3-3� siRNA (two independent experiments) or with control siRNA
targeting Bmx, another Tec family member. The siRNA-treated cells were collected 48 h after transfection. Western blot analysis was performed using
lysates prepared from nuclear and cytoplasmic fractions. The purity of the nuclear and cytoplasmic fractions was verified by probing with antibodies
against H1 histone and �-actin, respectively.
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proteasome inhibitor MG132, accumulation of the phosphomi-
metic mutant form of Btk was observed (Fig. 6C, top).

DISCUSSION

Using an MS-MS-based technique, we identified a novel part-
ner for Btk, namely, 14-3-3�, and subsequently verified their
interaction in B cells. Two Akt phosphorylation sites (pS51 and
pT495) were found to be critical for this interaction. The in-
ducible phosphorylation resulting in 14-3-3� binding was
shown to regulate Btk ubiquitination and degradation. More-

over, the nuclear translocation of Btk is compromised follow-
ing interaction with 14-3-3�.

14-3-3 proteins bind to different consensus motifs, which have
been classified as mode I (RSXpSXP) and mode II (RXXpS/TXP)
(30, 31). The presence of phosphorylated serine or threonine,
common consensus motifs, characterizes 14-3-3 interaction sites
(20, 32, 33). However, there is also another consensus motif for
14-3-3 binding, RXRXXpT/S, which is a known target site for Akt
phosphorylation (21, 34). Close inspection of the Btk sequence
reveals two potential 14-3-3-binding sites located in the PH and

FIG 5 Colocalization of 14-3-3� with Btk. Cos-7 cells were cotransfected with GFP-Btk-wt and RFP–14-3-3� plasmids in the presence or absence of siRNA–
14-3-3�. Forty-eight hours posttransfection, the cells were fixed and stained with DAPI (4=,6-diamidino-2-phenylindole). GFP-Btk is shown in green, while
RFP–14-3-3� is shown in red. The merged images indicate colocalization of Btk and 14-3-3� in membrane ruffles and in the perinuclear region (yellow). The data
are representative of at least 3 different experiments.

TABLE 2 Distribution of expressed proteins in nuclear, cytoplasmic, membrane, and perinuclear regionsa

Protein(s) expressed

% of cells expressing protein(s)b

% of cells with cytoplasmic
protein(s) showing membrane or
perinuclear localization

GFP-Btk or GFP-Btk-NLS DsRed–14-3-3� or DsRed-Liar Membrane Perinuclear

N Only C Only N � C N Only C Only N � C Btk 14-3-3� Btk 14-3-3�

GFP-Btk 0 91 9 82 13
DsRed–14-3-3� 0 92 8 4 86
GFP-Btk-NLS 100 0 0
GFP-Btk � DsRed–14-3-3� 0 94 6 0 95 5 58 26 41 71
GFP-Btk-NLS � DsRed–14-3-3� 12 0 88 0 78 22
GFP-Btk � DsRed-Liar 0 100 0 19 0 81
GFP-Btk � siRNA–14-3-3� 1 70 29
GFP-Btk � DsRed-Liar � siRNA–14-3-3� 0 100 0 11 0 89
a Mean values were calculated for 100 cells from 3 independent experiments.
b N, nuclear; C, cytoplasmic.
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kinase domains, respectively, both of which are well conserved
across mammals. The S51 motif is also conserved in birds and
amphibians (see Fig. S3 in the supplemental material). However,
with the possible exception of Bmx, these sites are not conserved
in other Tec family kinases (data not shown), suggesting that this

mode of regulation is unique to Btk. Akt kinase activation is
mainly induced by PI3-kinase and is known to activate a strong
survival signaling pathway that is defective in many human disor-
ders (35–37). Inhibition of PI3-kinase by wortmannin or
LY294002 induces apoptosis, mainly due to inhibition of Akt sig-

FIG 6 S51- and T495-to-alanine substitution disrupts binding of Btk to 14-3-3�, while S51- and T495-to-aspartic-acid substitution promotes degradation. (A)
Plasmids encoding GFP-Btk-wt and 14-3-3-binding-deficient mutants S51A, T495A, and S51A/T495A, as well as constructs encoding phosphomimetic mutants
S51D, T495D, and S51D/T495D, were transfected into Cos-7 cells. Endogenous 14-3-3 was immunoprecipitated and probed with anti-Btk. WCL was immu-
noblotted with anti-pY (4G10), antiubiquitin (P4G7), anti-Btk, anti-14-3-3�, or antiactin antibody. (B) Ectopically expressed Btk was immunoprecipitated from
whole-cell extracts of Cos-7 with anti-Btk antibody, and the precipitated proteins were detected with phospho-specific antibodies against global phosphoproteins
(4G10) or with an antiubiquitin antibody (P4G7). Total Btk protein was detected by immunoblotting with anti-Btk. (C) Endogenous 14-3-3 proteins were
immunoprecipitated with the anti-pan-14-3-3 antibody from Cos-7 cells transfected with Btk constructs and treated overnight with a proteasome inhibitor
(MG132; 10 �m) and probed for the presence of Btk by immunoblotting with anti-Btk. Quantitative analysis of the top band in panels A and C was performed
by densitometry analysis using Image J software. The data shown are representative of two independent experiments (the error bars indicate SE).
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naling (38–40). A previous report from this laboratory has also
suggested that Akt interacts with Btk (27). In addition, we ob-
served that the Btk inhibitor PCI-32765 abolishes Btk’s interac-
tion with 14-3-3. One possible mechanism for how PCI-32765
could block Btk’s binding to 14-3-3� would be by inhibiting Btk
phosphorylation and activation, which seem to be a prerequisite
for 14-3-3�’s interaction.

BCR ablation leads to death in most of the peripheral B cells,
which indicates a need for continuous “tonic” signals through the
BCR (41, 42). To this end, we observed that there are clearly in-
creased levels of activated PLC�2 and NF-�B in the presence of the
14-3-3 inhibitor BV02 (Fig. 4B). This is especially noticeable in the
unstimulated, serum-starved cultures, clearly suggesting that
there is ongoing activation followed by 14-3-3-mediated degrada-
tion of Btk under these tonic signaling conditions. Collectively,
our data suggest that 14-3-3 is a key regulator of both induced and
tonic signaling in B cells.

Moreover, not only PI3-kinase, Akt, and Btk, but also the tran-
scription factor FOXO1, are functionally connected to 14-3-3�.
Thus, PI3-kinase induces phosphorylation of both Btk (43) and
the transcription factor FOXO1 (44). It has also been reported that
activated Btk contributes to the downregulation of FOXO1 (45),
and an interaction between FOXO1 and 14-3-3� has been estab-
lished (46). Similar to that of Btk (this study), Akt-induced phos-
phorylation of FOXO1 results in ubiquitination and proteasomal
degradation (47). Thus, the downregulation of FOXO1 by Btk
may be related to a common 14-3-3�-mediated mechanism for the
termination of signaling as a result of Akt activation.

Btk has been shown to shuttle between the cytoplasm and the
nucleus. However, the molecular mechanisms controlling this
phenomenon remain elusive (25, 48). Our most recent study on
this topic has shown that Btk interacts with a novel ankyrin repeat
domain protein, ANKRD54/Liar. This association was found to
exclude both proteins from the nucleus (24). It has been shown
that 14-3-3 affects localization of target proteins, such as Ataxin-1
(49), c-Abl (50), and FOXO3a (51). Our results are consistent
with several functions for Akt and 14-3-3� in regulating the activ-
ity and subcellular localization of target proteins. Thus, 14-3-3�
was found to actively retain Btk in the cytoplasm, while siRNA-
mediated depletion of 14-3-3� resulted in nuclear translocation of
Btk. In contrast, overexpression of ANKRD54 caused export of
Btk from the nucleus. Thus, ANKRD54 overexpression seems to
have a dominant effect over 14-3-3� on Btk shuttling and redistri-
bution (Table 2). In this scenario, ANKRD54 and 14-3-3� affect
Btk shuttling in an independent manner. At present, we have no
evidence suggesting that there is direct interaction between
ANKRD54 and 14-3-3. To further explore nucleocytoplasmic
shuttling of Btk, we employed a nucleus-targeted GFP-Btk fusion
protein containing a synthetic NLS located at the C terminus of
Btk (24). Indeed, overexpression of 14-3-3� led to exclusion of the
nucleus-resident Btk from the nucleus (Table 2). Moreover, sub-
cellular localization analysis in Cos-7 cells did not reveal any de-
tectable differences between wt Btk and the S51A/T495A or S51D/
T495D double mutant (data not shown). This might be due to the
fact that the mutated sites confer functional alterations only when
expressed in B cells. Hence, this phenomenon needs to be ex-
plored further in order to determine the mechanism of shuttling.

Btk is not the only protein where 14-3-3-dependent shuttling
between the nucleus and the cytoplasm has been observed. Thus,
several histone deacetylases (HDACs) are regulated by serine/

threonine phosphorylation, and these residues bind to 14-3-3.
The best-characterized acetylase in this regard is HDAC5, for
which several phosphorylation sites have been identified to date.
PKD- and calmodulin-dependent protein kinase (CaMK)-in-
duced phosphorylation of Ser259 and Ser498, flanking the NLS,
provides docking sites for 14-3-3 chaperone binding, which trig-
gers nuclear export, thereby reducing HDAC5’s repressor activity
(52, 53). In contrast, it has recently been demonstrated that cyclic
AMP (cAMP)-activated PKA specifically phosphorylates HDAC5
at serine 280, which prevents its export from the nucleus, leading
to suppression of gene transcription (54).

In this work, we mapped the 14-3-3� interaction sites to pS51/
T495 in Btk. Mutation of S51 and T495 to alanine resulted in
complete loss of interaction, while a phosphomimetic mutant
(S51D/T495D) enhanced interaction with 14-3-3�. Phosphoryla-
tion of the sites by Akt and subsequent Btk phosphorylation are
sufficient for the interaction with 14-3-3�, suggesting that either
14-3-3� binds to only a single site in Btk or there is cooperative
binding. The single phosphomimetic mutants, S51D and T495D,
both display stronger interaction with 14-3-3� than wt Btk but
weaker interaction than the double mutant, suggesting that the
two sites cooperate in the binding of 14-3-3�.

The ubiquitin proteasome system is a pathway regulating
many cellular processes (55). Recently, we have shown that Btk
expression is reduced in primary B cells and B-cell lines following
treatment with proteasome inhibitors. This downregulation is
due to the inactivation of NF-�B, which binds to the Btk promoter
and induces transcription of Btk (56). Moreover, it has been re-
ported that 14-3-3 binding can stimulate ubiquitination, resulting
in degradation of its partner proteins, such as SLP-76 and Mdmx
(57, 58). Interestingly, BLNK, also known as SLP-65, which in B
cells has a function related to that of SLP-76 in T cells, is also
regulated by 14-3-3. Thus, it was recently reported that hemato-
poietic progenitor kinase 1 (HPK1), by phosphorylating threo-
nine 152 in BLNK, attenuates BCR-mediated activation, since 14-
3-3 binding to T152 causes ubiquitination and degradation of
BLNK (59). This also suggests that other components than Btk can
contribute to the enhanced activation that we observed upon
BV02 treatment. However, given that increased levels of Btk Y551
phosphorylation were also readily detectable, this implies that Btk
plays an important role in tonic signaling. To our knowledge, a
role for the proteasomal degradation of Btk has not been previ-
ously established. However, as mentioned above, proteasomal
degradation of NF-�B reduces the activity of the Btk promoter
(56). Thus, proteasomal degradation downregulates the activity of
Btk at profoundly different levels. The fact that both BLNK and
Btk are inactivated by 14-3-3-mediated ubiquitination and degra-
dation suggests that this is a common mechanism for attenuating
signaling from the BCR, as well as fine-tuning tonic signaling. By
simultaneously degrading more than one of the key components,
signaling may be regulated more robustly.

Figure 7 shows a schematic model of our current understand-
ing regarding the role of Btk in regulating and fine-tuning the BCR
signaling pathway. During the early phase of BCR activation, Btk-
Y551 phosphorylation reaches a peak, which correlates with the
activation of PLC�2 and NF-�B (Fig. 7A). Moreover, this activa-
tion is significantly increased following treatment with the BV02
inhibitor, particularly under unstimulated conditions (Fig. 4B).
During an intermediate phase of BCR activation, activated Akt
catalyzes Btk phosphorylation on S51 and T495, leading to the
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association with 14-3-3� proteins (Fig. 7B). Since PI3-kinase acti-
vation, which is downstream of a number of receptors, such as the
BCR, also results in membrane translocation of Btk, PI3-kinase
regulates several important aspects of Btk activity (8). Another
essential aspect of this model is that there is a feedback loop
whereby phosphorylated Btk is targeted for degradation and, in
parallel, its translocation to the nucleus is severely affected (Fig.
7B). We have previously postulated that dephosphorylation of Btk
may be related to its translocation to the nucleus (25). Accord-
ingly, interaction of 14-3-3� with phospho-Btk-S51/T495 seems
to interfere with translocation of Btk into the nucleus, which in
turn promotes ubiquitination and degradation of activated Btk.
These events were verified using a 14-3-3� inhibitor (BV02), an
siRNA directed against 14-3-3�, and a PI3-kinase inhibitor
(LY294002), as well as a dominant-negative form of Akt. Al-
though many 14-3-3-interacting proteins have been described
(60–62), to our knowledge, this is the first report demonstrating
their interaction with Btk.

A single protein kinase can sometimes phosphorylate more
than a single tandem phosphorylation site in its substrates, as ex-
emplified by BAD, FOXO1, FOXO2, FOXO3, Mdm2, and
TBC1D4 (63). Our study adds Btk to this growing list of sub-
strates. To date, more than 60 proteins are known to harbor two
phosphorylated 14-3-3 target sites. It is therefore of considerable
interest that Btk contains two putative consensus motifs for 14-
3-3 binding. We believe that this finding strengthens the idea that
this interaction is biologically relevant, since 14-3-3 proteins often
bind their targets as dimers, and the serendipitous finding of two
conserved consensus sites in the same molecule would be rather
unlikely. Furthermore, some phosphomimetic mutant proteins,
where serines/threonines were substituted for a negatively
charged amino acid, enhance their interaction with 14-3-3. Con-

versely, other phosphomimetic mutations abolish the interaction
with 14-3-3. Here, we report for the first time that phosphomi-
metic mutants of Btk strongly bind to 14-3-3 and stimulate deg-
radation of the active protein.

Even though Btk is a new member of the family of 14-3-3-
regulated proteins, it could potentially serve as an important new
candidate for the general analysis of 14-3-3-mediated events.
Thus, Btk fulfills essentially all the known criteria that characterize
a core group of 14-3-3 targets, while most known targets fulfill
only some; Btk is phosphorylated on two sites by the same kinase
(Akt/PKB), both sites are functionally relevant, and there are de-
fined B-cell phenotypes when either or both sites are mutated. Btk
is also an attractive candidate, since not only are the alanine re-
placement mutants inactive, but phosphomimetic mutants be-
have like their phosphorylated counterparts.

Notably, the Akt-induced phosphorylation of Btk is not the
only serine/threonine kinase-regulated inhibitory mechanism for
Btk. Since Btk does not have a negative autoregulatory mecha-
nism, similar to Src family kinases, for modulating its own activity,
it requires interacting partners for this regulation. Interestingly, a
number of Btk-interacting proteins have been demonstrated to
inhibit Btk activation, possibly fine-tuning the BCR signaling
pathway (12, 15). Thus, Btk is downregulated and sequestered in
the cytoplasm upon PKC�-mediated phosphorylation at S180
(12). Similarly, the prolylisomerase Pin1 was shown to inhibit Btk
following phosphorylation at two key residues, S21 and S115 in
the PH domain. Although the enzyme responsible for phosphor-
ylating these serines is currently unknown, the subsequent
isomerization induced by Pin1 results in negative regulation of
Btk. Phosphorylation of Btk at S21 leads to Pin1 binding during
mitosis, whereas phosphorylation at S115 is critical for the inter-
action of the proteins in interphase cells (15). We now report two

FIG 7 Schematic representation of the 14-3-3–Btk interaction. (A) Stimulation of the BCR first induces Btk-Y551 phosphorylation, which leads to activation of
downstream signaling (PLC�2 and NF-�B). (B) PI3-kinase-mediated activation of Akt/PKB leads to phosphorylation of Btk at S51 and T495. Subsequently,
14-3-3� interacts with phospho-Btk-S51/T495 and prevents translocation of Btk to the nucleus. Moreover, binding of 14-3-3� to activated Btk stimulates
ubiquitination and degradation of active Btk, which is followed by termination of BCR signaling.
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other serine/threonine motifs involved in the negative regulation
of Btk, namely, S51 and T495. Further studies are required to fully
understand the functional implications of the interaction between
Akt, Btk, and 14-3-3� in B cells and their potential interplay with
other negative regulators.
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