
RESEARCH ARTICLE

B Cell Receptor Activation Predominantly
Regulates AKT-mTORC1/2 Substrates
Functionally Related to RNA Processing
Dara K. Mohammad1,2*, Raja H. Ali3, Janne J. Turunen1, Beston F. Nore1,4, C. I.
Edvard Smith1*

1 Department of Laboratory Medicine, Clinical Research Center, Karolinska Institutet, Karolinska Hospital
Huddinge, SE-141 86 Huddinge-Stockholm, Sweden, 2 Department of Biology, College of Science,
University of Salahaddin, 44002 Erbil, Kurdistan Region-Iraq, 3 KTH Royal Institute of Technology, Swedish
e-Science Research Center, Science for Life Laboratory, School of Computer Science and Communication,
SE-171 77 Solna, Sweden, 4 Department of Biochemistry, School of Medicine, University of Sulaimani,
Sulaimaniyah, Kurdistan Region-Iraq

* dara.mohammad@ki.se; dara.mohammad@su.edu.krd (DKM); edvard.smith@ki.se (CIES)

Abstract
Protein kinase B (AKT) phosphorylates numerous substrates on the consensus motif

RXRXXpS/T, a docking site for 14-3-3 interactions. To identify novel AKT-induced phos-

phorylation events following B cell receptor (BCR) activation, we performed proteomics, bio-

chemical and bioinformatics analyses. Phosphorylated consensus motif-specific antibody

enrichment, followed by tandemmass spectrometry, identified 446 proteins, containing 186

novel phosphorylation events. Moreover, we found 85 proteins with up regulated phosphor-

ylation, while in 277 it was down regulated following stimulation. Up regulation was mainly

in proteins involved in ribosomal and translational regulation, DNA binding and transcription

regulation. Conversely, down regulation was preferentially in RNA binding, mRNA splicing

and mRNP export proteins. Immunoblotting of two identified RNA regulatory proteins,

RBM25 and MEF-2D, confirmed the proteomics data. Consistent with these findings, the

AKT-inhibitor (MK-2206) dramatically reduced, while the mTORC-inhibitor PP242 totally

blocked phosphorylation on the RXRXXpS/T motif. This demonstrates that this motif, previ-

ously suggested as an AKT target sequence, also is a substrate for mTORC1/2. Proteins

with PDZ, PH and/or SH3 domains contained the consensus motif, whereas in those with

an HMG-box, H15 domains and/or NF-X1-zinc-fingers, the motif was absent. Proteins carry-

ing the consensus motif were found in all eukaryotic clades indicating that they regulate a

phylogenetically conserved set of proteins.

Introduction
Protein kinase B (PKB) also known as (AKT) is a serine/threonine kinase belonging to the
‘AGC’ family of protein kinases. AKT is important for many signal transduction pathways, reg-
ulating multiple cellular processes such as glucose homeostasis, transcription, apoptosis, cell
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proliferation, angiogenesis, and cell motility [1–3]. Phosphatidylinositol (3,4,5)-triphosphate
(PIP3) generation, following PI3-Kinase (PI3K) activation, leads to the recruitment of AKT to
the plasma membrane and subsequently to its activation [4]. AKT phosphorylates proteins
containing the consensus motif RXRXXS/T, which upon phosphorylation serves as a 14-3-3
docking-site [5]. Among the proteins that contain the RXRXXS/T motif, are mammalian
ADAM2 (a disintegrin and metalloproteinase 2), Mdm2 (murine double minute 2), TBC1D4,
FOXO1-3, BAD and BTK, which are phosphorylated prior to 14-3-3 interactions [6,7]. There-
fore, there is a close cooperation between AKT and 14-3-3 proteins in the regulation of signal
transduction.

Although a plethora of proteins are known to be phosphorylated on the RXRXXS/T consen-
sus sequence [8], the identification of a more complete AKT-targeted proteome is a prerequi-
site for understanding how cells control complex and concerted biological activities through
activation of AKT. Phosphorylation of AKT at both the residues Thr 308 and Ser 473 by PDK1
and mTORC2, respectively, is necessary for full catalytic activity [9]. Phosphorylation by AKT
has diverse consequences on the target proteins, such as blockage or induction of enzymatic
activity, alteration in subcellular localization, or change in stability (protein turnover), includ-
ing interactions with the 14-3-3 proteins [10,11]. On the other hand, certain protein phospha-
tases have been shown to act as negative regulators of AKT, like PTEN, SHIP and PHLPP
phosphatases [12–14]. In addition, AKT has a transitional role between two complexes,
mTORC1 and mTORC2. Indeed, AKT can act directly or indirectly to turn on mTORC1, lead-
ing to the subsequent activation of ribosomal S6 kinase-1 (S6K-1) and 4E binding protein-1
(4EBP-1) [15]. In contrast, mTORC2 is known to be an upstream regulator of AKT kinase acti-
vation [16]. In fact, AKT plays a central role for the crosstalk between many cellular signaling
processes and also acts as a proto-oncogene, which can contribute to the development or pro-
gression of various human cancer forms [17,18]. Thus, PI3K/AKT/mTOR signaling has a cen-
tral role in tumorigenesis. Therefore, these proteins are attractive targets for drug-development
against cancer. Notably, AKT and mTORC 2 inhibitors are currently undergoing clinical trials,
such as the newly identified MK-2206 inhibitor [19,20] and the PP242 inhibitor [21].

The current study aimed to determine the novel AKT target proteins that contain AKT con-
sensus motifs, and whether phosphorylation by AKT-mTORC1/2 regulates their cellular func-
tion. High-scale immuno-affinity enrichment followed by mass spectrometric analysis was
utilized in order to explore the identity of protein-protein interaction complexes. For validation
of our methodology, two AKT target consensus-containing proteins (MEF-2D and RBM25)
were positively verified to show phosphorylation by immunoblotting. Surprisingly, we discov-
ered that while the phosphorylation of the AKT target motif did depend on AKT in some
cases, this was not always true. Additionally, it highlights the importance of validating the indi-
vidual kinases responsible for phosphorylating specific target sequences in different proteins.

In this work, we identified an array of downstream signaling proteins in various biological
pathways. Interestingly, we identified numerous proteins showing related functional activities.
Our results serve as a starting point to screen and resolve the range of AKT-mTORC1/2 target
proteins, which control specific intracellular functions. Such approaches are required to deci-
pher the molecular mechanisms governing the whole spectrum of human diseases where AKT-
mTORC1/2 signaling plays a crucial role.

Materials and Methods

Cell lines, reagents and transfection
The human B cell line Namalwa, the mouse B cell line A20 and fibroblast-derived Cos-7 cells
were obtained from the American Type Culture Collection (ATCC). Cos-7 cells were cultivated
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in Dulbecco´s Modified Eagle’s Medium (DMEM) supplemented with 10% heat inactivated
Fetal Bovine Serum (FBS) from (Life technologies). Hematopoietic cells were cultured in
RPMI1640 medium with supplements. All cells were cultured at 37°C with humidified 5%
CO2. For protein analysis, protease inhibitor complete mini EDTA free tablets (Roche), phos-
phatase inhibitors cocktail (Sigma-Aldrich), protein-G sepharose 4Fast Flow and protein-A
sepharose CL-B4 (GE Health-care), Dynabeads (Life technologies) were used. All other chemi-
cals/ reagents were obtained from (Sigma- Aldrich). The SDS-PAGE (4–12% Bis-Tris gels) and
Nitrocellulose membranes of iBlott Dry-blotting system were purchased from (Life technolo-
gies). BV02 was purchased from (Millipore). MK-2206, PP242 and Rapamycin were obtained
from (Selleckchem Chemicals), Bay-61, LY294002 and GF10-9203X were purchased from
(Sigma-Aldrich). Transient transfections were performed in 6 well plates using polyethylene
imine (PEI) from (Polysciences Inc.), according to the manufacturer’s protocol.

Antibodies
The antibodies used in this work, were as follows: Anti-14-3-3z (1:2000), anti-Pan 14-3-3
(1:2000), anti-MEF-2D (1:1000), anti-RBM25 (1:1000), anti-Bcl-x (1:1000), anti-pERK (44/42)
(1:1000) and anti-ERK (1:1000) were purchased from Santa Cruz Biotechnology; anti-actin
(1:100,000) from Sigma Aldrich; anti-RXRXXpS/T (1:1000) and anti-pS660 PKC βII (1:1000)
from cell signaling; anti-pS473-AKT (1:5000) from R&D, anti-Pan-AKT (1:4000) was pur-
chased from Invitrogen and goat F(ab’)2 anti-Human IgM from Southern Biotech. Polyclonal
rabbit antibody against BTK-SH3 domain has been described earlier [22].

Immunoprecipitation & Immunoblotting
Immunoprecipitation analysis was carried out using Dynabeads protein G (Life Technologies)
according to the manufacturer’s protocol. Cell lysates were obtained, after washing cells in PBS
twice, by incubation with lysis buffer (50 mMHepes, pH 7.0, 120 mMNaCl, 10% Glycerol, 1%
NP-40, 0.5% Sodium deoxycholate) supplemented with protease inhibitors (Complete Mini,
Roche) for 30 min with repeated vortexing and the lysates were cleared by centrifugation. Pro-
teins were separated on gradient 4–12% SDS Bis-Tris NuPAGE gels (Life technologies) and
transferred onto nitrocellulose membranes using the Iblot system (Life technologies). The
membranes were then blocked with LI-COR Blocking Buffer (LI-COR Biosciences GmbH) and
probed with specific primary antibodies. The membranes were scanned with the Odyssey infra-
red imaging system (LI-COR Biosciences GmbH). The densities of target bands were quanti-
fied using the application software of the Odyssey infrared imaging system. The following
secondary antibodies: goat anti-mouse-800CW, goat anti-rabbit-800CW, goat anti-mouse-
680LT, or goat anti-rabbit-680 (LI-COR Biosciences GmbH) were used at 1:20,000 dilutions
for 1 h at room temperature.

High-scale immuno-affinity purification of putative AKT substrates
carrying a phosphorylated consensus motif for proteomics analysis
To identify novel AKT substrates complexes we used an RXRXXpS/T motif antibody to
immuno-affinity purify proteins from Namalwa cells. Proteins were captured on anti-
RXRXXpS/T-coated Dynabeads, eluted, lyophilized, and prepared for gel-free MS/MS analysis.
The details of preparations for mass spectrometry analysis were previously described [7]. The
proteomics data consisted of 446 proteins in total and for each protein, we computed the ratio
of activated versus (starved+1) for both experiment 1 and experiment 2, where 1 was added to
starved as pseudo-count to avoid infinity in case of 0. We then computed the average of this
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ratio from both experiments. If the average is less than 1, the proteins are down regulated; if
more than 1, up regulated, and if equal to 1, unchanged.

Bioinformatics analysis
Proteomics identification of proteins containing the RXRXXpS/T motif. The 446 pro-

tein IDs given by MS/MS were provided to the BioMart tool in Ensembl v. 71 [23] and the pro-
tein sequences for these IDs were retrieved. Analysis of proteins containing RXRXXS/T motifs
with functional correlation to their respective genes was performed using a custom script writ-
ten in Java. To reduce redundancy in motif count on the same position, we kept only one of
those target motifs that occurred within a 6 amino acids distance from the most N-terminal
region.

Domain classification for identified proteins from proteomics data. The protein
sequences extracted in the previous step were submitted to the Conserved Domain Database
(CDD) [24] and the domain superfamily grouping were obtained for all proteins using the
Conserved Domain Architecture Retrieval Tool (CDART) [25]. Subsequently, the proteins
were divided into RXRXXpS/T motif-containing proteins and proteins lacking this motif, and
the domain superfamily profile was generated for both groups. The domain superfamily allows
more diversity within a domain family facilitating the retrieval of the consensus sequences in
the databases. The protein to domain mapping was retained for calculating statistics.

Functional- and Protein-Protein interaction analysis. The functional analysis of motif-
containing proteins was performed using the Protein Analysis Through Evolutionary Relation-
ships (PANTHER) classification system [26], in order to classify the proteins based on their
intracellular functions. The protein-protein interaction data and graphs were generated using
the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database tool [27]. A
high, stringent interaction confidence of 0.7 score was imposed to ensure a greater probability
of positive hits from the predicted database analysis [28].

Homology analysis for AKT target motif-containing proteins. NCBI Taxonomy data-
base [29] was used to identify the full lineage of each species. Evolutionarily important clades
and sub-clades in eukaryotes were identified: e.g. primates, rodents and four-legged walker
mammals were identified as important subclades in the clade Mammalia. Then, first model
organisms with well-sequenced genomes were selected to represent a clade/subclade. Where
the proteome of a model organism is not available, the species known for well-sequenced
genomes belonging to the clade/ subclade was selected as a representative. This resulted in 68
species representing various clades and subclades. The Biomart tool was used to extract the
complete proteome of each species representing various clades from different Ensembl data-
bases [30] (Fungi clade from Ensembl Fungi Release 21, Protists clade from Ensembl Protists
Release 21, invertebrates from Ensembl Metazoa Release 21, Viridiplantae clade from Ensembl
Plants Release 21 and vertebrates from Ensembl version 78). The longest isoform was used to
represent a gene with more than one protein product. All versus All Blast (for proteins) avail-
able in GenFamClust [31] was used to infer homologs in other species using the 186 Homo
sapiens proteins as seed sequences and an e-value of 10−10 was used as threshold to infer
homology. All duplicate hits for a particular species and protein were removed (i.e. if aHomo
sapiens protein has two blast hits in the same species, we removed the hit with lower e-value,
but (exactly) one hit, if it exists, per species for the protein is kept). Subsequently, the number
of proteins containing the motif was counted in each species making a table of 186 values, e.g.,
Homo sapiens has all 186 proteins containing an AKT motif and other species having equal or
lesser number of homologous motif containing proteins. TimeTree [32] (divergence times sug-
gested by “Expert”) was used to obtain distances between species and the topology for the
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species tree. Archaeopteryx in Forester [33] version 1038 was used to make the species tree and
for homology analysis along with important evolutionary clades and subclades. NCBI Taxon-
omy database and TimeTree database were used to infer the topology of this species tree. The
clade selection was based on important events in the history of eukaryotes, e.g., between Mam-
malia and Sauropsida or between Ascomycota and Basidiomycota etc.

Statistical analysis
SPSS 20 (SPSS Inc.) was used for data analysis. Mean and standard deviation were recorded for
each group after 72 h of treatment of PP242 in both Namalwa and A20 cells. One-way
ANOVA was used to compare the results between the groups and Duncan test was carried out
to compare the sets of means in different groups. P� 0.01 was considered to be significant.

Results

Identification of novel partners interacting with the AKT consensus motif
(RXRXXS/T) in Namalwa cells
The present study employed immuno-affinity purification to enrich post-translationally modi-
fied (RXRXXpS/T) targets to identify the whole spectrum of known, and novel, interacting pro-
teins, in order to find new downstream signaling pathways that respond to AKT activation.
Samples were isolated from Namalwa cells under two conditions, i.e. either under starvation or
after activation with F(ab’)2 anti-IgM from independent experiments. Proteomics analysis was
performed on these purified fractions using tandem mass spectrometry (MS/MS). The results
were calculated from Mascot scores as indicative hits for the new AKT substrate proteins
found in the proteomic data obtained by the proteomics analysis (S1 Table). To confirm the
MS/MS data, endogenous proteins containing the phosphorylated AKT consensus motif were
resolved on SDS-PAGE and immunoblotted with the RXRXXpS/T-motif antibody (Fig 1A).
While individual proteins could show either enhanced or reduced phosphorylation, it is clear
that anti-IgM treatment induced a strong overall increase in phosphorylation.

To verify further the proteomics data, we investigated the phosphorylation of two proteins
identified from Namalwa cells, Myocyte Specific Enhancer Factor 2D (MEF-2D) and RNA--
Binding protein 25 (RBM25). Immunoprecipitation with anti-MEF-2D and anti-RBM25 anti-
bodies was performed and the western blotting membrane was decorated with anti-RXRXXpS/
T antibody (Fig 1B and 1C). The data demonstrated enhanced phosphorylation of both pro-
teins following stimulation by F(ab’)2 anti-IgM, indicating that these consensus motif-contain-
ing proteins are possible targets for AKT-mTORC1/2 kinase activity (Fig 1B and 1C). To
exclude any interference from other kinases and to ensure AKT specificity, inhibitor analysis
for specific pathways was performed (see the following section).

AKT regulates phosphorylation of MEF-2D and interaction with 14-3-3
A previous study has shown that the interaction between MEF-2D and 14-3-3 enhances MEF-2D
transactivation activity [34], but nothing is known about how this interaction is regulated. There-
fore, we sought to identify the effect of AKT kinase activity on MEF-2D phosphorylation and the
dynamic interaction with 14-3-3. Sequence analysis using the program Scansite (http://scansite.
mit.edu/) together with visual inspection of the primary sequence of MEF-2D identified two puta-
tive AKT-binding motifs with the consensus sequence RXRXXT/S, possibly serving as docking
sites for 14-3-3 interactions. One motif is located at the MADS-box (15-RNRQVT-20), while the
other site resident in the TAD domain (512-RMRLDT-517) [35]. We sought to determine whether
these potential AKT target sites are subject to phosphorylation and whether that provides a
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docking site for 14-3-3 interaction. Following conditioning of the Namalwa cells, either starved or
activated with F(ab’)2 anti-human IgM, whole cell lysates were immunoprecipitated using a spe-
cific antibody against MEF-2D. Interestingly, the phosphospecific antibody (RXRXXpS/T) was

Fig 1. Phosphorylation of RXRXXS/Tmotif in MEF-2D and RBM25 proteins. (A). The immunoprecipitates of
proteins carrying the putative AKTmotif using anti-RXRXXpS/T antibody in Namalwa cells before and after anti-
IgM (20 μg/ml) stimulation. In both experiments of theMS/MS, samples were resolved on 4–12%SDS-PAGE
and then immunoblotted with the corresponding antibodies. EXP1 and EXP2 represent two independent
experiments conducted prior to the proteomics analysis. (B). Total MEF-2Dwas immunoprecipitated in Namalwa
cells. Anti-RXRXXpS/T antibody was used to identify MEF-2D phosphorylation. The pulled-down protein was
identified using anti-MEF-2D antibody. (C). Endogenous RBM25 protein was immunoprecipitated in Namalwa
cells and probed for the presence of the consensus site phosphorylation by immunoblotting with anti-RXRXXpS/
T antibody.

doi:10.1371/journal.pone.0160255.g001
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strongly reactive on the immunoblot membrane with the MEF-2D protein band in activated cells
but to a much lower extent in starved cells, indicating induced phosphorylation of the MEF-2D
protein at sites threonine-20 and/or threonine-517 upon BCR stimulation, (Fig 2A, Lane 2).

Similarly, immunoblotting analysis with anti-14-3-3 antibody showed intensified interac-
tion of 14-3-3 with MEF-2D in stimulated cells (Fig 2A Lane 2). Since the AKT pathway
induces serine/threonine phosphorylation and subsequent binding of MEF-2D to 14-3-3, we
wondered whether specific inhibition of AKT would affect the phosphorylation of MEF-2D
and alter the endogenous interaction between these two proteins in vivo.

Therefore, we employed inhibitors against AKT (MK-2206) or mTORC1 (Rapamycin)
and then performed a co-immunoprecipitation analysis (Fig 2A). Namalwa cells were treated
with the drugs for 3 hours, and then whole cell lysates were prepared and subsequently ana-
lyzed with immunoprecipitation and immunoblotting. Phosphorylation of MEF-2D on this
motif and interaction of MEF-2D with 14-3-3 were strongly reduced following MK-2206
treatment (Fig 2A, Lane 3 and 4), while the efficacy of Rapamycin, not unexpectedly, was
lower.

Fig 2. AKT inhibitor (MK-2206) inhibits MEF-2D and RBM25 phosphorylation in Namalwa cells. (A).
Namalwa cells were activated using anti-IgM (20 μg/ml) in the absence or presence of AKT inhibitor MK-2206
(2 μM) or Rapamycin (150 nM) and incubated for 3 h. Total cell lysates (TCLs) were processed for
immunoprecipitation using anti-MEF-2D and western blotting with the AKT substrate, phospho-specific
antibody (RXRXXpS/T) to detect MEF-2D phosphorylation. (B). Activated Namalwa cells were treated with
various pharmacological drugs; AKT inhibitor MK-2206 (2 μM), Rapamycin (150 nM), PP242 (1 μM) or
LY294002 (20 μM) for 3 h. Immunoprecipitated RBM25 was subjected to western blotting and the effect of
inhibitors on the phosphorylation of RBM25 was observed using RXRXXpS/T antibody. Control samples
were incubated with DMSO in both panels. The efficiency of the inhibitors was monitored by using a phospho-
specific antibody against pS473-AKT.

doi:10.1371/journal.pone.0160255.g002
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mTORC1/2 controls RBM25 phosphorylation through AKT
To validate the role of AKT in another proteomics hit, the RBM25 protein, we analyzed the
amino acid sequence using Scansite program and also with visual scrutiny of the RBM25 primary
structure allocating four possible AKT target-motifs (RXRXXS/T), which are located in the cen-
tral RE/RD-rich domain, (349-RDRDRT-354, 369-RDRERS-374, 383-RSREKS-388, 467-RERKKT-472)
[36]. In order to validate the functionality of these motifs, Namalwa cells were activated with
anti-IgM, after which a robust phosphorylation signal was detected with the phosphospecific
RXRXXpS/T antibody on the RBM25 protein (Fig 2B, Lane 2).

Next, we sought to identify the pathway responsible for phosphorylation of these serine/
threonine sites in RBM25. We tested different pharmacological inhibitors against AKT
(MK-2206), Rapamycin (mTORC1), PP242 (mTORC1/2) or PI3K (LY294002). The phos-
phorylation of RBM25 was abolished following treatment of cells with these inhibitors,
although slightly less so with the AKT inhibitor (Fig 2B, Lane 3). These data suggest that
RBM25 phosphorylation is under the control of the mTORC1/2 signaling pathway and to
a great extent through AKT. The effect of these inhibitors on the catalytic activity of AKT
was verified by probing the membrane with an AKT phosphorylation-specific, pS473,
antibody (Fig 2B). Collectively these results validate the tandem mass spectrometry data
and show that stimulation of B cells through the BCR generates a profound induction of
phosphorylation of AKT-mTORC1/2 target substrates with subsequent downstream
effects.

AKT inhibitor (MK-2206) reduces the phosphorylation of target proteins
on the RXRXXpS/T motif, while mTORC1/2 inhibitor eliminates this
phosphorylation
Since the PI3K/AKT pathway induces serine/threonine phosphorylation and subsequently
augments the target protein-binding to 14-3-3, we wondered whether specific inhibition of
AKT (MK-2206) would affect the phosphorylation status of the target proteins. To examine
the mechanism, we assayed the global phosphorylation kinetics of AKT motif-containing
proteins in Namalwa cells under different conditions, non-treated or pretreated with MK-
2206 of starved and anti-IgM activated cells, then monitored the phosphorylation pattern
for 1 hour with different time intervals (1 min to 60 min). As shown in Fig 3A (left panel),
phosphorylation of AKT-S473 and the AKT target consensus motif lasted for the whole
period of stimulation, 1 hour, whereas phosphorylation of ERK 44/42 only lasted for a
period around 15 minutes and then diminished. Namalwa cells pretreated with MK-2206,
showed decreased phosphorylation of both AKT-S473 and AKT target-motif (RXRXXpS/
T) (Fig 3A, right panel), while phosphorylation of pERK44/42 was only marginally
reduced.

Since MK-2206 did not completely remove the phosphorylation of all the target proteins,
we wondered whether the AKT target-proteins are under the control of the AKT-mTORC1/2
pathway. Therefore, we employed the newly developed mTORC1/2 inhibitor PP242 to pretreat
Namalwa cells for 3 h, followed by a brief period of anti-IgM activation. Whole cell lysates
were then analyzed by western blotting (Fig 3B, Lane 5). Interestingly, phosphorylation of the
AKT target-proteins was abolished in PP242 treated cells similar to the effects of PI3K inhibitor
(LY294002) (Fig 3B, Lane 5). These results suggest that mTORC1/2 is important for the AKT
activity to phosphorylate the target proteins. MAPK inhibitor (PD98059) did not have any
effect in this experimental setting and was used as negative control.
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mTORC1/2-inhibitor (PP242) inhibits growth of both Namalwa and A20
cell lines by regulating Bcl-xL
Since we found that the mTORC1/2 inhibitor (PP242) diminishes the signal from most of the
proteins phosphorylated at the target-motif RXRXXpS/T, we wanted to investigate the effect of
PP242 on the growth of the Namalwa and A20 B cell lines. The cells were either left untreated
or treated with PP242 for 24, 48 or 72 h. As shown in (Fig 4A), the cell proliferation was signifi-
cantly (P<0.01) reduced after PP242 treatment with a persisting effect. However, PP242 treat-
ment had no effect on the cell viability of either cell line (S1 Fig).

To further investigate the effects of different inhibitors for the AKT pathway, AKT-inhibitor
(MK-2206), mTORC1-inhibitor (Rapamycin), mTORC1/2-inhibitor (PP242) or PI3K-inhibi-
tor (LY294002) were used. As shown in Fig 4B, PP242 significantly inhibits the expression of
Bcl-xL in Namalwa cells, while MK-2206 has an intermediate effect. Recently, it has been
reported that high levels of Bcl-xL increase the signaling activity of mTORC1, which promotes
cell growth by stimulation of protein synthesis [37]. Moreover, similar effects were observed in
Cos-7 cells treated with PP242, while Rapamycin had intermediate effects (Fig 4C). Staurospor-
ine (Fig 4C, lane 4) was used as positive control.

Fig 3. The Effect of MK-2206 and PP242 on RXRXXS/T phosphorylations. (A). Time course of the BCR-
induced AKT activation and its effect on substrates in the presence or absence of MK-2206 (2 μM) for 3 h.
Namalwa cells were starved and then stimulated with anti-IgM and followed for 1 h (1–60 min). Lysates were
resolved on SDS-PAGE and immunoblotted with different phospho-specific antibodies for AKT and AKT-
substrates. (B). Phosphorylation status 3 h after treatment of Namalwa cells with either DMSO or different
pharmacological inhibitors, MK-2206, (2 μM), Rapamycin (150 nM), PP242 (1 μM), LY294002 (20 μM) or
PD98059 (2 μM). The cells were serum-starved then stimulated with anti-IgM (20 μg/ml). Lysates were
resolved on 4–12% SDS-PAGE and immunoblotted with different phospho-specific antibodies for
pS473-AKT, RXRXXpS/T and pS660-PKC. Anti-pErk 44/42 antibody was used as control.

doi:10.1371/journal.pone.0160255.g003
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Distribution of the identified proteins from MS/MS data
The functional categorization of AKT target-motif proteins can be achieved by visualizing the
distribution of up- and down-regulation of phosphorylated proteins determined by mass spec-
trometry (S1 and S2 Tables). Our data demonstrate that 42% (186) of all (446) the identified
proteins from the proteomics data contained one or more AKT target-motif, highlighting the
target diversity of this motif. Interestingly, 90 proteins (out of 186 motif-containing proteins)
carry multiple AKT target-motifs (Fig 5A). This implies that multiple motifs could strengthen
the protein-protein interaction and the binding efficiency to 14-3-3 proteins following AKT-
mTORC1/2 activation. Of the 22,665 protein-coding genes in humans [23], 5213 proteins were
found to contain at least one AKT target-motif. The majority of these proteins (3904 out of
5213) contain only a single motif, while there are 1309 proteins that harbor two or more motifs

Fig 4. Inhibition of cell proliferation and reduction of Bcl-xL by PP242. (A). Namalwa and A20 cells were
treated with DMSO or PP242 (1 μM) and followed for 72h. A cell proliferation test was performed and the
absolute number of viable cells counted. The data are presented as mean ± SEM. P < 0.01 versus vehicle
using Duncan test. According to Duncan test, different letters mean that there is a significant difference
between groups (B). Namalwa cells were treated with DMSO or different inhibitors; MK-2206, (2 μM),
Rapamycin (150 nM), PP242 (1 μM) or LY294002 (20 μM) for 3 h. Samples were resolved on 4–12%
SDS-PAGE and probed with anti-Bcl-xL or pS473-AKT antibodies. (C). Cos-7 cells were pretreated with
PP242 (1 μM), Rapamycin (150 nM) or Staurosporine (1 μM) for 3 h. western blot analysis of endogenous
Bcl-xL by staining the blot with anti-Bcl-xL antibody. Staurosporine was used in this experiment as positive
control.

doi:10.1371/journal.pone.0160255.g004
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(Fig 5B). This could mean that predominantly a single AKT target-motif is most probably suffi-
cient to perform a designated function in a signaling pathway, although the functionality of
most of these motifs remains elusive. In the genome, 6% of total proteins contain multiple
AKT target-motifs, while 25% of proteins contain one motif. Thus, while not all motifs are
likely to be functional, this highlights the potential importance of this motif in signal transduc-
tion. The role of activation/deactivation with regard to this motif in a particular disease is
unknown today and remains to be explored.

Furthermore, we performed additional bioinformatics of the mass spectrometry from the
446 identified proteins (S1 and S2 Tables). We subsequently computed the average ratio in our
experiments; an average of< 1 after stimulation, equals down-regulation,> 1 up regulation,
whereas a ratio of 1 equals unchanged (see Materials and methods). From these calculations,
85 proteins are found to be up-, while 277 proteins are down regulated and 84 proteins remain
unchanged. From this data set (S1 Table), it can be concluded that more than half of the pro-
teins found to carry the consensus motif are down regulated after BCR stimulation. This is
reminiscent of the fact that more transcripts are down-regulated than up-regulated after

Fig 5. Distribution of the RXRXXS/T consensus motif-containing proteins in the proteomics data.
Panel (A) displays a histogram showing the distribution of consensus motif-containing proteins in the MS
data. 186 out of 446 proteins contain at least one motif, whereas almost half of the motif-containing proteins
carry two or more motifs. Panel (B) displays a graph summarizing the presence and highlighting the
importance of this motif in the human proteome. Part of the doughnut displays the total number of protein
coding genes in humans (according to Ensembl v. 71). The other parts show the number of motifs in the
human proteome, the number of genes containing the motif, and the distribution of motifs in terms of single or
multiple motif-containing genes. The figure shows that this motif is common in the human proteome (present
in at least one isoform of every 4th gene) and is usually found in proteins consisting of single domains. Note
that we observed a protein important in RNA alternative splicing factor named serine/arginine repetitive
matrix 2 (SRRM2) that contains 103 non-intersecting instances of RXRXXS/T motif.

doi:10.1371/journal.pone.0160255.g005
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stimulation [38], suggesting that activated cells not only are more restricted in transcriptome
diversity, but also in the diversity of the AKT- mTORC1/2 phosphoproteome.

Domain mapping for identified proteins from the MS/MS data
Common structural domains in proteins imply conserved functional profiles, although the
overall protein activity will be pinpointed by all existing functional entities. Therefore, we
inspected the domain structure of the protein hits to see if there are any differences between
proteins bearing the AKT consensus-motif compared to proteins devoid of this sequence.
Table 1 shows the domain superfamily distribution within both AKT target motif-containing
proteins and those without the motif. We found a total of 65 domains recognized in proteins
containing the motif belonging to 53 protein hits, while 133 proteins harboring the motif do
not carry any known domain structure.

Moreover, there is a difference between AKT motif-containing proteins compared to those
lacking the sequence, in terms of the overall domain content. While, most are divided propor-
tionately, PDZ, PH and SH3 domains are exclusively found in proteins carrying the AKT phos-
phorylation consensus motif. Similarly, the HMG-box, the H15 domain and NF-X1-zinc-
fingers could not be found at all among the AKT motif-containing proteins. In other words,
proteins carrying these three domains are not direct substrates for AKT activity (Table 1).
According to this distribution, it seems as if the AKT target phosphorylation motif might have
evolved to perform diverse forms of signaling, which are excluded entirely in proteins that
carry an HMG-box, an H15 domain or NF-X1-zinc-fingers.

Bioinformatics annotation and protein-protein interaction prediction
With the MS/MS raw data, we performed a detailed bioinformatics analysis and identified at
least 186 proteins containing the RXRXXS/T motif. We also observed an additional enriched
260 proteins that did not contain this motif. Their enrichment is likely caused by secondary/
tertiary protein-protein interactions, owing to that they were part of the complexes of the
AKT-mTORC1/2 motif-containing proteins. Moreover, we detected only 85 proteins whose
phosphorylation was up regulated, while in 277 proteins it was down regulated upon anti-IgM
stimulation.

Fig 6 displays the protein classification according to intracellular function. For up regulated
proteins, a main group of ribosomal and translational regulator proteins (37%) was enriched.
Another group that appears to be selectively affected are cell cycle regulatory proteins, includ-
ing DNA binding and transcriptional regulation factor proteins (22%). Significant numbers of
proteins are implicated in RNA binding and processing (21%) as depicted in Fig 6A. In fact,
the largest group of motif-enriched proteins in the phosphoproteome showing down regulated
phosphorylation consists of those related to RNA binding, splicing and mRNP export (53%).
The second largest group contains proteins with DNA binding and transcription factor activity
(19%). Selected ribosomal proteins were enriched among the downregulated phosphoproteins
(12%) (Fig 6B). This demonstrates that there is a dynamic balance of the phosphorylation sta-
tus for this motif among proteins related to ribosomal and translational regulation.

Thus, the distribution of these proteins with regard to cellular function indicates that the
AKT-mTORC1/2 target-motif is a critical regulator of diverse activities involving widespread
biological processes. Furthermore, the STRING database, a biological and physical interaction
prediction tool [28], was used to predict putative protein-protein interactions between the
newly identified proteins, as shown in (Figs 7 and 8). The biology of protein-protein interaction
prediction of the identified proteins, both up- and downregulated with regard to motif phos-
phorylation, revealed that these proteins build an interactome with each other. A highly
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stringent interaction confidence of 0.7 was imposed to ensure a higher probability that the pre-
dicted links exist [28]. Collectively these findings suggest that BCR-induced activation of AKT-
mTORC1/2 pathway causes a switch in the composition of signaling networks regulated
through the consensus motif.

Table 1. Domain mapping of the MS/MS identified proteins. Table displays the domain architecture of the 446 proteins in the MS data. The domain archi-
tecture is shown as total domains in the 446 proteins and also divided into two parts; AKT motif containing proteins and non-motif containing proteins to iden-
tify the domain contents of each part. The table displays the highest number of domains in total, in AKT motif-containing proteins and in non-motif containing
proteins.

# Domain name Superfamily observed in 186
proteins containing motif

Domain name Superfamily observed in 260
proteins not containing motif

Domain name Total

1 RRM_SF superfamily 48 RRM_SF superfamily 43 RRM_SF superfamily 91

2 zf-H2C2_2
superfamily

11 KH-I superfamily 9 zf-H2C2_2
superfamily

20

3 PKc_like superfamily 9 zf-H2C2_2 superfamily 9 PKc_like superfamily 14

4 APH_ChoK_like
superfamily

7 WD40 superfamily 7 DEXDc superfamily 13

5 DEXDc superfamily 7 DEXDc superfamily 6 Helicase_C
superfamily

13

6 Helicase_C
superfamily

7 Helicase_C superfamily 6 HELICc superfamily 13

7 HELICc superfamily 7 HELICc superfamily 6 KH-I superfamily 13

8 PDZ superfamily 7 zf-CCCH superfamily 6 APH_ChoK_like
superfamily

11

9 PH-like superfamily 6 HMG-box superfamily 6 WD40 superfamily 10

10 ApoLp-III_like
superfamily

5 PKc_like superfamily 5 zf-CCCH superfamily 10

11 DUF1777
superfamily

5 H15 superfamily 5 ApoLp-III_like
superfamily

9

12 PRK14879
superfamily

5 NF-X1-zinc-finger
superfamily

5 Cas3_I superfamily 8

13 SH3 superfamily 5 AdoMet_MTases
superfamily

4 G-patch superfamily 7

14 AAA superfamily 4 APH_ChoK_like
superfamily

4 PDZ superfamily 7

15 Cas3_I superfamily 4 ApoLp-III_like superfamily 4 PH-like superfamily 7

16 KH-I superfamily 4 Cas3_I superfamily 4 AAA superfamily 6

17 zf-C2H2 superfamily 4 G-patch superfamily 4 PRK14879
superfamily

6

18 zf-CCCH superfamily 4 RCC1 superfamily 4 SAP superfamily 6

19 ZnF_U1 superfamily 4 KOW superfamily 4 zf-C2H2 superfamily 6

20 ANK superfamily 3 NBD_sugar-
kinase_HSP70_actin

4 HMG-box superfamily 6

21 Ank_5 superfamily 3 Sm_like superfamily 4 AdoMet_MTases
superfamily

5

22 FHA superfamily 3 Ribosomal_L7Ae
superfamily

4 ANK superfamily 5

23 G-patch superfamily 3 GIT_SHD superfamily 4 Ank_5 superfamily 5

24 Peptidase_C19
superfamily

3 Tubulin-binding
superfamily

4 DUF1777 superfamily 5

25 PWI superfamily 3 ARM superfamily 3 RCC1 superfamily 5

26 RCC1_2 superfamily 3 BRCT superfamily 3 RCC1_2 superfamily 5

27 SAP superfamily 3 chaperonin_like
superfamily

3 SH3 superfamily 5

doi:10.1371/journal.pone.0160255.t001
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The evolution of AKT target-motif in different eukaryotic clades
The presence of gene orthologs in a large group of species indicates the probable evolutionary
and functional importance of those genes (S3 Table). Therefore, we wanted to see if the AKT
target-motif containing proteins were conserved across eukaryotes in order to disclose the pos-
sible functional similarities and the significance of such proteins being present in different
eukaryotic subclades. The analysis showed that 33 proteins had orthologous genes in all 68 spe-
cies out of 186 AKT target motif-containing proteins, corresponding to about 18% of all identi-
fied proteins (Fig 9 and S4 Table). This degree of conservation is remarkably high considering
the amount diversity and complexity in the selected species, from simple single-celled

Fig 6. Functional distribution of the proteomics identified proteins.Categorizations were based on
information provided by the online PANTHER classification system for molecular function in both elevated (A) and
under-expressed proteins (B). It can be inferred from the figure that more than half of the proteins identified in MS/
MS analysis are involved in RNA binding and translation regulation for under-expressed proteins. On the other
hand, more than one third of the proteins identified in MS/MS analysis are involved in Ribosomal and translation
regulator activity.

doi:10.1371/journal.pone.0160255.g006
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organisms to complex animals, such as primates (S2 Fig). Again, the conservation of the AKT
target-motif between diverse species pinpoints the functional importance of the AKT target-
motif, especially among the housekeeping proteins necessary for cell survival.

Discussion
The purpose of this study was to gain further insight into the role of the AKT pathway and its
substrates, utilizing proteomics and bioinformatics approaches. Interestingly, we found that
while AKT phosphorylated the RXRXXS/T motif, inhibition of the mTORC1/2 pathway
completely abrogated phosphorylation of this motif. Signaling pathways are mediated by

Fig 7. Biological, physical and functional interaction predictions of the AKT-mTORC1/2 substrate (up-
regulated) proteins. An interaction map was predicted to observe putative AKT-mTORC1/2 substrate interactions
by using a web-based interface, String 9 tool for up-regulated proteins. Dense clusters representing high interaction
between proteins can be seen for up-regulated proteins.

doi:10.1371/journal.pone.0160255.g007
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specific protein-protein interaction cascades that are crucial for various cellular activities and
responses [39]. The regulation is mediated by domains and consensus motifs contributing the
assembly formation of many protein complexes, containing enzymes, such a protein kinases,
downstream substrates, adaptor modules and scaffold proteins. Advanced tandem mass spec-
trometry-based technologies allow the identification of the interacting partners in multiprotein
complexes in a single gel-free sample [40].

Numerous, previously unknown, substrates carrying the AKT target-motif (RXRXXS/T)
were identified in this study using proteomics identification together with genome-wide in

Fig 8. Biological, physical and functional interaction predictions of the AKT-mTORC1/2 substrate (down-
regulated) proteins. An interaction map was predicted to observe putative AKT-mTORC1/2 substrate interactions
by using a web-based interface, String 9 tool for down-regulated proteins. Dense clusters representing high
interaction between proteins can be seen for down-regulated proteins. The down-regulated proteins have more
dense clusters and a larger connected graph in comparison with up-regulated proteins in (Fig 7).

doi:10.1371/journal.pone.0160255.g008
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silico analysis. As proof of principle we validated two target proteins, MEF-2D and RBM25, as
direct target substrates for the AKT-mTORC1/2 pathway.

The primary consensus sequence around the site of phosphorylation is an essential determi-
nant for the downstream kinase specificity in vivo [41]. Phosphospecific antibodies selective
for the motifs are ideal tools for the identification of the activation status of signaling proteins.
This approach has been successfully used to e.g. identify new PKA-target motif-site on cyto-
plasmic tyrosine kinase SRC, controlling the catalytic activity [42]. In this work, we used a spe-
cific anti-RXRXXpS/T antibody to pull down AKT target-substrates. Then, we applied a gel-

Fig 9. Homology inference and count of 186 AKT-mTORC1/2 substrates in different eukaryotic clades. The
figure displays the number of homologs of 186 AKT-mTORC1/2 substrates present in different eukaryotic species
representing Fungi, Protists, Viridiplantae, Invertebrates and Vertebrates. The proteins with homologs in all clades
are also displayed in the figure. The species tree and the two circles are colored according to their clade (color
mentioned on top left as figure legend). The polar dendrogram showing the species tree drawn using
Archaeopteryx. The count between the inner and outer circle represents the number of 186 AKT-mTORC1/2
substrates with homologous proteins in that species. The HGNC names of proteins (33 proteins) with homologs in
all major clades and in more than 65 out of 68 species are written outside the outer circle. It can be inferred from
presence of homologs of these proteins in all clades that these proteins were present in the last common ancestor
of eukaryotes and that these proteins are evolutionarily and functionally important for eukaryotes.

doi:10.1371/journal.pone.0160255.g009
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free MS/MS identification approach, following immuno-affinity purification of protein-protein
complexes, in order to determine the global proteome of the AKT target-substrates. In this
context, it is also possible to identify secondary and tertiary protein-protein interactions.

The presence of MEF-2D as an AKT target-protein was verified with immunoblotting, add-
ing further validation of the proteomic data. Visual inspection of the primary sequence of
MEF-2D revealed the presence two potential AKT consensus motifs 15-RNRQVT-20 and
512-RMRLDT-517. MEF-2D is essential during development and adulthood, controlling tran-
scription related to differentiation, proliferation, morphogenesis, survival and apoptosis [43–
46]. Choi et al. revealed MEF-2D’s association with 14-3-3, which subsequently induces the
transactivation activity [34]. While, the identity of the responsible kinase was not demonstrated
in this study. Western blot analysis confirmed that AKT phosphorylates MEF-2D in B cells
and that this results in a protein-protein interaction in vivo with 14-3-3 in a phosphorylation-
dependent manner.

On the other hand, it has been shown that RBM25 modulates Bcl-x pre-mRNA splicing
[47], and plays an important role in cardiac sodium channel splicing regulation [48]. We iden-
tified the RXRXXS/T consensus sequence in RBM25 and its increased phosphorylation follow-
ing B cell anti-IgM activation in Namalwa cells. Our finding implies a possibly important role
for AKT-mTORC1/2 in the regulation of mRNA splicing following phosphorylation of
RBM25.

In fact, the activated AKT-mTORC1 pathway results in the phosphorylation of many down-
stream signaling molecules, such as the translation-regulating factors ribosomal S6 kinase-1
(S6K-1) and eukaryote translation initiation factor 4E binding protein-1 (4EBP-1) [49]. The
S6K-1 activation leads to the translation of mRNA encoding ribosomal proteins and elongation
factors [16]. The 4EBP-1 phosphorylation also enhances the translation of mRNAs encoding
cyclin D1 and c-Myc, controlling cell cycle progression and angiogenesis [50]. It is known that
mTORC2 is an upstream regulator of AKT function and controls the phosphorylation of AKT
at Serine 473 (S473), which together with the phosphorylation of Threonine 308 (T308) by
PDK1, results in full activation of AKT [51]. As shown in Fig 3A, the AKT inhibitor (MK-
2206) did not completely abolish the phosphorylation of all the AKT substrates. In contrast, an
mTORC1/2 inhibitor (PP242) was remarkably efficient in blocking signaling (Fig 3A, Lane 5).
Of note is that mTORC2 has pleiotropic roles in cell growth control. Indeed, we observed inhi-
bition of proliferation in both the Namalwa and A20 cell lines upon PP242 treatment (Fig 4A).

In this study, the MS/MS data confirmed some AKT target-proteins, which have previously
been identified as true AKT substrates, such as the CDC2-like kinase Clk2 [52], different iso-
forms of Heterogeneous nuclear ribonucleoprotein (hnRNP) proteins [53] and transcriptional
co-activator (ALY/REF) protein [54]. However, in this study we have identified many new pro-
teins, which might be novel AKT-mTORC1/2 downstream substrates. Previous work has also
shown that AKT can either directly modulate the function of the serine-arginine (SR) family of
splicing factors [55–57], or indirectly, through SR protein kinases (SRPKs) or Clk/Sty kinase
[58]. Furthermore, phosphorylation of CLK2 by AKT controls cell survival following ionizing
radiation. Interestingly, in our MS/MS data we observed also other isoforms of CLK; CLK1 and
CLK3 as AKT target-substrates, which may play a specific role in B cell signaling.

Intriguingly, we also noticed many novel candidates of AKT-mTORC1/2 target motif-con-
taining substrates that are related to RNA-binding and splicing factor proteins, such as RBM3,
RBM15, RBM25, UTP11L, hnRNP and LUCL2, to mention some (S1 and S2 Tables). Thus, we
observed 48 proteins as possible novel AKT-mTORC1/2 downstream substrates, containing
RNA binding domains (RRM-SF) (Table 1). Previously, several proteins in the AKT pathway
have been revealed to act as oncogenes or tumor suppressors [59,60]. Our proteomic findings
complement other aspects of human cancer signaling, such as splicing regulation by AKT.
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Further analysis on the role of AKT for the regulation of splicing is important for understand-
ing the etiology and progression of cancer, because irregularity in RNA splicing has been
shown to contribute to the progression of different kinds of human tumors [61,62].

Our bioinformatics analysis of the MS/MS data identified at least 186 AKT-mTORC1/2 tar-
get proteins containing the RXRXXS/T motif. However, we also found an additional 260 pro-
teins, which lack this motif, possibly representing secondary or tertiary interactors with
proteins bearing the AKT target-motif as indicated by the fact that many of these proteins fall
into the same functional categories as the motif-containing proteins, while possibly a few of
them could simply be sticky, contaminant proteins appearing in the proteomics data.

In this work, we could show the dynamic interaction with 85 proteins that were up regulated
in response to anti-IgM stimulation in Namalwa cells. To explore further features of the signal-
ing function represented by the identified proteins, we sub-grouped substrates according to
their functional distribution (Fig 6). For this analysis, we used the PANTHER classification sys-
tem [63], which classifies the proteins into sub-groups based on their molecular function. We
also generated networks of interactions between the identified proteins, which demonstrate the
effect of BCR activation, generated by STRING database tool [28]. For up regulated proteins,
ribosomal interactors form the most visible group. Another group that appears to be enriched
are proteins that regulate cell cycle through various mechanisms, including transcriptional and
splicing regulation (Fig 7). Additionally, ribosomal proteins synthesis also featured strongly
among the down regulated proteins. There are also some notable interactions related to Wnt
signaling, ubiquitination, apoptosis and DNA repair (Fig 8). As mentioned, this pattern is sug-
gestive of a shift in the cellular phenotype from a more resting stage to an activated phenotype.

In our proteomics data, somewhat unexpectedly, the biggest protein assemblies are related
to splicing and mRNP export and stability. Furthermore, this category of proteins is most con-
sistent with components of late spliceosomal complexes linked to mRNP export, as described
previously by Singh et al, [64]. Many of the components observed in the MS/MS data have
been described to be hypo-phosphorylated when nuclear mRNP export is initiated, particularly
SR proteins and exon junction complex (EJC) proteins. The fact that their phosphorylation is
down regulated in the proteome, suggests that activation may lead to enhanced export. These
cellular functions represent novel pathways to be explored in future studies and our prelimi-
nary data indicate such function to be directly or indirectly controlled by AKT-mTORC1/2
kinase activity.

Our novel identification of RXRXXXS/T motif-containing targets in this work could
become a valuable platform in characterizing the phosphorylation status of various cellular
responses associated with specific signaling pathways. Abnormal or sustained protein phos-
phorylation is often correlated with diseases, including cancer [65]. It is worthwhile to mention
that greater than 90% of mammalian protein phosphorylation occurs on serine or threonine
residues [8]. Moreover, loss of PTEN correlates with constitutive PI3K signaling, with elevation
of the AKT kinase activity and is found in various cancer types [66,67].

By analyzing the details of the signaling pathways involved in AKT-mTORC1/2 target-
motif phosphorylations, novel unknown substrates and downstream pathway candidates could
be found for AKT-mTORC1/2. Our work is an attempt to elucidate the importance of alterna-
tive pathways for AKT-mTORC1/2 signaling. Future studies are needed to more precisely map
the consequences of these candidates and also the status of 14-3-3 interactions on target pro-
teins. We have previously shown for BTK that AKT-regulated signaling leads to down-regu-
lated tyrosine kinase activity [7]. Our data will help to provide a comprehensive picture of the
role of the newly identified AKT-mTORC1/2 substrate proteins. Hopefully, this could reveal
novel pharmaceutical targets for cancer and also for other human diseases associated with
AKT and/or mTORC1/2 signaling. In particular, some of the newly identified proteins most
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likely serve as direct substrates of AKT-mTORC1/2, and therefore inhibitors of these signal
transducers are expected to significantly interfere with these processes and could result in more
fine-tuned treatments.

Supporting Information
S1 Fig. Viability test in Namalwa and A20 cells.
(PDF)

S2 Fig. Species tree of the homology analysis from Fig 9.
(PDF)

S1 Table. List of the proteins identified by MS-MS technique as up regulated after stimulation
of Namalwa cells with anti-IgM in both AKT target motif containing (A) and no motif-con-
taining proteins (B).
(PDF)

S2 Table. List of the proteins identified by MS-MS technique as down regulated after stimula-
tion of Namalwa cells with anti-IgM in both AKT target motif containing (A) and no motif-
containing proteins (B).
(PDF)

S3 Table. Numbers of species contain a homolog of a particular protein.
(PDF)

S4 Table. Numbers of homologous proteins are contained in each species.
(PDF)

Acknowledgments
We are indebted to, Karen Colwill, and the late Dr. Anthony Pawson (R.I.P), Samuel Lunenfeld
Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada and Department of
Molecular and Medical Genetics, University of Toronto, Toronto, Ontario, Canada for assis-
tance in the proteomics analysis. D.K.M. thanks the Ministry of Higher Education and Scien-
tific Research in Kurdistan Regional-Government (Erbil-Iraq) for the support. J.J.T. has been
supported by postdoctoral grants from Sigrid Jusélius Foundation and Osk. Huttunen Founda-
tion. The Swedish Cancer Society, the Swedish Research Council, the Stockholm County Coun-
cil (research grant ALF) and the European Council FP7 grant EURO-PADnet further
supported this work. B.F.N. thanks the Erik Edith Fernström Stiftelse for providing funding for
travel and cooperation with the Mount Sinai Hospital, Toronto, Canada. Additional support to
B.F.N was from CRDF Global (USA).

References
1. Scheid MP, Woodgett JR (2003) Unravelling the activation mechanisms of protein kinase B/Akt. FEBS

letters 546: 108–112. PMID: 12829245

2. Brazil DP, Hemmings BA (2001) Ten years of protein kinase B signalling: a hard Akt to follow. Trends
Biochem Sci 26: 657–664. PMID: 11701324

3. Lawlor MA, Alessi DR (2001) PKB/Akt: a key mediator of cell proliferation, survival and insulin
responses? J Cell Sci 114: 2903–2910. PMID: 11686294

4. Hers I, Vincent EE, Tavare JM (2011) Akt signalling in health and disease. Cell Signal 23: 1515–1527.
doi: 10.1016/j.cellsig.2011.05.004 PMID: 21620960

5. Alessi DR, Caudwell FB, Andjelkovic M, Hemmings BA, Cohen P (1996) Molecular basis for the sub-
strate specificity of protein kinase B; comparison with MAPKAP kinase-1 and p70 S6 kinase. FEBS Lett
399: 333–338. PMID: 8985174

BCR Activation and Regulation of AKT-Target Substrates

PLOS ONE | DOI:10.1371/journal.pone.0160255 August 3, 2016 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160255.s006
http://www.ncbi.nlm.nih.gov/pubmed/12829245
http://www.ncbi.nlm.nih.gov/pubmed/11701324
http://www.ncbi.nlm.nih.gov/pubmed/11686294
http://dx.doi.org/10.1016/j.cellsig.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21620960
http://www.ncbi.nlm.nih.gov/pubmed/8985174


6. Johnson C, Crowther S, Stafford MJ, Campbell DG, Toth R, MacKintosh C (2010) Bioinformatic and
experimental survey of 14-3-3-binding sites. Biochem J 427: 69–78. doi: 10.1042/BJ20091834 PMID:
20141511

7. Mohammad DK, Nore BF, Hussain A, Gustafsson MO, Mohamed AJ, Smith CI (2013) Dual phosphory-
lation of Btk by Akt/protein kinase b provides docking for 14-3-3zeta, regulates shuttling, and attenuates
both tonic and induced signaling in B cells. Molecular and cellular biology 33: 3214–3226. doi: 10.
1128/MCB.00247-13 PMID: 23754751

8. Galski H, De Groot N, Ilan J, Hochberg AA (1983) Phosphorylation of tyrosine in cultured human pla-
centa. Biochim Biophys Acta 761: 284–290. PMID: 6197096

9. Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P, et al. (1996) Mechanism of activa-
tion of protein kinase B by insulin and IGF-1. EMBO J 15: 6541–6551. PMID: 8978681

10. Smith AJ, Daut J, Schwappach B (2011) Membrane proteins as 14-3-3 clients in functional regulation
and intracellular transport. Physiology (Bethesda) 26: 181–191.

11. Vasudevan KM, Garraway LA (2010) AKT signaling in physiology and disease. Curr Top Microbiol
Immunol 347: 105–133. doi: 10.1007/82_2010_66 PMID: 20549472

12. Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki T, et al. (1998) Negative regu-
lation of PKB/Akt-dependent cell survival by the tumor suppressor PTEN. Cell 95: 29–39. PMID:
9778245

13. Aman MJ, Lamkin TD, Okada H, Kurosaki T, Ravichandran KS (1998) The inositol phosphatase SHIP
inhibits Akt/PKB activation in B cells. J Biol Chem 273: 33922–33928. PMID: 9852043

14. Gao T, Furnari F, Newton AC (2005) PHLPP: a phosphatase that directly dephosphorylates Akt, pro-
motes apoptosis, and suppresses tumor growth. Mol Cell 18: 13–24. PMID: 15808505

15. Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and metabolism. Cell 124: 471–
484. PMID: 16469695

16. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and disease. Cell 149: 274–293.
doi: 10.1016/j.cell.2012.03.017 PMID: 22500797

17. Scheid MP, Woodgett JR (2001) PKB/AKT: functional insights from genetic models. Nat Rev Mol Cell
Biol 2: 760–768. PMID: 11584303

18. Kandel ES, Hay N (1999) The regulation and activities of the multifunctional serine/threonine kinase
Akt/PKB. Exp Cell Res 253: 210–229. PMID: 10579924

19. Cheng Y, Zhang Y, Zhang L, Ren X, Huber-Keener KJ, Liu X, et al. (2012) MK-2206, a novel allosteric
inhibitor of Akt, synergizes with gefitinib against malignant glioma via modulating both autophagy and
apoptosis. Mol Cancer Ther 11: 154–164. doi: 10.1158/1535-7163.MCT-11-0606 PMID: 22057914

20. Lindsley CW (2010) The Akt/PKB family of protein kinases: a review of small molecule inhibitors and
progress towards target validation: a 2009 update. Curr Top Med Chem 10: 458–477. PMID:
20180757

21. Zeng Z, Shi YX, Tsao T, Qiu Y, Kornblau SM, Baggerly KA, et al. (2012) Targeting of mTORC1/2 by the
mTOR kinase inhibitor PP242 induces apoptosis in AML cells under conditions mimicking the bone
marrow microenvironment. Blood 120: 2679–2689. PMID: 22826565

22. Nore BF, Vargas L, Mohamed AJ, Branden LJ, Backesjo CM, Islam TC, et al. (2000) Redistribution of
Bruton's tyrosine kinase by activation of phosphatidylinositol 3-kinase and Rho-family GTPases. Euro-
pean journal of immunology 30: 145–154. PMID: 10602036

23. Flicek P, Ahmed I, AmodeMR, Barrell D, Beal K, Brent S, et al. (2013) Ensembl 2013. Nucleic Acids
Res 41: D48–55. doi: 10.1093/nar/gks1236 PMID: 23203987

24. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, et al. (2015) CDD: NCBI's
conserved domain database. Nucleic Acids Res 43: D222–226. doi: 10.1093/nar/gku1221 PMID:
25414356

25. Geer LY, Domrachev M, Lipman DJ, Bryant SH (2002) CDART: protein homology by domain architec-
ture. Genome Res 12: 1619–1623. PMID: 12368255

26. Mi H, Muruganujan A, Thomas PD (2013) PANTHER in 2013: modeling the evolution of gene function,
and other gene attributes, in the context of phylogenetic trees. Nucleic Acids Res 41: D377–386. doi:
10.1093/nar/gks1118 PMID: 23193289

27. Franceschini A, Szklarczyk D, Frankild S, Kuhn M, Simonovic M, Roth A, et al. (2013) STRING v9.1:
protein-protein interaction networks, with increased coverage and integration. Nucleic Acids Res 41:
D808–815. doi: 10.1093/nar/gks1094 PMID: 23203871

28. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A, Minguez P, et al. (2011) The STRING
database in 2011: functional interaction networks of proteins, globally integrated and scored. Nucleic
Acids Res 39: D561–568. doi: 10.1093/nar/gkq973 PMID: 21045058

BCR Activation and Regulation of AKT-Target Substrates

PLOS ONE | DOI:10.1371/journal.pone.0160255 August 3, 2016 21 / 23

http://dx.doi.org/10.1042/BJ20091834
http://www.ncbi.nlm.nih.gov/pubmed/20141511
http://dx.doi.org/10.1128/MCB.00247-13
http://dx.doi.org/10.1128/MCB.00247-13
http://www.ncbi.nlm.nih.gov/pubmed/23754751
http://www.ncbi.nlm.nih.gov/pubmed/6197096
http://www.ncbi.nlm.nih.gov/pubmed/8978681
http://dx.doi.org/10.1007/82_2010_66
http://www.ncbi.nlm.nih.gov/pubmed/20549472
http://www.ncbi.nlm.nih.gov/pubmed/9778245
http://www.ncbi.nlm.nih.gov/pubmed/9852043
http://www.ncbi.nlm.nih.gov/pubmed/15808505
http://www.ncbi.nlm.nih.gov/pubmed/16469695
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://www.ncbi.nlm.nih.gov/pubmed/11584303
http://www.ncbi.nlm.nih.gov/pubmed/10579924
http://dx.doi.org/10.1158/1535-7163.MCT-11-0606
http://www.ncbi.nlm.nih.gov/pubmed/22057914
http://www.ncbi.nlm.nih.gov/pubmed/20180757
http://www.ncbi.nlm.nih.gov/pubmed/22826565
http://www.ncbi.nlm.nih.gov/pubmed/10602036
http://dx.doi.org/10.1093/nar/gks1236
http://www.ncbi.nlm.nih.gov/pubmed/23203987
http://dx.doi.org/10.1093/nar/gku1221
http://www.ncbi.nlm.nih.gov/pubmed/25414356
http://www.ncbi.nlm.nih.gov/pubmed/12368255
http://dx.doi.org/10.1093/nar/gks1118
http://www.ncbi.nlm.nih.gov/pubmed/23193289
http://dx.doi.org/10.1093/nar/gks1094
http://www.ncbi.nlm.nih.gov/pubmed/23203871
http://dx.doi.org/10.1093/nar/gkq973
http://www.ncbi.nlm.nih.gov/pubmed/21045058


29. Sayers EW, Barrett T, Benson DA, Bryant SH, Canese K, Chetvernin V, et al. (2009) Database
resources of the National Center for Biotechnology Information. Nucleic Acids Res 37: D5–15. doi: 10.
1093/nar/gkn741 PMID: 18940862

30. Flicek P, Amode MR, Barrell D, Beal K, Billis K, Brent S, et al. (2014) Ensembl 2014. Nucleic Acids Res
42: D749–755. doi: 10.1093/nar/gkt1196 PMID: 24316576

31. Ali RH, Muhammad S, Khan M, Arvestad L (2013) Quantitative synteny scoring improves homology
inference and partitioning of gene families. BMC Bioinformatics 14 Suppl 15: S12.

32. Hedges SB, Dudley J, Kumar S (2006) TimeTree: a public knowledge-base of divergence times among
organisms. Bioinformatics 22: 2971–2972. PMID: 17021158

33. Han MV, Zmasek CM (2009) phyloXML: XML for evolutionary biology and comparative genomics.
BMC Bioinformatics 10: 356. doi: 10.1186/1471-2105-10-356 PMID: 19860910

34. Choi SJ, Park SY, Han TH (2001) 14-3-3tau associates with and activates the MEF2D transcription fac-
tor during muscle cell differentiation. Nucleic Acids Res 29: 2836–2842. PMID: 11433030

35. Cox DM, Quinn ZA, McDermott JC (2000) Cell signaling and the regulation of muscle-specific gene
expression by myocyte enhancer-binding factor 2. Exerc Sport Sci Rev 28: 33–38. PMID: 11131687

36. Gong D, Yang F, Li F, Qian D, WuM, Shao Z, et al. (2013) Crystal structure and functional characteriza-
tion of the human RBM25 PWI domain and its flanking basic region. Biochem J 450: 85–94. doi: 10.
1042/BJ20121382 PMID: 23190262

37. Zou H, Lai Y, Zhao X, Yan G, Ma D, Cardenes N, et al. (2013) Regulation of mammalian target of rapa-
mycin complex 1 by Bcl-2 and Bcl-XL proteins. J Biol Chem 288: 28824–28830. doi: 10.1074/jbc.
M113.505370 PMID: 23960074

38. Blomberg KE, Boucheron N, Lindvall JM, Yu L, Raberger J, Berglof A, et al. (2009) Transcriptional sig-
natures of Itk-deficient CD3+, CD4+ and CD8+ T-cells. BMCGenomics 10: 233. doi: 10.1186/1471-
2164-10-233 PMID: 19450280

39. Bonetta L (2010) Protein-protein interactions: Interactome under construction. Nature 468: 851–854.
doi: 10.1038/468851a PMID: 21150998

40. Lamond AI, Mann M (1997) Cell biology and the genome projects a concerted strategy for characteriz-
ing multiprotein complexes by using mass spectrometry. Trends Cell Biol 7: 139–142. PMID:
17708925

41. Songyang Z, Blechner S, Hoagland N, Hoekstra MF, Piwnica-Worms H, Cantley LC (1994) Use of an
oriented peptide library to determine the optimal substrates of protein kinases. Curr Biol 4: 973–982.
PMID: 7874496

42. Schmitt JM, Stork PJ (2002) PKA phosphorylation of Src mediates cAMP's inhibition of cell growth via
Rap1. Mol Cell 9: 85–94. PMID: 11804588

43. Yang Q, She H, Gearing M, Colla E, Lee M, Shacka JJ, et al. (2009) Regulation of neuronal survival fac-
tor MEF2D by chaperone-mediated autophagy. Science 323: 124–127. doi: 10.1126/science.1166088
PMID: 19119233

44. McKinsey TA, Zhang CL, Olson EN (2002) MEF2: a calcium-dependent regulator of cell division, differ-
entiation and death. Trends Biochem Sci 27: 40–47. PMID: 11796223

45. Potthoff MJ, Olson EN (2007) MEF2: a central regulator of diverse developmental programs. Develop-
ment 134: 4131–4140. PMID: 17959722

46. Zhang M, Truscott J, Davie J (2013) Loss of MEF2D expression inhibits differentiation and contributes
to oncogenesis in rhabdomyosarcoma cells. Mol Cancer 12: 150. doi: 10.1186/1476-4598-12-150
PMID: 24279793

47. Zhou A, Ou AC, Cho A, Benz EJ Jr., Huang SC (2008) Novel splicing factor RBM25modulates Bcl-x
pre-mRNA 5' splice site selection. Mol Cell Biol 28: 5924–5936. doi: 10.1128/MCB.00560-08 PMID:
18663000

48. Gao G, Dudley SC Jr. (2013) RBM25/LUC7L3 function in cardiac sodium channel splicing regulation of
human heart failure. Trends Cardiovasc Med 23: 5–8. doi: 10.1016/j.tcm.2012.08.003 PMID:
22939879

49. Huang S, Houghton PJ (2003) Targeting mTOR signaling for cancer therapy. Curr Opin Pharmacol 3:
371–377. PMID: 12901945

50. Ma XM, Blenis J (2009) Molecular mechanisms of mTOR-mediated translational control. Nat Rev Mol
Cell Biol 10: 307–318. doi: 10.1038/nrm2672 PMID: 19339977

51. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM (2005) Phosphorylation and regulation of Akt/PKB by
the rictor-mTOR complex. Science 307: 1098–1101. PMID: 15718470

BCR Activation and Regulation of AKT-Target Substrates

PLOS ONE | DOI:10.1371/journal.pone.0160255 August 3, 2016 22 / 23

http://dx.doi.org/10.1093/nar/gkn741
http://dx.doi.org/10.1093/nar/gkn741
http://www.ncbi.nlm.nih.gov/pubmed/18940862
http://dx.doi.org/10.1093/nar/gkt1196
http://www.ncbi.nlm.nih.gov/pubmed/24316576
http://www.ncbi.nlm.nih.gov/pubmed/17021158
http://dx.doi.org/10.1186/1471-2105-10-356
http://www.ncbi.nlm.nih.gov/pubmed/19860910
http://www.ncbi.nlm.nih.gov/pubmed/11433030
http://www.ncbi.nlm.nih.gov/pubmed/11131687
http://dx.doi.org/10.1042/BJ20121382
http://dx.doi.org/10.1042/BJ20121382
http://www.ncbi.nlm.nih.gov/pubmed/23190262
http://dx.doi.org/10.1074/jbc.M113.505370
http://dx.doi.org/10.1074/jbc.M113.505370
http://www.ncbi.nlm.nih.gov/pubmed/23960074
http://dx.doi.org/10.1186/1471-2164-10-233
http://dx.doi.org/10.1186/1471-2164-10-233
http://www.ncbi.nlm.nih.gov/pubmed/19450280
http://dx.doi.org/10.1038/468851a
http://www.ncbi.nlm.nih.gov/pubmed/21150998
http://www.ncbi.nlm.nih.gov/pubmed/17708925
http://www.ncbi.nlm.nih.gov/pubmed/7874496
http://www.ncbi.nlm.nih.gov/pubmed/11804588
http://dx.doi.org/10.1126/science.1166088
http://www.ncbi.nlm.nih.gov/pubmed/19119233
http://www.ncbi.nlm.nih.gov/pubmed/11796223
http://www.ncbi.nlm.nih.gov/pubmed/17959722
http://dx.doi.org/10.1186/1476-4598-12-150
http://www.ncbi.nlm.nih.gov/pubmed/24279793
http://dx.doi.org/10.1128/MCB.00560-08
http://www.ncbi.nlm.nih.gov/pubmed/18663000
http://dx.doi.org/10.1016/j.tcm.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22939879
http://www.ncbi.nlm.nih.gov/pubmed/12901945
http://dx.doi.org/10.1038/nrm2672
http://www.ncbi.nlm.nih.gov/pubmed/19339977
http://www.ncbi.nlm.nih.gov/pubmed/15718470


52. Nam SY, Seo HH, Park HS, An S, Kim JY, Yang KH, et al. (2010) Phosphorylation of CLK2 at serine 34
and threonine 127 by AKT controls cell survival after ionizing radiation. J Biol Chem 285: 31157–
31163. doi: 10.1074/jbc.M110.122044 PMID: 20682768

53. Vu NT, Park MA, Shultz JC, Goehe RW, Hoeferlin LA, Shultz MD, et al. (2013) hnRNP U enhances cas-
pase-9 splicing and is modulated by AKT-dependent phosphorylation of hnRNP L. J Biol Chem 288:
8575–8584. doi: 10.1074/jbc.M112.443333 PMID: 23396972

54. Okada M, Jang SW, Ye K (2008) Akt phosphorylation and nuclear phosphoinositide association medi-
ate mRNA export and cell proliferation activities by ALY. Proc Natl Acad Sci U S A 105: 8649–8654.
doi: 10.1073/pnas.0802533105 PMID: 18562279

55. Liu X, Mayeda A, Tao M, Zheng ZM (2003) Exonic splicing enhancer-dependent selection of the bovine
papillomavirus type 1 nucleotide 3225 3' splice site can be rescued in a cell lacking splicing factor ASF/
SF2 through activation of the phosphatidylinositol 3-kinase/Akt pathway. J Virol 77: 2105–2115. PMID:
12525645

56. Shultz JC, Goehe RW,Wijesinghe DS, Murudkar C, Hawkins AJ, Shay JW, et al. (2010) Alternative
splicing of caspase 9 is modulated by the phosphoinositide 3-kinase/Akt pathway via phosphorylation
of SRp30a. Cancer Res 70: 9185–9196. doi: 10.1158/0008-5472.CAN-10-1545 PMID: 21045158

57. Blaustein M, Pelisch F, Tanos T, Munoz MJ, Wengier D, Quadrana L, et al. (2005) Concerted regulation
of nuclear and cytoplasmic activities of SR proteins by AKT. Nat Struct Mol Biol 12: 1037–1044. PMID:
16299516

58. Jiang K, Patel NA, Watson JE, Apostolatos H, Kleiman E, Hanson O, et al. (2009) Akt2 regulation of
Cdc2-like kinases (Clk/Sty), serine/arginine-rich (SR) protein phosphorylation, and insulin-induced
alternative splicing of PKCbetaII messenger ribonucleic acid. Endocrinology 150: 2087–2097. doi: 10.
1210/en.2008-0818 PMID: 19116344

59. Inoki K, Corradetti MN, Guan KL (2005) Dysregulation of the TSC-mTOR pathway in human disease.
Nat Genet 37: 19–24. PMID: 15624019

60. Carracedo A, Pandolfi PP (2008) The PTEN-PI3K pathway: of feedbacks and cross-talks. Oncogene
27: 5527–5541. doi: 10.1038/onc.2008.247 PMID: 18794886

61. Cooper TA, Wan L, Dreyfuss G (2009) RNA and disease. Cell 136: 777–793. doi: 10.1016/j.cell.2009.
02.011 PMID: 19239895

62. Bauman J, Jearawiriyapaisarn N, Kole R (2009) Therapeutic potential of splice-switching oligonucleo-
tides. Oligonucleotides 19: 1–13. doi: 10.1089/oli.2008.0161 PMID: 19125639

63. Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B, Daverman R, et al. (2003) PANTHER: a library
of protein families and subfamilies indexed by function. Genome Res 13: 2129–2141. PMID:
12952881

64. Singh G, Kucukural A, Cenik C, Leszyk JD, Shaffer SA, Weng Z, et al. (2012) The cellular EJC interac-
tome reveals higher-order mRNP structure and an EJC-SR protein nexus. Cell 151: 750–764. doi: 10.
1016/j.cell.2012.10.007 PMID: 23084401

65. Blume-Jensen P, Hunter T (2001) Oncogenic kinase signalling. Nature 411: 355–365. PMID:
11357143

66. Hyun T, Yam A, Pece S, Xie X, Zhang J, Miki T, et al. (2000) Loss of PTEN expression leading to high
Akt activation in humanmultiple myelomas. Blood 96: 3560–3568. PMID: 11071655

67. Dahia PL, Aguiar RC, Alberta J, Kum JB, Caron S, Sill H, et al. (1999) PTEN is inversely correlated with
the cell survival factor Akt/PKB and is inactivated via multiple mechanismsin haematological malignan-
cies. HumMol Genet 8: 185–193. PMID: 9931326

BCR Activation and Regulation of AKT-Target Substrates

PLOS ONE | DOI:10.1371/journal.pone.0160255 August 3, 2016 23 / 23

http://dx.doi.org/10.1074/jbc.M110.122044
http://www.ncbi.nlm.nih.gov/pubmed/20682768
http://dx.doi.org/10.1074/jbc.M112.443333
http://www.ncbi.nlm.nih.gov/pubmed/23396972
http://dx.doi.org/10.1073/pnas.0802533105
http://www.ncbi.nlm.nih.gov/pubmed/18562279
http://www.ncbi.nlm.nih.gov/pubmed/12525645
http://dx.doi.org/10.1158/0008-5472.CAN-10-1545
http://www.ncbi.nlm.nih.gov/pubmed/21045158
http://www.ncbi.nlm.nih.gov/pubmed/16299516
http://dx.doi.org/10.1210/en.2008-0818
http://dx.doi.org/10.1210/en.2008-0818
http://www.ncbi.nlm.nih.gov/pubmed/19116344
http://www.ncbi.nlm.nih.gov/pubmed/15624019
http://dx.doi.org/10.1038/onc.2008.247
http://www.ncbi.nlm.nih.gov/pubmed/18794886
http://dx.doi.org/10.1016/j.cell.2009.02.011
http://dx.doi.org/10.1016/j.cell.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19239895
http://dx.doi.org/10.1089/oli.2008.0161
http://www.ncbi.nlm.nih.gov/pubmed/19125639
http://www.ncbi.nlm.nih.gov/pubmed/12952881
http://dx.doi.org/10.1016/j.cell.2012.10.007
http://dx.doi.org/10.1016/j.cell.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23084401
http://www.ncbi.nlm.nih.gov/pubmed/11357143
http://www.ncbi.nlm.nih.gov/pubmed/11071655
http://www.ncbi.nlm.nih.gov/pubmed/9931326

