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BCR-mediated apoptosis associated with negative selection 
of immature B cells is selectively dependent on Pten
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The molecular basis of B cell receptor (BCR)-induced apoptosis during the negative selection of immature B cells 
is largely unknown. We use transitional immature B cells that are highly susceptible to BCR-induced apoptosis to 
show that Pten is selectively required for BCR-mediated initiation of the mitochondrial death pathway. Specifically, 
deleting Pten, but not other pro-apoptotic molecules, abrogates BCR-elicited apoptosis and improves viability in 
wild-type immature B cells. We further identify a physiologically and significantly higher intracellular Pten level in 
immature B cells, as compared to mature B cells, which is responsible for low AKT activity and the propensity to-
wards death in immature B cells. Restoration of AKT activity using a constitutive form of AKT or reduction of Pten 
to a level comparable with that seen in mature B cells rescues immature B cells from BCR-induced apoptosis. Thus, 
we provide evidence that Pten is an essential mediator of BCR-induced cell death, and that differential regulation of 
intracellular Pten levels determines whether BCR ligation promotes cell death or survival. Our findings provide a 
valuable insight into the mechanisms underlying negative selection and clonal deletion of immature B cells.
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Introduction

The B cell receptor (BCR) is a complex receptor pos-
sessing a unique ability to transmit functionally divergent 
signals [1]. BCR ligation by foreign antigens on mature 
B cells induces pro-survival and mitogenic proliferation 
to elicit a protective immune response against pathogens. 

However, BCR engagement on immature B cells fails 
to initiate such “positive” signals, instead resulting in 
receptor editing, anergy (unresponsiveness), or cell death 
(clonal deletion) [1, 2]. The first in vivo evidence of 
BCR-induced cell death was shown by injecting anti-IgM 
into newborn mice or chickens [3]. More recent studies 
confirmed this observation in several independent trans-
genic mouse models [4-6]. It is generally believed that 
the BCR-induced apoptosis of self-reactive immature 
B cells is one of the critical mechanisms underlying B 
lymphocyte immune tolerance and overall B lymphocyte 
homeostasis. Accordingly, defects in this apoptotic pro-
cess may well contribute to the onset and development 
of autoimmune disease, B cell lymphoma, and leukemia. 
Understanding the signaling pathways that account for 
BCR-induced cell death is therefore important to the in-
novation and advancement of new therapies to treat these 
conditions.

Previous research reveals that a critical early event in 
BCR-induced apoptosis is the disruption of mitochon-
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drial membrane integrity [7, 8]. During this process, 
collapse of the mitochondrial membrane potential (Dψm) 
leads to release of cytochrome c from the mitochondrial 
intermembrane space, promotes downstream DNA frag-
mentation, and commits cells to undergo irreversible 
apoptosis [9-11]. Recent research in the immature murine 
B cell line WEHI231 reveals that c-Jun NH2 terminal 
kinase (JNK), phospholipase A2, Swiprosin-1, and DN-
ase γ are involved in the activation or execution of the 
BCR-mediated mitochondrial death pathway [12-15]. In 
primary immature and self-reactive B cells, studies in-
dicate that BCR-induced activation of the pro-apoptotic 
Bcl-2-related proteins Bim, Bax, and Bak is critical for 
triggering the mitochondrial death pathway [16, 17]. 
However, beyond identification of these pro-apoptotic 
Bcl-2 family members, the death signaling mediators un-
derlying initiation of BCR-induced mitochondrial death 
signaling in immature B cells remain largely undefined.

Previous studies, by comparing signaling differences 
between immature and mature B cells, have identified 
several deficits in immature B cells in engaging BCR-
induced positive signals, including impaired activation 
of PKC, Akt, and Rel/NF-κB [18-21]. We have further 
shown that overexpression of c-Rel target genes, Bcl-X 
and cyclin E, restores the survival and proliferative ca-
pacity of immature B cells [20], suggesting that the pri-
mary deficiency in immature B cells is due to an inability 
to activate the c-Rel-mediated survival and proliferative 
signaling pathway [22-25]. These observations prompt us 
to investigate upstream positive and negative signaling 
pathways that are known to regulate Rel/NF-κB activa-
tion in B cells.

BCR ligation in mature B cells leads to the activation 
of series of protein kinases, as well as lipid kinase phos-
phoinositide 3-kinase (PI3K) [26]. PI3K is instrumental 
in activating several downstream signaling molecules, 
including Akt, PLCγ, and PKCβ, leading to the subse-
quent Rel/NF-κB activation via the Carma1/Bcl10/Malt1 
complexes [26, 27]. The link between PI3K and Rel/NF-
κB activation has been further supported by the studies 
showing that B cells derived from the PI3K (p85 subunit) 
knockout mice have impaired Rel/NF-κB activation, de-
creased Bcl-X expression, and enhanced apoptosis [28].

The remarkable resemblance of BCR-induced apop-
totic response in immature B cells to the B cells deprived 
of the positive signaling molecules, such as PI3K (p85) 
and c-Rel, leads us to investigate the PI3K and its coun-
teracting partner Pten (phosphatase with tensin homol-
ogy on chromosome 10) activity in immature B cells as 
described in this study. PI3K mediates the production 
of phosphatidylinositol 3,4,5 triphosphate (PIP3) from 
phosphatidylinositol 4,5 diphosphate (PIP2). Pten is a 

lipid phosphatase that directly antagonizes PI3K by de-
phosphorylating PIP3 into PIP2. Pten dysfunction has 
been implicated in the onset and development of many 
tumors. Knockout mice also indicate the importance of 
Pten in lymphocyte homeostasis and immune tolerance. 
In Pten+/– or T lineage-specific Pten-deficient mice, au-
toimmune disease and leukemogenesis are observed, 
concurrent with impairment of Fas-mediated apoptosis 
of B and T cells and disruption of thymic and peripheral 
T cell negative selection [29, 30]. In B lineage-specific 
Pten-deficient mice (CD19Cre/+PtenFlox/Flox, hereafter re-
ferred to as bPtenFlox/Flox), B1 and marginal zone B cells 
(MZB) accumulate in peripheral lymphoid tissues and 
a higher titer of auto-antibodies is observed in the sera 
[31, 32]. While these studies have considerably advanced 
our understanding of the function of Pten in the immune 
system, the role of Pten in BCR-mediated cell death and 
its purported role in clonal deletion of immature B cells 
remain unclear.

In the present study, we identify Pten, from among 
several candidates, as a crucial mediator of BCR-coupled 
death through the inhibition of PIP3-dependent signal-
ing in immature B cells, a stage in which B cells are ex-
tremely vulnerable to clonal deletion.

Results

Pten is essential for BCR-induced death of immature B 
cells

Previous studies have identified multiple signaling 
defects in immature B cells, including impaired activa-
tion of the Rel/NF-κB transcription factors [18-21]. In-
troduction of Rel/NF-κB target genes Bcl-X and cyclin E 
can restore the survival and proliferation of immature B 
cells, suggesting that the primary defect lies in the inabil-
ity of BCR to activate the Rel/NF-κB-mediated positive 
signals. In searching for the signaling deficit downstream 
of BCR and upstream of Rel/NF-κB, we investigated the 
PI3K and Pten signaling pathway in immature B cells for 
the following reasons. First, PI3K has been shown to be 
required for Rel/NF-κB activation and provide survival 
and proliferative signals to B cells. Deletion of PI3K (p85 
subunit) led to impaired Rel/NF-κB activation, growth 
arrest, and apoptosis of B cells [33, 34]. Second, dele-
tion of Pten phosphatase in T cell lineage led to defective 
negative selection in T cell compartment and autoim-
mune manifestation [30], raising the possibility that Pten 
may also be involved in the regulation of B cell immune 
tolerance.

To investigate whether Pten plays a role in the nega-
tive selection of immature B cells through clonal dele-
tion, we have generated B lineage-specific Pten-depleted 



 Cell Research | Vol 19 No 2 | February 2009 

BCR-mediated apoptosis and immature B cells
198

npg

IgM/IgD to define immature phenotypes. Following this 
method, we obtained the cells that were 80-90% pure for 
both wild type and bPtenFlox/Flox immature B cells (CD-
24high, IgMhigh; Figure 2A). 

In line with previous studies, anti-IgM treatment in-
duced a complete loss of Dψm in the majority of wild-
type immature B cells (viability of mature B cells vs. that 
of immature B cell counterparts = 45% vs. 15%; Figure 
2B). In contrast, the decreased Pten activity in immature 
B cells negated BCR-induced death signaling and effec-
tively hindered mitochondrial membrane depolarization 
(Figure 2B). Interestingly, propidium iodide (PI) stain-
ing demonstrated that the B lineage-specific reduction of 
Pten protein level not only blocked DNA fragmentation 
but also significantly restored BCR-induced cell cycle 
progression in immature B cells (Figure 2C and 2D). 
These data suggest that Pten is a key regulator simulta-
neously governing both survival and cell cycle progres-
sion of B cells upon BCR engagement, presumably by 
controlling AKT activity. In fact, Akt has been shown to 
regulate cell survival via inactivation of caspase and the 
pro-apoptotic Bcl-2 members, Bad and Bim. Akt also 
facilitates G1-S cell cycle progression via inhibition of 
p130 and p27-kip1 expression. Therefore, PTEN loss not 
only rescues the B cells from apoptosis but also allows 
the cells responding to mitogenic signal and entering the 
cell cycle. These data indicate that Pten plays the crucial 
dual roles in BCR-mediated death signaling pathway and 
BCR-induced cell cycle arrest in immature B cells.

We also observed that the average number of recon-
stituted immature B cells in bPTENflox/flox mice at 14 
days post-irradiation is 2.0-2.5 times greater than that 
observed in wild-type control mice (Figure 2E). The in-
creased accumulation of immature cells in bPTENflox/flox 
mice may be a consequence of disrupted Pten-dependent 
negative selection processes in vivo.

A number of intracellular signal mediators, includ-
ing JNK2 and E2F1, have been shown to be involved 
in TCR-induced cell death at specific stages of T lym-
phocyte development, possibly via the activation of 
the mitochondrial death pathway [37-40]. We therefore 
investigated immature B cells derived from the E2F1–/– 
or JNK2–/– mice. Our studies showed that these signaling 
molecules are not required for BCR-induced apoptosis 
of immature B cells (Supplementary information, Figure 
S1).

In summary, our data support the conclusion that Pten 
selectively plays a critical role in antigen receptor-medi-
ated negative selection of immature B cells.

Pten uncouples PI3K/AKT-mediated survival in BCR-
stimulated immature B cells

Figure 1 Generation of B lineage-specific Pten-depleted mice. (A) 
Immunoblot analysis of Pten protein expression level in freshly puri-
fied B cells from wt and B cell-specific Pten-depleted mice. NS, non-
specific band as a loading control. (B) Determination of intracellular 
Pten protein level by FACS in CD8T and B cells. Iso, isotype control. 
Numbers within each histogram are median fluorescent intensi-
ties (MFI) of intracellular Pten staining for the B or T cells with the 
designated genotypes. One result representative of five independent 
experiments is shown. (C) Data summary of five independent experi-
ments described in (B). Where appropriate in all figures, the results are 
expressed as the mean ± SD of the indicated parameter per group.

mice (bPtenFlox/Flox). Substantial reduction (~80% on the 
basis of Pten levels in wild-type B cells), but not com-
plete absence, of Pten expression in B cells (B220+) 
was observed as confirmed at the protein level by both 
Western blot (Figure 1A) and a FACS-based intracellular 
staining approach (Figure 1B and 1C). This is consistent 
with the previous finding showing that, at DNA level, 
the Pten loci are not completely deleted in bPtenFlox/Flox 
splenic B cells [35]. By contrast, in CD8 T cells isolated 
from bPten+/+ and bPtenFlox/Flox mice, the intracellular 
Pten level was comparable (Figure 1B and 1C). This re-
sult verified that the observed Pten depletion was specific 
for B-cell lineage, and that the antibody used was spe-
cific against Pten protein. To enrich a sufficient amount 
of immature B cells for our experiments, we used a 
method established previously by another group [36]. B 
cells isolated at 14 days post-sublethal irradiation consist 
primarily of immature B cell populations, which can be 
identified using cell surface markers CD24/CD21 and 
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Figure 2 Pten is essential for BCR-induced death signaling in immature B cells. (A) Mature and immature B cells isolated from the mice 
with the indicated genotypes were stained for CD21 and CD24, or IgM and IgD surface expression. The percentage of mature CD24lo or 
IgMlo B cells and immature CD24hi or IgMhi B cells is shown in each dot plot and the results are representative of six age-matched pairs 
of mice examined in each group. (B, C) MBC and IMBC were cultured in the presence or absence of 10 µg/ml of anti-IgM for 24 h (B) 
or 48 h (C). Viability and cell cycle progression were respectively analyzed by JC-1 (B) or propidium iodide (C) staining as described in 
Materials and Methods. (D) Data summary of three independent experiments as shown in (C). The results are expressed as the mean±SD 
of the indicated parameter per group. Sub-G1 represents apoptotic cells that undergo DNA fragmentation, and S/M/G2 represents cells 
that enter cell cycle progression. (E) Immature B cells were isolated from the spleens of self-reconstituted bPten+/+ and bPtenflox/flox mice (3-7 
mice per genotype) on day 14 post-irradiation, and cell types enumerated. The mean cell number±SD from a single experiment is shown 
here. Hereafter, MBC is referred as mature B cells, IMBC, immature B cells.
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Because Pten hydrolyzes PIP3 into PIP2 to antagonize 
PI3K/AKT activation, we next examined whether BCR-
mediated PIP3 production differs in immature vs. mature 
B cells. Using a PIP3-specific antibody [32], we observed 
that BCR stimulation of mature B cells led to an early (5 
min) and late (120 min) wave of intracellular PIP3 accu-
mulation (Figure 3A). Interestingly, immature B cells gen-
erated virtually no detectable increase in intracellular PIP3 
levels upon antigen receptor ligation. Using phosphospe-
cific antibodies, we further observed that BCR stimulation 
led to the downstream anti-apoptotic and PIP3-dependent 
AKT activation in mature but not immature B cells (Figure 
3B), consistent with a previously reported observation [21]. 
Hence BCR signals do not appear to activate AKT in im-
mature B cells.

However Pten catalyzes the hydrolysis of PIP3 to 
PIP2, PI3K reversely catalyzes the production of PIP3 
from PIP2. To further define the molecular mechanism 
of AKT inactivation in immature B cells, we directly 
measured PI3K activity in these cells using immunopre-
cipitation and TLC-based in vitro kinase assay. BCR-de-

pendent PI3K activation was reduced in primary imma-
ture B cells (Figure 3C). In contrast, BCR stimulation of 
mature B cells led to early and sustained PI3K activation. 
To test whether Pten plays a predominant role over the 
weak PI3K activity in suppressing AKT activation, we 
measured AKT activation status in bPten+/+ vs. bPtenFlox/

Flox immature B cells by immunoblot assay. Pten loss 
completely restores AKT activity in immature B cells to 
a level comparable to mature B cells (Figure 3D). These 
data thus suggest that Pten activity primarily contributes 
to the inhibition of BCR-induced AKT activation in im-
mature B cells.

We next tested whether directly restoring AKT ac-
tivity can protect immature B cells from BCR-induced 
apoptosis and override Pten activity. To do this, we 
introduced a constitutively active form of AKT (hereaf-
ter named as pMyr-AKT-HA) or control empty vector 
(hereafter named as pMIGR1, both vectors were tagged 
with green fluorescence protein GFP) into immature B 
cells by retroviral gene transduction and bone marrow 
transfer (Figure 4) [41]. The effective expression of Myr-

E
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Figure 3 Insufficient PI3K/AKT activation by BCR ligation in immature B cells is Pten-dependent. (A) PIP3 production in mature and 
immature B cells stimulated by 10 µg/ml of anti-IgM for the indicated duration was assayed using a specific biotinylated antibody against 
PIP3 and flow cytometry. Median fluorescent intensities (MFI) corresponding PIP3 levels are shown. Data are representative of two inde-
pendent experiments. (B, D) BCR-induced AKT activity in mature and immature splenic B cells was measured by immunoblot assay with 
phospho-specific AKT antibodies. (C) BCR-induced PI3K activity was assayed by an immunoprecipitation and TLC-based assay to mea-
sure the conversion of phosphatidyl inositol (PI) substrate to phosphatidyl inositol phosphate (PIP), as described in Materials and Meth-
ods. Bottom two panels are immunoblots with specific antibodies directed against the p85 and p110 subunits of PI3K. Stat6 and total AKT 
antibodies were used to verify equivalent loading of each lane. All data shown (B-C) are representative of five independent experiments.
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AKT-HA was confirmed in retrovirus-infected fibroblast 
cells by immunoblot against the HA tag (Figure 4B). To 
circumvent the issue of quenching the GFP signal by PI, 
we used an FSC/SSC-based assay to measure the per-
cents of viable vs. apoptotic cells and validated this us-
ing JC-1 staining (Figure 4C, the left lower panel). At 14 
days post-transplantation, immature B cells derived from 
bone marrow stem cells infected with pMyr-AKT-HA 
or pMIGR1 were harvested from spleens and stimulated 
with anti-IgM. After 48 h, only 33% of the GFP-positive 
immature B cells remained viable in the pMIGR1 control 
group (Figure 4C and 4D). In contrast, the pMyr-AKT-
HA-infected immature B cells gave rise to 69% viability 
in the GFP-positive population, an increase of 109% 
compared to the control pMIGR1-infected immature B 
cells. These data indicate that AKT activation can suf-
ficiently protect immature B cells from BCR-induced 
apoptosis.

Together, our data demonstrate that Pten-dependent 
uncoupling of BCR with AKT activation is critical for 
BCR-induced immature B cell death.

High Pten levels render immature B cells susceptible to 
BCR-induced apoptosis

A predominant role for Pten in uncoupling BCR sig-
naling with AKT activation in immature B cells implies 
that Pten activity might be differentially regulated in ma-
ture vs. immature B cells. Studies suggest that in its natu-
ral state, Pten is constitutively active and regulated by 
several mechanisms, including its expression level [42]. 
We therefore hypothesized that BCR signaling-mediated 
differential survival responses in mature vs. immature B 
cells may result from a quantitative difference in intra-
cellular Pten levels.

Using an antibody against Pten and an intracellular 
staining approach as described in Figure 1, we compared 
the expression levels of Pten in mature and immature 
cells. Mature and immature B cell subpopulations in 
freshly isolated splenocytes were gated based on B220 
and AA4.1 expression on the surface of the cells (MBC, 
B220+AA4.1–; IMBC, B220+AA4.1+; Figure 5A, left 
panel). AA4.1, besides CD24, is another specific sur-
face marker for immature B cells [43]. The intracellular 
staining clearly revealed that Pten levels in immature 
B cells is 50-60% higher than in mature B cell counter-
parts (Figure 5A, middle and right panels). Coincidently, 
this physiological and quantitative Pten level difference 
between wild-type mature and immature B cells (MFI, 
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Figure 4 Constitutively active AKT restores the survival of BCR-activated immature B cells. (A) A diagram illustrates the procedure for 
introducing Myr-AKT-HA retrovirus into immature B cells. Bone marrow stem cells (BMC) isolated from 5-FU-treated wild-type mice 
were infected with pMyr-AKT-HA or pMIGR1 retroviruses for 24 h, and then injected into pre-irradiated recipient mice. At 14 days post-
transplantation, immature B cells were isolated, cultured with 10 µg/ml anti-IgM, and analyzed for BCR-induced apoptosis. (B) The ef-
fective expression of pMyr-AKT-HA protein in transduced NIH3T3 cells is shown. NIH3T3 cells were cultured for 48 h post-retroviral 
infection with pMyr-AKT-HA or pMIGR1 and cell lysates were measured for Myr-AKT-HA expression by immunoblotting with a spe-
cific antibody against HA. A non-specific (NS) band on the blot was used to verify equivalent loading of each lane. (C) The left upper 
and lower panels illustrate the gating diagram used in flow cytometry to identify GFP positive (GFP+) vs. GFP negative (GFP–) as well as 
viable vs. dead cells. GFP+ cells were further analyzed by SSC and FSC parameters to identify viable and dead cell populations. Cell vi-
ability within the selected gates was confirmed by JC-1 staining. In the right panel, numbers in each gate denotes the percentage of cells 
that are GFP+ (1st and 3rd rows), viable, or apoptotic (2nd and 4th rows). These data are representative of two independent experiments. 
(D) Summary of immature B cell viability measured by SSC/FSC-based assay in the two independent experiments described in (C). The 
results are expressed as the mean ± SD of the viability per group with the indicated conditions.
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IMBC/MBC=45.1/26.8; Figure 5B) is approximately 
equal to the observed difference between wild type (bP-
ten+/+) and heterozygous (bPtenFlox/+) immature B cells 
(MFI, bPten+/+IMBC/bPtenFlox/+ IMBC=45.1/24; Figure 
5B). These results unequivocally indicate that immature 
B cells express approximately twice as much Pten as ma-
ture B cells.

Since a subtle change (e.g. 25%) in intracellular Pten 
levels leads to profound effects on cellular survival and 
tumorigenesis [44], the 50-60% Pten level increase de-
scribed above might render enhanced susceptibility of 
immature B cells to BCR-induced apoptosis. As shown 

in Figure 5B, the intracellular Pten levels in wild-type 
MBCs and Pten heterozygous IMBCs are comparable. 
This observation allows us to test whether reducing the 
Pten expression of immature B cells to a level compa-
rable with that in mature B cells can affect immature B 
cell apoptotic response to BCR engagement. Our data 
showed that indeed a ~50% reduction of Pten significant-
ly blocked BCR-induced death and improved the viabili-
ty of BCR-stimulated immature B cells (Figure 5C). This 
improvement in viability is almost equivalent to the one 
achieved in bPtenFlox/Flox immature B cells (Figure 5C), 
indicating that maintaining certain higher intracellular 
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Figure 5 Differential intracellular Pten levels are associated with distinct survival fate of mature and immature B cells upon BCR engage-
ment. (A) Wild-type immature B cells express higher Pten levels. Wild-type mature (MBC) and transitional immature (IMBC) B cells in 
the freshly isolated splenocytes were stained by the antibodies against B220, AA4.1 and Pten. Intracellular Pten levels were measured by 
median fluorescence intensity (MFI). Panels from left to right are representative and summary of five separate experiments. Numbers in 
histograms are MFI. Iso, antibody isotype control. (B) Comparable Pten level between wild-type MBCs and bPTENFlox/+ IMBCs. (C) The 
viability of the genotype-indicated immature B cells stimulated by anti-IgM was analyzed by a combination of PI exclusion and B220/
AA4.1 staining, as described in Materials and Methods. The data are representative of two independent experiments.
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Pten level is crucial for susceptibility of immature B cells 
to BCR-induced apoptosis. Together, our data suggest 
that differential intracellular Pten levels may dictate the 
survival fate of B cells, and provide a potential mecha-
nism to explain the negative selection of potentially self-
reactive immature B cells.

Discussion

BCR-induced cell death is an important immunologi-
cal process for the negative selection of immature B cells 
in establishing tolerance and the overall homeostasis of 
the B cell lineage. A better understanding of key BCR-
linked death signaling mediators that govern mitochon-
drial-dependent death or survival pathways is important 
to the development of future therapies for autoimmune 
diseases, leukemia, and lymphomas. By using primary 
mature and immature B cells, our present study shows 
that Pten is an essential and selective mediator for the 
initiation of mitochondrial-dependent death signaling in 
BCR-induced apoptosis, and that higher Pten levels in 
immature B cells can promote BCR-induced apoptosis 
by uncoupling BCR signaling with PI3K/AKT activa-
tion. Unlike deletion of other potential death mediators, 
Pten loss preserves mitochondrial membrane potential 
and prevents DNA fragmentation, and can also override 

BCR-associated cell cycle arrest (Figure 2). In imma-
ture B cells, the inability of the BCR to activate PI3K 
and AKT is primarily attributed to unabrogated PTEN 
activity, since loss of PTEN completely restores AKT 
activation (Figure 3). Sustained inhibition of AKT/PI3K 
activation through Pten activity appears important for the 
negative selection of immature B cells, an effect that can 
be overridden by constitutive AKT activity (Figure 4). 
Interestingly, we found that intracellular Pten levels are 
twice as high in immature B cells than in mature B cell 
counterparts (Figure 5). The importance of high intracel-
lular Pten levels in driving apoptosis is highlighted by 
the fact that an about 50% Pten reduction in immature B 
cells, to a level comparable to that in mature B cells, no-
tably blocks BCR-induced apoptosis of immature B cells 
(Figure 5C). These results thus demonstrate the crucial 
qualitative and quantitative role of Pten in BCR-induced 
death of immature B cells.

Our present results also corroborate previously report-
ed signaling deficiencies in immature B cells and allow 
us to propose a central role for differential Pten/PI3K 
and NF-κB/Rel signaling in determining the cellular fate 
of mature and immature B cells (Figure 6). In mature B 
cells, BCR ligation initiates the assembly of a signaling 
complex that contains tyrosine kinases (Lyn, Syk), adap-
tor molecules (BLNK, BCAP), and downstream kinases. 
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Figure 6 Proposed mechanism by which BCR induces opposing survival and death signals in mature and immature B cells. In mature B 
cells, BCR engagement by foreign antigens activates tyrosine kinases (e.g., Lyn, Syk) and recruits adaptor proteins (e.g. Blnk). This in 
turn activates PI3K with minimal or no impact on Pten activity. As a result of dominant PI3K activity over Pten activity, intracellular PIP3 
accumulates and activates the downstream PIP3-dependent AKT and PLCγ. The activation of the NF-κB/Rel survival pathway results in 
the blockade of mitochondrial-dependent apoptotic pathways and promotion of survival and cell cycle progression. In immature B cells, 
however, high intracellular Pten levels associated with insufficient activation of PI3K upon BCR engagement block the production of 
PIP3 and consequently inhibit the activation of downstream PIP3-dependent anti-apoptotic signaling components including AKT. Pten 
may also be directly involved in apoptosis activation via regulating intracellular ROS levels and release of cytochrome c.
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Among the multiple signaling pathways activated down-
stream, the PI3K/Akt pathway appears to be a major 
determinant of immunogenic cell survival and prolifera-
tion. Through the generation of PIP3, many PH (pleck-
strin homology) domain-containing proteins including 
Gab1/2, Akt, Btk, and PLC-γ are recruited to the plasma 
membrane and become activated. Akt has been shown 
to regulate cell survival via inactivation of caspase, Bad 
and Bim, and to facilitate G1-S cell cycle progression by 
blocking p130 and p27-kip1 expression. PLC-γ-mediated 
PKCβ activation further recruits the CARMA1/Bcl10/
MALT1/IKK complexes, leading to activation of NF-
κB. Both Akt and Rel/NF-κB synergistically regulate the 
expression and activation of cell survival and cell cycle 
proteins, such as BclX, Bfl-1, Mcl-1, Cyclin E, and E2F3 
[45, 46], thus promoting immune response by mature 
B cells. Suppression of this positive signaling axis in B 
cells via PI3K (p85) or c-Rel deficiency renders mature 
B cells hypersensitive to apoptosis and growth arrest fol-
lowing BCR stimulation [23, 24, 47].

In essence, immature B cells with elevated Pten levels 
behave similarly to the response of the PI3K or c-Rel 
knockout mature B cells upon BCR ligation. In fact, the 
reported multiple positive signaling defects in imma-
ture B cells [18, 20, 21, 48], including impaired Gab1/2 
activation, phosphatidylinositide-4,5-bisphosphate (PI-
4,5-P2) hydrolysis, PKC activation, Akt phosphorylation, 
Bcl-2 and Cyclin E expression, could be attributed to 
specific blockade of the PI3K/Akt pathway as a result of 
high Pten levels. Elevated Pten levels and impaired PI3K 
activation will hinder the production of PIP3 and the 
recruitment of PH domain-containing proteins including 
Gab1/2, Akt, Btk, and PLC-γ. Inadequate PLC-γ activa-
tion leads to impaired (PI-4,5-P2) hydrolysis and im-
paired PKC activation, which explain the impaired IKK 
and Rel/NF-κB activation [20]. Of note, poor Gab1/2 
activation in immature B cells may result in decreased 
PI3K activity as observed in the present study (Figure 
3C) since Gab1/2 is known to mediate a signal amplifica-
tion process critical for PI3K activation [48, 49]. Taken 
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together, our studies, including the data presented here, 
suggest a critical Pten-dependent PI3K/AKT/NF-κB sig-
naling deficit that controls BCR-mediated apoptosis and 
negative selection of immature or self-reactive B cells.

An issue raised by our present work is how Pten di-
rectly or indirectly links to the mitochondrial apoptotic 
pathway. We propose that Pten may transmit BCR-
induced death signaling through several means. First, 
high Pten levels and impaired PI3K/NF-κB activity may 
obstruct the production of Bcl-2 family pro-survival 
proteins. As a result, the pro-apoptotic proteins Bim, 
Bax and Bak may assist in initiating mitochondrial death 
[16, 17]. Second, Pten-dependent AKT inhibition may 
contribute to Bim expression as suggested by others 
[16]. In this model, Bim expression is induced by FOXO 
transcription factors, which are activated when AKT is 
inhibited [50]. Third, Pten may directly translocate into 
the mitochondria where it promotes production of reac-
tive oxygen species (ROS). This possibility is supported 
by an observation that Pten is able to promote neural cell 
death by inducing ROS production within mitochondria 
[40]. 

Our work provides additional explanations for phe-
notypes observed in bPTENFlox/Flox mice [31, 32]. In 
such mice, a marked increase in autoreactive antibodies 
against self-antigens, splenomegaly, and substantial ac-
cumulation of B1a and MZ B cells are observed, while 
the total absolute number of peripheral immature B cells 
is increased by one- to three-folds [31, 32]. Concurrent 
with these observations, we notice a significant expan-
sion of immature B cells in irradiated auto-reconstituted 
CD19Cre/+PTENFlox/Flox mice. Recent reports indicate that 
a small fraction of transitional immature B cells are pre-
cursors of MZ B cells [51]. Hence, we hypothesize that 
the observed increase in autoantibodies may derive from 
self-reactive B1a and marginal zone B cells that originate 
from self-reactive immature B cells bypassing clonal de-
letion due to loss of Pten at the transitional stage.

In summary, the combined results of our biochemical 
and genetic studies lead us to conclude that Pten is an 
essential and selective death signal mediator for BCR-
induced apoptosis, and that differential intracellular Pten 
levels are a fundamental determinant of whether BCR 
signaling leads to cell death or cell survival. Our findings 
describe a novel mechanism by which clonal deletion 
and negative selection of immature B cells may occur. 
Nonetheless, additional work is required to further de-
cipher how higher Pten level is achieved in immature B 
cell, how Pten controls the initiation of mitochondrial 
death and survival pathways in immature B cells, and 
whether Pten is required for elimination of self-reactive 
B cells.

Materials and Methods

Generation of mouse strains
To generate B cell-specific Pten-depleted mice, PtenFlox/Flox mice 

from Dr Pandolfi’s team [44] were crossed with CD19Cre/+ trans-
genic mice purchased from Jackson Laboratories. Mouse genotyp-
ing was performed by PCR using tail DNA as described previously 
[44] or following the protocols from Jackson Laboratories, and 
further verified at the protein expression level as shown in Figure 
1. Mice that were 8-12 weeks old were used in all experiments. 
JNK2–/–mice and E2F1–/–mice were also purchased from Jackson 
Laboratories. The mice were maintained under specific pathogen-
free conditions at Weill Medical College of Cornell University.

Cell culture
Mature and immature B cells were isolated from untreated mice 

and sublethally (500 rad) irradiated mice by complement-mediated 
lysis and Percoll gradient as described previously [20, 22, 52], and 
cultured in RPMI 1640 media containing 10% fetal calf serum 
(Cellgro), 1% penicillin, 1% streptomycin (both Life Sciences 
BRL), and 50 µM β-mercaptoethanol (Sigma). For survival and 
cell cycle experiments, 2×106/ml B cells in the presence or absence 
of 10 µg/ml of goat anti-mouse IgM F(ab’)2 (anti-IgM, Jackson 
ImmunoResearch Laboratories) were plated per well in 24-well 
polystyrene flat-bottom plates (Corning) in 1 000 µl of total cul-
ture volume. For caspase experiments, the following combinations 
of agents were added for 12 or 24 h at 37 ºC: 10 µg/ml of goat 
anti-mouse IgM F(ab’)2, 50 µM of z-VAD-fmk (Enzyme System 
Products), a pan-caspase inhibitor, or DSMO alone. For the PI3K 
assay, 2×106 B cells were plated per well in 24-well polystyrene 
flat-bottom plates (Corning) in 2 ml final culture volume, with 10 
µg/ml of goat anti-mouse IgM F(ab’)2 added for the indicated time 
at 37 ºC. Following culture, B cells were immediately put on ice, 
washed with 1× cold PBS, then lysed by an appropriate buffer (see 
below).

Flow cytometry
The following antibodies were used for FACS analysis: anti-

CD24 (HSA), anti-CD21, anti-B220 (RA3-6B2), AA4.1, labeled 
with different fluorescent probes including R-phycoerythrin (PE), 
FITC, and Allophyocyanin (APC), all purchased from Pharmigen 
or eBioscience. Anti-Pten (clone 6H2.1, ABM-2052) was pur-
chased from Cascade, and its secondary antibody is FITC-anti-
mouse IgG2a (Clone RMG2a-62, Biolegend, 407105). Isotype-
matched immunoglobulin was used as a non-specific staining 
control for all staining experiments. Cells were stained with sur-
face markers for 30-60 min at 4 ºC, then washed in 1× PBS and 
resuspended in 0.5 ml 1× PBS with 0.5% BSA. For PIP3 assays, 
PIP3 levels were measured using a biotin-labeled antibody against 
anti-PI-3,4,5-P3 (a gift from Dr Paul Neilsen, Echelon, Salt Lake 
City, UT) and FACS following a published protocol [32]. For in-
tracellular Pten staining, total splenocytes freshly prepared from 
non-irradiated mice were fixed in 1.5% formaldehyde, permea-
bilized by 60% methanol, and then stained by PerCP-anti-B220, 
APC-AA4.1, anti-Pten. After washing, the cells were stained by 
the secondary antibody FITC-anti-mouse IgG2a. Based on B220/
AA4.1 expression profiles, mature (B220+AA4.1–) and immature 
(B220+AA4.1+) B cells were gated and their intracellular Pten 
levels were quantified (median fluorescence intensity as shown in 
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Figure 5) by flow cytometry.

Apoptosis and cell cycle assays
Mitochondrial membrane potential was assayed using the fluo-

rescent potentiometric dye JC-1 (Molecular Probe). JC-1 accumu-
lates in the mitochondrial space in a membrane potential-depen-
dent manner. The dye exists as a monomer at low concentrations 
and yields green fluorescence, similar to fluorescein. At higher 
concentrations, the dye aggregates in a manner that yields red fluo-
rescence, similar to PE. Briefly, cells were cultured at a density of 
0.5-1.0×106 cells/ml. For each condition, 1 ml of cells was treated 
for the indicated time. 0.3 ml of the cells was mixed with 0.3 ml of 
staining solution (complete medium containing 0.5 µg/ml JC-1). 
Cells were stained for 30 min in a 37 ºC incubator (5% CO2). After 
staining, cells were washed at room temperature with 1× PBS. The 
cell pellet was then resuspended in 0.5 ml 1× PBS, and JC-1 fluo-
rescence was analyzed by FACS. For PI staining assays, 2×106/ml 
of B cells were cultured in 24-well flat-bottom plates with 10 µg/
ml of goat anti-mouse IgM F(ab’)2. At the indicated time points, 
cells were collected and stained with a solution containing 50 µg/
ml PI, 20 ng/ml RNase A, 0.1% Triton X-100, and 0.1% sodium 
citrate. Duplicate samples were then analyzed by FACS (Becton-
Dickinson) using CellQuest software, and the percentage of apop-
totic cells (<2N DNA content) or S and G2/M phase cells (≥2N 
DNA content) was quantified. For PI exclusion and B220/AA4.1 
combined staining assays, 1 ml (5×106 cells) of total splenocytes 
isolated from non-irradiated mice by a standard protocol was 
stimulated with 10 µg/ml anti-IgM for the indicated time periods, 
and then stained with 500 µl of cold 1× PBS containing 0.5% 
BSA, 1 µg PI /ml, PerCP-anti-B220, and APC-AA4.1. Using flow 
cytometry, the percentage of viable mature and immature B cells 
were determined by the B220/AA4.1 expression profile (mature B 
cells, B220+AA4.1–; immature B cells, B220+AA4.1+) after gating 
on propidium iodine negative cells. Viability results were calcu-
lated using the following formula: viability (%) = numbers of vi-
able cells remaining after anti-IgM treatment for the specified time 
periods/numbers of viable cells at 0 h ×100.

Immunoprecipitation and PI3K activity assays
Protocol was modified from a previously published version [53]. 

Cells were lysed at 4 ºC in 200 µl ice-cold lysis buffer (137 mM 
NaCl, 2.7 mM KC1, 1 mM MgCl2, 1 mM CaCl2, 1% NP40, 10% 
glycerol, 1 mg/ml BSA, 20 mM Tris, 0.5 mM sodium orthovana-
date, 0.2 mM PMSF, 10 µg/ml leupeptin, pepstatin A, and apro-
tinin). Agarose beads were prepared by adding 2 µl of anti-phos-
photyrosine (1 µg/µl clone 4G10, Upstate Biotechnology, catalog# 
16-125) and 50 µl (25 µl packed beads) of PBS-washed protein A 
agarose bead slurry to 500 µl PBS in a microcentrifuge tube. The 
reaction mixture was gently rocked at 4 ºC for 1 h, centrifuged by 
gentle pulsing to precipitate beads, supernatant discarded, washed 
2× times with cold PBS, and resuspended in an appropriate vol-
ume of PBS. Immunoprecipitation was carried out by incubating 
50-80 µg of cell lysate (diluted to 450 µl with PBS) with 50 µl of 
agarose beads for 1 h at 4 ºC with gentle rocking. Beads were then 
washed 2× with cold PBS, 1× with kinase buffer (10 mM Tris, 10 
mM MgCl2). The kinase reaction was carried out by resuspend-
ing pelleted beads in 50 µl of kinase buffer containing 10 µg of 
phosphatidylinositol (PI), 10 µCi γ-32P-ATP per 50 µl reaction, and 
incubated for 30 min at room temperature. Lipids, including PI3K-

catalyzed synthesis product PIP, were then extracted from the 
reacting mixture with 150 µl chloroform. The amount of PI phos-
phorylated by PI3K was analyzed by thin layer chromatography 
(TLC) using CH3Cl: CH3OH:H2O = 90:70:14.6 as a developing 
agent.

Immunoblot assays
Cells were lysed in 50 mM HEPES (pH 7.5), 150 mM NaCl, 

1 mM EDTA, 2.5 mM EGTA, 1 mM DTT, 0.1% Tween-20, 10% 
glycerol, 10 mM β-glycerophosphate, 1 mM sodium fluoride, 
0.1 mM Na3VO4, 0.2 mM PMSF, 5 µg/ml aprotinin, 5 µg/ml leu-
peptin, 2.5 mM sodium pyrophosphate, and protein concentrations 
determined by Bradford assay (Bio-Rad). Around 30-40 µg of 
whole-cell lysate was loaded onto SDS-PAGE and transferred onto 
PVDF membrane (Millipore). Blots were probed with the follow-
ing antibodies diluted into 1% non-fat milk in 10 mM Tris saline 
(pH 7.4) containing 0.05% Tween-20 (TBS-T): anti-AKT, anti-
phospho-AKT (Thr 308), anti-phospho-AKT (Ser 473), all from 
Cell Signaling; anti-p85 and anti-p110 (Santa Cruz). Horseradish 
peroxidase-conjugated anti-rabbit secondary antibody (NA934) 
and anti-mouse secondary antibody (NA931) were purchased from 
Amersham. ECL plus chemiluminescence detection system was 
used to visualize Western blots (RPN 2132, Amersham). All West-
ern blot experiments have been confirmed in multiple experiments 
using separate sets of cell lysates.

Generation of immature B cells infected by retrovirus
Following the protocol published previously [20], retroviruses 

(pMIGR1 and pMyr-AKT-HA) were grown in 293T cells and 
assayed for viral titer by infecting NIH3T3 cells. Bone marrow 
extracts of female C57BL/6 mice were ablated with 5-fluorouracil 
(5-FU, 250 mg/kg weight) as previously described [41]. Bone mar-
row stem cells were cultured for one day in six-well plates with a 
cocktail of the following cytokines: IL-3 (6 ng/ml), IL-6 (10 ng/
ml) and stem cell factor (SCF, 100 ng/ml). Retroviral supernatant 
was added to bone marrow stem cells, which were cultured for an 
additional 4-6 days. The cells were collected and injected into le-
thally irradiated mice (850 rad). Immature B cells were harvested 
at 14 days post-transplant.
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