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Successful B cell differentiation and prevention of cell transforma-
tion depends on balanced and fine-tuned activation of cellular
signaling pathways. The phosphatidyl inositol-3 kinase (PI3K) sig-
naling pathway has emerged as a major regulator of B lymphocyte
homeostasis and function. Phosphoinositide-dependent protein
kinase-1 (PDK1) is the pivotal node in the PI3K pathway, regulating
the stability and activity of downstream AGC kinases (including
Akt, RSK, S6K, SGK, and PKC). Although the importance of PI3K
activity in B cell differentiation is well documented, the role of
PDK1 and other downstream effectors is underexplored. Here we
used inducible and stage-specific gene targeting approaches to
elucidate the role of PDK1 in early and peripheral B cell differen-
tiation. PDK1 ablation enhanced cell cycle entry and apoptosis of
IL-7–dependent pro-B cells, blocking Ig synthesis and B cell matu-
ration. PDK1 also was essential for the survival and activation of
peripheral B cells via regulation of PKC and Akt-dependent down-
stream effectors, such as GSK3α/β and Foxo1. We found that PDK1
deletion strongly impaired B cell receptor (BCR) signaling, but IL-4
costimulation was sufficient to restore BCR-induced proliferation.
IL-4 also normalized PKCβ activation and hexokinase II expression
in BCR-stimulated cells, suggesting that this signaling pathway can
act independent of PDK1 to support B cell growth. In summary,
our results demonstrate that PDK1 is indispensable for B cell sur-
vival, proliferation, and growth regulation.

Activation of the phosphatidyl inositol-3 kinase (PI3K) sig-
naling pathway is critical to early B cell development as well

as peripheral B cell survival and activation (1). Although the
catalytic p110 subunits of class I PI3K molecules are partially re-
dundant, the combined loss of the p110α and p110δ isoforms results
in impaired IL-7R–driven proliferation (2). Conversely, it has been
suggested that attenuation of PI3K signaling via IL-7R signaling is
required for pre-B cell differentiation into IgM-expressing cells to
cease proliferation and promote RAG expression (3).
In peripheral B cells, continued survival requires “tonic” sig-

naling via the B cell receptor (BCR), which can be replaced by
constitutive PI3K activity (4). Moreover, generation of the
marginal zone (MZ) and B-1 B cell subsets, as well as antigen-
driven differentiation into antibody-producing cells, are de-
pendent on PI3K (1). PI3K activity generates PtdIns(3,4,5)P3,
which acts as a secondary messenger by binding the pleckstrin
homology domains of downstream effector molecules. PtdIns
(3,4,5)P3 is also the substrate for the phosphatases PTEN and
SHIP, generating PtdIns(4,5)P2 and PtdIns(3,4)P2, respectively.
Unrestrained activation of PI3K signaling in B cells lacking
PTEN and SHIP results in lethal B cell lymphoma (5).
Phosphoinositide-dependent kinase 1 (PDK1) represents a

pivotal downstream effector of PI3K signaling, regulating cellular
responses to growth factors, insulin, and numerous other agonists
by activating a number of AGC protein kinases. Analysis of Pdk1−/−

mouse embryonic stem cells confirmed that the major targets in-
clude protein kinase B (PKB)/Akt, p70 and p90 ribosomal S6
kinases (S6K1 and RSK, respectively), serum-and glucocorti-
coid-induced protein kinase (SGK), and protein kinase C (PKC)
isoforms (6). After cell stimulation, phosphorylation of conserved
residues in the carboxyl-terminal domain of the AGC kinases
creates a docking site for PDK1 (7). Maximum activity and

stability of the AGC kinases depend on the subsequent phos-
phorylation of a key threonine residue in the T or activation loop
within the catalytic domain by PDK1 (7). The mechanism of Akt
activation is an exception to this general rule. Akt isoforms as
well as PDK1 have a pleckstrin homology domain that specifically
binds to PtdIns(3,4,5)P3. This interaction induces translocation and
colocalization of Akt and PDK1 to the inner membrane, where
PDK1 can effectively phosphorylate the T loop of Akt at T308
(8). The Sin1/Rictor-containing mTOR complex (mTORC2)
phosphorylates Akt at S473 in the hydrophobic C-terminal motif
(9), resulting in dual phosphorylation and full activation. In the
present study, we used a genetic approach to explore the func-
tions of PDK1 in B cell development and differentiation.

Results
PDK1 Is Required for Early B Cell Development. To examine the in
vivo role of PDK1 in B cell development, we crossed mice
bearing a conditional loxP-flanked Pdk1 allele (Pdk1L) (10) with
mb1Cre mice in which the cre recombinase gene has been inserted
into the mb1 locus (11). Multicolor flow cytometry analysis of bone
marrow (BM) cells from Pdk1L/L × mb1Cre mice revealed a three-
fold reduction in the frequency of B220+ B cells, encompassing an
almost complete loss of mature recirculating (B220hiIgMlo) and
immature (B220loIgMhi) B cells (Fig. 1A and Fig. S1B). Analysis of
the B cell progenitor compartment revealed a 10-fold reduction
in the frequency of resting pre-B cells (B220+CD19+CD25+),
whereas the proportion of pro-B cells (B220+CD19+CD117+)
may be increased slightly in Pdk1L/L × mb1Cre mice (Fig. 1B and
Fig. S1B). Therefore, ablation of Pdk1 prevents the generation of
surface IgM+ B cells.

Significance

Phosphatidyl inositol-3 kinase (PI3K) activity is central to B
lymphocyte survival, growth, and differentiation. Recent clini-
cal studies also indicate that inhibiting the activity of the PI3Kδ
isoform will be effective in treating human B cell malignancies.
Here we focus on the B cell-specific role of the Ser/Thr kinase
phosphoinositide-dependent kinase 1 (PDK1), a pivotal down-
stream effector of PI3K signaling that is required for the acti-
vation of most members of the AGC kinase family (e.g., Akt,
S6K, RSK, PKC). Using conditional gene-targeting approaches,
we show that the B cell receptor and a subset of cytokine
receptors require PDK1 for B cell generation in the bone mar-
row as well as for mature B cell survival and activation.
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To determine the precise stage of B cell development that is
affected by Pdk1 deletion, we analyzed the subpopulations within
the earliest B cell progenitors according to the Hardy classifica-
tion scheme (12). Pdk1L/L × mb1Cre and Pdk1+/+ × mb1Cre mice
had similar percentages and numbers of fraction A (Fr. A) pre–
pro-B cells and Fr. B early pro-B cells in the BM (Fig. S1).
Pdk1L/L × mb1Cre mice also showed a normal frequency of Fr. C
cells; however, these mice had significantly lower proportions
and numbers of Fr. C′ cells, including large cycling pre-B cells
expressing the pre-BCR (Fig. S1). To determine whether Pdk1-
deficient Fr. C pro-B cells are capable of expressing a productive
μ heavy chain (μHC) component of the pre-BCR, we stained BM
cells for intracellular μHC. Staining revealed that the frequency
of pro-B cells (B220+sIgM−CD19+CD25−) expressing μHC was
much lower in Pdk1L/L ×mb1Cremice than in Pdk1+/+ ×mb1Cremice
(Fig. 1C). Taken together, these results suggest that PDK1 regulates
survival and/or proliferation of B cell progenitors, including the
generation and expansion of large-cycling pre-B cells expressing
the pre-BCR.

PDK1 Regulates IL-7R–Dependent Proliferation and Survival. We ex-
amined whether, in addition to impaired pre-BCR assembly and/
or signaling, alterations in IL-7R signaling also could contribute
to the blockage of B cell development observed in Pdk1L/L ×mb1Cre

mice. The Pdk1L/L × mb1Cre and control mice had similar fre-
quencies of B220+IL-7Rα+ BM cells (Fig. 2A); however, fewer vi-
able Pdk1L/L × mb1Cre BM B cells were recovered after 2, 4, or 6 d
of culture with IL-7 compared with Pdk1+/+ ×mb1Cre cells (Fig. 2B),
suggesting a critical role for PDK1 in IL-7–mediated proliferation
and/or survival. To distinguish between these two possibilities,
we loaded equal numbers of purified B220+ BM cells with car-
boxyfluorescein succinimidyl ester (CFSE) before stimulation with
IL-7. Analysis of the CFSE dilution profile (as a measure of cell
division) vs. 7AAD exclusion (as a measure of viability) showed
that Pdk1L/L × mb1Cre cells responded to IL-7 stimulation and
actually divided more rapidly than control cells early in culture,
indicating that the diminished numbers of Pdk1-deficient cells in
IL-7 cultures was caused by defects in cell survival, not be defects
in cell proliferation (Fig. 2C). On removal of IL-7, cultured B cell
progenitors continued to undergo Ig gene rearrangement to be-
come surface Ig+; however, in the absence of PDK1, formation of
IgM+Igκ+ B cells was blocked (Fig. 2D). Taken together, these
results suggest that PDK1 regulates IL-7–mediated cell survival
and cell cycle progression, which is critical for Ig gene rear-
rangement and pre-B cell maturation.
Consistent with the reduction in μHC+ cells, light scatter anal-

ysis showed a lack of small pre-B cells in Pdk1L/L × mb1Cre B220+

cell cultures (Fig. 2C). To further investigate the mechanisms

involved in the diminished survival of Pdk1-deficient cells, we
established a long-term homogeneous pro-B cell culture from
lineage-depleted BM cells. After 10 d in culture, cells derived
from Pdk1+/+ × mb1Cre and Pdk1L/L × mb1Cre mice were of
similar size (Fig. 3A). Cells were counted and further cultured
in the presence of BrdU for proliferation analysis. Cultures of
Pdk1L/L × mb1Cre mice showed an increased proportion of
BrdU+ cells relative to control cultures. Furthermore, cell cycle
analysis by propidium iodine (PI) staining revealed a higher
proportion of cells in S phase, confirming the enhanced pro-
liferative index of Pdk1-deficient cells (Fig. 3A). Conversely, Pdk1-
deficient cultures showed a higher percentage of cells expressing

Fig. 1. PDK1 is required for early B cell development. (A) Frequencies of total B cells (B220+CD11b−) and IgM-expressing B cells (B220+IgM+). (B) B220+ B cells
were gated as depicted in A, and the proportions of pre-B cells (CD19+CD25+) (Left) and pro-B cells (CD19+CD117+) (Right) within this gate are shown. (C)
Intracellular staining of μHC in B220+surface IgM−CD19+CD25− cells, represented as percentages. The values represent mean ± SD of at least three in-
dependent experiments.

Fig. 2. PDK1 regulates IL-7R–dependent proliferation and survival. (A)
Frequency of IL-7Rα+ cells among B220+ cells in the BM. (B) Bar graph
showing the average number of B220+ cells in IL-7 cultures at the indicated
time points. (C) Light-scatter density plots (Upper) and proportion of live
cells (7AAD−B220+CFSElow) that underwent division (Lower) after 2 d of
culture in IL-7. (D) IgM and Igκ expression in cells that were cultured for 3 d
with IL-7 and for 2 additional days without IL-7. Data in A and C represent
mean ± SD of three independent experiments. Data in B and D are repre-
sentative of three different experiments.
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active caspase-3 (Fig. S2), suggesting that these cells were
undergoing apoptosis.
PDK1 is a pivotal effector enzyme in the PI3K pathway that

regulates branching of downstream pathways. Western blot
analysis demonstrated efficient deletion of PDK1 in cultured
Pdk1L/L × mb1Cre pro-B cells (Fig. 3B). In response to IL-7
stimulation, PI3K-independent phosphorylation of STAT5Y694

was normal, as expected. In contrast, loss of PDK1 led to a dra-
matic reduction in the phosphorylation of AktT308 and down-
stream mTORC1/S6K target ribosomal protein S6 (RPS6S245)
(Fig. 3B), suggestive of cell growth defects. Reduced phosphor-
ylation of the Akt substrates Foxo1S256, GSK3α/βS21/9, and BADS136

was observed as well (Fig. 3B), suggesting that this dysregulation
may contribute to impaired cell survival. GSK3α/βS21/9 phosphor-
ylation inhibits kinase activity and has been shown to prevent
phosphorylation-dependent degradation of Mcl-1 (13). Corre-
spondingly, IL-7–stimulated Pdk1L/L × mb1Cre pre-B cells
exhibited a modest decrease in Mcl-1 expression relative to
controls (Fig. 3B). Even though Bim is a target of the FoxO
factors, its expression was not altered in Pdk1L/L × mb1Cre pro-B
cells expressing hypophosphorylated nuclear Foxo1 (Fig. 3B). In
addition, we did not detect significantly altered levels of the
antiapoptotic factor Bcl-xL or the proapoptotic factor Bax in
cultured Pdk1L/L × mb1Cre pre-B cells (Fig. 3B). Thus, the pri-
mary survival defect may result from impaired phosphorylation
of BADS136 by Akt, which disrupts binding with Bcl-2 and Bcl-xL
and promotes survival. The levels of cyclin D3, c-myc, and
p27kip1 were normal in the Pdk1-deficient cells (Fig. 3B),
suggesting that alterations in other unidentified cell cycle fac-
tors contribute to the augmented proliferation observed in
these cells.

PDK1 Is Required for Peripheral B-Cell Homeostasis. The severity of
the early B cell defect observed in Pdk1L/L × mb1Cre mice pre-
cluded the analysis of PDK1 function in peripheral B cells.

Consequently, we established Pdk1L/L × Cd21Cre transgenic mice.
In Cd21Cre transgenic mice, Cre is induced in transitional B cells
and sustained in mature B cells (14). On flow cytometry analysis,
Pdk1L/L × Cd21Cre mice displayed significantly lower proportions
and numbers of B cells compared with age-matched littermate
controls (Pdk1+/+× Cd21Cre) (Fig. 4A and Fig. S3). Further analysis
revealed significant reductions in the number of follicular B cells
(FOB; B220+CD23hiIgMloCD21lo), MZ B cells (MZB; B220+

CD23loIgMhiCD21hi), and the combined T2/MZ precursors (MZP;
B220+CD23+IgMhiCD21hi). No reduction in the number of transi-
tional 1 (T1) cell subset (B220+CD23−IgMhiCD21lo) was observed,
consistent with the induction of CD21Cre expression at this de-
velopmental stage (14). In addition, analysis of B cells in the peri-
toneal cavity revealed a reduction in the proportion of both B-1
(IgMhiCD23−) and B-2 (IgMloCD23+) cell subsets (Fig. 4B). These
results indicate that PDK1 is necessary for the formation of both
subsets of “innate-like” B cells that produce natural IgM.
The dramatic reduction in the number of FOB cells in Pdk1L/L ×

Cd21Cre mice suggests that PDK1 controls the maturation and/or

Fig. 3. Analysis of PDK1 effectors mediating early B cell expansion. (A)
Proportion of viable proliferating cells in HSC-derived pro-B cell cultures as
measured by cell scatter (Top), BrdU incorporation (Middle), or cell cycle
analysis with PI (Bottom). Data represent mean ± SD of at least three in-
dependent experiments. (B) Immunoblot analyses of HSC-derived pro-B cells
from Pdk1+/+ × mb1Cre (lanes 1 and 3) or Pdk1L/L × mb1Cre (lanes 2 and 4)
mice after 10 d in culture and on restimulation with IL-7 or not restimulated
(N.S.). Blots are representative of three experiments.

Fig. 4. PDK1 is required for peripheral B cell homeostasis. (A) Percentage of
total B cells and B cell subsets [T1 (B220+IgMhi+CD21−), T2/MZP (B220+IgMhi+
CD21hi), FOB (B220+IgMlo+CD21lo), and MZB (B220+IgMhi+CD9+)] in spleens.
(B) Analysis of peritoneal B1 (IgMhiCD23−) and B2 (IgMloCD23+) cells and lymph
node (LN) B cells. (C) Intracellular BrdU staining of splenic FOB cells (B220+

CD21loCD23hi) from mice that had been fed with BrdU for 10 d. (D) Immu-
noblot analyses of splenic FOB cells (CD43−CD9−) stimulated with 10 μg/mL
anti-IgM (Fab′)2. Data represent mean ± SD of at least three experiments.
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survival of this B cell subset. To investigate the role of PDK1 in the
survival of mature recirculating B cells, we administered BrdU in
the drinking water of Pdk1+/+ × Cd21Cre and Pdk1L/L × Cd21Cre

mice for 10 d to label proliferating B cell precursors in the BM. We
used flow cytometry analysis to determine the frequency of BrdU+

cells that differentiated in the BM and emigrated to the spleen
during the 10-d period. Compared with WT controls, the Pdk1L/L ×
Cd21Cre mice showed a 3.5-fold increase in the percentage of
BrdU+ cells within the FOB cell pool, indicating a higher rate of
peripheral B cell turnover in these mice (Fig. 4C). This result sug-
gests that Pdk1-deficient B cells in the periphery are short-lived and
are continually replenished by newly formed B cells from the BM.
To gain insight into PDK1-mediated survival mechanisms in

mature recirculating B cells, we examined signal transduction via
the PI3K pathway in FOB cells isolated from Pdk1L/L × Cd21Cre

and WT mice. Splenic FOB cells (CD43−CD9−) were enriched
by depletion of all non-B cells (CD43+) and MZB cells (CD9+)
and stimulated with anti-IgM (Fab′)2 before immunoblot analysis
of whole-cell lysates. Surprisingly, Pdk1-deficient cells exhibited
only a modest reduction in pAktT308, which is the residue directly
phosphorylated by PDK1; moreover, pAktS473 was substantially
increased in PDK1-deficient cells (Fig. 4D). The modest effect on
phosphorylation of AktT308 likely reflects the robust activity of
residual PDK1, as has been noted in other systems (15). More-
over, enhanced phosphorylation of AktS473 is known to occur
after derepression of a negative feedback mechanism involving
the mTORC1 complex (16).
To examine B cell function, we measured basal Ig levels by

ELISA. Serum IgM and IgG levels were reduced (Fig. S4A),
consistent with impaired B cell survival and strong reductions in
the MZ and B-1 B cell compartments. However, serum IgA and
IgE was maintained or significantly elevated, respectively (Fig.
S4A). Notwithstanding the isotype-specific variations in basal Ig
levels, Pdk1L/L × Cd21Cre B cells were unable to mount an efficient
antigen-specific antibody response to the T cell-independent poly-
meric antigen, 2,4,6-trinitrophenyl (TNP)-Ficoll (Fig. S4B).
In addition, germinal center B cell differentiation was strongly
impaired in the spleen after immunization with sheep red blood
cells (SRBCs) (Fig. S4 C and D), and spontaneous germinal
center formation in the Peyer’s patches (Fig. S4E). These find-
ings suggest that PDK1 is essential for antigen-driven clonal
expansion.
The residual PDK1 expression noted in B cells from Pdk1L/L ×

Cd21Cre mice (Fig. 4D) raised the possibility that B cells that
retain some level of PDK1 expression have a survival advantage.
Thus, we established a system to examine the acute effects of
Pdk1 inactivation in mature B cells by intercrossing Pdk1L/L mice
with the recently described hCD20TamCre strain (17), as well as with
the Cre-induced Rosa26eyfp reporter strain (18). In Pdk1L/L ×
Rosa26eyfp × hCD20TamCre (hereinafter Pdk1L/L × TamCre) mice,
Pdk1 deletion was induced in B cells by tamoxifen injection and
could be monitored by coinduction of EYFP expression. Tamoxifen
was administered for 3 consecutive days, and flow cytometric
analysis was performed at 5 d after the final dose. Interestingly, we
found a modest reduction in the percentage of EYFP+ MZB cells,
suggesting that PDK1 is required for the maintenance of the pop-
ulation, but no significant alteration in the percentage of EYFP+

FOB cells in Pdk1L/L × TamCre versus control mice over this 8-d
period (Fig. 5A); however, analysis at several weeks after tamoxifen
treatment revealed a dramatic reduction in the number of EYFP+B
cells in the Pdk1L/L × TamCre mice (Fig. 5B). Moreover, induced
deletion of Pdk1 at days 3–5 postimmunization with SRBCs resulted
in a strong block in germinal center B cell differentiation (Fig. S5A)
These findings are consistent with those obtained in the Pdk1L/L ×
Cd21Cre system, indicating that PDK1 is required for the growth and
survival of B cells representing all peripheral subsets.
To evaluate the role of PDK1 in peripheral B cells responding

to mitogens and growth factors, we purified splenic B cells from

Pdk1L/L × TamCre mice at 5 d after tamoxifen injection. At this
time point, the Pdk+/+ × TamCre and Pdk1L/L × TamCre mice
have similar proportions of MZB cells. Purified B cells were then
incubated with anti-IgM F(ab′)2, LPS, BAFF, IL-4, or anti-CD40
for 3 d. Pdk1L/L × TamCre B cells survived poorly in response to
anti-IgM F(ab′)2, BAFF, and, to a lesser extent, anti-CD40 or
IL-4, but responded normally to LPS (Fig. S5B). In vitro B cell
proliferation experiments, as measured by dilution of the eF670 dye,
corroborated the survival data, showing that Pdk1L/L × TamCre B
cells were hyporesponsive to all stimuli except LPS. Moreover, IL-4
costimulation rescued the proliferative defects seen in Pdk1L/L ×
TamCre B cells stimulated with anti-IgM F(ab′)2 alone (Fig. 5C).
These findings raised the possibility that the elevated basal IgA and
IgE observed in vivo (Fig. S4A) may be a result of an augmented
class-switch recombination. Indeed, we found that costimulation
with IL-4 resulted in sustained proliferation and normalized switch
to IgG1 (Fig. S5C). Taken together, these results suggest that IL-4
can function in a PDK1-independent manner to promote B cell
survival and function.

PDK1-Regulated Signaling Pathways in Activated B Cells. To eluci-
date the PDK1-regulated signaling pathways that impact B cell
proliferation and survival downstream of the BCR, whole-cell
lysates were prepared from Pdk1L/L × TamCre and control B cells
for immunoblot analysis. Interestingly, Pdk1L/L × TamCre cells,
similar to Pdk1L/L × CD21Cre cells, did not exhibit a significant
reduction in pAktT308, but did display an increase in pAktS473

(Fig. 6A). Nonetheless, phosphorylation of the Akt substrate
pFoxo1S256 was reduced in Pdk1-deficient cells, suggesting com-
promised Akt activity in these cells. As observed in early B cells
from Pdk1L/L × mb1Cre mice (Fig. 3B), Pdk1L/L × TamCre cells
expressed elevated levels of active caspase 3 (Fig. 6A).

Fig. 5. Effect of acute deletion of PDK1 on peripheral B cell homeostasis
and activation. (A) Flow cytometry analyses of the percentages of B cells and
B cell subsets in the spleens at 5 d after tamoxifen injection. (B) Analysis of
spleens at 4–5 wk after tamoxifen injection. (C) B cell division as measured by
flow cytometry analysis of eF670 partitioning after 3 d of culture. Data
represent mean ± SD of three independent experiments. *P < 0.05, Mann–
Whitney U test.
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To elucidate upstream defects in survival pathways that would
contribute to caspase-3 activation, we prepared whole-cell lysates
from Pdk1L/L × TamCre and control B cells that had been stim-
ulated overnight with various stimuli. Consistent with previous
work implicating Akt in promoting Mcl-1 stability by inhibiting
GSK3α/β activity (13), Pdk1L/L × TamCre B cells showed some
diminution in Mcl-1 expression on costimulation with anti-IgM
F(ab′)2 (Fig. 6B). Expression of other proapoptotic or antiapoptotic
factors, including Bcl-2, Bcl-xL, and Bim, was unchanged in the
Pdk1L/L × TamCre cells (Fig. 6B).
PDK1 phosphorylates and promotes the activation and stability

of PKC isoforms. We examined the levels of PKCβ in Pdk1-
deficient B cells, because this isoform controls survival pathways
mediated by NFκB in B cells. Although we found no changes in
the amount of total PKCβ or other PKC isoforms, the amount of
pPKCα/βT638/641 was consistently reduced in resting Pdk1L/L ×
TamCre and Pdk1L/L × CD21Cre B cells (Fig. 6C and Fig. S6). This
threonine residue is located in the turn motif of PKCs and is
autophosphorylated after PDK1 phosphorylation of the activation
loop. Interestingly, BCR signaling did not alter pPKCα/βT638/641
levels in WT or Pdk1L/L × TamCre B cells after either 24 h or short-
term culture with anti-IgM F(ab′)2 (Fig. 6 B and C). In contrast, B
cells that had been cultured simultaneously with anti-IgM F(ab′)2
and IL-4 had higher levels of pPKCα/βT638/641 compared with B
cells that had received anti-IgM F(ab′)2 or IL-4 alone. This in-
duction was similar in WT and Pdk1L/L × TamCre B cells (Fig. 6C).
It was recently shown that PKCβ plays an important role in the

induction of aerobic glycolysis on BCR stimulation, and that
blockage of glycolysis results in decreased survival of activated B

cells (19). We found that BCR engagement failed to induce
normal expression of hexokinase II (HKII), a glycolytic enzyme, in
Pdk1L/L × TamCre B cells (Fig. 6C). In contrast, the combination
of anti-IgM F(ab′)2 and IL-4 induced similar levels of HKII in WT
and Pdk1L/L × TamCre cells (Fig. 6C). Thus, induction of HKII
by IL-4 contributes to the recovery of B cell growth, proliferation,
and survival in a PDK1-independent manner.

Discussion
Here we focused on the role of PDK1 as a critical and non-
redundant factor that parses signals downstream of PI3K and has
PtdIns(3,4,5)P3-independent functions as well. We found that
Pdk1-deficient pro-B cells largely failed to produce μHC and
complete their differentiation into pre-B cells. An explanation
for this finding may come from the recent findings of Venigalla
et al. (20), who reported that PDK1 supports the expression of
Pax5, which is required for efficient rearrangement of distal VH
gene segments. Once assembled, the pre-BCR can attenuate
IL-7R/PI3K/Akt signaling, abetting Foxo1 activity in the nucleus
and ultimately limiting cell proliferation, Rag gene transcription,
and light chain gene rearrangement (3). Using Cd19Cre mice to
inactivate Pdk1, Park et al. (21) recently reported that although
the pre-B cell compartment was intact in these mice, PDK1 was
required for the generation of immature B cells in the BM. Thus,
PDK1 is necessary for pre-BCR assembly, and also appears to be
necessary for the positive selection of immature B cells expressing
a functional BCR.
PDK1-deficient pro-B cells were more susceptible to cell

death. Although Bcl-xL, Bax, and Bim expression was unaffected
by PDK1 loss, Mcl-1 expression was modestly reduced, and
BadS136 phosphorylation was strongly reduced. These findings
are consistent with reports that activated Akt enhances cell survival
via inactivation of BAD and stabilization of Mcl-1. Phosphorylation
of Bad inhibits apoptosis by preventing dimerization with Bcl-2
or Bcl-xL (22). Phosphorylation of GSK3 by Akt inhibits kinase
activity, preventing phosphorylation-dependent ubiquitylation and
degradation of Mcl-1 (13, 23). Mcl-1 is indispensable for the sur-
vival and development of B cell progenitors (24), and its expression
level appears to be regulated primarily by post-translational
mechanisms. That said, in pro-B cells, STAT5 is known to drive
Mcl1 transcription (25). Because IL-7R/STAT5 activation was
normal in Pdk1L/L ×mb1Cre B cells, this pathway likely contributed
to the steady-state levels of Mcl-1 in these cells.
In addition to tonic signaling, the BCR and BAFFR promote

mature B cell survival by regulation of metabolic fitness, which
depend on PKCβ and PI3K/Akt signals (19, 26). BAFF induces
PKCβ translocation to the membrane, followed by Akt activation
and changes in cell size (26), whereas BCR engagement causes
transcription of glycolytic genes in a PKCβ-dependent manner
(19). We found reduced levels of pPKCα/βT638/641, which repre-
sents the mature active PKC isoforms, as well diminished amounts
of the glycolytic protein HKII in Pdk1-deficient B cells. Curiously,
costimulation with anti-BCR and IL-4 restored the levels of HKII
and pPKCα/βT638/641 and rescued BCR-activated Pdk1-deficient
cells from apoptosis. IL-4 costimulation with anti-CD40 or LPS
also allowed for robust proliferation-dependent Ig class-switch
recombination in the absence of PDK1. Interestingly, these find-
ings are consistent with the description of an alternative PI3K-
independent BCR signaling pathway activated by IL-4 stimulation
(27), which induces a STAT6-dependent glycolytic program (28);
however, our in vivo studies indicate that this alternate pathway
cannot compensate for the loss of PDK1 in promoting B cell
homeostasis and function.

Materials and Methods
Mice. Mice bearing loxP sequences flanking exons 3 and 4 of Pdk1 (Pdk1L/L)
have been described previously (10) and were purchased from the University
of Dundee. Pdk1L/L mice were crossed with mb1Cre (11) or Cd21Cre (14) mice

Fig. 6. PDK1-regulated signaling pathways in activated B cells. Shown are
immunoblots of total cell lysates of B cells purified at 5 d after the final
injection of tamoxifen and stimulated under different conditions. (A) B cells
were stimulated with 10 μg/mL of anti-IgM (Fab′)2 for the indicated period.
(B) B cells were cultured for 24 h in medium alone (lanes 1 and 8), BAFF
(lanes 2 and 9), IL-4 (lanes 3 and 10), IgM (lanes 4 and 11), IgM and BAFF
(lanes 5 and 12), IgM and IL-4 (lanes 6 and 13), and BAFF and IL-4 (lanes 7 and
14). (C) B cells were cultured for 24 h in medium alone (lanes 1 and 5), IL-4
(lanes 2 and 6), IgM (lanes 3 and 7), and IgM and IL-4 (lanes 4 and 8). Data are
representative of at least three experiments.
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to delete Pdk1 in B cell progenitors or mature B cells, respectively. Pdk1L/L

also was crossed to hCD20TamCre and B6.129 × 1-Gt(ROSA)26Sortm1(EYFP)
Cos/J (Rosa26eyfp) mice (18) for B cell-restricted tamoxifen-induced deletion
of Pdk1 in mature B cells, as described previously (17). Mice were bred and
housed in the animal facility located at Sanford–Burnham Medical Research
Institute. All of the crosses and procedures were carried out in accordance
with Institutional Animal Care and Use Committee guidelines.

Flow Cytometry. The following antibodies were purchased from eBiosciences
or BD Biosciences (clone numbers in parentheses): B220 (RA3-6B2), CD43 (S7),
BP1 (6C3), CD24 (M1/69), CD117 (2B8), CD25 (PC61.5), CD19 (ID3), IgM (II/41),
IgD (11-26), μ (II/41), κ (187.1), CD127 (A7R34), CD11b (M1/70), CD3e (145-
2C11), CD9 (KM08), CD23 (B3B4), CD21 (7G6), Gr-1 (RB6-8C5), CD49b (DX5),
Ter119 (Ter-119), Fas (15A7), and GL-7 (GL7). Apoptotic/necrotic cells were
detected by incubation of cells in FACS buffer containing 7AAD. For in-
tracellular staining, cells were initially stained for surface markers as de-
scribed above, followed by fixation and permeabilization with Cytofix/
Cytoperm buffer (BD Biosciences) and 0.1% saponin as recommended by the
manufacturer. Data were acquired on a FACSCanto (BD Biosciences) using
FACSDiva software and analyzed using FlowJo software (TreeStar).

Immunizations and ELISA. For analysis of T cell-independent responses, pe-
ripheral blood from 8-wk-old mice was collected at day 0 or day 7 after i.p.
injection of 10 mg TNP-Ficoll. TNP-coated EIA/RIA plates were used for the
detection of Ag-specific IgM and IgG3 (Bethyl Laboratories) in the sera by
ELISA. For analysis of T cell-dependent responses, mice were immunized i.p.
with 0.2 mL of a 10% SRBC suspension in PBS. Histological analysis and ELISA
were performed as described previously (5, 29).

Cell Culture. For expansion of hematopoietic stem cell (HSC)-derived pro-B
cells, lineage-positive cells were depleted from BM with anti-Gr1, CD11b,

CD3e, CD49b, Ter119, and B220 antibodies. Lineage-depleted cells were
cultured in 10 ng/mL recombinant mouse IL-7, Flt3-L, and SCF (Peprotech).
Flt3-L and SCF were withdrawn sequentially, and the cells were cultured for
up 10 d in IL-7. For analysis of cell proliferation, 10 μM BrdU was added to the
cultures, and intracellular cell staining and FACS analysis were performed
24 h later. Alternatively, the cells were resuspended in 500 μL of propidium
iodine (PI) hypotonic solution (0.1% sodium citrate, 0.1% Triton X, 100 μg/mL
RNase, and 50 μg/mL PI) and incubated at 4 °C overnight before cell cycle
analysis by flow cytometry. For detection of active caspase-3, cells were cul-
tured overnight with or without 20 μM pan-caspase inhibitor Q-VD-OPh (R&D
Systems) and detected with CaspGLOW FITC-active caspase-3 (eBioscience). In
vitro stimulation assays with splenic B cells were performed as described
previously (5).

Immunoblot Analysis. Western blot analysis was performed as described pre-
viously (5). All antibodies were purchased from Cell Signaling Technology,
except anti-total PKCβ (BD Biosciences), anti–Bcl-xL (BD Biosciences), anti–c-Myc
(Santa Cruz Biotechnology), anti–Mcl-1 (Rockland Immunochemicals), and
anti-PDK1 (Upstate Biotechnology).

Statistics. All of the experiments were performed with a minimum of three
animals in each group, and two or three similar experiments were combined
for statistical analysis. The Mann–Whitney U test was used for all compar-
isons, and a P < 0.05 was considered significant.
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