
IMMUNOBIOLOGY

Brief report

Optimal B-cell proliferation requires phosphoinositide 3-kinase–dependent
inactivation of FOXO transcription factors
Isharat Yusuf, Xiaocui Zhu, Michael G. Kharas, Jing Chen, and David A. Fruman

Transcription factors of the Forkhead Box,
class O (FOXO) family promote cell-cycle
arrest and/or apoptosis in a variety of cell
types. Mitogenic stimuli inactivate FOXO
function by way of an evolutionarily con-
served pathway involving the activation
of phosphoinositide 3-kinase (PI3K) and
its downstream effector, Akt. Although
PI3K activation is required for B-lympho-

cyte proliferation, it is not known whether
PI3K-dependent inactivation of FOXO pro-
teins is important for cell-cycle progres-
sion and survival of these cells. Here, we
show that B-cell receptor (BCR) engage-
ment triggers PI3K-dependent phosphor-
ylation and nuclear export of FOXO1.
Furthermore, forced expression of PI3K-
independent variants of FOXO1 or

FOXO3a in activated B cells induces par-
tial arrest in G1 phase of the cell cycle and
increases apoptosis. These findings es-
tablish that FOXO inactivation is a func-
tionally important consequence of PI3K
signaling in primary B cells. (Blood. 2004;
104:784-787)
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Introduction

Signaling through the B-cell receptor (BCR) initiates events
leading to proliferation and survival. One key signal is the
activation of the phosphoinositide 3-kinase (PI3K) pathway.1-4

Lipid second messengers produced by PI3K activate a number of
kinases, including Akt.5,6 Many proteins that influence cell-cycle
progression and survival have been defined as Akt substrates in
other cellular systems. One such group is the Forkhead Box, class
O (FOXO) family of transcription factors, which includes FOXO1,
FOXO3a, and FOXO4.7,8Transcriptional targets of FOXO proteins
include genes encoding proapoptotic and/or antiproliferative pro-
teins such as Bim, Fas ligand, p27kip,7 and Rb2/p130.9-13 Phosphor-
ylation by Akt and other kinases,including Sgk, results in FOXO
inactivation. This results in part from shuttling out of the nucleus and
into the cytoplasm, where they are sequestered by binding to
14-3-3 proteins and/or degraded.7,8,14 FOXO1 is phosphorylated
following BCR stimulation of a B-cell line.15 Here, we address the
question of whether PI3K/Akt pathway-mediated inhibition of
FOXO function contributes to proliferation and survival of nontrans-
formed mature B cells.

Study design
Mice

Animals were housed and studied in accordance with protocols approved by
the institutional animal care and use committee. Balb/c mice and E�-Bcl-2
transgenic mice (mixed background containing C57Bl/6, 129SvEv, and
Balb/c) were bred in our colony.

RNA expression analysis (microarray and Q-PCR)

RNA was prepared from resting and activated splenic B cells (purified as
previously described16) and analyzed by microarray (Affymetrix, Santa

Clara, CA) as described.17 Expression patterns for cyclin G2 and pRb2/
p130 were validated by quantitative real-time polymerase chain reaction
(Q-PCR) as described.17

Antibodies and immunoblots

Anti-FOXO1 and antiphospho-FOXO1 (Ser256) were from Cell Signaling
Technologies (Beverly, MA). Anti-FOXO3a was from Upstate (Charlottes-
ville, VA). Anti–�-actin was from Sigma-Aldrich (St Louis, MO). Purified
Balb/c B cells at 2� 106/mL were incubated at 37°C for 1 hour in B-cell
medium,16 treated for 15 minutes with LY294002 (LY; 10�M) or vehicle
control (0.1% EtOH), then stimulated with anti-IgM (immunoglobulin M)
F(ab�)2 (Jackson Immunoresearch, West Grove, PA). Nuclear and cytoplas-
mic extracts were prepared by using Pierce NE-PER kit (Rockford, IL),
diluted in 2� sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and boiled for 5 minutes. Separations were
verified by blotting for cytoplasmic and nuclear markers (tubulin and lung
Krüppel-like factor [LKLF]). Whole-cell lysates were made by resuspend-
ing cells in 1� sample buffer and boiling for 5 minutes. Immunoblotting
was performed as previously described.18 Blots were quantitated by using
NIH Image 1.61 (Bethesda, MD).

Retroviral transduction and vectors

FLAG–tagged wild-type FOXO1 and FOXO1(A3) (gift from Kun-Liang
Guan, University of Michigan) and hemagglutin (HA)–tagged FOXO3a
and FOXO3a(A3) (gift from Dr Boudewijn Burgering, University of
Utrecht, the Netherlands) were subcloned into a retroviral vector, MSCV-
IRES-Thy1.1 (pMIT, gift from P. Marrack, National Jewish Medical and
Research Center, Denver, CO), as previously described.18 The A3 mutants
have all 3 Akt/Sgk phosphorylation sites (FOXO1: T24, S256, S319;
FOXO3a: T32, S253, S3157) mutated to alanine. Retroviral stocks were
produced and titered as described.18 Primary B cells from Balb/c and Bcl-2
transgenic mice were purified and stimulated for 24 hours with lipopolysac-
charide (LPS; 10�g/mL). Retroviral transduction was performed by
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centrifuging cells with viral supernatant in a 24-well plate for 45 minutes at
450g at 30°C in the presence of 2 �g/mL polybrene. Cells were stained and
analyzed by fluorescence activated cell sorting (FACS) for apoptosis
(Annexin V) in Thy1.1� populations. Cell-cycle analysis was also per-
formed on Thy1.1� cells by measuring DNA content as previously
described.16 Data were analyzed by Flowjo (TreeStar, Ashland, OR).

Results and discussion

Previously, we used DNA microarrays to gain a global understand-
ing of how PI3K regulates gene expression changes in activated B
cells.17 Several genes were found to be down-regulated following
BCR engagement in a PI3K-dependent manner. Protein products of
2 of these genes, Rb2/p130 and cyclin G2, have known growth-
suppressive activity.19-22 We used Q-PCR to verify PI3K-dependent
down-regulation of p130 and cyclin G2 mRNA in murine B cells
activated with anti-IgM (Figure 1A). The genes encoding human
Rb2/p130 and cyclin G2 have been shown to be direct targets of
FOXO proteins.12,23 This led us to explore the hypothesis that
FOXO protein inactivation by PI3K/Akt signaling contributes to
proliferation and survival following B-cell activation.

First, we studied the expression and regulation of FOXO
proteins in primary B cells. Both FOXO1 and FOXO3a were
detectable by using isoform-specific antibodies, but their relative
expression levels could not be inferred by this analysis (Figure 1B).
Phosphospecific antisera that recognize Akt phosphorylation sites
on FOXO1, FOXO3a, and FOXO4 detected a predominant band
comigrating with FOXO1 (Figure 1C; data not shown), suggesting

that this is the most abundant isoform in resting B cells. Phospho-
FOXO1 was consistently detected in unstimulated B cells but
increased on BCR stimulation in a LY-sensitive manner (Figure
1C). Consistent with the model that FOXO phosphorylation
promotes nuclear exit, phospho-FOXO1 was found exclusively in
the cytoplasm (Figure 1D-E). Furthermore, the ratio of cytoplasmic
to nuclear FOXO1 increased following BCR engagement, and this
increase was significantly diminished in LY-treated cells (Figure
1D-E). Although it appears that the amount of FOXO1 protein in
the cytoplasm of activated cells was similar in the absence or
presence of LY, this could be explained by degradation of the
highly phosphorylated FOXO1 in cells with active PI3K.14 Consis-
tent with this, the amount of FOXO1 protein in total lysates
decreased over time, and this was partially delayed by pretreatment
with LY (Figure 1C). Other kinases can phosphorylate FOXO
proteins, some in a PI3K-independent manner,7,8 and may contrib-
ute to FOXO degradation.

To test whether FOXO proteins influence B-cell proliferation
and/or survival, FOXO factors were overexpressed in proliferating
Balb/c B cells. We used the pMIT retroviral vector that allows
bicistronic expression of the gene of interest and the surface
marker, Thy 1.1. Overexpression of wild-type FOXO1 caused a
modest increase in cell death, whereas FOXO3a had no consistent
effect (Figure 2A). Conversely, FOXO3a but not FOXO1 caused a
reproducible arrest or delay in cell-cycle progression, as judged by
a decrease in the fraction in S phase and an increase in the fraction
in G1 phase (Figure 2A). Cell size analysis did not suggest
induction of G0 by either FOXO isoform (data not shown).

Figure 1. BCR crosslinking leads to PI3K-dependent down-regulation of gene expression accompanied by phosphorylation and nuclear export of FOXO1. (A)
Independent RNA samples derived from separate preparations of murine B cells were analyzed by microarray (Affymetrix) or Q-PCR for expression of cyclin G2 (left) or
pRb2/p130 (right). Relative expression in microarray data refers to the mean hybridization signal from replicate experiments after normalization of overall chip signals. For
Q-PCR data, relative expression was calculated from standard curves and normalized to �-actin mRNA levels. Q-PCR experiments used RNA from Balb/c B cells stimulated
with anti-IgM in the presence of a maximal inhibitory concentration (10 �M) of the PI3K inhibitor LY294002 (LY), whereas a suboptimal LY concentration (3 �M) was used in the
microarray experiment.17 Data are plotted as percentage of control, defined as the expression level in fresh unstimulated B cells. Relative expression at T � 0 minute (f), T � 2
hours (u), and T � 2 hours � LY (�) is shown. (B) Whole-cell lysates were prepared from resting primary B cells and either Cos7 cells transfected with FLAG-tagged FOXO1
and HA-FOXO3a or untransfected. These samples were then resolved by SDS-PAGE and immunoblotted for total FOXO1 and FOXO3a. The slower mobility of the transfected
samples is the result of the epitope tags. Anti–�-actin was used to determine equal loading. (C) B cells were either lysed immediately (T � 0 minute) or stimulated with anti-IgM
for the indicated times in the presence or absence of LY (15-minute pretreatment). Whole-cell lysates were resolved by SDS-PAGE and immunoblotted for phospho-FOXO1
(Ser256) and total FOXO1. The blot was also probed for �-actin to verify equivalent loading. (D) B cells were either harvested immediately (T � 0 and T � 0 � LY) or stimulated
for 30 minutes (T � 30 and T � 30 � LY) with anti-IgM in the presence or absence of 10 �M LY294002. Nuclear and cytoplasmic lysates were loaded on the basis of cell
equivalents and resolved by SDS-PAGE, followed by immunoblotting for phospho-FOXO1 (Ser256) and total FOXO1. (E) (Left) Expression levels of FOXO1 and
phospho-FOXO1 (pFOXO1) in panel D were quantitated by using NIH Image 1.61. Expression is shown in arbitrary units. (Right) Ratio of cytoplasmic to nuclear FOXO1
expression. Left panel shows expression of phospho-FOXO1 in the cytoplasm. For immunoblots, similar results were obtained in 2 to 4 replicate experiments.
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Mutation of 3 serine and threonine residues on FOXO1 or
FOXO3a to alanine (“A3 mutants” ) converts these proteins to Akt
independence and enhances the ability of FOXO factors to oppose
cell cycle and survival in many cell types.7,9-13 In activated B cells,
FOXO1(A3) and FOXO3a(A3) markedly augmented apoptosis
and cell-cycle arrest/delay (Figure 2A). The enhanced effectiveness
of the A3 mutants relative to their wild-type counterparts indicates
that PI3K in the activated B cells can partially inactivate exogenous
wild-type FOXO.

To determine if A3 mutants of FOXO1 and FOXO3a use
distinct mechanisms to promote cell-cycle arrest and death, we
studied B cells from transgenic mice overexpressing Bcl-2. Consis-
tent with the antiapoptotic activity of Bcl-2, transgenic B cells
showed lower spontaneous death compared with littermate controls
(Figure 2B). Overexpression of Bcl-2 also diminished death
induced by expression of FOXO proteins, more strikingly when
FOXO3a(A3) was used (Figure 2B) but did not block FOXO-
mediated cell-cycle arrest (Figure 2A-B). These findings could
suggest that in activated B cells FOXO proteins exert their effects
through up-regulation of both proapoptotic genes such as Bim, as
described in primary T cells,13 along with antiproliferative genes
such as Rb2.

PI3K activation plays a pivotal role in B-cell proliferation and
survival,1-3 yet the downstream targets of this signaling pathway in
B cells are not fully defined. We have established that PI3K-
dependent inactivation of FOXO protein function is important
for cell-cycle progression and survival in activated B cells.
Following BCR cross-linking, PI3K/Akt-mediated phosphoryla-
tion of FOXO1 increases, the protein exits the nucleus, and its
total expression decreases. These findings indicate that FOXO
regulation in B cells adheres to the paradigm established in other
cell types.7,8 A critical question that remains to be answered is
whether FOXO proteins function in resting B cells to promote
quiescence rather than death, as suggested by the elevated
expression of Rb2/p130.12 Resting B cells are refractory to
current gene delivery methods; therefore, dissecting FOXO
function in naive B cells will require alternative approaches
such as transgenesis.

Acknowledgments

We thank Pratibha Sareen, Cattleya Buranasombati, and Travis
Moore for mouse colony maintenance and genotyping; Boudewijn
Burgering, Kun-Liang Guan, and Philippa Marrack for DNA
constructs; and Craig Walsh for helpful discussions.

References

1. Fruman DA, Cantley LC. Phosphoinositide 3-ki-
nase in immunological systems. Semin Immunol.
2002;14:7-18.

2. Okkenhaug K, Vanhaesebroeck B. PI3K in lym-
phocyte development, differentiation and activa-
tion. Nat Rev Immunol. 2003;3:317-330.

3. Koyasu S. The role of PI3K in immune cells. Nat
Immunol. 2003;4:313-319.

4. Fruman DA, Snapper SB, Yballe CM, et al. Im-
paired B cell development and proliferation in ab-
sence of phosphoinositide 3-kinase p85alpha.
Science. 1999;283:393-397.

5. Vanhaesebroeck B, Leevers SJ, Ahmadi K, et al.

Synthesis and function of 3-phosphorylated inosi-
tol lipids. Annu Rev Biochem. 2001;70:535-602.

6. Vivanco I, Sawyers CL. The phosphatidylinositol
3-kinase AKT pathway in human cancer. Nat Rev
Cancer. 2002;2:489-501.

7. Burgering BM, Kops GJ. Cell cycle and death
control: long live Forkheads. Trends Biochem Sci.
2002;27:352-360.

8. Tran H, Brunet A, Griffith EC, Greenberg ME. The
many forks in FOXO’s road. Sci STKE.
2003;2003:RE5.

9. Brunet A, Bonni A, Zigmond MJ, et al. Akt pro-
motes cell survival by phosphorylating and inhibit-

ing a Forkhead transcription factor. Cell. 1999;96:
857-868.

10. Dijkers PF, Medema RH, Lammers JW, Koender-
man L, Coffer PJ. Expression of the pro-apoptotic
Bcl-2 family member Bim is regulated by the fork-
head transcription factor FKHR-L1. Curr Biol.
2000;10:1201-1204.

11. Dijkers PF, Medema RH, Pals C, et al. Forkhead
transcription factor FKHR-L1 modulates cytokine-
dependent transcriptional regulation of
p27(KIP1). Mol Cell Biol. 2000;20:9138-9148.

12. Kops GJ, Medema RH, Glassford J, et al. Control

Figure 2. FOXO overexpression in primary B cells causes cell-cycle arrest and
increases apoptosis in a manner opposed by PI3K/Akt signaling. (A) Purified B
cells from Balb/c mice were stimulated with 10 �g/mL LPS for 24 hours. The cells
were then retrovirally transduced with either vector alone (pMIT), or wild-type or A3
mutant versions of FOXO1 (i,iii) or FOXO3a (ii,iv). (i-ii) Sixty-four hours after infection
the cells were stained with anti-Thy1.1–biotin followed by Streptavidin-CyChrome to
identify positively transduced cells and Annexin V–phycoerythrin (PE) to identify cells
undergoing apoptosis. Bar graphs depict the percentage of apoptotic (Annexin
V–positive) cells in the population expressing high levels of Thy1.1. (iii-iv) Thirty-six
hours after infection, cells were stained with anti-Thy1.1–biotin and Streptavidin-
FITC, then analyzed for DNA content by using propidium iodide. The percentage of
live Thy1.1 cells in G1 (f), S (u), and G2 (�) phases of the cell cycle was determined
by using Flowjo. (v) A representative cell-cycle graph. Three to 4 independent
experiments with similar results were obtained for both cell death and cell cycle. (B)
Purified B cells from nontransgenic littermates (�Tg) and Bcl2 Tg (�Tg) mice were
stimulated and retrovirally transduced as for panel A. Cell death (i-ii) and cell-cycle
status (iii-iv) were monitored at 64 hours and 36 hours after infection, respectively, as
for panel A.

786 YUSUF et al BLOOD, 1 AUGUST 2004 � VOLUME 104, NUMBER 3



of cell cycle exit and entry by protein kinase B-
regulated forkhead transcription factors. Mol Cell
Biol. 2002;22:2025-2036.

13. Stahl M, Dijkers PF, Kops GJ, et al. The forkhead
transcription factor FoxO regulates transcription
of p27Kip1 and Bim in response to IL-2. J Immu-
nol. 2002;168:5024-5031.

14. Plas DR, Thompson CB. Akt activation promotes
degradation of tuberin and FOXO3a via the pro-
teasome. J Biol Chem. 2003;278:12361-12366.

15. Christian SL, Sims PV, Gold MR. The B cell anti-
gen receptor regulates the transcriptional activa-
tor beta-catenin via protein kinase C-mediated
inhibition of glycogen synthase kinase-3. J Immu-
nol. 2002;169:758-769.

16. Donahue AC, Fruman DA. Proliferation and sur-
vival of activated B cells requires sustained anti-
gen receptor engagement and phosphoinositide

3-kinase activation. J Immunol. 2003;170:5851-
5860.

17. Fruman DA, Ferl GZ, An SS, Donahue AC, Sat-
terthwaite AB, Witte ON. Phosphoinositide 3-ki-
nase and Bruton’s tyrosine kinase regulate over-
lapping sets of genes in B lymphocytes. Proc Natl
Acad Sci U S A. 2002;99:359-364.

18. Kharas MG, Deane JD, Wong S, et al. Phospho-
inositide 3-kinase signaling is essential for ABL
oncogene–mediated transformation of B-lineage
cells. Blood. Prepublished on February 19, 2004,
as DOI 10.1182/blood-2003-07-2193. (Now avail-
able as Blood. 2004;100:4268-4275.)

19. Horne MC, Donaldson KL, Goolsby GL, et al. Cy-
clin G2 is up-regulated during growth inhibition
and B cell antigen receptor-mediated cell cycle
arrest. J Biol Chem. 1997;272:12650-12661.

20. Grana X, Garriga J, Mayol X. Role of the retino-
blastoma protein family, pRB, p107 and p130 in

the negative control of cell growth. Oncogene.
1998;17:3365-3383.

21. Lam EW, Glassford J, van der Sman J, et al.
Modulation of E2F activity in primary mouse B
cells following stimulation via surface IgM and
CD40 receptors. Eur J Immunol. 1999;29:3380-
3389.

22. Bennin DA, Don AS, Brake T, et al. Cyclin G2 as-
sociates with protein phosphatase 2A catalytic
and regulatory B’ subunits in active complexes
and induces nuclear aberrations and a G1/S
phase cell cycle arrest. J Biol Chem. 2002;277:
27449-27467.

23. Martinez-Gac L, Marques M, Garcia Z, Campan-
ero MR, Carrera AC. Control of cyclin G2 mRNA
expression by forkhead transcription factors:
novel mechanism for cell cycle control by phos-
phoinositide 3-kinase and forkhead. Mol Cell Biol.
2004;24:2181-2189.

FOXO PROTEINS OPPOSE B-CELL PROLIFERATION 787BLOOD, 1 AUGUST 2004 � VOLUME 104, NUMBER 3


