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Abstract

Interleukin-3 (IL-3), IL-5 and granulocyte-macrophage colony-stimulating factor (GM-
CSF) regulate the survival, proliferation and differentiation of  hematopoietic lineages.
Phosphatidylinositol 3-kinase (PI3K) has been implicated in the regulation of  these
processes. Here we investigate the molecular mechanism by which PI3K regulates
cytokine-mediated proliferation and survival in the murine pre-B cell line Ba/F3. IL-3 was
found to repress the expression of  the cyclin-dependent kinase inhibitor p27KIP1 through
activation of  PI3K, and this occurs at the level of  transcription. This transcriptional reg-
ulation occurs through modulation of  the forkhead transcription factor FKHR-L1, and
IL-3 inhibited FKHR-L1 activity in a PI3K-dependent manner. We have generated Ba/F3
cell lines expressing a tamoxifen-inducible active FKHR-L1 mutant (FKHR-
L1(A3):ER*). Tamoxifen-mediated activation of  FKHR-L1(A3):ER* resulted in a strik-
ing increase in p27KIP1 promoter activity and mRNA and protein levels, as well as induc-
tion of  the apoptotic program. The level of  p27KIP1 appears to be critical in the regula-
tion of  cell survival since mere ectopic expression of  p27KIP1 was sufficient to induce
Ba/F3 apoptosis. Moreover, cell survival was increased in cytokine-starved bone marrow-
derived stem cells from p27KIP1 null-mutant mice compared to that in cells from wild-
type mice. Taken together, these observations indicate that inhibition of  p27KIP1 tran-
scription through PI3K-induced FKHR-L1 phosphorylation provides a novel mechanism
of  regulating cytokine-mediated survival and proliferation. 

Introduction

Cytokines of  the interleukin-3 (IL-3)/IL-5/ granulocyte-macrophage colony-stimulating
factor (GM-CSF) family are important regulators of  proliferation, differentiation and
effector functions of  various hematopoietic cell lineages and their precursors1,2. IL-3 and
GM-CSF regulate the proliferation and survival of multiple hematopoietic lineages,
whereas IL-5 has a more restricted role in the differentiation of  eosinophils and
basophils, as well as of murine B cells2,3. Phosphatidylinositol 3-kinase (PI3K), and its
downstream target protein kinase B (PKB) have been linked to regulation of  prolifera-
tion and survival in a variety of  hematopoietic systems4-6. PI3K activity is negatively reg-
ulated by the PTEN (phosphatase and tensin homolog) phosphatase, which specifically
dephosphorylates the D3 position of  phosphatidylinositol, thus inhibiting the action of
PI3K7-10. Several mechanisms have been proposed to explain the requirement for PI3K
activity in cytokine-mediated cell survival. For example, IL-3 regulates PKB-induced
phosphorylation of  the pro-apoptotic Bcl-2 family member BAD, inhibiting its pro-apop-
totic activity6. However, it has recently been shown that this phosphorylation does not
correlate well with cell survival11. Another target of  PKB possibly accounting for its anti-
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apoptotic effect is the apoptotic protease caspase-9, which is inactivated upon phospho-
rylation by PKB12. However, this phosphorylation site is not evolutionarily conserved13,
leaving its relevance in vivo to be demonstrated. More recently, PKB was demonstrated
to be involved in negatively regulating the activity of  the forkhead family of  transcription
factors which can mediate apoptosis as well as proliferation14-16. 

To identify a potential mechanism by which PI3K could exert its proliferative and
anti-apoptotic effects, we focused on cyclin-dependent kinase (CDK) inhibitor p27KIP1.
Upregulation of  p27KIP1 is linked to cell cycle arrest in G0/G1 through its interaction with

CDK-cyclin complexes17. Regulation of  p27KIP1 levels has been described as occurring
predominantly posttranslationally, by cyclin E-CDK2-mediated phosphorylation, which
subsequently targets p27KIP1 for degradation by the proteasome17-20. p27KIP1 in turn also
inhibits cyclin E-CDK2 complexes, suggesting that the balance of  p27KIP1 and cyclin E-
CDK2 is important for G1 progression. Mitogens upregulate cyclin D levels, subse-

quently sequestering away p27KIP1 from cyclin E/CDK2 complexes and hereby activat-
ing these complexes21. Interestingly, p27KIP1 has also been implicated in the regulation of
immunoglobulin M (IgM)-induced B cell apoptosis, which can be rescued by CD40 lig-
and engagement22,23. The exact mechanism by which cytokines are able to regulate
p27KIP1 levels and what the importance of  this is for mediating its proliferative and anti-
apoptotic effects in hematopoietic cells are largely unknown. 

Here we show that an important means by which cytokine-mediated proliferation and
survival are regulated is through downregulation of  p27KIP1. Transcriptional induction of
p27KIP1 is regulated by the forkhead-related transcription factor FKHR-L1. Activation of
FKHR-L1 is sufficient to elevate p27KIP1 mRNA and protein levels, as well as to induce
apoptosis. Importantly, apoptosis of  bone marrow derived hematopoietic stem cells from
p27KIP1 null-mutant mice is decreased upon cytokine withdrawal compared to that of
cells from wild-type mice, demonstrating the importance of  regulating p27KIP1 levels in
vivo for cell survival. Our data provide a novel mechanism by which cytokines can both
regulate cell cycle progression and inhibit apoptosis by the PI3K-PKB-mediated down-
regulation of  p27KIP1. We propose that the regulation of  p27KIP1 transcription by fork-
head-related transcription factors may be a general mechanism by which hematopoietic
cells can respond appropriately to their environmental conditions, resulting in survival,
proliferation, or differentiation.

Materials and Methods

Cell culture
Ba/F3 cells were cultured in RPMI 1640 supplemented with 8% Hyclone serum (Gibco)
and recombinant mouse IL-3 produced in COS cells24. Peripheral blood eosinophils from
healthy volunteers obtained from the Blood Bank (Utrecht, The Netherlands) were iso-
lated as described previously25. Fetal liver-derived myeloid cultures were prepared from
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day-17 mouse embryos by culture of  suspension cells in RPMI 1640 supplemented with
IL-3, IL-6, and stem cells factor (SCF) as previously described26. Bone marrow cells were
flushed out of mouse femurs and resuspended in Iscove's modified Eagle Medium con-
taining 20% Myclone Super Plus fetal calf  serum and red blood cells were lysed by dilut-
ing them 1:1 with acetic acid- phosphate-buffered saline (PBS). Sca1 positive cells were
isolated using Sca1 antibody microbeads (Miltenyi, Gladbach, Germany). Cells were cul-
tured for 5 days in medium supplemented with murine IL-3, IL-6, SCF (R&D, Abingdon,
United Kingdom) before analyzing apoptosis upon cytokine withdrawal. Twenty-four h
after cytokine withdrawal, cells were washed with ice-cold PBS, resuspended in binding
buffer (10 mM HEPES [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2). Cells were then incu-
bated with fluorescein isothiocyanate (FITC)-conjugated Annexin-V for 10 min at room
temperature, washed and resuspended in binding buffer containing 1 µg of  propidium
iodide (PI)/ml and fluorescence was analyzed by fluorescence-activated cell sorter
(FACS).

Reagents and antibodies
LY294002, PD098059, and SB203580 were from Alexis (San Diego, CA, U.S.A.).
Rapamycin was a kind gift from Dr. N. Lomax from the Drug Synthesis and Chemistry
Branch of  the National Cancer Institute (Bethesda, MD, U.S.A.). pRC-p27KIP1 (mouse)
was a kind gift from R. Bernards (Netherlands Cancer Institute, Amsterdam), and spec-
trin-linked green fluorescent protein (GFP) was a kind gift from Dr. A. Beavis and T.
Sheck (Princeton, USA) and has been described previously27. myrPKB:ER* was a kind
gift of Dr. A. Klippel (Chiron Corporation, Emeryville, CA, U.S.A.). pSG5-
mycPTENcaax was obtained by PCR amplification of  PTEN from human neutrophil
cDNA and shuttling through pGEM-T_caax28 before subsequent cloning into pSG5.
FKHR-L1 constructs were a kind gift from M.E. Greenberg (Boston, MA, U.S.A.)14,
pCDNA3-FKHR-L1(A3):ER* was generated by cloning FKHR-L1(A3) without the stop
codon into a pCDNA3 vector containing the hormone-binding domain of  the estrogen
receptor (pCDNA3-ER). Constructs for haemagglutinin (HA-PKB, gagPKB, cyclin D1,
cyclin D1 promoter, kinase-dead CDK4 and the low-affinity nerve growth factor recep-
tor (LNGFR) have been described previously29-31. The pGL2-p27KIP1 luciferase promot-
er construct32 was a kind gift from Dr. I.P. Touw (Erasmus University, Rotterdam, The
Netherlands). Histone H1 and actinomycin D were purchased from Sigma, and protein
A agarose was purchased from Boehringer GmbH (Mannheim, Germany). p27KIP1 and
RACK1 mAb were purchased from Transduction Laboratories (Lexington, Kentucky,
U.S.A.), PKB, cyclin E, CDK2, ERK1 and ERK2 antibodies were purchased from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, U.S.A.). Phospho-Ser473 PKB was from New
England Biolabs (Beverly, MA, U.S.A), while FKHR-L1 and phospho-Thr32 FKHR-L1
were from Upstate Biotechnology Inc. (Lake Placid, NY, U.S.A.). 
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Western blotting
For the detection of  p27KIP1, cells were lysed in Lowry sample buffer and the protein
concentration was determined as described previously33. Equal amounts of  each protein
sample were analyzed by 15% SDS-PAGE and Western blotting with p27KIP1 antibody.
Blots were subsequently probed with RACK1 antibody (or ERK1 and ERK2 in the case
of  eosinophils) to confirm equal protein loading. For the analysis of  CDK2 levels, equal
amounts of  protein of  cells lysed in ELB buffer33 together with inhibitors (see the
description of  kinase assays below) and were analyzed in parallel with the cyclin E-asso-
ciated kinase activity. For detection with phosphospecific antibodies, cells were lysed in
ELB buffer together with inhibitors, and equal amounts of  protein were run on gel, blot-
ted, and probed with phosphospecific antibodies. 

Northern blotting
Ba/F3 cells were cultured with IL-3 and then starved for various times, or were starved
for IL-3 overnight and subsequently stimulated with IL-3. In some experiments cells were
cultured with IL-3 and 4-hydroxy tamoxifen (4-OHT) was added. Total RNA was isolat-
ed as described previously34. Twenty micrograms of  total RNA was used for Northern
blotting and hybridized with a p27KIP1 probe consisting of  full-length p27KIP1 cDNA.
Equal RNA loading was verified by stripping and reprobing the blots with a 1.4 kb cDNA
fragment of  the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.

Apoptosis and proliferation assays
For apoptosis assays cells were counted, washed twice with PBS, resuspended in RPMI
1640 containing 8% Hyclone, and seeded in 24-well dishes (0.4 x 106 cells per well). After
two h inhibitors were added as indicated, and after a further 30 min cytokines were added.
After 48 h cells were harvested, washed twice in PBS and fixed for at least 2 h in 300 µl
of  PBS-700 µl of  ethanol. Cells were spun down gently and permeabilized in 200 µl of
0.1% Triton X-100-0.045 M Na2HPO4- 0.0025 M sodium citrate at 37°C for 20 min.
Next, 750 µl of  apoptosis buffer (0.1% Triton X-100, 10 mM PIPES [piperazine-
N,N'bis{2-ethanesulfonic acid}], 2 mM MgCl2, 40 µg of  Rnase/ml, 20 µg of  propidium
iodide/ml) was added, and cells were incubated for 30 min in the dark. The percentage
of  apoptotic cells was analyzed by FACS as the percentage of  cells (10,000 cells counted)
with a DNA content of <2N. Thresholds were set to gate out cellular debris. For Ba/F3
cells transfected with GFP-spectrin, 5,000 GFP-positive cells were analyzed. Cell cycle
profiles were determined using a FACScalibur (Becton Dickson, Mountainview, CA,
U.S.A.) and analyzed using Cell Quest and MofFit software. For cell proliferation assays
Ba/F3 cells were seeded in 24-well dishes (0.1 x 106 cells per well) together with IL-3 with
or without inhibitors and the viable cells were counted every 24 h by trypan blue exclu-
sion.
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Transient electroporations and generation of stable cell lines
For transient transfections, Ba/F3 cells were electroporated (0.28 kV; capacitance 960 µF)
and 2 h after electroporation dead cells were removed by separation through a Ficoll gra-
dient (2,500 rpm for 20 min). Cells were harvested 24 h after electroporation and ana-
lyzed by FACS as described above. For the generation of  polyclonal transfectants con-
structs were electroporated into Ba/F3 cells together with pSG5 conferring neomycin
resistance and maintained in 500 µg/ml G418 (Boehringer GmbH) in the presence of  IL-
3. Monoclonal cell lines were generated by limited dilution, and results shown are repre-
sentative of  at least two separate clones. For the analysis of  p27KIP1 levels in cells tran-
siently overexpressing p27KIP1, cells were electroporated together with LNGFR as a
marker31. Dead cells were removed, and LNGFR expressing cells were separated using
monoclonal LNGFR antibody 20.431 and goat anti-mouse microbeads (Miltenyi Biotech).
Equal protein concentrations were analyzed by p27KIP1 western blotting.

Cyclin E-CDK2 kinase assays
Cyclin E-associated kinase activity was determined as described previously33, using his-
tone H1 as a substrate. CDK2 levels were determined in parallel by Western blotting.

Luciferase assays
Ba/F3 cells were electroporated with the pGL2-p27KIP1 luciferase promoter construct32,
a pGL2 thymidine kinase luciferase construct or a pGL2 control luciferase construct, the
internal transfection control (pRL-TK; Promega), and expression plasmids. 24 h after
transfection cells were harvested and luciferase activity was measured. Values were cor-
rected for transfection efficiency and growth and represent the means of  at least three
independent experiments (± standard errors of  the means).

Results

Signaling pathways regulating cytokine-mediated proliferation and 
survival.
Lymphoid and myeloid lineages require cytokines and growth factors to both induce cell
division and act as survival factors. The mouse pre-B cell line Ba/F3 requires IL-3 to pro-
liferate as well as to overcome a default apoptotic program. To define signaling pathways
critically involved in mediating the proliferative response to IL-3, we analyzed the effect
of  various pharmacological inhibitors on Ba/F3 cells cultured with IL-3. Cells were cul-
tured for 72 h and the number of  trypan blue-excluding cells was determined every 24 h.
Proliferation was not affected when the cells were cultured with IL-3 in the presence of
mitogen-activated protein kinase (MAPK) kinase inhibitor PD09805935 or with p38
MAPK inhibitor SB20358036, indicating that the proliferative response is not affected by
inhibition of MAP kinases (Fig. 1A). Activation of  ERK and p38 kinases was potently
inhibited under these conditions (data not shown). IL-3-dependent proliferation was pro-
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foundly inhibited when the cells were cultured in the presence of  either PI3K inhibitor
LY29400237 or rapamycin, an inhibitor of  the activation of  p70S6K, a target of  PI3K sig-
naling.

To determine whether the inhibition of  proliferation may be due to a decrease in cell
survival, we analyzed the effect of  pharmacological inhibitors on apoptosis. For this pur-
pose we used FACS analysis of  PI-labeled cells and marked cells containing less than 2N
DNA content as apoptotic. These results were also confirmed by DNA laddering (data
not shown). As expected, addition of  PD098059 or SB203580 did not affect cell survival,
implying no significant role for MAPKs in the regulation of  apoptosis (Fig. 1B).
However, IL-3-induced rescue from apoptosis was abrogated when cells were incubated
with LY294002. Although rapamycin could efficiently block proliferation, it had no effect
on IL-3 mediated rescue from apoptosis, demonstrating that inhibition of  cell cycle pro-
gression is in itself  insufficient to initiate the apoptotic program. Identical results were
also found in 32D cells, a murine IL-3-dependent cell line, cultured with IL-3 (data not
shown). 

To exclude aspecific effects introduced by using pharmacological inhibitors of  PI3K
we developed a novel inhibitory tool, using the 3-phosphatidylinositol lipid phosphatase
PTEN. Although the mechanisms of  PTEN regulation are unclear, regulation by mem-
brane localization has been suggested by the recent analysis of  its crystal structure38. We
generated a PTEN construct containing a C-terminal CAAX-box derived from Ki-Ras28,
resulting in constitutive membrane-association (PTENcaax). In contrast to what was
found for wild-type PTEN, phosphorylation of  PKB was largely abrogated upon expres-
sion of  this construct, demonstrating that PTENcaax is capable of  potently inhibiting
PI3K activity (Fig 1C; left, lane 3). To analyze whether PTEN could affect cytokine-medi-
ated rescue from apoptosis, we electroporated cells with PTEN expression vectors. We
observed a minor increase in apoptosis in Ba/F3 cells overexpressing wild-type PTEN
(data not shown). Ba/F3 cells ectopically expressing PTENcaax exhibited a much higher
percentage of  apoptosis than control Ba/F3 cells expressing GFP-spectrin alone (Fig. 1C;
right). This observation clearly demonstrates the importance of  PI3K generated phos-
phatidylinositol lipids for cell survival.
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Figure 1. Regulation of  IL-3-mediated proliferation and survival. 
Ba/F3 cells were cultured in the presence of  IL-3 without inhibitors or with PD098059 (50 µM),
LY294002 (10 µM), SB203580 (10 µM), or rapamycin (20 ng/ml), and cells were counted every 24 h as
indicated. (B) Ba/F3 cells were cultured in the absence of  IL-3 (bar 1) or presence of  IL-3 either alone
(bar 2) or with LY294002 (10 µM; bar 3) PD098059 (50 µM; bar 4), SB203580 (10 µM; bar 5) or
rapamycin (20 ng/ml; bar 6) and the percentages of  apoptotic cells were determined after 48 h. (C, Left).
COS cells were transfected with either 8 µg empty vector, or the myc-PTEN or the myc-PTENcaax vec-
tor together with 2 µg of  the HA-PKB vector. HA-PKB was immunoprecipitated with an HA antibody
(12CA5) and analyzed for activity by immunoblotting with phospho-Ser473 PKB antibody (top).
Expression of HA-PKB and mycPTEN was verified by immunoblotting with either 12CA5 (middle) or
myc antibody (9E10;bottom). (Right) Ba/F3 cells were electroporated with 2 µg of  the spectrin-GFP
vector together with either 18 µg of  empty vector (pSG5) or 18 µg of  the myc-tagged PTENcaax vec-
tor. Dead cells were removed 2 h after electroporation by separation through a Ficoll gradient. Twenty-
four h after electroporation cells were fixed and stained with PI and the DNA content of  5,000 GFP-
positive cells was analyzed by FACS. The data depicted are representative of  several independent exper-
iments. 
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P27KIP1 protein levels correlate with induction of apoptosis. 
The CDK inhibitor (CKI) p27KIP1 is the only CKI whose expression declines upon mito-
genic stimulation, as demonstrated for IL-2 and platelet-derived growth factor (PDGF)39-

41. Upregulation of  p27KIP1 levels has been correlated not only with a decrease in prolif-
eration, but also with induction of  apoptosis, suggesting that PI3K activity might be asso-
ciated with a decrease in p27KIP1 levels. 

To determine whether IL-3 can regulate p27KIP1 levels, Ba/F3 cells were cultured with
or without IL-3 and after 24 h the level of  p27KIP1 expression was determined by Western
blotting. Equal protein loading was confirmed by probing the blot with a RACK1 anti-
body. Cells cultured without cytokines or with IL-3 in the presence of  LY294002 exhib-
ited a significant increase in p27KIP1 expression, whereas inhibition of MAPK kinase, p38
MAPK, or p70S6K had no significant effect (Fig. 2A), correlating with a lack of  effect of
these inhibitors on apoptosis. Expression of  another CKI, p21CIP1, was unaffected (data
not shown), suggesting that upregulation of  p27KIP1 upon induction of  apoptosis may be
specific for this CKI. 

Next, we wished to determine the kinetics by which p27KIP1 levels changed upon IL-
3 withdrawal and the role of  transcription therein. Cells were treated with or without the
transcription inhibitor actinomycin D, and IL-3 was withdrawn. Levels of  p27KIP1

increased after IL-3 withdrawal, which precedes induction of  the apoptotic program in
these cells (data not shown). However, this increase was completely blocked in cells treat-
ed with actinomycin D (Fig. 2B), indicating that transcriptional regulation is important for
elevating p27KIP1 levels following IL-3 withdrawal. Addition of  IL-3 to cells that were
cytokine-starved overnight resulted in a decrease in p27KIP1 levels (Fig. 2C). To determine
if  cytokine-mediated regulation of  p27KIP1 levels is a more general phenomenon, we ana-
lyzed primary mouse fetal liver cells cultured in the presence or absence of  survival fac-
tors26. Indeed, in cells cultured without cytokines a striking increase in p27KIP1 levels also
correlated with an induction of  apoptosis (Fig. 2D).

These data raise the possibility that repression of  p27KIP1 levels through cytokine-
mediated PI3K activation is required for cell survival. To separate a role for p27KIP1 in
survival from its role in proliferation, we utilized freshly isolated peripheral blood human
eosinophils. Since these terminally differentiated quiescent cells no longer divide, any reg-
ulation of  p27KIP1 will be independent of  cellular proliferation. Again, either removal of
the cytokine or inhibition of  PI3K resulted in both a decrease in cell survival and an
induction of  p27KIP1 (Fig. 2E). We could not detect any expression of  the CKI p21CIP1
in these cells (data not shown), suggesting a specific function of  p27KIP1 distinct from the
regulation of  cellular proliferation. 

Finally, to determine if  the increased levels of  p27KIP1 were indeed functional, we ana-
lyzed whether this increase resulted in a decrease in cyclin E-associated kinase activity. In
cells cultured without IL-3, little cyclin E-associated CDK2 activity was observed (Fig. 2F,
top). 
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Similarly, addition of  LY294002 substantially blocked cyclin E-associated CDK2 activity,
correlating with an increase in p27KIP1 levels. Together these data demonstrate that PI3K
represses the expression of  functional p27KIP1 and that this strongly correlates with cel-
lular survival. 
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Figure 2. Upregulation of  p27KIP1 protein levels correlates with apoptosis. 
Ba/F3 cells were cultured overnight in the absence or presence of  IL-3 without inhibitors or with
LY294002 (LY; 10 µM), PD098059 (PD; 50 µM), SB203580 (SB; 10 µM) or rapamycin (rp; 20 ng/ml).
Equal amounts of  protein were loaded and the levels of  p27KIP1 (top) and RACK1 (bottom) were deter-
mined by immunoblotting as described in Materials and Methods. (B) Ba/F3 cells were cultured
overnight with IL-3 and cytokine-starved for the the indicated times in the presence or absence of  acti-
nomycin D (5 µg/ml) and p27KIP1 levels were analyzed as in for panel (A). (C) Ba/F3 cells were
cytokine-starved overnight and were stimulated with IL-3 for the indicated times and levels of  p27KIP1

were analyzed as for panel (A). (D) Mouse fetal liver cultures were treated with or without cytokines for
24 h, the percentages of  apoptotic cells were measured and equal amounts of  protein were analyzed for
p27KIP1 expression. (E) Human peripheral blood eosinophils were cultured without cytokines, with IL-
5, or with IL-5 and LY294002 (10 µM). Equal amounts of  protein were analyzed for levels of  p27KIP1

(top) or ERK1 and -2 (bottom) by Western blotting. The percentages of  apoptotic cells are shown
below. (F) Ba/F3 cells were either cytokine-starved or cultured with IL-3 or IL-3 together with
LY294002 (10 µM) overnight, equal amounts of  protein were immunoprecipitated (IP) with cyclin E
antibody and associated kinase activity was analyzed (top). Equal protein loading was verified by analyz-
ing CDK2 expression (bottom) of whole cell lysate (WCL). 
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IL-3 downregulates p27KIP1 mRNA levels in a PI3K-dependent manner
The regulation of  p27KIP1 protein expression by phosphorylation, resulting in its degra-
dation by the ubiquitin system, has been extensively studied42,43. As upregulation of
p27KIP levels upon IL-3 withdrawal was completely abrogated by inhibiting transcrip-
tion, we investigated whether IL-3 is also capable of  regulating p27KIP1 mRNA levels. We
observed a very rapid upregulation of  p27KIP1 mRNA upon IL-3 withdrawal, whereas
addition of  IL-3 rapidly downregulated p27KIP1 mRNA (Fig. 3A). To establish a poten-
tial role for PI3K in downregulating p27KIP1 mRNA, cytokine-starved Ba/F3 cells were
either left untreated or preincubated with LY294002 before IL-3 stimulation. In agree-
ment with the findings for p27KIP1 protein expression, p27KIP1 mRNA expression was
also dependent on PI3K activity, since preincubation with LY294002 was found to sig-
nificantly abrogate downregulation of  p27KIP1 mRNA expression by IL-3 (Fig. 3B). 
In addition to analyzing p27KIP1 mRNA, we also examined p27KIP1 promoter regulation
by IL-3, utilizing a p27KIP1 promoter luciferase construct32. In agreement with the upreg-
ulation of  p27KIP1 mRNA in cells cultured without IL-3, p27KIP1 promoter activity was
upregulated in cytokine-starved cells compared to that in cells cultured with IL-3 (Fig.
3C). Addition of  LY294002 inhibited IL-3-mediated downregulation of  p27KIP1

luciferase activity (data not shown). Luciferase activity of  control plasmids was unaltered
upon IL-3 addition, whereas cyclin D1 promoter activity was upregulated. These data
indicate that IL-3 represses p27KIP1 transcription in a PI3K-dependent fashion.

FKHR-L1 is inhibited by PI3K-PKB and elevates p27KIP1 promoter 
activity.
The data obtained so far raise the possibility that PI3K activity results in inactivation of
a transcription factor responsible for p27KIP1 transcription. To identify a possible molec-
ular mechanism by which PI3K could regulate p27KIP1 transcription, we focused on the
forkhead-related transcription factor FKHR-L1, which has recently been identified as a
target of  PI3K signaling14. The activity of  FKHR-L1 is inhibited upon phosphorylation
by PKB, resulting in nuclear exclusion14. First we analyzed whether IL-3 could regulate
the activity of  this transcription factor in a PI3K-dependent manner. Indeed, IL-3 stim-
ulation resulted in a rapid transient phosphorylation of  endogenous FKHR-L1 (Fig. 4A, 
left), whereas preincubation of  cells with LY294002 completely abrogated this phospho-
rylation (Fig. 4A, right). 

Since PKB has been shown to critically regulate FKHR-L1 we wished to determine
whether in Ba/F3 cells FKHR-L1 is phosphorylated in a PKB-dependent fashion. To
address this, we constructed a 4-OHT-inducible active-PKB Ba/F3 cell line
(myrPKB:ER*)44. Concomitant with PKB activation (Fig. 4B), FKHR-L1 phosphoryla-
tion was greatly increased upon 4-OHT addition (Fig. 4C). PKB activation was also suf-
ficient to rescue cells from cytokine withdrawal induced apoptosis (data not shown). This
demonstrates that ligand-independent activation of  PKB alone is sufficient for FKHR-
L1 phosphorylation in Ba/F3 cells.
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Transcription factor binding site analysis of  the p27KIP1 promoter sequence revealed
consensus forkhead transcription factor binding sites, suggesting that FKHR-L1 may reg-
ulate p27KIP1 expression. To investigate whether p27KIP1 promoter activity could also be
enhanced by FKHR-L1, we expressed either wild-type FKHR-L1 or an "active" FKHR-
L1 mutant in which all three PKB phosphorylation sites were mutated to alanine [FKHR-
L1(A3)]14. Ectopic expression of  FKHR-L1 increased p27KIP1 promoter activity, which
was further enhanced when FKHR-L1(A3) was expressed (Fig. 4D). To determine
whether PKB could regulate FKHR-L1-induced promoter activity, we cotransfected a
constitutively active PKB mutant (gagPKB) with FKHR-L1 expression vectors29.
Cotransfection of  gagPKB completely inhibited p27KIP1 promoter activity induced by
wild-type FKHR-L1, whereas the increase in promoter activity induced by FKHR-L1(A3)
was unaffected (Fig. 4D). 
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Figure 3. Cytokine-mediated regulation of  p27KIP1 transcription requires PI3K. 
(A) Ba/F3 cells were either IL-3-starved or IL-3-starved overnight and subsequently stimulated with IL-
3 for the indicated times. Twenty micrograms of  total RNA was used for Northern blotting and
hybridized with a p27KIP1 probe (top). Equal RNA loading was verified by GAPDH reprobing (bottom).
(B) Ba/F3 cells were IL-3-starved overnight and restimulated with IL-3 for the indicated times with or
without preincubation with LY294002 (10 µM) and analyzed as for panel (A) (C) Ba/F3 cells were elec-
troporated with 10 µg of  either pGL2 (CON), pGL2-TK (TK), pGL2-p27KIP1 (KIP1) or cyclin D1 (D1)
luciferase constructs together with 500 ng of  renilla, cultured with or without IL-3 for 24 h and
luciferase activity was analyzed as described in Materials and Methods.
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Figure 4. Analysis of  FKHR-L1 phosphorylation and activity in Ba/F3 cells. 
(A) Ba/F3 cells were cytokine-starved and stimulated with IL-3 for the indicated times (left) or pre-treat-
ed with LY294002 (10 µM) for 20 min prior to IL-3 stimulation (right). FKHR-L1 phosphorylation was
analyzed using an FKHR-L1(Thr32) specific antibody (top); equal protein loading was verified by
RACK1 reprobing (bottom). (B) Ba/F3 cells stably expressing myrPKB:ER* were cytokine-starved
overnight and stimulated with 4-OHT (100 nM) for the indicated times. Phosphorylated myrPKB-ER
was analyzed using a PKB(Ser473)-specific antibody (top); equal PKB levels were verified by reprobing
the blot with a PKB antibody (bottom). (C) Ba/F3 cells stably expressing myrPKB:ER* were cytokine-
starved overnight, stimulated with 4-OHT (100 nM) for the indicated times and FKHR-L1 phosphory-
lation was analyzed using an FKHR-L1(Thr32) specific antibody (top). (D) Ba/F3 cells were electropo-
rated with 12 µg of  p27KIP1 luciferase construct together with either 4 µg of  pSG5-gagPKB, FKHR-
L1(wt), or FKHR-L1(A3) or combinations thereof  as indicated. The DNA concentration was adjusted
to 20 µg with pSG5. Cells were cultured with IL-3 and luciferase activity was analyzed 24 h later as
described in Materials and Methods. 
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Transcriptional activity of FKHR-L1 directly induces p27KIP1 expression.
Previous studies investigating the function of  forkhead-related transcription factors have
all utilized transient overexpression of  these proteins14,45. To allow us to specifically ana-
lyze the consequence of  FKHR-L1 activation in more detail, we generated several mon-
oclonal Ba/F3 cell lines expressing a 4-OHT-inducible FKHR-L1(A3) construct, FKHR-
L1(A3):ER*. Expression levels of  FKHRL1(A3):ER* in all cell lines were approximately
one-third to one-fifth of  that of  endogenous FKHR-L1 (Fig. 5A). Similar to what was
found in the cotransfection experiments (Fig. 4D), p27KIP1 promoter activity was upreg-
ulated upon 4-OHT addition (Fig. 5B). Furthermore, addition of  4-OHT resulted in a
striking upregulation of  p27KIP1 mRNA within 30 to 60 min (Fig. 5C), providing com-
pelling evidence for direct FKHR-L1 transciptional regulation of  p27KIP1 expression in
vivo. In accordance with induction of  p27KIP1 mRNA, p27KIP1 protein levels were also
highly elevated in cells treated with 4-OHT (Fig. 5D). To confirm that upregulation of
p27KIP1 levels was indeed a result of  FKHR-L1 mediated transcription, actinomycin D
was added prior to 4-OHT addition. As shown in Fig. 5E this completely abrogated
upregulation of  p27KIP1 protein, as well as mRNA (data not shown). Finally, we analyzed
levels of  p27KIP1 with various concentrations of  4-OHT; the levels were elevated in a
dose-dependent fashion (Fig. 5F). 
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verified by immunoblotting with FKHR-L1 antibody. (B) Ba/F3 cells stably expressing FKHR-
L1(A3):ER* were electroporated with 12 µg of  p27KIP1 luciferase construct together with 8 µg of  pSG5.
Cells were cultured with IL-3 (CON) or with IL-3 and 4-OHT (100 nM), and luciferase activity was ana-
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for Northern blotting and hybridized with a p27KIP1 probe (top). Equal RNA loading was verified by
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centrations 4-OHT overnight and were analyzed as for panel (D).
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FKHR-L1 function has also been linked with the induction of  apoptosis in fibrob-
lasts, cerebellar neurons and T cells14. We analyzed the induction of  apoptosis upon tran-
sient overexpression of  either FKHR-L1 or the active mutant FKHR-L1(A3) in Ba/F3
cells. Apoptosis was significantly increased in cells electroporated with FKHR-L1, and
was further enhanced when the active mutant FKHR-L1(A3) was overexpressed (Fig.
6C). Next, we analyzed the effect of  the addition of  increasing 4-OHT concentrations to
the FKHR-L1(A3):ER* stable cell lines. 4-OHT addition resulted in the induction of
apoptosis in a dose-dependent fashion (Fig. 6D). 
Finally, we reasoned that if  the elevation of  p27KIP1 plays a critical role in FKHR-L1
mediated induction of  apoptosis, coexpression of  cyclin-CDK complexes should be
capable of  titrating away the induced p27KIP1 and thereby rescuing cells from apopto-
sis17,45. Indeed, expression of  cyclin D together with a kinase-dead form of  CDK4 in 4-
OHT treated cells was sufficient to significantly rescue FKHR-L1(A3) induced apoptosis
in two independent clones (Fig. 6E). These data confirm that increases in p27KIP1 levels
play a significant role in FKHR-L1 induced apoptosis. 

Regulation of p27KIP1 expression is important for maintenance of cell
survival
The data described above suggest that repression of  p27KIP1 levels through PKB-medi-
ated FKHR-L1 phosphorylation may be necessary for cytokine-mediated survival and
proliferation. To address whether mere ectopic expression of  p27KIP1 is sufficient to
induce apoptosis, we introduced an expression plasmid for p27KIP1 in Ba/F3 cells,
together with spectrin-GFP as a marker for transfected cells. Twenty-four h after elec-
troporation, cells were fixed and stained with PI and the DNA content of  the spectrin-
GFP-expressing cells was analyzed. Cells transfected with both spectrin-GFP and p27KIP1

exhibited a significantly higher percentage of  apoptotic cells and cells in G0/G1 than con-

trol cells (Fig. 6A). To exclude the possibility that supra-physiological levels of  p27KIP1

expression alone cause cells to undergo apoptosis, p27KIP1 levels in transfected cells were
analyzed. This was performed by coexpressing LNGFR34, sorting LNGFR expressing
cells by magnetic cell sorting (MACS), and analyzing p27KIP1 expression levels in cor-
rected protein samples. Levels of  p27KIP1 inducing apoptosis in transfected cells did not
exceed the levels in IL-3-starved cells (Fig. 6B). Thus uncontrolled expression of  physio-
logical levels of  p27KIP1 is sufficient to induce apoptosis in cytokine-dependent cells. 

P27KIP1 deficiency increases hematopoietic cell survival after cytokine
withdrawal.
Finally, to examine the importance of  p27KIP1 in the regulation of  apoptosis in vivo, we
utilized hematopoietic stem cells obtained from either wild-type mice, or mice lacking one
or both p27KIP1 alleles46. Bone marrow derived Sca1+ stem cells were cytokine-starved
and analyzed 24 h later, using annexin-V staining to label apoptotic cells. Strikingly, stem
cells obtained from mice lacking one p27KIP1 allele exhibited a moderate protection 
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Figure 6. IL-3 mediated survival requires inactivation of  FKHR-L1 and 
downregulation of  p27KIP1 levels. 
(A) Ba/F3 cells were electroporated with 2 µg of  spectrin-GFP vector together with either 18 µg of
empty vector (pSG5; left) or 18 µg of  p27KIP1 vector (right). Dead cells were removed by separation
through a Ficoll gradient. Twenty-four h after electroporation cells were fixed and stained with PI and
the DNA contents of  5,000 GFP-positive cells were analyzed by FACS. The data are representative of
several independent experiments. (B) Ba/F3 cells were electroporated with 2 µg of  LNGFR DNA, 2 µg
LNGR together with 2 or 4 µg of  p27KIP1 DNA and the total amount of DNA was adjusted to 20 µg
with pSG5. Dead cells were removed by separating cells through a Ficoll gradient and LNGFR-express-
ing cells were analyzed 24 h after transfection as described in Materials and Methods. (C) Ba/F3 cells
were electroporated with spectrin-GFP (2 µg) together with either 18 µg pSG5 (CON) vector, FKHR-
L1 vector or FKHR-L1(A3) vector and analyzed as for panel (A). The data represent three independent
experiments (± standard errors of  the means). (D) Ba/F3 cells stably expressing FKHR-L1(A3):ER*
were cytokine-starved and cultured with IL-3 or IL-3 together with various concentrations of  4-OHT,
and the percentages of  apoptotic cells were determined after 48 h by FACS analysis. (E) FKHR-
L1(A3):ER*-expressing cells lines were electroporated with either 18 µg of  pSG5 and 2 µg of  spectrin-
GFP (black bars), or 5 µg of  kinase-dead CDK4, 5 µg of  cyclin D1, 2 µg of  spectrin-GFP and 8 µg of
pSG5 (grey bars). Dead cells were removed by separation through a Ficoll gradient. Cells were treated
with 4-OHT and analyzed 24 h later as for panel (A). The data depicted are representative of  several
independent experiments.
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against cytokine withdrawal-induced apoptosis compared to those from wild-type mice
(Fig. 7). This was significantly enhanced in stem cells from mice lacking both alleles.
These data demonstrate the importance of  regulating p27KIP1 levels in the modulation of
hematopoietic cell apoptosis in vivo.
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Figure 7 Increased survival of  p27KIP1 (-/-) hematopoietic cells after cytokine 
withdrawal. 
Hematopoietic stem cells were isolated from either wild-type mice (+/+) or mice lacking one (-/+) or
both (-/-) alleles of  the p27KIP1 gene and cultured as described in Materials and Methods. Cells were
cytokine-starved for 24 h and the percentages of  apoptotic cells were analyzed by annexin-V staining.
The percentage increase in apoptosis after cytokine withdrawal is shown as ∆(apoptosis). Data are rep-
resentative of  three independent experiments.

chapter3_2803.qxd  2-5-01  18:11  Page 72



Discussion

The control of  proliferation and apoptosis by cytokines is critical in the regulation of  a
variety of  hematopoietic lineages2,47. Our data demonstrate PI3K signaling to be indis-
pensable in mediating cellular proliferation and survival. The importance of  PI3K activ-
ity in mediating survival was supported by overexpression the 3-phosphatidylinositol lipid
phosphatase PTEN7, which is a uniquely specific tool for decreasing 3-phosphoinositide
levels in cells. Upon overexpression of membrane-localized PTEN, we observed an
induction of  apoptosis in IL-3-cultured Ba/F3 cells (Fig. 1C). The fact that membrane-
targeted PTEN, unlike wild-type PTEN, is potently active (Fig. 1C), suggests that this is
a critical aspect of  PTEN regulation in vivo. Mutations in the chromosomal region of
PTEN resulting in a loss of  function of  PTEN have been described in a variety of  neo-
plasias, including lymphoid malignancies48. These mutations result in the accumulation of
PtdIns(3,4,5)P3 in the absence of  cellular stimulation. While inhibition of  PTEN activity
may have deleterious effects on cell proliferation, resulting in a neoplastic phenotype, our
data demonstrate that uncontrolled PTEN activity can result in the induction of  an apop-
totic program. 

In search of  a potential mechanism by which PI3K could regulate cytokine-mediated
cell survival and proliferation, we focused on the CKI p27KIP1. P27KIP1 is an inhibitor of
cell cycle progression, exerting its effect through interaction with cyclin-CDK complexes
and arresting cells in G0/G1

17. Furthermore, p27KIP1 has been implicated in the regula-

tion of  apoptosis in immature B cells22,23. Cross-linking of  surface Ig (IgM) on the
WEHI-231 B-cell lymphoma, for example, results in growth arrest and eventually induc-
tion of  an apoptotic program which can be rescued by CD40 ligand engagement. These
IgM-induced changes are correlated with an increase in p27KIP1 protein which is inhibit-
ed by CD40, although the molecular mechanisms of  these observations are unclear22,23.
A potential role for PI3K in down regulating p27KIP1 levels was suggested by the obser-
vation that overexpression of  PTEN in glioblastoma cells resulted in enhanced p27KIP1

levels49. We have explored the IL-3-mediated regulation of  p27KIP1 levels and a possible
role for PI3K therein. Survival factor withdrawal resulted in an increase of  p27KIP1 pro-
tein levels in a PI3K-dependent manner (Fig. 2A). In cultures of  primary fetal liver cells
cytokine withdrawal also resulted in an increase of  apoptosis paralleled by upregulation
of  p27KIP1, suggesting that this may be a common feature of  primary lymphocyte line-
ages (Fig. 2D). Levels of  p27KIP1 in primary human eosinophils undergoing apoptosis
were also analyzed (Fig. 2E). In eosinophils, both cytokine starvation and inhibition of
PI3K resulted in significantly higher levels of  p27KIP1, correlating with induction of
apoptosis (Fig. 1D). Importantly, induction of  p27KIP1 in these nondividing cells suggests
an additional cell cycle independent role for this CKI. 

While regulation of  p27KIP1 levels has been previously considered to occur predomi-
nantly posttranslationally19,50, we found a rapid and dramatic effect of  IL-3 on p27KIP1

mRNA (Fig. 3A). In addition, IL-3 was also capable of  downregulating p27KIP1 promot-
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er activity in a PI3K-dependent manner (Fig. 3C), prompting us to investigate the role of
PI3K-regulated transcription factors in this process. Transcription factors of  the
AFX/FKHR forkhead family are phosphorylated by the PI3K target PKB, resulting in
inhibition of  their activity14,15,51,52. One member, FKHR-L1, has been linked to induction
of  apoptosis, possibly by the upregulation of  Fas ligand on cells14. FKHR-L1 is endoge-
nously expressed in Ba/F3 cells and phosphorylated in a PI3K-PKB-dependent manner
(Fig. 4A and C). Furthermore, overexpression of  an active FKHR-L1 mutant resulted in
induction of  apoptosis (Fig. 6C). Since Fas ligand was unable to induce apoptosis in
Ba/F3 cells (data not shown), a role for FKHR-L1 in induction of  apoptosis must be
mediated by an alternative mechanism. The presence of  several forkhead transcription
factor binding sites in the p27KIP1 promoter suggested a possible link between FKHR-L1
and transcription of  p27KIP1. Indeed, overexpression of  FKHR-L1 elevated p27KIP1 pro-
moter activity, which could be inhibited by cotransfection of  active PKB (Fig. 4D). To
specifically analyze the effect of  FKHR-L1 on p27KIP1 transcription we utilized Ba/F3
cells stably expressing a 4-OHT-inducible active FKHR-L1 construct. Upon FKHR-L1
activation, p27KIP1 mRNA was greatly elevated within 30 to 60 min, concomitant with a
spectacular elevation of  p27KIP1 protein levels (Fig. 5C to E). These data clearly demon-
strate that activation of  FKHR-L1 alone is sufficient to induce rapid upregulation of
p27KIP1 mRNA in vivo. To determine if  p27KIP1 is indeed an important target of  FKHR-
L1-induced apoptosis, we overexpressed cyclin D-CDK4 complexes to titrate away func-
tional p27KIP1. Indeed, overexpression of  cyclin D-CDK4 complexes was sufficient to
significantly reduce FKHR-L1 induced apoptosis, thus suggesting that p27KIP1 is an
important FKHR-L1 target for the induction of  apoptosis. The fact that apoptosis was
not completely rescued by overexpression of  cyclin D-CDK4, it suggests that there are
possibly additional targets accounting for FKHR-L1-induced apoptosis. During the
preparation of  this paper it was reported that FKHR-L1-related transcription factor AFX
was able to induce growth suppression through regulation of  p27KIP1 expression45.
However, these overexpression studies were performed with cells normally not express-
ing AFX. We have now been able to demonstrate that regulation of  p27KIP1 transcription
can be controlled through cytokines and further that this seems to play a role in the reg-
ulation of  survival. 

Here we also provide proof  for the importance of  p27KIP1 in the induction of  apop-
tosis by utilizing mice lacking one or both alleles of  the p27KIP1 gene46. There was a sig-
nificant decrease in apoptosis upon cytokine withdrawal in mice lacking one p27KIP1 gene
allele (change in apoptosis [∆apoptosis]=10.6%) compared to that in wild-type mice
(∆apoptosis=24.6%), this decrease was even more striking in mice lacking both alleles
(∆apoptosis=6.1%). While the role of  p27KIP1 in regulating growth arrest is fairly well
defined, relatively little is known regarding the mechanisms by which this protein may reg-
ulate apoptosis. A potential mechanism is suggested by a recent report by Boussiotis et
al., who demonstrated that p27KIP1 is capable of  directly influencing transcription inde-
pendently of  its ability to block cell cycle progression53. Increased p27KIP1 levels were
found to inhibit IL-2 transcription in T cells through the binding, nuclear export, and
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subsequent degradation of  the Jun transcription factor coactivator JAB1 (Jun activation
domain-binding protein-1)54. Potentially, inhibition of  anti-apoptotic gene expression
through p27KIP1-mediated degradation of  JAB1 could play a role in the induction of
apoptosis. In various malignancies it has been shown that reduced levels of  p27KIP1 cor-
relate with poor prognosis55-57. The levels of  p27KIP1 do not, however, correlate with the
proliferative status of  the tumor cells, suggesting that the benefits of  p27KIP1 reflect an
additional function such as increased apoptosis. Indeed, decreased p27KIP1 expression in
gastric carcinomas correlates with decreased apoptosis and increased aggressiveness of
the tumor58.

The regulation of  both proliferation and survival by p27KIP1 has parallels with that by
the tumor suppressor protein p53. P53 has a major G1 checkpoint function and can medi-
ate a transient growth arrest in certain situations that favor cell survival, while inducing
apoptosis in others59. Interestingly, one study has demonstrated that overexpression of
Bcl-2 can significantly counteract the apoptotic effects of  p27KIP1, preventing caspase
activation60. This suggests that p27KIP1 may either inhibit specific anti-apoptotic Bcl-2
family members or activate pro-apoptotic family members such as Bim that have recent-
ly been shown to play a critical role apoptosis induced by cytokine withdrawal61. 

Our findings demonstrate a novel mechanism by which cytokines mediate rescue
from apoptosis. This involves the downregulation p27KIP1 levels through the PI3K-PKB-
regulated inactivation of  transcription factors of  the AFX/FKHR forkhead family.
Exposure of  hematopoietic cells to cytokines acts to stimulate both survival and prolif-
eration. The regulation of  p27KIP1 expression by PI3K allows the modulation of  both
these processes by altering the levels of  a single protein. Our data not only provide insight
into the mechanisms of  cytokine-mediated signal transduction regulating cell prolifera-
tion and survival, but also identify critical components regulating p27KIP1 transcription.
The mechanism of  PI3K-mediated forkhead transcription factor regulation is conserved
between the nematode worm Caenorhabditis elegans62 and mammalian cells. Our data
implicate the regulation of  p27KIP1 by this evolutionarily conserved signaling pathway as
a general mechanism for controlling cell fate decisions regulating survival and prolifera-
tion or differentiation.
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