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ctivation of the Akt/FKHRL1 Pathway Mediates
he Antiapoptotic Effects of Erythropoietin
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Erythropoietin (Epo), stem cell factor (SCF), and
nsulin-like growth factor-1 (IGF-1) are key regulators
f erythroid cell proliferation and differentiation. To
nderstand the mechanisms of generation of signals
y each of these growth factors, we determined the
ctivation of the PI3-kinase/Akt pathway during pro-
iferation and differentiation of primary human ery-
hroid progenitors. Our results demonstrate that PKB/
kt is activated by Epo and SCF, but not by IGF-1 in
uman primary erythroid progenitors. In addition,
po treatment of erythroid progenitors induces phos-
horylation of a member of the Forkhead family (FH)
f transcription factors FKHRL1, downstream of acti-
ation of the Akt kinase. Such Epo-dependent activa-
ion of FKHRL1 apparently regulates the generation
f Epo-dependent antiapoptotic signals as evidenced
y the induction of apoptosis of erythroid progenitors
uring treatment of cells with the PI3-kinase (PI3K)

nhibitor LY294002. Thus, the PI3K/Akt/FKHRL1 path-
ay is essential for inhibition of apoptosis in response

o Epo and SCF, while the IGF-1 receptor utilizes a
ifferent pathway. © 2000 Academic Press

PKB/Akt is a mediator of cell survival and lies di-
ectly downstream of the PI3-kinase in the antiapop-
otic signaling pathway (1). Previous studies have
hown erythropoietin induces phosphorylation PKB/
kt in erythroid cells, although it is unknown whether
kt targets transcription factors that may directly con-

rol the cell survival/apoptotic genes in erythroid cells
2, 3). The recent discovery of a family of Forkhead
FH) transcription factors has lead to the hypothesis
hat these proteins may be direct targets of Akt kinase
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habditis elegans where FH homologue DA16 is regu-
ated by PI3/Akt (4–6). The human FH family of pro-
eins include FKHR, FKHRL1 and AFX that contain
onsensus Akt phosphorylation sites (7). Recent stud-
es have shown both FKHR and FKHRL1 are phos-
horylated by Akt in response to insulin and IGF 21 in
uman hepatoma and epithelial kidney cell lines (8–
1). We sought to determine whether Epo, SCF, and
GF-1 activate the Akt kinase in primary human ery-
hroid progenitors to generate the antiapoptotic sig-
als. Furthermore, we investigated whether members
f the FH family of proteins are involved in Epo sig-
aling in primary erythroid progenitors.
Our studies demonstrate that FKHRL1 is phosphor-

lated in response to Epo treatment of erythroid pro-
enitors and such phosphorylation requires upstream
ctivation of the PI3-kinase. Inhibition of PI3-kinase
ctivation using the specific inhibitor LY294002 sup-
resses the phosphorylation of FKHRL1 and triggers
poptosis in a caspase-dependent pathway.

ATERIALS AND METHODS

Cell culture. Human CD341 cells were purchased from AllCells,
LC (Berkeley, CA) and had been isolated from mobilized peripheral
lood collected from normal donors. Human primary erythroid pro-
enitors, that are at the colony-forming unit-erythroid stage (CFU-E)
ere derived by culturing CD341 cells as previously described (12).
riefly, CD341 cells were cultured in a medium containing 15% fetal
alf serum, 15% human AB serum, Iscove’s modified Dulbecco’s me-
ium (IMDM), 500 units/ml penicillin, 40 mg/ml streptomycin, 10
g/ml interleukin-3, 2 units/ml Epo, 50 ng/ml stem cell factor and 50
g/ml insulin-like growth factor-1. Prior to activation by growth
actors day 7 cells (CFU-E) were washed twice with IMDM and
ultured in a serum-free media for 4 h without growth factors. Purity
f cells for erythroid lineage were determined by measurement of the
ercentage of transferrin receptor (CD71) and glycophorin A. Eighty
o 90% of these cells were positive for CD71 and glycophorin A as
etermined by flow cytometry.
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Immunoblotting and growth factor stimulation. Growth factor
tarvation, stimulation, cell collection and immunoblotting were per-
ormed as previously described (12). Anti-Phospho Akt (Ser473) and
nti-Akt antibodies were purchased from New England Bio Labs.
he FKHRL1 antibodies were purchased from Upstate biotechnology
nc. An anti-PARP antibody was purchased from Pharmingen Inc.

Apoptosis studies. Primary erythroid progenitors on day 8 of
ulture (CFU-E) were treated with either 50 mM LY294002 or 200 ng
f rapamycin over a 24-h time period. In addition, a third sample was
rown without growth factors in a serum-free media for the same
ength of time. The percentage of apoptotic cells were determined at
, 6, and 24 h following treatment with the inhibitor by flow cytom-
try after staining with fluorescein conjugated annexin-V and pro-
idium iodide.

Akt kinase assays. These assays were performed as previously
escribed (13).

FIG. 1. Activation of PKB/Akt and FKHRL1 in primary erythroi
tage of differentiation were deprived of growth factors for 4 h and s
ere analyzed by SDS–PAGE and immunoblotted an anti-phospho A
n anti-Akt antibody. (B) Cells were treated with the indicated gro
mmunoprecipitated with anti-Akt antibody and immunoprecipitate
ithout Epo for different times as indicated and cell lysates were
ntibody (top panel). The same blot was stripped and reprobed with a
CF for different times as indicated and cell lysates were analyzed by
ame blot was stripped and reprobed with and an anti-Akt antibody
imes as indicated and cell lysates were analyzed by SDS–PAGE and
as stripped and reprobed with and anti-FKHRL1 antibody (bottom
ithout LY294002 inhibitor (lane 1) or with 10 mM (lane 2) and 50 m

ysates were analyzed by SDS–PAGE, and immunoblotted with anti-p
ith and anti-FKHRL1 antibody (bottom panel).
17
ESULTS AND DISCUSSION

We sought to determine whether the PKB/Akt sig-
aling pathway is activated in response to Epo, SCF,
nd IGF-1 treatment of primary erythroid cells. The
ells were serum starved and stimulated with each of
he growth factors. The cells were subsequently lysed
nd analyzed by SDS–PAGE and immunoblotted with
nti-phospho Akt antibody. Akt was phosphorylated in
esponse to Epo and SCF but not by IGF-1 (Fig. 1A),
hile there was no difference in the amount of Akt
rotein in each of the lanes in the immunoblot (Fig.
A). Thus, only Epo and SCF activate the Akt pathway
n human erythroid progenitors. This is in agreement

rogenitors. (A) Primary human erythroid progenitors at the CFU-E
equently treated with Epo, SCF, and IGF-1 for 30 min. Cell lysates
antibody (top panel). The same blot was stripped and reprobed with

factors for 30 min, total lysates (15 3 106 cells per sample) were
ere subjected to in vitro kinase assays. (C) Cells stimulated with or
alyzed by SDS–PAGE and immunoblotted with anti-phospho Akt
ti-Akt antibody (bottom panel). (D) Cells stimulated with or without

S–PAGE and immunoblotted with anti-phospho Akt (top panel). The
ttom panel). (E) Cells stimulated with or without Epo for different

munoblotted with anti-phospho FKHRL1 (top panel). The same blot
nel). (F) Cells were stimulated with Epo for 30 min after incubation
(lane 3) concentrations of the LY294002 inhibitor as indicated. Cell
spho FKHRL1 (top panel). The same blot was stripped and reprobed
d p
ubs
kt
wth
s w
an

n an
SD
(bo
im
pa
M
ho



with previous findings showing distinct roles for Epo,
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CF, and IGF1 during erythroid development (14–16).
e subsequently performed in vitro kinase assays that

learly indicated a high level of Akt kinase activity in
ells treated with Epo and SCF (Fig. 1A). Such activity
as abrogated by pretreatment of cells with the PI3-
inase inhibitor LY294002, confirming that Akt is di-
ectly activated downstream of the PI3-kinase (Fig.
B). To determine the kinetics of Akt activation in
rimary erythroid progenitors in response to Epo and
CF, we performed time course studies. Both Epo and
CF induced phosphorylation of Akt within 5 min of
reatment and the signal peaked at 30 min after
rowth factor stimulation (Figs. 1C and 1D, top panel).
eprobing of the immunoblots with anti-Akt antibody

ndicated equivalent levels of Akt protein in each of the
anes (Figs. 1C and 1D, lower panels).

We then sought to determine whether FKHRL1, a
ecently identified member of the Forkhead family of
ranscription factors is phosphorylated by Epo in pri-
ary erythroid cells. Epo treatment of cells resulted in

hosphorylation of FKHRL1 (Fig. 1E) and such phos-
horylation was partially inhibited by pretreatment of
ells with the PI3-kinase inhibitor LY 294002, demon-
trating that such phosphorylation/activation is PI3-
inase dependent. We subsequently sought to deter-
ine whether activation of Akt/FKHRL1 downstream

f PI3-kinase is required for cell survival of primary
rythroid progenitors. Expanded erythroid progenitors
ere either starved of growth factors or treated with

he PI3-kinase inhibitor LY294002 in the presence of
rowth factors. Treatment of cells with the p70 S6
inase inhibitor rapamycin, which does not inhibit
kt, was used as a control. Our data show that approx-

mately 60% of the LY294002 treated cells were non-
iable compared to 75% for growth factor starved cells
Fig. 2A), while rapamycin, treatment did not induce
ignificant level of apoptosis in erythroid cells. Finally,
e sought to determine whether apoptosis of erythroid
rogenitors during growth factor starvation and PI3-
inase inhibition occurs by a caspase dependent man-
er. Previous studies have shown the existence of two
echanisms depending on the stress stimuli (17). We

etermined the cleavage of caspase 3 substrate poly-
ADP ribose) polymerase (PARP) as indicator of
aspase dependent apoptosis in our studies. Our data
how growth factor starvation and LY294002 treat-
ent triggers apoptosis in a caspase dependent man-
er (Fig. 2B).
Although further work is required to ascertain if

KHRL1 is translocated into the nucleus, as in fibro-
lasts cells (9) to regulate transcription of death genes
n erythroid cells our present study establishes for the
rst time a critical role for Akt and FKHRL1 in medi-
ting the antiapoptotic effects of Epo and SCF in pri-
ary erythroid progenitors.
18
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