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Synergistic Activation of MAP Kinase (ERK1/2) by Erythropoietin and Stem Cell
Factor Is Essential for Expanded Erythropoiesis

By Xingwei Sui, Sanford B. Krantz, Min You, and Zhizhuang Zhao

Stem cell factor (SCF) and erythropoietin (EPO) work syner-
gistically to support erythropoiesis, but the mechanism for
this synergism is unknown. By using purified human ery-
throid colony-forming cells (ECFC), we have found that SCF

duced by EPO but not that by SCF, suggesting that SCF and
EPO may activate MAPK through different pathways, which
would facilitate synergy. Furthermore, EPO, but not SCF, led
to activation of STAT5, whereas SCF and wortmannin had no

and EPO synergistically activate MAP kinase (MAPK, ERK1/
2), which correlates with the cell growth and thus may be
responsible for the synergistic effects. Treatment of the cells
with PD98059 and wortmannin, inhibitors of MEK and PI-3
kinase, respectively, inhibited the synergistic activation of
MAPK and also the cell growth, further supporting this
conclusion. Wortmannin only inhibits MAPK activation in-

effect on the EPO-induced STATS5 activation, suggesting that
STATS is not involved in the synergistic action of SCF and
EPO. Together, the data suggest that synergistic activation
of MAPK by SCF and EPO is essential for expanded erythro-
poiesis.

© 1998 by The American Society of Hematology.

RYTHROPOIESIS IS REGULATED by a number of performed a study using primary erythroid progenitor cells. We

growth factors and cytokines, among which stem cell demonstrate that, although SCF can induce phosphorylation of
factor (SCF) and erythropoietin (EPO) play an essential roleEPO-R, it is not sufficient to transduce signals via EPO-R and
both in vivo and in vitra-® Mice with mutations in the SCF  support cell growth. Instead, our data show that SCF and EPO
gene,Steel (S) or its receptor gene-kit (W) develop severe synergistically activate MAP kinase (MAPK, ERK1/2yhich
anemia characterized by depressed erythropdigsisPO and  correlates with the cell growth and thus may be responsible for
EPO-receptor (EPO-R) knockout mice die of failure of fetal the synergistic effects.
liver erythrocyte generatiohln vitro, whereas EPO alone is
able to produce human erythroid cell development and matura- MATERIALS AND METHODS

t|on.from. progenitor cell§, a markedly gnhanced, §ynerglsFlc Reagents. Recombinant human (rh) SCF and rhEPO were kindly
proliferation and expansion of developing erythroid cells is provided by Amgen, Inc (Thousand Oaks, CA) and Ortho Biotech, Inc
supported by the combination of EPO and S (Raritan, NJ), respectively. Rabbit phospho-specific MAPK and MEK1/2
Although the synergistic effects of EPO and SCF on the(Ser217/221) antibodies were purchased from New England Biolabs,
production of erythroid cells have been well documented, thenc (Beverly, MA). Phospho-specific MAPK antibody detects p42 and
intracellular mechanism by which SCF and EPO coordinate thé?44 (Erk1 and Erk2) only when catalytically activated by phosphoryla-
synergistic effect is poorly understood. In a recent study, Wu efion at Tyr 204. Rabbit anti-MAPK polyclonal antibody (7884) was
alllreported that, in HCD57 cells, SCF rapidly induces tyrosinera'sed |n.rabb|ts against a 22-am|po acid peptide derived frqm the
phosphorylation of EPO-R and c-Kit physically associates withSUPdomain X1 of MAPK and recognized both Erk1 and EtkRabbit

. . .. polyclonal EPO receptor (EPOR), c-Kit, and STAT5b (C-17; catalogue
the cytoplasmic domain of EPO-R. They proposed that C'Kltno. sc-835; recognizes both STAT5a and 5b) antibodies were purchased

activates EPO-R by tyrosine phosphorylation to induce further ., santa cruz Biotechnology (Santa Cruz, CA). Mouse antiphospho-
proliferation and maturation of erythroid progenitor cells. This tyrosine antibody 4G-10 was from Upstate Biotechnology, Inc (Lake
could provide an explanation for the synergistic effect of EPOpiacid, NY). MEK1 inhibitor (PD98059) was from New England
and SCF on erythropoiesis. However, HCD57 is an immortalBiolabs, Inc, and phosphatidylinositol 3-kinase (PI3-kinase) inhibitor
cell line that does not exhibit synergistic cell growth upon Wortmannin from Calbiochem (La Jolla, CA)y2P]-dCTP and
combined treatment with SCF and EPO. For this reason, wéy-*P]-dTTP, [y-*%P]-ATP, and horseradish peroxidase-conjugated sec-
ondary antibodies were from Amersham Corp (Arlington Heights, IL).
Two buffers were used for extraction of proteins from ECFC. Buffer A
From the Hematology Division, Department of Medicine, Depart- consisted of 50 mmol/B-glycerophosphate (pH 7.3), 2 mmol/L EDTA,
ment of Veterans Affairs Medical Center, and Vanderbilt Cancer Center,l mmol/L EGTA, 5 mmol/LB-mercaptoethanol, 1% Triton X-100, and
Vanderbilt University, Nashville, TN. 0.1 mol/L NaCl. Buffer B consisted of 20 mmol/L HEPES (pH 7.9), 20
Submitted March 17, 1998; accepted June 1, 1998. mmol/L NaF, 1 mmol/L EDTA, and 1 mmol/L dithiothreitol. Both
Supported by a Veterans Health Administration Merit Review Grantbuffers were also supplemented with 0.2 mmol/LsW@,, 0.1 pmol/L
(to S.B.K.), Grants No. DK-15555 and 2 T32-DK07186 (to S.B.K.) andmicrocystin, 1.0 mmol/L benzamidine, 0.1 mmol/L phenylmethysulfo-
HL 57393 and P30ES00267 (to Z.Z.) from the National Institutes ofnyl fluoride, 2 pg/mL leupeptin, 1 pmol/L pepstain A, and 1 pg/mL
Health, and Markey Trust Funds (to Z.Z.). X.S. is an Ortho Biotechaprotinin.
Hematology Fellow. Preparation of erythroid colony-forming cells (ECFC)Purification
Address reprint requests to Sanford B. Krantz, MD, or Zhizhuangof human ECFC was performed as previously reported, with minor
Zhao, PhD, Department of Medicine/Hematology, Vanderbilt Univer- modification!® Four hundred milliliters of heparinized peripheral blood
sity Medical Center, MRBII, Nashville, TN 37232-6305. was obtained from healthy donor, after informed consent was obtained,
The publication costs of this article were defrayed in part by page which was approved by the Vanderbilt Committee for the Protection of
charge payment. This article must therefore be hereby mdikeder- Human Subjects. The light-density mononuclear cells were separated
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate on Ficoll-Hypaque (F-H; 1.077 g/mL) at 46@t 24°C for 25 minutes by
this fact. centrifugation. The interface mononuclear cells were collected, washed twice
© 1998 by The American Society of Hematology. with Dulbecco’s phosphate-buffered saline (D-PBS), and then overlaid on 30
0006-4971/98/9204-0039$3.00/0 mL of 10% bovine serum albumin (BSA) in D-PBS at §@0 24°C for 10
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minutes to remove platelets. This step was repeated once and then tihégh affinity binding sites for STAT1 and STAT3. PIE and SIE were
cells were incubated with one-half volume of neuraminidase-treatednade by annealing 'SAGATTTCTAGGAATTCAA-3' with 5'-

and one-half volume of IgG-coated sheep red blood cells (RBCs). AftetGGATTGAATTCCTAGAAA-3' and 3-GTCGACATTTCCCGTAAATC-3
centrifugation at 13@at 24°C for 10 minutes, the cells were placed in with 5'-TCGACGATTTACGGGAAATG3, respectively:* These

ice for 60 minutes and then separated over F-H ag4Q®4°C for 10 double-stranded DNA probes with staggered ends were labeled by
minutes to remove the rosetted lymphocytes. The interface cells wer&lenow fragment in the presence of-f2P]JdCTP and $-32P]dTTP for

then incubated overnight at 37°C in Iscove’s modified Dulbecco’s PIE and {y-32P]JdCTP alone for SIE at room temperature for 30 minutes.
medium (IMDM) containing 20% fetal calf serum (FCS), 1% BSA, and Free nucleotides were removed by using a nucleotide removing kit from
4% giant cell tumor (GCT)-conditioned medium to remove adherentQiagen (Chatsworth, CA). Nuclear extracts containing 10 pg protein
cells. The nonadherent cells were collected the next day (day 1) anwere preincubated with 2 pg of poly(dl-dC).poly(dI-dC) (Pharmacia,
incubated with mouse monoclonal antibodies to CD11b, CD2, CD45R Uppsala, Sweden) for 10 minutes, which was followed by the addition
and CD16 for 60 minutes at 4°C on a gently rocking platform. The cellsof 2 mL 3?P-labeled DNA probes and further incubated at room
were then washed three times with IMDM containing 2% FCS andtemperature for an additional 15 minutes. The protein-DNA complexes
resuspended in IMDM containing 5% FCS. Five-milliliter aliquots were were resolved on 5% polyacrylamide gels (acrylamide:bisacrylamide
incubated at 4°C for 90 minutes in 100-mm plastic tissue culture dishe$39:1) containing 2.5% glycerol made in &5TBE buffer. Gels were
(100 X 200) coated with affinity-purified goat antimurine 1gG to dried and exposed on x-ray film.

remove the antibody-positive ceidThe antibody-negative nonadher- ~ MAPK activity assay. The whole cell extracts made in buffer A
ent cells were then collected, washed, and are refered to as day-1 cel9€re immunoprecipitated with phospho-specific MAPK antibody, and
The collected day-1 cells were cultured in a suspension mixturethe MAPK activity in the immunoprecipitates was assayed with myelin
containing 30% FCS, 1% deionized BSA, 2 U/mL of rhEPO, 100 ng/mL basic protein (MBP) as a substrate in the presenceyfR]-ATP, as

of thSCF, 50 U/mL of rhiL-3, 10 pg/mL of insulin, 18 mol/iL of ~ described previousf

2-mercaptoethanol, 500 U/mL of penicillin, and 40 pug/mL of streptomy- ~ Suspension and colony assaySuspension and plasma-clot assays
cin in IMDM at 37°C in a high humidity 5% C§) 95% air incubator. At~ 0f ECFC were performed as we previously repoftetf.Cell numbers

day 6 of the suspension culture, equal volumes of fresh IMDM in the serum-containing suspension culture were determined every other
containing 20% FCS and 1% BSA and additional doses of SCF and ep@ay. To examine the effects of kinase inhibitor on cell growth, the ECFC
were added to the culture. The cultured cells were collected at day 8 ofvere cultured in the presence of varying concentration of inhibitors.
suspension culture, and these cells are referred to as day-8 ECF@&ecause both PD98059 and Wortmannin were reconstituted in dimethyl
Compared with the day-6 ECFC used in our previous statye yield sulfoxide (DMSO) and DMSO might have toxic effects on the cells, the

and purity of day-8 ECFC were significantly increased with this final concentration of DMSO in all culture was limited to less than
modified method (yield: 3 to 5 times more than that at day 6; purity: 0-2%, which has been shown to have no effects on ECFC growth in our

80% = 4.6%V 63% + 7.9%). The purity of the ECFC refers to the studies. Plasma clot culture was maintained for 7 days and the colonies
percentage of cells that can form erythroid colonies in the plasmaormed were fixed and stained with 3,8imethoxybenzidine and
assay3 The cells that cannot form colonies are mainly proerythroblastshematoxylin for enumeration of erythroid colonies.
and erythroblasts, as shown by cytospin mophological studies. The day-8 Sodium dodecyl sulfate (SDS)-gels and Western blottiRgotein
ECFC were washed twice with PBS and used for all further studies. ~ €xtracts were separated by 10% SDS-polyacrylamide gel electrophore-
Cell starvation and stimulation. After washing with PBS, day-8 Sis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF)
ECFC were resuspended at a cell density of 2 to 50%mL in IMDM membranes (Amersham). The membranes were probed with various
containing 0.1% BSA and incubated at 37°C for 1 hour. The cells werePfimary antibodies that were detected by using the enhanced chemilumi-
then washed once again with PBS and reincubated at 37°C for aRescence (ECL) system with horseradish peroxidase-conjugated second-
additional 2 hours. After the serum-deprived starvation, the cells werely antibodies (Amersham) according to the manufacturer’s protocol.
exposed to EPO and SCF at their optimal concentrations for various RESULTS
periods of time. Optimal concentrations of SCF at 100 ng/mL and EPO
at 40 U/mL were obtained from dose-response experiments. Activation SCF induces transient phosphorylation of EPO-R, but cannot
of MAPK induced by SCF and EPO in human ECFC reached plateaus ateplace EPO to support erythropoiesis in vitroOver the past
these concentrations, respectively. These are concentrations at whigfears, we have established a method to purify large amounts of
the receptors (EPO, (_:-Kit_) on the E_CFC c_eII _sgrface are completelyh yman ECEC from human peripheral blo8dOur previous
saturated_?v17 For studies |nvolv!ng kinase |‘nh|b|to_rs _(P_D98059 ar_ld studies have shown that these cells at day 6 to 8 express about
Wortmanin), the ECFC were preincubated with the inhibitors at varylngl’000 EPO-R and 23,000 c-Kit receptors per cell and are highly

concentrations for 1 hour before stimulation or further cell culture. The . X L
sensitive to treatment with SCF and EPO. A majority of these

stimulation was stopped by adding 10 vol of cold PBS and the cells o T 17
were washed and lysed in buffer A for whole cell extraction. For C€llS are able to form RBC colonies in semisolid Cultures:

preparation of nuclear extracts, the pelleted cells were resuspended ifhese highly purified ECFC thus provide a good primary cell
three packed cell volume of hypotonic buffer B, swollen for 10 minutes, System to study cell signaling. To explore the mechanisms for
and lysed by repeated passage through a 25-gauge needle. Nuclei wettee synergism of SCF and EPO, we first examined tyrosine
collected and washed by centrifugation at 16@@& 10 minutes and  phosphorylation of EPO-R and c-Kit after stimulation by their
then extracted in buffer A supplemented with 0.42 mol/L NaCl and 20%Iigands. As shown in Fig 1A and B, both SCF and EPO
glycerol on ice for 30 minutes. The superatants (referred to as theimylated rapid and transient tyrosine phosphorylation of their
nuclear extracts) were cleared by centrifugation at 10001 minute ,\ receptors, respectively. Stimulation of cells with SCF alone
and used for STAT activity analyses. also induced tyrosine phosphorylation of EPO-R, although the

Gel mobility shift assays of STATsThe activities of STATs were d f oh horviati | h h b d with
determined by analyzing the ability of the protein to form complexes egree of phosphorylation was less than that observed wit

with specific DNA probes in gel shift assays. The DNA probes usedEPO and disappeared after 10 minutes. However, in the
were PIE-derived from a prolactin-inducible element and hSIE, aPresence of EPO, SCF appeared to show no enhancing effect on
high-affinity sequence for the sis-inducible element of the fos promotor. EPO-R phosphorylation (Fig 1B). Whereas SCF alone pos-
PIE is specifically for detection of STAT5, whereas hSIE contains sessed some effect on EPOR phosphorylation, EPO alone had
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L <a-EPOR Fig 1. SCF causes tyrosine phosphorylation of EPO-R, but cannot
IP: anti-EPOR — L2 . —_— replace EPO to support human erythropoiesis in vitro. Phosphorylation

Blot: anti-PY of c-Kit (A) and EPO-R (B) after stimulation of ECFC with EPO, SCF, or

B ; 2
. ‘ . . . ‘ . ~*1gG(H) EPO + SCF. Replicate day-8 ECFC (~5 x 10) were starved and then

treated with SCF and EPO separately or in combination for 5 or 10
Reblot:anti-EPOR ..... ‘ -a-EPOR minutes as described in Materials and Methods. Cell extracts were

subject to immunoprecipitation with anti-c-Kit and anti-EPO-R antibod-
-=IgG(H) ies in the presence of protein A-Sepharose beads. Immunoprecipitates
(corresponding to whole cell extracts containing 50 pg of total protein)
were subjected to SDS-PAGE and Western blot analysis with antiphos-

Stimulation (min) 0 5 10 5 10 S5 10 photyrosine antibody 4G-10. (C) To determine the requirement of SCF
.49\ QO é( o and EPO for growth of ECFC, day-6 ECFC (5 x 10%) were incubated in
N & 9 (3 20% FBS, 1% BSA-containing medium supplemented with SCF, EPO, or
O < SCF + EPO. Cell numbers were determined after 7 days in culture. Data
09 represent the mean values from three independent experiments.

no effect on c-Kit phosphorylation, and a combination of SCFylation of EPO-R on tyrosine, it cannot replace EPO to support
with EPO did not enhance SCF-induced c-Kit phosphorylationerythroid cell growth. Thus, SCF-induced EPO-R phosphoryla-
(Fig 1A). Phosphorylation of EPO-R upon treatment of the cellstion may not be sufficient to activate EPO-R and transduce
with SCF confirms the results reported by othér$However,  signals through it. The synergistic effects of SCF and EPO on
no physical association between these two receptors wasrythropoiesis are most likely mediated by intracellular signal-
observed, because Western blotting of EPO-R immunoprecipiing events downstream of the receptors.
tates with c-Kit antibody or c-Kit immunoprecipitates with SCF and EPO synergistically activate MAPK in human
EPO-R antibody did not show any coimmunoprecipitation of erythroid progenitor cells. MAP kinase (MAPK, ERK1/2)is a
one receptor with the other (data not shown). major transducer of extracellular mitogenic signals that promote
We next determined whether SCF could stimulate erythroidcell proliferation and differentiatio#f-22and we thought that it
cell growth while inducing EPO-R phosphorylation. Figure 1C might be involved in the synergistic effects of EPO and SCF on
shows the growth of erythroid cells in suspension culture.erythropoiesis. Because phosphorylation of MAPK is abso-
Compared with the synergistically stimulated cell growth lutely required for its activation, we used a phospho-specific
induced by the combination of EPO and SCF, EPO aloneMAPK antibody that only recognizes the phosphorylated form
manifested only 20% to 25% of this erythroid cell production of the enzyme to determine its activation. Figure 2A illustrates
from ECFC over a period of 7 days, whereas SCF alone did nothe time course of the activation. When serum-starved ECFCs
support cell growth at all. Similar results were observed in thewere treated with EPO or SCF alone, marginal MAPK phosphor-
erythroid colony-forming assays with semisolid culture me- ylation was observed. The phosphorylation induced by SCF or
dium. In this case, the addition of SCF to EPO significantly EPO appeared after 5 minutes, reached a peak at 10 minutes,
increased both the number and the size of RBC colonies. Thesand then declined slowly thereafter. In contrast to the minimal
results indicate that, although SCF can induce transient phosphophosphorylation of MAPK induced by EPO or SCF alone, a
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Fig 2. Synergistic effects of SCF and EPO on phosphorylation of
MAPK (ERK1 and ERK2) (A) and MEK (B) and on stimulation of MAPK
activity (C). Serum-starved ECFC were treated with SCF, EPO, or SCF +
EPO for the indicated periods of time. Whole cell extracts (20 pg
protein) were subject to SDS-PAGE and Western blot analyses with
anti-phospho-MAPK (A) or anti-phospho-MEK (B) antibodies. (C) For
determination of MAPK activity, cells were stimulated for 10 minutes
with SCF, EPO, or SCF + EPO and whole cell extracts containing about
60 pg of total protein were subjected to immunoprecipitation with
anti-phospho-MAPK. The MAPK activities in the immunoprecipitates
were analyzed by using myelin basic protein as a substrate in the 0
presence of [y-32P]-ATP in buffer A containing PKI peptide and calmidi- \
zolium, inhibitors of PKA and PKC, respectively. A representative figure ©
from four experiments with similar results is shown. Each experiment 000
was performed with blood samples from different normal volunteers.
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combination of SCF and EPO gave rise to markedly enhanced We further measured the activation of MEK, a protein kinase
MAPK phosphorylation. The phosphorylation appeared withinresponsible for activation of MAPK. Because MEK also
5 minutes, reached a maximum at 10 minutes, and themequires phosphorylation to be activated, we used a phospho-
decreased gradually with detectable phosphorylation remaininy|EK—specific antibody. As expected, EPO or SCF alone
at 60 minutes. Densitometric analyses indicated that the level cinduced very low levels of MEK phosphorylation, whereas a
MAPK phosphorylation induced by the combination of SCF combination of SCF and EPO induced synergistic MEK phos-
and EPO was at least 10-fold higher than the combined valughorylation (Fig 2B). This result indicates that the synergistic
obtained when cells were treated with SCF and EPO separatelgctivation of MAPK was mediated through the synergistic
In all cases, Western blot analyses with antibodies to regulaactivation of MEK.

anti-MAPK antibody showed that the protein levels of MAPK  To confirm the results obtained with phospho-specific antibod-
in the cells were not altered by the treatment (data not shown)ies, we determined the activity of MAPK by using myelin basic
These data demonstrate a synergistic activation of MAPK byprotein as a substraté.For this purpose, MAPK was first
SCF and EPO. immunoprecipitated with anti-phospho-MAPK and its kinase
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actors %9 Coé( ‘304}0 ,53(0(5‘ ‘30 QO fq’(‘,‘ Qo QO separately or jointly for 10 min-
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Y £y S ject to SDS-PAGE and Western blot-
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The latter detects both phosphory-
1B —O0— EPO C —O— EPO lated and nonphosphorylated
100- o SCF+EPO —@— SCF+EPO MAPK. A representative figure

from four experiments with simi-
lar results is shown. Each experi-
80 - ment was performed with blood
samples from different normal vol-
unteers. It should be noted that a
60- nonspecific band right below phos-
pho-Erk2 was equally distributed
in all lanes. To analyze the effects
404 of the inhibitors on erythroid cell
growth, day-6 ECFC (5 x 103) were
allowed to grow for another 7 days
20 in liquid medium supplemented
with EPO (O) or SCF + EPO (@) in
the presence of varying concentra-

4

Colony Number (% of control)

0 T T T T tions of PD98059 (B) or wortman-

M nin (C). Cell numbers were deter-

Concentration 0 50 100 200 0 0.1 0.5 1.0 (}1 ) mined after 7 days in culture.
PD98059 Wortmannin Results represent data from three

independent experiments.

activity was assayed in liquid-solid reaction. Consistent withan attempt to show the mechanism controlling MAPK activa-
the results obtained with MAPK phosphorylation, the combinedtion by SCF and EPO, we also treated the cells with wortman-
treatment of ECFCs with SCF and EPO gave rise to a markedlyin, a PI-3 kinase inhibitor. Wortmannin markedly inhibited the

enhanced MAPK activity, fourfold to sixfold greater than that activation of MAPK induced by EPO but had no inhibitory

observed when cells were treated with SCF or EPO alone (Figffect on that induced by SCF alone (Fig 3A). Furthermore, it
2C). The degree of synergy is less than that observed witheduced the synergistic activation of MAPK phosphorylation by
anti-phospho-MAPK  antibodies, but this could be due to agcF and EPO to a level similar to that attained with SCF alone
lesser efficiency of the liquid-solid phase reaction for activity (lanes 2, 10, and 12, Fig 3A). It should be noted that a

assays. Collectively, the data indicate that SCF and EPQ,qnspecific band right below phospho-Erk2 was equally distrib-
synergistically stimulate MAPK activation by inducing signifi- uted in all lanes. Accordingly, wortmannin also markedly

cant, greater-than-additive increases in both MAPK ph_osphory;nhibited EPO, but not SCF-induced MEK activation (data not
lation and kinase activity. Because the synergistic activation o

MAPK correlates with the svneraistic effect on cell arowth. we shown). These results suggest that PI-3 kinase is involved in the
conclude that the svner i};tic geffect of SCE angd EP(,) cmEPO- but not in SCF-mediated MAPK activation and that SCF
ynerg and EPO may activate MAPK through different pathways. The

erythropoiesis is mediated by the synergistic activation of. g . L .
MXPK P y ynerg insensitivity of SCF-induced MAPK activation to wortmannin

PD98059 (MEK1/2 inhibitor) and Wortmannin (PI-3 kinase /S0 Suggests that SCF does not transduce EPO-R-mediated
inhibitor) affect MAPK activation and cell growth induced by MAPK activation, although it causes tyrosine phosphorylation
SCF and EPO. To prove further the importance of MAPK ©f EPO-R. As expected, pretreatment of ECFC with wortman-
activation in erythropoiesis, we examined the effect of PD98059NIN also inhibited the growth of ECFC in liquid medium
which acts as a highly selected inhibitor of MEK, on MAPK cultures, although the degree of inhibition was slightly lower
activation and cell growth induced by SCF and EPO. Pretreatcompared with that exhibited by PD98059 (Fig 3C). While Fig
ment of cells with 100 pmol/L PD98059 completely inhibited 3 demonstrated the inhibition of ECFC growth in suspension
activation of MAPK induced by EPO and SCF (Fig 3A). culture, similar results were also obtained with erythroid colony
Concomitantly, PD98059 treatment also dose-dependently inhibformation assays in semisolid medium. Together, these data
ited growth of ECFC in suspension culture. The inhibitory indicate that the synergistic activation of MAPK by SCF and
effect was observed at a concentration of 50 pmol/L, and at 20&EPO plays an essential role in the proliferation and maturation
pumol/L, greater than 70% inhibition was observed (Fig 3B). In of human erythroid progenitors.
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A with anti-STATS antibody (Fig 4A, lane 12). EPO-induced
Lanes 12 3 4656 7 8 9 1011 12 STATS activation was detected after 5 minutes of incubation
Time(min) 0 30 5 10 30 5 10 30 5 10 30 10 and remained at 30 minutes. SCF alone failed to stimulate any

) e PO T STATS5 activity and addition of SCF to EPO had no significant

effect on EPO-induced STATS activation. This again suggests
that, although SCF causes tyrosine phosphorylation of EPO-R,
it cannot transduce a signal through the receptor. PD98059 and
wortmannin, which displayed marked effects on cell growth and
MAPK activation, did not affect the EPO-induced STAT5
activation, suggesting that MAPK and PI-3 kinase may not be
involved in the EPO-dependent STATS activation. These experi-
ments indicate that activation of STAT5 does not appear to be
g involved in the synergistic effect of SCF and EPO. The fact that
© & both STAT5a and STAT5b knock-outs did not show any
abnormalities of erythropoiesis suggests that STAT5 may not be

B important for erythropoiesis in viv#.32 However, because of

Lanes 1 2 3 4 5 6 7 8 the possible redundancy between STAT5a and STAT5b, double

Time (min) 10 60 10 60 10 60 10 60 knock-out mice of STAT5a and STAT5b need to be generated to
test the role of STATS in erythropoiesis.
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DISCUSSION

. - “ vt ) - In the present study, we demonstrated that SCF and EPO
synergistically activate MAPK, which correlates with their
effects on erythroid cell growth, thus providing an intracellular
mechanism for the synergistic action of SCF and EPO in
erythropoiesis. Our data also suggest that tyrosine phosphoryla-
tion of EPO-R produced by SCF is not sufficient to transduce
= < the EPO signal, which is evident in the failure of SCF to induce
Ky ézf wortmannin-sensitive MAPK activation and activation of
O $ STAT5. SCF may cause phosphorylation of EPO-R at sites that
are not essential for signal transduction.
Fig4. SCFand inhibitors of MEK and PI-3 kinase have no effects on MAPK lies at a convergent point for many signaling events.

EPO-induced activation of STATS. (A) Serum-starved day-8 ECFC It plays an important role in promoting cell proliferation and
were treated with SCF, EPO, or SCF + EPO for 5, 10, and 30 minutes. differentiatiort®-22and preventing apoptosi&The inhibition of
Nuclear extracts were extracted and analyzed for STAT activity with a erythroid cell growth and Co|ony formation by inhibitors of
P-labeled PIE oligonucleotide probe. EPO™ (lane 12, A) denotes 8 \1ek gand PI-3 kinase demonstrate the crucial role of MAPK in
supershift analysis with the nuclear extracts preincubated with . . .
anti-STAT5b antibody (0.2 pg) for 10 minutes at room temperature the SCF- and EPO-mediated erythropoiesis. Both the magni-
before the addition of the PIE probe. (B) Serum-starved cells were tude and duration of the activation are crucial, and studies
pretreated with 100 pmol/L PD98059 or 0.5 pmol/L wortmannin for 1 suggest that transient activation of MAPK may trigger prolifera-
hour before stimulation with EPO for 10 and 60 minutes. STATS i whereas sustained activation allows differentiaffofhe
activity was determined as described above. synergistic effects of SCF and EPO observed in our current
study not only greatly enhanced the magnitude, but also
SCF has no effects on EPO-induced STAT activation inenhanced the duration of the activation, which may be impor-
human erythroid progenitor cells. Activation of STAT family ~ tant for both proliferation and differentiation of erythroid cells.
transcription factors is another major signal transduction pathProlonged activation of MAPK might also play a role in
way involved in the action of growth factor and cytokirfég?*It preventing apoptosis, as reported in rat pheochromocytoma
has been reported that EPO activates STAT1 and STA¥5, PC12 cells$® Prevention of apoptosis is believed to be the
whereas SCF may be involved in STAT3 or STAT5 activa- primary role for EPG® Although synergistic activation of
tion.2829To examine whether activation of STATs is involved in MAPK has been previously observed in various cell lines when
the synergistic action of SCF and EPO in erythropoiesis, wetreated with insulin and phorbol esférintegrins and growth
analyzed STAT activity by using electrophoretic mobility shift factors3” granulocyte-macrophage colony-stimulating factor
assays with specific DNA probésWith hSIE, a high-affinity  (GM-CSF) and SCP8 or interleukin-3 (IL-3) and SCF the
mutant form of the serum-inducible element widely used todegree of the synergistic effects was not as significant as we
detect STAT1 and STAT® no binding was observed after observed with SCF and EPO in the primary erythroid progenitor
stimulation of cells with SCF and EPO. With PIE, a prolactin- cells. Moreover, in this study, we were able to correlate directly
inducible element that can specifically bind STAT5a andthe synergy in signal transduction with the synergy in cell
STAT5b25 stimulation of ECFCs with EPO induced marked growth. Considering that hematopoiesis requires the presence
DNA binding activity (Fig 4A). The presence of STAT5 in the of multiple growth factors or cytokines, this study begins to
DNA-protein complex is evident in the super-shift analysesshow how these growth factors and cytokines interact to
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produce balanced growth and differentiation. It also suggests 11. Wu H, Klingmuller U, Besmer P, Lodish HF: Interactions of the
that the synergistic effects of other growth factors and cytokinegrythropoietin and stem-cell-factor receptors. Nature 377:242, 1995

in other tissue systems may be mediated through synergistic 12. Seger R, Seger D, Reszka AA, Munar ES, Eldar-Finkelman H,
activation of MAPK. Dobrowolska G, Jensen AM, Campbell JS, Fischer EH, Krebs EG:

The general scheme of the MAPK activation pathway Over.expression.of mitogen—activateq protein kinase kingse (MAPKK)
and its mutants in NIH 3T3 cells. Evidence that MAPKK involvement

includes a series of protein phosphorylations and protein- ) T ) i
L . . . . in cellular proliferation is regulated by phosphorylation of serine
protein interactions involving, sequentially, Grb2, mSOS, Ras, __. S g . )
. . ' . 'residues in its kinase subdomains VIl and VIII. J Biol Chem 269:25699,
Raf-1, MEK, and MAPK. SCF transduces its signal by binding ; g,

to its receptor c-Kit, a PDGF family receptor tyrosine kinase, 13 sawada K, Krantz SB, Kans JS, Dessypris EN, Sawyer S, Glick
and, thus, presumably, it activates MAPK via the Ras/Rafap, civin CI: Purification of human erythroid colony-forming units
pathway!® However, for EPO, direct recruitment of Grb2 to and demonstration of specific binding of erythropoietin. J Clin Invest
EPO-R has not been reported. Although phosphorylation 080:357, 1987

SHC and insulin receptor substrate-2 after EPO stimulation 14. You M, Zhao Z: Positive effects of SH2 domain-containing
might provide docking sites for Grb2 bindidg#3recent studies  tyrosine phosphatase SHP-1 on epidermal growth factor- and interferon-
suggests the existence of a SHC/Grb2-independent patr3amma-stimulated activation of STAT transcription factors in HelLa
way?#445 The fact that the PI-3 kinase inhibitor wortmannin cells. J Biol Chem 272:23376, 1997

inhibited EPO-induced MAPK activation, but not that of SCF, 15. Sui X, Krantz SB, Zhao Z: Indentification of increased protein

suggested that SCF and EPO may lead to activation of MAPKET;:EE?ZZ? icgtg’;ty in polycythemia vera erythroid progenitor cells.
through different pathways. Because SCF and EPO synergisti="y . ¢ | - - "y " rantz SB, Sawyer ST, Civin Cl: Quantitation of

cally aCtlvate MEK, the convergent point at which these two specific binding of erythropoietin in Friend virus-infected erythroid
pathways interact should be at the level of MEK or above MEK. .o 1s. 3 cell Physiol 137:337, 1988
Presumably, these two pathways would transduce signals that 17 paj cH, Krantz SB, Koury ST, Kolla K: Polycythemia vera. IV.
act on different sites of the target protein to facilitate the specific binding of stem cell factor to normal and polycythemia vera
synergistic effects. How EPO transduces its signal through PI-ighly purified erythroid progenitor cells. Br J Haematol 88:497, 1994
kinase to MAPK is still unknown. It has been postulated that 18. Jacobs-Helber SM, Penta K, Sun Z, Lawson A, Sawyer ST:
protein kinase C might be one of the mediattrs. Distinct signaling from stem cell factor and erythropoietin in HCD 57
cells. J Biol Chem 272:6850, 1997
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