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A Novel Function of Statla and Stat3 Proteins in Erythropoietin-Induced
Erythroid Differentiation of a Human Leukemia Cell Line

By Keita Kirito, Mie Uchida, Masaaki Takatoku, Koichi Nakajima, Toshio Hirano,
Yasusada Miura, and Norio Komatsu

We recently determined that erythropoietin (EPO) activates
3 members of the signal transducer and activator of transcrip-
tion (STAT) family, Statle, Stat3, and Stat5, in the human
EPO-dependent cell lines, UT-7 and UT-7/EPO (Kirito et al, J
Biol Chem 272:16507, 1997). In addition, we have shown that
Statle, but not Stat3, is involved in EPO-induced cellular
proliferation. In this study, we examined the roles of Statle
and Stat3 in EPO-induced erythroid differentiation. UT-7/GM
was used as a model system, because this cell line can
differentiate into erythroid-lineage cells with EPO treatment
(Komatsu et al, Blood 89:4021, 1997). We found that EPO did
not activate Statla or Stat3 in UT-7/GM cells. Transfection
experiments showed that both Statla and Stat3 inhibited
the induction by EPO of y-globin and erythroid-specific

tion of the percentage of hemoglobin-positive cells. Domi-
nant negative forms of Statla or Stat3 promoted the EPO-
induced erythroid differentiation of UT-7/GM cells, even in
the presence of granulocyte-macrophage colony-stimulating
factor, although this cytokine never induced erythroid differ-
entiation of the parent UT-7/GM cells with or without EPO. A
cell cycle analysis showed that the constitutive activation of
Statle, but not Stat3, shortened the period of GO/G1 prolon-
gation caused by EPO stimulation. Taken together, our data
suggest that Statla and Stat3 act as negative regulators in
EPO-induced erythroid differentiation. Specifically, Statla
may activate a cell cycle-associated gene(s), leading to the
entry of cells into the cell cycle.
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5-aminolevulinate synthetase transcripts, resulting in a reduc-

RYTHROPOIETIN (EPO) plays an important role in the proteins appear to play some role in hematopoitsis For
proliferation and differentiation of erythroid progenitor example, Stat3 plays a critical role in interleukin-6 (IL-6)—
cells! The binding of EPO to its specific receptor on the cell induced macrophage differentiation and granulocyte colony-
surface induces tyrosine phosphorylation and the activation ostimulating factor (G-CSF)-induced granulocytic differentia-
several proteins, including Janus kinase 2 (JAKZjgnal  tion.818Although the concept is controversial at present, Stats
transducer and activator of transcription 5 (Sté&Sjnitogen-  may be involved in EPO-induced erythroid differentiati8R?
associated protein kinaseand phospholipase 1.7 Thus, STAT proteins appear to be involved in the differentiation

We recently demonstrated that EPO induces the activation off hematopoietic cells. Because UT-7/GM and TF-1 cells can
Statlx and Stat3 in the EPO-dependent cell lines UT-7, itsdifferentiate into erythroid cells after exposure to ER@the
subline UT-7/EPO, and F36E?2 By contrast, EPO did not |oss of activation of Statl and Stat3 by EPO may be involved
activate Statd and Stat3 in UT-7/GM, another subline of UT-7, in the EPO-induced erythroid differentiation of these cell lines.
or in TF-1 cells, which grow only minimally in the presence of To test this possibility, we used UT-7/GM transfectant cells
EPO315 Transfection experiments with Statland/or Stat3 exogenously expressing Statland/or Stat3 proteid% and
showed that the overexpression of Ségtlbut not Stat3, examined the biological functions of these Stat proteins in
promoted the EPO-induced proliferation of UT-7/GM cells. In EPO-induced erythroid differentiation. We show here that both
addition, the introduction of EPO receptor (EPOR) cDNA into Stattx and Stat3 proteins inhibit the EPO-induced erythroid
UT-7/GM cells restored not only the growth response to EPO (ifferentiation of UT-7/GM cells.
but also the activation of Statland Stat33 These results
suggested that Stails at least partly involved in EPO-induced
cell growth.

In the present study, we examined the roles of Staithd Cells. The UT-7 cell line was derived from the bone marrow of a
Stat3 in EPO-induced erythroid differentiation, because STATpatient with megakaryoblastic leukentfalUT-7 and UT-7/GM cells
were maintained in liquid culture with Iscove’s modified Dulbecco’s
medium (IMDM; GIBCO Laboratories, Grand Island, NY) containing
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Preparation of nuclear and cytoplasmic extractsfter stimulation, a wavelength of 595 nm using a microplate reader (model 3550;
cells were washed with ice-cold phosphate-buffered saline (PBSBio-Rad, Richmond, CA).
containing 2 mmol/L NgvO,, resuspended in a hypotonic buffer 20 RNA extraction and Northern blotting.Total RNA was isolated
mmol/L HEPES [pH 7.9], 10 mmol/L KCI, 1 mmol/L MgG| 10% from cells according to the method of Chomczynski and Sa8dRNA
glycerol, 0.5 mmol/L dithiothreitol [DTT], 1 mmol/L phenylmethyl- was resolved by electrophoresis on agarose formaldehyde gels, trans-
sulphony! fluoride [PMSF], 15 pg/mL aprotinin, 3 pg/mL leupeptin, 3 ferred to nylon membranes (Zeta-probe; Bio-Rad) inx16tandard
pg/mL pepstatin, and 2 mmol/L N4O,) with 0.2% Nonidet P-40  sodium citrate (SSC), and hybridized to human cDNA fragments for
(NP-40) and then homogenized. After centrifugation at 1g0fd® 5 ALAS-E or y-globin. The fragment was labeled wifiP-«CTP by
minutes, the supernatant was separated from the nuclear pellet and themndom-priming. After an overnight incubation at 43°C in the presence
centrifuged at 14,0apfor 20 minutes at 4°C. The debris was removed, of 50% formamide, blots were washed 3 times with 8SC, 0.5 SSC,
and the supernatants were collected as cytoplasmic extracts. Ther 0.1X SSC containing 0.1% SDS for 15 minutes each. The mem-
nuclear pellets were resuspended in hypotonic buffer with 300 mmol/Lbranes were autoradiographed using Kodak XAR-5 film (Eastman
NaCl, debris was removed by centrifugation (14§88 20 minutes), ~ Kodak, Rochester, NY) with an intensifying screen-at0°C.
and the supernatants were collected as nuclear extracts. Cell cycle analysis. Acell cycle analysis was performed by staining
Electromobility shift assay (EMSA).Nuclear or cytoplasmic ex- DNAwith propidium iodide in preparation for flow cytometry with the
tracts (5 pg of protein) were incubated for 15 minutes at 4°C in 10FACScan/ModFiLT system (Becton Dickinson, San Jose, CA).
mmol/L Tris-HCI, pH 7.5, 75 mmol/L KCI, 1 mmol/L DTT, 1.5 pg of
poly dIC/dAT, 1 mmol/L EDTA, and 4% Ficoll type 400, with 2 ng of a RESULTS
32 p-labeled oligonucleotide. Samples were loaded on a 5% nondenatur-
ating polyacrylamide gel, run for 1.5 hours at 150 V, vacuum-dried, and Correlation between the GM-CSF-induced activation of
exposed to x-ray film. For the supershift study, nuclear extracts weréStatle and Stat3 and the GM-CSF-induced inhibition of
incubated with antibodies at RT for 10 minutes before the aboveEPO-induced erythroid differentiation.We previously re-
reaction. The probes were double-stranded oligonucleotides correspongiorted that Statd, Stat3, and Stat5 were commonly activated
ing to the sis-inducible element (SIE; upper strarleGF CGACATTTC- by EPQ in UT-7 cells and that EPO induced the activation of
CCGTAAATC-3)?2 and thep-casein promofegsreg'O'B(CAP; UPPET  stat5 but not of Statdor Stat3 in UT-7/GM celld3 In addition,
strand, SAGATTTCTAGGAATTCAAATC-37).%In the study of com- we demonstrated that UT-7/GM cells can differentiate along the

etition, extracts were incubated with a 150 molar excess of the o .
Enllalbeled ;robe were tneu W X erythroid lineage in the presence of EPO and that GM-CSF

Generation of stable transfectantsUT-7/GM cells were transfected  INNibited the EPO-induced erythroid differentiation of UT-
with mammalian expression vector ()CAGGSneo) alone or pCAGGSned/GM cells in a dose-dependent manteCollectively, the
containing human Statl cDNA, murine Stat3 cDNA? or human  activation of Statd and Stat3 may be closely involved in the
EPOR cDNA by conventional electroporation (1,000 V, 25 uFD). We inhibition by GM-CSF of EPO-induced erythroid differentia-
selected 3 independent clones resistant to neomycin (0.8 mg/mL). Téion.

make UT-7/GM cells that overexpressed both Sta#ihd Stat3, we To test this notion, we examined whether SIE-binding
constructed a pCAGGS-BSD vector containing a blasticidin—resistantcomp|exeS formed after stimulation with EPO (10 U/mL) plus
gene! GM-CSF (10 ng/mL). About 80% of the cells became dianisid-

The tyrosine residues at 701 of Statl and at 705 of Stat3 were . .
replaced with phenylalanine to make StatlF and Stat3F, respecfively. Ine-positive after 7 days of exposure to EPO alone (Fig 1A). By

StatlF or Stat3F cDNA also was inserted into pCAGGS vector and_contras_t’_GM'CSF strongly reduced the perc_entage of d'an's'(_j'
introduced into UT-7/GM cells under the above conditions. ine-positive cells, even in the presence of high-dose EPO (Fig
Luciferase assay. UT-7/GM cells were transfected with DNAby the  1A). GM-CSF activated Statland Stat3 at 10 ng/mL, at which
lipofectin method according to the manufacturer’s instructions (Pro-concentration the dianisidine-positive cells completely disap-
mega, Madison, WI). Typically, 1.0 ug of one of the reporter plasmids peared (Fig 1B). However, Stat5 was commonly activated by
containing the firefly luciferase gene and 1 pg of pSalactosidase ~ GM-CSF and EPO (Fig 1B). Thus, there seems to be a positive

(Promega), an expression vector containing ltheZ gene encoding  correlation between the GM-CSF-induced activation of Statl

B-galactosidase as an internal control for transfection efficiency weregnq Stat3 and the GM-CSF—induced inhibition of EPO-
used. Two micrograms of the pPCAGGS-Neo expression vector SyStenaependent erythroid differentiation

with a cDNA encoding HA-Statl, HA-Stat3, or their derivatives were

cotransfected. After transfection, cells were starved for 24 hours an K . . . h
stimulated with 10 ng/mL of GM-CSF for 6 hours. The cells were thenciEPO-lnduced erythroid differentiation.To examine whether

collected in 100 pL lysis buffer and subjected to the assay for luciferasdh® activation of Stadd and Stat3 inhibits the EPO-induced
andp-galactosidase activity. The reporter genes contain 4 copies of th@rythroid differentiation, we used Statlor Stat3-transfected
acute-phase response element (APRE), which is transactivated tYT-7/GM cells that we generated previousiywe confirmed
Statkx and Stat3, in front of the minimalinB promoter linked to the  that Statk and Stat3 proteins are overexpressed and constitu-
luciferase gene (4XAPREIuéy. tively activated in each type of transfectant cells (Kirito €8 al
Colorimetric MTT assay for cell proliferation. Cell growth was  and data not shown). UT-7/GM clones transfected with vector
also examined by a colorimetric assay according to Mosrfawith alone were used as controls. These transfectant cells were
some modiﬁcation. Briefly, cglls were incubgtgd ata density‘of 1 cultured with 10 U/mL EPO for 7 days and then harvested for
10%0.1 mL in 96-well plates in IMDM containing 10% FCS in the dianisidine staining. Dianisidine-positive cells were not ob-

absence or presence of various concentrations of GM-CSF or EPQO. o o
After 72 hours of culture at 37°C, 20 pL of sterilized 5 mg/mL MTT served before exposure to EPO, but 70% to 80% of the control

[3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide; Sigma] C€llS were positive for dianisidine after 7 days of exposure to
was added to each well. After 2 hours of incubation at 37°C, 100 uL ofEPO (Fig 2A). The percen_tage of dianisidine-positive cells
10% sodium dodecyl sulfate (SDS) was added to each well to dissolvélecreased to 40% to 45% in the Statdr Stat3 transfectant

the dark-blue crystal product. The optical density (OD) was measured atlones (Fig 2A). We also evaluated the expression levels of

Overexpression of Statlor Stat3 proteins suppressed the
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Fig 1. Activation by GM-CSF of Statla and Stat3 and suppression by GM-CSF of EPO-induced erythroid differentiation. (A) UT-7/GM cells
were cultured with GM-CSF (10 ng/mL) and/or EPO (10 U/mL). Seven days later, cells were harvested for dianisidine staining. The data are the
means + standard deviation (SD) of triplicate cultures. (B) Growth factor-starved UT-7/GM cells were treated with EPO (10 U/mL) and/or
GM-CSF (10 ng/mL) for 15 minutes. Nuclear extracts were then prepared for an EMSA with 32P-labeled SIE or B-CAP probes. Arrows A, B, and C
indicate a homodimer of Stat3, a heterodimer of Statla and Stat3, and a homodimer of Statla, respectively (see Kirito et al'® and text).

v-globin or ALAS-E mRNA, both of which are involved in were almost identical to those produced by GM-CSF treatment
hemoglobin synthesis. EPO enhanced the expression level ¢Fig 3A). These results may explain our previous observation
both genes in the control cells. Although the expression levelshat the cells transfected with Statfrew better than did the
of these two genes were elevated by the EPO treatment gbarent or Stat3-transfected célfs.
Statlx or Stat3 transfectants, the degree of elevation was lower Activation of both Statt and Stat3 additively inhibited the
than that in the control cells (Fig 2B). This finding is consistent EpO-induced erythroid differentiation.Shortening of the
with dianisidine-staining. GO/G1 phase after EPO stimulation occurred in the cells
Statlx suppressed the prolongation of the GO/G1 phase of thgransfected with Statd but not in those transfected with Stat3
cell cycle after EPO stimulation. Cellular proliferation and  -pNA. These results imply that Statland Stat3 inhibit
differentiation are closely associated with cell cycle events. FOlepo_induced erythroid differentiation through distinct path-
example, GO/G1 prolongation is a critical event for erythroid ovs |t o, the activation of both Stat proteins could be
differentiationz"2*We previously reported that prolongation of o, o 1o to reduce the erythroid differentiation additively or

the GO/G1 phase of the cell cycle was required for the isticall . . .
. T h DNA
EPO-induced erythroid differentiation of UT-7/GM celfsThis _synerglstlca y. To test this notion, we introduced Stats ¢
into a Statk-transfected clone (clone 29) and selected 3

observation prompted us to examine whether Stat proteins .
inhibited the EPO-induced erythroid differentiation through anlndependent clones overexpressing both Statid Stat3 by

effect on cell cycle progression. After the 24-hour deprivation ofWe§tern blotting analysis (data not showh). The constltutl\_/e
growth factors, parent UT-7/GM or transfectant cells were activation of Statd and Stat3 was observed in these clones (Fig

exposed to EPO for various periods, and a cell cycle analysié)' However, the growth patterns in these clones were un-

was performed using flow cytometry. The percentage of Go/g1changed; the clone cells required GM-CSF or EPO for growth
cells at the start time was 50% to 55% in all clones. The G0/G12nd survival (data not shown). Only 20% to 30% of these cells
percentage decreased after 12 to 24 hours of exposure f3¢came dianisidine-positive after EPO treatment (Fig 2A).
GM-CSF in both the parental and transfectant cells (Fig 3A andowever, cell cycle patterns of the cells doubly transfected with
B). By contrast, there was a large difference in the cell cycleStatkx and Stat3 were similar to those of the cells transfected
patterns after EPO treatment. In the parental UT-7/GM andWith Statkx alone (data not shown).

Stat3 transfectant cells, the percentage of GO/G1 cells was Overexpression of the full-length EPOR also decreased the
unchanged even after 48 hours of culture with EPO (Fig 3B).EPO-induced erythroid differentiation.Overexpression of the
However, when Statd-transfected cells were cultured with full-length EPOR (UT-7/GM-EPOR) restored the growth re-
EPO, the percentage of GO/G1 cells was reduced to 35% to 40%ponse to EPO in UT-7/GM cells (Kirito et'aland data not
after 24 to 48 hours of exposure to EPO (Fig 3A). These kineticsshown). Moreover, we confirmed by EMSA that Statand
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Fig 2. Effects of overexpression of Statla and/or Stat3 on the EPO-induced differentiation of UT-7/GM cells. (A) UT-7/GM clones transfected
with vector alone (lane 1; n = 10), Statla-transfected clones (lane 2; n = 10), Stat3-transfected clones (lane 3; n = 10), and Statla and
Stat3-cotransfected clones (lane 4; n = 3) were cultured with EPO (10 U/mL). Seven days later, cells were harvested for dianisidine-staining. The
data are the mean = SD. (B) Parent UT-7/GM cells, Statla-transfected clones (clones 29, 32, and 47), and Stat3-transfected clones (clones 5, 12,
and 29) were cultured with EPO (10 U/mL) and harvested for the isolation of total cellular RNA. y-Globin and ALAS-E transcripts were detected by
Northern blotting. The membrane was rehybridized with a 32P-labeled human ribosomal DNA probe to show the amounts of RNA loaded.

Stat3 proteins were activated by EPO in these transfectant cellson. To confirm that StatlF and Stat3F function as the
(Kirito et al*® and data not shown). dominant negative forms in our systéf?>3%we cotransfected
We examined whether EPOR overexpression affects théhese cDNAs and 4XAPREluc into the parent UT-7/GM cells.
EPO-induced erythroid differentiation of UT-7/GM cells. We After 24 hours of starvation, these transfectant cells were
confirmed by Northern blotting that the parental UT-7/GM cells stimulated with GM-CSF, and the cells were harvested 6 hours
expressed EPOR at low levels, whereas the transfectant cellater for a luciferase assay. As shown in Fig 6A, the luciferase
abundantly expressed EPORs (Fig 5A). Transfectant cells weractivity was clearly reduced in the StatlF and Stat3F transfec-
cultured with EPO for 7 days and then harvested for dianisidingant cells, indicating that these dominant-negative forms work
staining and Northern blot analysis. The percentages of dianisiwell in our system. In addition, we confirmed by EMSA that the
dine-positive cells in the EPOR-transfected cells were muchdominant-negative Stats actually inhibited the DNA binding
lower than in the parental UT-7/GM cells (Fig 5B; 0980%). activities of the wild-type Stats in UT-7/GM cells (data not
EPO induced EPOR, ALAS-E, ang-globin genes at the shown).
mMRNA level in the parental UT-7/GM cells, whereas neither To investigate the functional roles of Stathnd Stat3 in
ALAS-E nor y-globin gene was induced in the EPO-treated erythroid differentiation, we generated stable transfectant cells
UT-7/GM-EPOR cells (Fig 5A). This result was consistent with exogenously expressing StatlF or Stat3F. An MTT assay
dianisidine staining. The percentage of cells in GO/G1 wasshowed that StatlF but not Stat3F partially inhibited the
clearly reduced after EPO treatment in the UT-7/GM-EPORGM-CSF—-induced cell growth of UT-7/GM cells (Fig 6B).
cells but not in the parental UT-7/GM cells (Fig 5C), suggesting Then, these transfectant cells were cultured with GM-CSF alone
that GO/G1 prolongation did not occur in the UT-7/GM-EPOR (10 ng/mL), EPO (10 U/mL), or a combination of GM-CSF (10
cells. ng/mL) and EPO (10 U/mL) for 7 days and then harvested for
Effect of dominant negative forms of Statdnd Stat3 on the dianisidine staining. GM-CSF completely blocked the EPO-
inhibition by GM-CSF of EPO-induced erythroid differentia- induced erythroid differentiation in the parental UT-7/GM cells.

20z AeN 62 uo 1sanb Aq 4pd-z9v/8009+91/29¥/2/26/4Ppd-aj0e/pPO0|qARU SUOKEDIgNdYsE//:djly WOl papeojumoq



A GM-CSF EPO
%5 @ UT-7/GM 60 ® UT-7/GM
O Clone 29 O Clone 29
/| Clone 47 E Clone 47

KIRITO ET AL

Percentage of cells in GO/G1

Percentage of cells in GO/G1

35

0 12 24 36 48 0 12 24 36 48
Time in culture (hr) Time in culture (hr)

B GM-CSF EPO
55 ® UT-7/GM 60 ® UT-7/GM
O Clone 5 O Clone 5
i Clone 29 A Clone 29
- = 55T
S S
(0] 0]
c £
- o 508
8 8
k] ©
[5) oy 45 -
g o Fig 3. Cell cycle analysis. Parental UT-7/GM cells,
5 ch Statla-transfected clones (A; clones 29 and 47), or
o 14 | Stat3-transfected clones (B; clones 5 and 29) were
& 8_’ 40 starved for 24 hours. The cells were subsequently
stimulated with GM-CSF (10 ng/mL, left panel) or
EPO (10 U/mL, right panel) and harvested at the
30 1 ! 1 | 35 1 1 ! ! indicated times for cell cycle analysis. The percent-
0 12 24 36 48 0 12 24 36 48 age of cells in GO/G1 was determined by a ModFit LT

program. The data are the means of three indepen-

Time in culture (hr) dent experiments.

Time in culture (hr)

However, unlike the parental UT-7/GM cells, about 20% of the EPO. Dominant negative forms of Statbr Stat3 promoted
cells transfected with Stat1F or Stat3F showed the positivity forEPO-induced erythroid differentiation even in the presence of
dianisidine staining after exposure to EPO, even in the presenc@M-CSF. These results indicate that both Séadhd Stat 3 act
of GM-CSF (Fig 6C). Approximately 80% of the cells treated as negative regulators of EPO-induced erythroid differentiation.
with EPO became positive for dianidisine staining in these The regulation of cell cycle progression appears to be
transfectant cells (StatlF, 75.0% 2.7%; Stat3F, 75.4%t+ involved in the cellular switch to the proliferation and differen-
5.0%), as in the case of the parental UT-7/GM cells (76:5% tiation of erythroid progenitor cell&:28 Carroll et a¥” reported
8.7%). that prolongation of the GO/G1 phase was required for EPO-
induced erythroid differentiation. We recently found that the
addition of GM-CSF reduced the GO/G1 prolongation, accom-
In this study, we established the functional role of Statpanied by a reduction in the ratio of dianisidine-positive cHlls.
proteins in EPO-induced erythroid differentiation. The forced In addition, we showed here that the inhibition by GM-CSF of
activation of Statd& and/or Stat3 suppressed the induction of EPO-induced erythroid differentiation correlated with the acti-
v-globin and the erythroid-specific ALAS gene, resulting in vation of Statk and Stat3 (Fig 1A and B) and that the activation
decreased hemoglobin synthesis. In addition, UT-7/GM cellsof Statlx promoted the entry of UT-7/GM cells into the cell
transfected with EPOR cDNA restored the EPO-induced activa€ycle. This notion was also supported by the finding that Stat1F
tion of Statlx and Stat3 and acquired high responsiveness tdut not Stat3F inhibited the GM-CSF—-induced cell growth of
EPO for cell proliferation. However, these cells lost their UT-7/GM cells. Taken together with reports that Stat4 also
capacity to become hemoglobin-positive in the presence ofnvolved in the proliferative effects of platelet-derived growth

DISCUSSION
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STAT1 o certainly inhibited the GM-CSF-induced activation of Statl
and Stat3, the majority of the transfectant cells did not become
dianisidine-positive in the presence of GM-CSF alone, as was

+
Parent STAT3 the case for the parental UT-7/GM cells. However, unlike the

parent cells, about 20% of the transfectant cells became

G M_CS F - + - - + - dianidisine-positive after exposure to EPO, even in the presence
of GM-CSF (Fig 6C). These observations strongly suggest that
E PO - - + - - + the loss of activation of Statdand Stat3 is required, but is not
sufficient by itself, for EPO-induced erythroid differentiation,

and that the EPO signal(s) is a prerequisite for erythroid
differentiation. In addition, the finding that the constitutive
activation of Staték and Stat3 proteins partially but not

A - completely inhibited EPO-induced erythroid differentiation of
B } Y * UT-7/GM cells suggests that other molecules such asdamd
C G v . b

SHP-£"may be in part involved in the suppression by GM-CSF
of the EPO-induced erythroid differentiation of UT-7/GM cells.
The constitutive activation of Statlor Stat3 is frequently
Fig 4. Establishment of UT-7/GM cells coexpressing Statla and observed in leukemia celf&:°In addition, Statk and Stat3 are

Stat3. UT-7/GM cells were cotransfected with St:':ltla and Stat3 activated by Ber-Abl produc& and src-kinasé%v“ respec-

¢DNA. UT-7/GM and transfectant cells were deprived of growth tively. The infection of Friend spleen focus-forming virus in the

factors for 24 hours and then incubated with GM-CSF (10 ng/mL) or . . i

EPO (10 U/mL) for 15 minutes. Nuclear extracts were then prepared EPO-dependent murine cell line HCD 57 causes cytokine-

from the cells, and an EMSA was performed using 32P-labeled SIE independent cell growth and the constitutive activation of

probes. Statlx and Stat3* A mutation in the Drosophilia homolog of
the JAK kinase gene causes the hyperactivation of this signal

factor (PDGF) and epidermal growth factor (EGFpur data  transduction pathway and subsequent leukemia-like hematopoi-

raise the possibility that Statlis directly or indirectly involved  etic defects5-47 Thus, aberrations in the JAK-STAT pathway

in the activation of cell cycle-associated gene transcription.  could cause the development of hematologic malignancy.

There are several lines of evidence that the activation of Staf\lthough the constitutive activation of Statland/or Stat3
proteins is involved in the cell cycle. It was demonstrated that ablocked the EPO-induced erythroid differentiation of these
dominant-negative form of Stat3 inhibited growth arrest at thetransfectant cells, we did not observe autonomous cell growth
GO0/G1 phase induced by IL-6 in a murine leukemic cell line, (Kirito et al*® and data not shown). These results indicate that
M1.16 In addition, another group reported the EGF- or inter- the constitutive activation of Statland/or Stat3 is insufficient
feron-y (IFN-y)—induced growth arrest of A431 or HT29 cells for the autonomous growth of leukemia cells in vitro. The
by the upregulation of the cyclin-dependent kinase inhibitor,mechanism by which exogenous expression of &tatid Stat3
p21; this was mediated through the binding of activated &tatl in UT-7/GM cells resulted in constitutive activation of these
to the promoter of the p21 geRg.Thus, Statdk and Stat3 molecules is unknown (Fig 4). Because mere overexpression of
proteins appear to play a role in the blockade of cell cycleStat molecules, even in COS cells, usually does not give rise to
progression. However, this notion is inconsistent with ourconstitutive activation, the overexpressed Statind Stat3
present finding that Staklproteins promoted entry into the cell proteins might be showing the action of normally subthreshold
cycle. This discrepancy may be explained partly by the evi-amounts of an autocrine factor.
dence that p21 acts not only as a negative regulator, but also as aBecause Stat3 knockout mice have a lethal defect, it is
positive regulator of cell cycle progressiéte* difficult to estimate the function of Stat3 on erythropoi€Sis.

It is apparent that the inhibition by Stat3 of the EPO-inducedStatlx knockout mice studies demonstrated that the elimination
erythroid differentiation of UT-7/GM cells is independent on the of the Stat genes does not affect erythropoiési€This seems
cell cycle. Indeed, the forced overexpression of Stat3 had ndo contradict our observation. This discrepancy may be ex-
effect on the EPO-induced proliferation of UT-7/GM céfis. plained by two possibilities. One is that other Stat proteins such
Moreover, Stat3 promotes the differentiation of M1 cells to as Stat3 compensate for the lack of StatThe other is that
macrophages. Very recently, it was found that Stat3 inhibits theStatl is involved in abnormal erythropoiesis, as shown by the
neural differentiation of PC12 celf8 Whereas all of these data results obtained using leukemic cell line cells.
were obtained using immortalized cell lines, it was recently It is also interesting that most of the UT-7/GM cells lost the
shown that Stat3 is involved in the maintenance of embryoniccapacity to differentiate into erythroid cells by overexpression
stem (ES) cells by leukemia inhibitory factor (LIF); the Stat3 of the full-length EPOR. By contrast, these transfectant cells
dominant-negative form induced morphological differentiation had a restored growth response to EPO and activation ofcStatl
of ES cells even in the presence of BT hus, itis unlikely that ~ and Stat3 by EP® This indicates that Statland Stat3 lie
the inhibitory effects of Stat3 on differentiation are limited to downstream of the EPO receptor in the EPO signaling pathway.
immortalized cells. Stat3 could also be expected to play arHowever, Stat3-Stat3 homodimers were almost undetectable in
important role in normal development, presumably as anthe EPO-treated UT-7/GM-EPOR cells (data not shown). This
inhibitor of differentiation. may be explained by one possibility that the ratio of activated

Although the dominant-negative forms of Statdnd Stat3  Stat3 to activated Stadlby EPO is relatively small, resulting in
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O UT-7/GM EPOR cells. (A) Parent UT-7/GM and UT-7/GM-EPOR cells
were treated with EPO (10 U/mL) for 7 days, and
total cellular RNA was isolated. The transcripts of
EPOR, ALAS-E, and y-globin were examined by North-
ern blotting. The membrane was rehybridized with a
32p-labeled human ribosomal DNA probe to show the
amounts of RNA loaded. (B) Dianisidine-staining.
UT-7/GM-EPOR cells were cultured with 10 U/mL of
EPO for 7 days. The cells were harvested for dianisid-
ine staining. The data are the mean * SD of triplicate
cultures. (C) Parent UT-7/GM cells and UT-7/GM-
EPOR cells were starved for 24 hours. The cells were
stimulated with GM-CSF (10 ng/mL, left panel) or
) 1 I 1 EPO (10 U/mL, right panel) and harvested for cell
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. L determined. The data are the means of three indepen-
Time in culture (hr) Time in culture (br) dent experiments.

the increased formation of StatdStat3 heterodimers and the cell line. We observed that EPO induced erythroid differentia-
decreased formation of Stat3-Stat3 homodimers. tion in UT-7/GM cells but not in UT-7 cells. However, there was

It seems likely that the inability of UT-7/GM cells to no significant difference in the degree of Stat5 activation by
proliferate in response to EPO is due to low levels of endog-EPO between these cell lines (Kirito et%nd data not shown).
enous EPO receptor expression. Although we cannot comAlthough the possibility that this discrepancy is caused by
pletely exclude the possibility that decreased sensitivity to EPOdifferences in the cell lines cannot be excluded completely, our
is due to the presence of mutations in the endogenous EP@ata suggest that Stat5 activation is insufficient for EPO-
receptor, we and another group demonstrated that the originahduced erythroid differentiation. A separate factor(s) is re-
UT-7 cells expressed structurally normal EPOR mRNA2 quired for the terminal maturation of erythroid cells.

Whether Stat5 plays a critical role in EPO-induced erythroid It is still controversial as to whether EPO induces the
differentiation is still controversial. Chretien etleported that  activation of Statd and/or Stat3 as well as Stat5. Some
the activation of Stat5 promotes cell growth and inhibits investigators reported that Stat5, but not Statir Stat3, is
erythroid differentiation in a human erythroleukemia cell line. activated by EPO in Ba/F3 cells transfected with EPOR
By contrast, Iwatsuki et #l found that the activation of Stats cDNA.5354 To test this, we also generated Ba/F3 cells exog-
leads to erythroid differentiation in a murine erythroleukemia enously expressing human EPOR and examined whether EPO
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Fig 6. Effects of dominant-negative forms of Statla and Stat3 on
the inhibition by GM-CSF of EPO-induced erythroid differentiation.
(A) UT-7/GM cells were transfected with a plasmid DNA mixture (1 pug
of reporter genes containing 4 copies of APRE in front of the minimal
JjunB promoter linked to the luciferase gene, 2 pug of either expression
vector pCAGGS-Neo, with no insert or with an insert of Stat cDNA
encoding either HA-Stat3F or HA-StatlF, and 1 pg of pSV-B-
galactosidase. After transfection, the cells were cultured without
growth factors and then stimulated with GM-CSF (10 ng/mL) for 6
hours. Luciferase values were normalized for B-galactosidase activity
and expressed relative to the normalized luciferase activity in the
extracts from unstimulated cells transfected with the reporter plas-
mids and a control expression plasmid. The data are the mean + SD
of more than four independent experiments. (B) MTT reduction assay.
Cells were plated at a density of 10*/well in IMDM supplemented with
5% FCS and cultured with GM-CSF (10 ng/mL). MTT reduction was
measured after 3 days of culture. The data are the mean = SD of
triplicate cultures. (C) Dianidisine staining. Cells were cultured in the
presence of GM-CSF (10 ng/mL) or a combination of EPO (10 U/mL)
and GM-CSF (10 ng/mL). Seven days later, cells were harvested for
dianisidine staining. The data are the mean + SD from three indepen-
dent clones.
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induces the activation of Statland Stat3 proteins in these mentand characterization of a human leukemic cell line with megakaryo-
transfectant cells. As reported previously, neither of these Stagytic features: Dependency on granulocyte-macrophage colony-
proteins was activated by EPO stimulation, although Stat5st|mglat|ng factor, interleukin 3, or erythropoietin for growth and
protein was strongly activated by EPO treatment (data nofurvival- Cancer Res51:341,1991 _

shown). Thus, the data obtained from Ba/F3 transfectant cells, 11. Komatsu N, Yamamoto M, Fujita H, Miwa A, Hatake K, Endo T,
were in contrast with those from the UT-7 cells expressing kano H, Katsube T, Fukumaki Y, Sassa S, Miura Y: Establishment and

characterization of an erythropoietin-dependent subline, UT-7/Epo,
endogenous human EPOR. Although we cannot Completel)ﬁerived from human leukemia cell line, UT-7. Blood 82:456, 1993

exclude the possibility that this discrepancy may be due to the 15 chiba s, Takaku F, Tange T, Shibuya K, Misawa C, Sasaki K

different cell lines used in these experiments or the differentyiiyagawa K, Yazaki Y, Hirai H: Establishment and erythroid differen-
EPOR number on the surface of the cells, it is likely that EPOtiation of a cytokine-dependent human leukemic cell line F-36: A
induces the activation of Stattand/or Stat3 proteins in primary parental line requiring granulocyte-macrophage colony-stimulating
erythroid cells and cell lines abundantly expressing endogenoufactor or interleukin-3, and a subline requiring erythropoietin. Blood
EPOR13.44,55,56 78:2261, 1991

In summary, we propose a novel function of Stashd Stat3 13. Kirito K, Uchida M, Yamada M, Miura Y, Komatsu N: A distinct
in EPO-induced erythroid differentiation of a leukemia cell line; function of STAT proteins in erythropoietin signal transduction. J Biol
Statkx may inhibit EPO-induced erythroid differentiation, pre- Chem 272:16507, 1997 " .

. o 14. Komatsu N, Kirito K, Shimizu R, Kunitama M, Yamada M,

sumably mediated through the activation of cell cycle- Uchida M, Takatoku M, Eguchi M, Miura Y: In vitro development of
associated gene(s). Although the roles of Stadhd Stat3 in ’ ' ¥ .

\=/ : ’ . erythroid and megakaryocytic cells from a UT-7 subline, UT-7/GM.
normal erythropoiesis remains to be undetermined, the constitus 504 89:4021. 1997

tive activation of these Stat proteins may be involved in the 15 KijtamuraT, Tange T, Terasawa T, Chiba S, Kuwaki T, Miyagawa

erythroid differentiation arrest in erythroleukemia. K, Piao Y-F, Miyazono K, Urabe A, Takaku F: Establishment and
characterization of a unique human cell line that proliferates depen-
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