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Figure 7. ESAM marks early hematopoietic progeni-
tors throughout life. (A) Rag1/GFP~ cells were sorted
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_E10.5 AGM
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from AGM of E10.5 Rag1/GFP knockin heterozygous
fetuses with high purity. The sorted Rag1/GFP~ cells
were incubated with the anti-ESAM Ab (1G8) followed by
goat antirat IgG-FITC. The cells were then stained with
anti-c-kit-APC, anti-Tie2-PE, and 7-AAD. The profile of
Tie2 and c-kit expression in AGM cells was shown in a left
panel. ESAM expression (solid line) in the Tie2" fraction

Tie2

of AGM and its control level with an isotype-matched 1gG

(dashed line) are presented (middle). The Tie2H ESAM*
cells (yellow) were c-kit*, whereas the Tie2H ESAM-
cells (pink) were c-kit~ (right). (B) The Tie2H ESAM~ and
Tie2H ESAM* cells were sorted from E10.5 AGM and

cultured on MS5 for 10 days. The recovered cells were
counted and stained for the markers, including CD19 and
Maci. (C) Rag1/GFP~ cells sorted from E10.5 YS were
stained in the same manner as for the E10.5 AGM cells
described in panel A. The profile of Tie2 and c-kit
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expression is shown in the top panel. In the lower panel,
ESAM expression in the Tie2H c-kitte fraction (tinted
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histogram) and the Tie2' c-kitHi fraction (open histo-
gram) is shown. A dashed line shows the background
fluorescence with an isotype-matched IgG. (D) ESAM
expression of Rag1/GFP~ Lin~ ckithi Sca1* cells of adult
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bone marrow of 3-, 6-, 12-, and 18-month-old mice was
analyzed. Representative flow cytometry results in 3 to
5 mice of each age were shown. ESAM expression on
Rag1/GFP~ Lin~ c-kit"l Sca1* cells of adult bone marrow
of 3-, 12-, and 18-month-old mice (n = 3 in each) were
simultaneously analyzed, and the data were summarized
with respect to the mean fluorescence intensity with an
anti-ESAM Ab or its control Ab (right panel). (E) ESAM /2
or ESAMM cells were sorted from the Rag1/GFP~ Lin~
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ckit™i Sca1* fraction of the indicated adult bone marrow
(7 and 20 months old, respectively) and subjected to
methylcellulose colony assay. The data are from one of
2 independent experiments that gave similar results.
Statistical significance: *P < .05, **P < .01. The percent-
ages of cells in each gate are indicated in each panel.
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knockin reporters and with fewer combinations of Abs to obtain
highly enriched HSCs.

Although we identified Esam as one of the highly expressed
genes in HSC but not in ELP, levels of this antigen strongly
correlated with lymphopoietic activity. The ESAMM fraction in
Ragl~ c-kitt Scal* cells of E14.5 fetal liver produced CD19*
B-lineage cells more effectively and contained lymphopoietic
progenitors with even higher frequency than the ESAM 1 frac-
tion. The cells also gave rise to long-term reconstitution in both
T and B lymphoid lineages in lethally irradiated recipients.
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Furthermore, in the PSp/AGM region, B lymphopoietic activity in
culture was exclusive to the ESAMH Tie2* fraction. From these
observations, we conclude that ESAM expression indicates high
lymphopoietic potential in HSCs of the fetal liver and hematopoi-
etic cells arising in the AGM region. On the other hand, we
presume from the sharp down-regulation in ELPs that ESAM is not
necessary for early lymphoid differentiation.

We previously reported that the first lymphopoietic cells arise in
aTie2" c-kit* CD34 /%> CD41"~ subset in the E8.5 PSp region.!” In
this report, we showed clear ESAM expression on lymphopoietic
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cells contained in a Tie2® c-kitt subset of the E9.5 to E10.5
PSp/AGM. Lymphopoietic activity in early embryos is thought to
associate closely with HSC development. Because the first HSCs
have few reliable surface markers, high ESAM expression must be
useful to monitor how the first HSCs are developing and moving to
other sites. As an additional finding, we detected high myeloid-
erythroid but little lymphopoietic potential in a Tie2l° ckit" subset
of the YS, whose expression level of ESAM was apparently low.
We presume that ESAMHi Tie2Hi c-kit* cells in the PSp/AGM and
ESAM Tie2lo c-kitHi cells in the YS differ in their origins and/or
as development progresses. If combined with those cell surface
markers, a newly described method to trace runt-related transcrip-
tion factor 1-expressing cells would address several important
issues related to “primitive” and “definitive” hematopoiesis.}

It is interesting to speculate that ESAM might be important for
HSC functions. A previous study showed that ESAM mediates
homophilic interactions between endothelial cells,?> and endothe-
lial cells must represent an important component of HSC-
supportive niches in bone marrow.** A subsequent study of
ESAM-deficient mice showed impaired migration of neutrophils
through vascular walls after normal adhesion.®* In addition,
platelets from ESAM-deficient mice were less prone to disaggrega-
tion.® Thus, ESAM expressed by endothelial and/or stem cells
could have functions associated with HSC adhesion and/or
migration.

Osteoblastic stromal cells that line trabecular bone are thought
to construct niches containing molecules needed to regulate HSC
quiescence, proliferation, and differentiation in adult bone mar-
row.373 Other findings indicate that HSCs also interact with
sinusoidal endothelial cells at some distance from bones.3%4
Osteoblastic and vascular niches probably function in complemen-
tary ways.*'#> The fetal liver has no osteoblasts, and HSC niches
have not been identified in that site. High level ESAM display
suggests that it should be further explored within the context of
endothelial-HSC interactions.

It was an unexpected but intriguing finding that ESAM levels
correlate with the stem cell rich fraction even in 22-month-old
mice. Although many endothelial antigens on HSCs decline with
aging, endomucin and endothelial protein C receptor (CD201) have
been reported to be adult HSC markers.!”#3 In humans, angiotensin-
converting enzyme (CD143) was recently found to mark HSCs
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through embryonic and adult life.** However, ESAM seems unique
in actually increasing with aging. Many genes involved in NO-
mediated signal transduction, stress responses, and inflammation
have been linked to HSC aging.* P-selectin is one of the most
highly up-regulated of those stress-related genes. Of particular
interest, P-selectin mediates some leukocyte-vascular endothelium
interactions and leukocyte extravasation, functions also attributed
to ESAM on neutrophils.® Recent reports showed that stem/
progenitor cells continuously circulate outside bone marrow and
can actively participate in innate immune responses.*>4¢ Further-
more, platelets can use P-selectin to recruit marrow hematopoietic
cells into sites of injury.#’ Although direct evidence is lacking at
this moment, further study might implicate elevated ESAM levels
in extramedullary migration of HSCs.

Efficient HSC-based therapies and the emerging field of regen-
erative medicine will benefit from learning more about what
defines stem cells. Although patterns of expression of transcription
factors and other intracellular proteins are informative, surface
markers such as ESAM that are unique to HSCs have special utility.
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BCR-ABL but Not JAK2 V617F Inhibits Erythropoiesis through
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BCR-ABL is a causative tyrosine kinase (TK) of chronic my-
elogenous leukemia (CML). In CML patients, although myeloid
cells are remarkably proliferating, erythroid cells are rather
decreased and anemia is commonly observed. This phenotype is
quite different from that observed in polycythemia vera (PV)
caused by JAK2 V617F, whereas both oncogenic TKs activate
common downstream molecules at the level of hematopoietic
stem cells (HSCs). To clarify this mechanism, we investigated
the effects of BCR-ABL and JAK2 V617F on erythropoiesis.
Enforced expression of BCR-ABL but not of JAK2 V617F in
murine LSK (Lineage Sca-1™CD117") cells inhibited the
development of erythroid cells. Among several signaling mole-
cules downstream of BCR-ABL, an active mutant of N-Ras
(N-RasE12) but not of STAT5 or phosphatidylinositol 3-kinase
(PI3-K) inhibited erythropoiesis, while N-RasE12 enhanced the
development of myeloid cells. BCR-ABL activated Ras signal
more intensely than JAK2 V617F, and inhibition of Ras by
manumycin A, a farnesyltransferase inhibitor, ameliorated
erythroid colony formation of CML cells. As for the mechanisms
of Ras-induced suppression of erythropoiesis, we found that
GATA-1, an erythroid-specific transcription factor, blocked
Ras-mediated mitogenic signaling at the level of MEK through
the direct interaction. Furthermore, enforced expression of
N-RasE12 in LSK cells derived from p53-, p16"™<42/p19ARF_
and p21€PVWAFL qyll/wild-type mice revealed that sup-
pressed erythroid cell growth by N-RasE12 was restored only
by p21€'P1/WAF1 (deficiency, indicating that a cyclin-depen-
dent kinase (CDK) inhibitor, p21¢"FY/WAFL plays crucial roles
in Ras-induced suppression of erythropoiesis. These data
would, at least partly, explain why respective oncogenic TKs
cause different disease phenotypes.

Oncogenic tyrosine kinases (TKs)? such as BCR-ABL, FLT3-
ITD, and JAK2 V617F are known to confer growth and/or

* This work was supported by grants from the Ministry of Education, Science,
Sports, and Culture and Technology of Japan.

[51The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Methods.

' To whom correspondence should be addressed. Tel.: 81-6-6879-3871; Fax:
81-6-6879-3879; E-mail: sezoe@bldon.med.osaka-u.ac.jp.

2The abbreviations used are: TK, tyrosine kinase; CML, chronic myelogenous
leukemia; PV, polycythemia vera; HSC, hematopoietic stem cell; LSK,
Lineage Sca-1"CD117"; BM, bone marrow; CDK, cyclin-dependent
kinase; rh, recombinant human; TPO, thrombopoietin; rm, recombinant
murine; EPO, erythropoietin; SCF, stem cell factor; G1ERT, GATA-1/ERT;

31774 JOURNAL OF BIOLOGICAL CHEMISTRY

survival advantage on hematopoietic cells, thereby causing
hematologic malignancies (1-3). These gene alterations are
supposed to occur at the hematopoietic stem cell (HSC) level (3,
4). Although these oncogenic TKs activate common down-
stream pathways including Ras/Raf/MEK/ERK, PI3-K/Akt, and
STAT (1, 2, 5), their disease phenotypes are quite different:
BCR-ABL is a causative gene of chronic myelogenous leukemia
(CML) (1), FLT3-ITD of acute myeloid leukemia (AML) (2),
and JAK2 V617F of myeloproliferative neoplasms including
polycythemia vera (PV), essential thrombocythemia (ET) and
primary myelofibrosis (PMF) (3). In patients with chronic-
phase CML, anemia is a common feature in contrast to the
marked leukocytosis in the peripheral blood. Also, bone mar-
row (BM) examination shows that erythroid islands are re-
duced in number and size despite the increased cellularity due
to the granulocytic proliferation (6). This disease phenotype is
totally different from that of PV, in which JAK2 V617F causes
erythrocytosis together with the mild leukocytosis and throm-
bocytosis. Furthermore, in blast-phase CML, blast lineages are
generally myeloid or lymphoid, and erythroid crisis is a rare
incidence with a frequency no more than 5% (7, 8). These data
suggest that, in contrast to the trilinear promoting activities of
JAK2 V617F, BCR-ABL might not support the development of
erythroid cells.

BCR-ABL activates several downstream pathways including
Ras/Raf/MEK/ERK, STATS5, and PI3-K/Akt pathways (1, 4).
Among them, we have previously shown that Ras plays crucial
roles in the growth and survival of BCR-ABL-positive K562
cells, while STAT5 and PI3-K pathways contribute to their
growth and survival to the only limited extent (9). In addition,
although the role of STAT5 in BCR-ABL-mediated leukemo-
genesis remains controversial (10, 11), another group also
reported that transformation of murine BM cells by BCR-ABL
is blocked by dominant-negative Ras (12). Furthermore, Ras
signaling was shown to be indispensable for the pathogenesis of
CML in a murine BM transplantation model (13). Therefore,
the activated Ras is considered to be essential for the pathogen-
esis of CML, and is also speculated to principally determine the
disease phenotype of CML, that is, prominent proliferation of
myeloid cells accompanied by the suppressed erythropoiesis.

4-HT, 4-hydroxytamoxifen; Ab, antibody; HPRT, hypoxanthine phosphori-
bosyl transferase; pRb, retinoblastoma protein; PRAK, p38-regulated/acti-
vated protein kinase.
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Ras-induced Erythroid Suppression Mediated by p21<'7"/WAF1

Ras is constitutively activated by various oncogenic TKs or
mutations of Ras itself in various malignant tumors. Although
oncogenic (or constitutively activated) Ras was originally
shown to transmit mitogenic and survival signals through Raf/
MEK/ERK (14), recent studies have demonstrated that, like
other oncogenic stimuli, it also induces growth inhibition/ar-
rest in normal cells to prevent their malignant transformation.
In general, this biological phenomenon is called “cellular senes-
cence” and observed in various types of non-hematopoietic
cells (15, 16). In addition, excessive Ras signaling was reported
to inhibit erythropoiesis (17, 18), indicating the presence of a
similar cellular response in hematopoietic cells. So far, onco-
genic Ras has been shown to cause senescence through several
signaling pathways other than Raf/MEK/ERK (15, 19-21).
Also, several cell cycle regulatory molecules such as p53,
p16™K42, p194RF and p21“PV/WAFL have been shown to play
central roles in oncogene-induced senescence (15, 19, 21).

In this report, we found that BCR-ABL but not JAK2 V617F,
and among their downstream molecules, Ras but not STATS5 or
PI3-K suppress erythropoiesis from murine LSK cells. As for
this mechanism, we found that an erythroid-lineage specific
transcription factor, GATA-1, blocks Ras-dependent growth
and survival by inhibiting MEK1 activity through the direct
interaction. Furthermore, we showed that a cyclin-dependent
kinase (CDK) inhibitor, p21“"V¥WAFL plays crucial roles in
Ras-induced suppression of erythropoiesis using p21 <*F*/WAFL
deficient hematopoietic cells.

EXPERIMENTAL PROCEDURES

Cytokines and Reagents—Recombinant human thrombopoi-
etin (rhTPO) and recombinant murine interleukin-3 (rmIL-3)
were provided by Kyowa Hakko Kirin (Tokyo, Japan). Recom-
binant human erythropoietin (rhEPO) and murine stem cell
factor (rmSCF) were purchased from R & D Systems (Minne-
apolis, MN). Manumycin A was purchased from Merck KGaA
(Darmstadt, Germany).

Plasmid Constructs and cDNAs—Expression vectors for
GATA-1/ERT (G1ERT) and wild-type (WT) GATA-1 were
described previously (22). Active forms of N-Ras (N-RasE12)
(23) and STAT5A (1*6 STAT5A) (24), and membrane-targeted
PI3-K catalytic subunit (p110°44X) (25) were subcloned into
pMYs-IRES-EGFP, a retrovirus expression vector, which was
kindly provided by Dr. T. Kitamura (University of Tokyo,
Tokyo, Japan). pMSCV-IRES-GFP-p210-BCR-ABL is a gener-
ous gift from Dr. C. J. Eaves (Terry Fox Laboratory, Vancouver,
BC, Canada) (26). The cDNA of JAK2 V617F was kindly pro-
vided by Dr. K. Shimoda (University of Miyazaki, Miyazaki,
Japan) (27) and was subcloned into pMSCV-IRES-GFP.

Cell Lines and Cultures—A murine IL-3-dependent hemato-
poietic cell line, Ba/F3, was maintained in RPMI (nacalai tesque,
Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS)
(Equitech-Bio, Kerrville, TX) and 0.3 ng/ml rmIL-3. NIH3T3
and 293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,; nacalai tesque) supplemented with 10% FBS.

Preparation of Stable Transformants from Ba/F3—W e intro-
duced G1ERT into Ba/F3 cells by electroporation (250 V and
950 microfarads) and selected stably transfected clones by the
culture with G-418 (1.0 mg/ml; Wako Pure Chemical Indus-
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tries, Osaka, Japan). We further introduced pMYs-IRES-EGFP-
N-RasE12 and obtained doubly transfected clones by sorting
GFP-positive cells with BD FACSAria Cell-Sorting System (BD
Biosciences, San Jose, CA). Their IL-3-independent growth and
cell cycle were analyzed with or without the activation of
GATA-1 by 4-hydroxytamoxifen (4-HT; Sigma-Aldrich). DNA
contents of the cells were evaluated by staining with propidium
jodide.

Luciferase Assays—Luciferase assays were performed with a
Dual-Luciferase Reporter Assay System (Promega, Madison,
W1I) as previously described (22). As for assays using Ba/F3 cells,
transfection was performed with Amaxa Nucleofector technol-
ogy (Lonza, Cologne, Germany), followed by the measurement
of luciferase activities after 24 h.

Immunoblotting and Coimmunoprecipitation Analyses—Prep-
aration of cell lysates, immunoprecipitation, gel electrophore-
sis, and immunoblotting were performed according to the
methods described previously (22, 28). Antibodies (Abs) and
reagents were supplied by the manufacturers described in
supplemental methods.

Glutathione S-transferase (GST) Pull-down Assays—GST
pull-down assays were performed as previously reported (22).

Animals—The congenic C57BL/6] mice were purchased
from Clea Japan, Inc. (Tokyo, Japan). B6.129-Cdkn2a"™!RdP
(p16™™*2/p194®F_null) mice and p53-null mice were kindly
provided by Technology Transfer Center National Cancer
Institute (Rockville, MD) and Dr. N. Nishimoto (Wakayama
Medical University, Wakayama, Japan), respectively. B6.12952-
Cdkn1a™™/] (p21 <" WAFL_pyll) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). The experimental
designs of this study were approved by the Institutional Animal
Care and Use Committee at Osaka University Graduate School
of Medicine.

Separation of Murine Hematopoietic Progenitors—Murine
BM cells were flushed from both femora and tibiae, and pro-
genitors were concentrated by anti-mouse CD117 MicroBeads
and autoMACS Pro Separator (Miltenyi Biotec, Bergisch Glad-
bach, Germany). To isolate LSK (Lineage Sca-1MCD117M)
cells, selected progenitors were stained with phycoerythrin-
conjugated (PE-conjugated) monoclonal Abs against murine
lineage markers (CD3e (145-2C11), CD45R/B220 (RA3-6B2),
Gr-1 (RB6-8C5), CD11b (M1/70), and TER-119 (TER-119)),
fluorescein isothiocyanate-conjugated (FITC-conjugated) anti-
Sca-1 Ab (E13-161.7), and allophycocyanin-conjugated (APC-
conjugated) anti-CD117 Ab (2B8), and isolated by FACSAria.
All Abs were purchased from BD Biosciences.

Preparation of Retrovirus Particles—Preparation of retrovi-
rus particles was performed as described previously (29) (see
supplemental methods).

Retrovirus Transfection into Murine BM Progenitors—Iso-
lated LSK cells were precultured overnight in DMEM supple-
mented with 10% FBS, rmSCF (100 ng/ml), and rhTPO (100
ng/ml). Then, the cells were seeded on 24-well tissue plates
coated with RetroNectin (TaKaRa Bio Inc., Shiga, Japan),
infected with each viral supernatant by spinoculation, and cul-
tured in the same medium containing 10% FBS, protamine sul-
fate (10 pg/ml; Sigma-Aldrich), rmSCF (50 ng/ml), and rhTPO
(50 ng/ml). After 48 h of culture, retrovirus-transduced GFP™*
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cells were sorted with FACSAria and were subjected to colony
assays or stromal coculture.

Colony Assays—Cells were plated at the indicated density in
methylcellulose medium (MethoCult; Stem Cell Technologies,
Vancouver, BC, Canada) supplemented with the indicated
growth factors. Cells were incubated with 5% CO, at 37 °C, and
the numbers of colonies were counted after the indicated days.

Stromal Coculture—A murine BM stromal cell line, MS-5,
was cultured in minimum essential medium (MEM) « (Invitro-
gen, Carlsbad, CA) with 10% FBS and prepared in 24-well tissue
plates 1 day before the seeding. The sorted GFP™ progenitors
were seeded (1.5 X 10 cells/well) on the monolayer of MS-5
and cocultured in 2 ml of MEMa supplemented with 10% FBS,
rmSCF (50 ng/ml), and rhEPO (3 units/ml). Five days after the
initiation of coculture, hematopoietic cells were harvested and
stained with PE-conjugated anti-CD45 (30-F11) Ab, and APC-
conjugated anti-CD11b (M1/70) or anti-TER-119 (TER-119)
Ab (all of them from BD Biosciences). To evaluate the phos-
phorylation status of ERK1/2, we used BD Phosflow technology
(BD Biosciences). The harvested cells were further incubated in
DMEM containing 2% FBS without cytokines for 4 h, then
fixed, permeabilized, and stained with Alexa Fluor®647-conju-
gated anti-ERK1/2 (pT202/pY204) Ab (BD Biosciences)
according to the manufacturer’s recommendation.

Flow Cytometric Analyses—Flow cytometric analyses were
performed using BD FACSCanto II (BD Biosciences). The data
analyses were done with BD FACSDiva software (BD Bio-
sciences) or Flow]Jo software (TreeStar, Ashland, OR).

Immunofluorescence Microscopy—5 X 10* of the transduced
cells were cytospun onto microscope slides, fixed in 2%
paraformaldehyde, and permeabilized in 1% Nonidet P-40 in
PBS. After the incubation in blocking buffer (1 mg/ml of
v-globulin in PBS), the slides were incubated with a monoclonal
Ab against p16™%** (E-12) or p19**F (5-C3-1) (both from
Santa Cruz Biotechnology, Santa Cruz, CA). The slides were
then incubated with an Alexa Fluor®546-conjugated secondary
antibody (goat anti-mouse IgG for p16™**, or goat anti-rat
IgG for p19°¥F), followed by the staining of nuclei with Hoechst
33342 (all from Invitrogen). The slides were mounted in Flu-
oromount (Diagnostic BioSystems, Pleasanton, CA) before
viewing on a LSM 5 PASCAL microscope (Carl Zeiss,
Oberkochen, Germany).

Semiquantitative RT-PCR—Total RNA was isolated from
5 X 10? of the transduced cells using RNeasy Mini Kit (Qiagen,
Hilden, Germany) and converted to cDNA by SuperScript III
First Strand Synthesis System (Invitrogen). PCR was performed
using Ampli Taq Gold (Applied Biosystems, Carlsbad, CA) with
primers described in supplemental Table S1.

Real-time RT-PCR—Quantitative real-time RT-PCR was
performed using FastStart Universal SYBR Green Master
(Roche Diagnostics GmbH, Mannheim, Germany) and PRISM
7900HT (Applied Biosystems). Amplified signals were normal-
ized to the levels of hypoxanthine phosphoribosyl transferase
(HPRT). The primer sequences are described in supplemen-
tal Table S1.

BM Samples from CML Patients—BM samples were
obtained from three patients with newly diagnosed chronic-
phase CML. CD34™" cells were separated using the MACS
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immunomagnetic separation system, and were subjected to
colony assays. All BM samples were obtained after receiving
written informed consent in accordance with the Declaration
of Helsinki, and this study protocol was approved by the insti-
tutional review board of Osaka University Hospital.

Statistical Methods—Statistical analyses were carried out by
standard Student ¢ tests. Error bars used throughout indicate
S.D.

RESULTS

BCR-ABL but Not JAK2 V617F Inhibits the Development of
Erythroid Cells—To examine the effects of BCR-ABL on eryth-
ropoiesis, we first introduced p210-BCR-ABL into murine LSK
cells using the retrovirus vector harboring GFP as a reporter
gene. After 48 h, GFP " cells were sorted and cocultured with a
murine BM stromal cell line, MS-5, in the presence of rmSCF
and rhEPO for 5 days. As compared with mock-transduced
cells, the proportion of CD45'“TER-119" erythroid cells was
reduced in BCR-ABL-transduced cells significantly (Fig. 1A4).
We also examined the effects of JAK2 V617F on erythropoiesis
with the same strategy and found that JAK2 V617F did not
reduce the proportion of erythoroid cells. In colony assays,
BCR-ABL significantly decreased the number of burst-forming
units-erythroid (BFU-E), while it increased the number of mye-
loid colonies (Fig. 1B). On the other hand, JAK2 V617F did not
reduce the number of BFU-E. These data indicate that BCR-
ABL but not JAK2 V617F inhibits the development of erythroid
cells from murine hematopoietic progenitors.

Oncogenic Ras Inhibits Erythropoiesis Downstream of BCR-
ABL—BCR-ABL activates mainly Ras/Raf/MEK/ERK, JAK2/
STATS5, and PI3-K/Akt pathways. Next, to examine the roles of
these pathways in erythropoiesis, we transduced LSK cells with an
active form of each signal transduction molecule: N-RasE12 for an
active form of N-Ras, 1*6 STAT5A for STAT5, and p11044* for
PI3-K. Compared with Mock, 1*6 STAT5A and p11044%
increased total erythroid cell numbers by 2.8- and 1.9-fold,
respectively (both, p < 0.05), while the proportion of erythroid
cells was scarcely influenced by both molecules due to the
increase in total cell numbers (Fig. 2, A and B). In contrast,
N-RasE12 remarkably reduced not only the frequency (Fig. 24)
but also the number of erythroid cells (0.28-fold) (Fig. 2B),
while it significantly increased the number of CD11b " -myeloid
cells (Fig. 2C). We also performed colony assays using
N-RasE12- or Mock-transduced LSK cells. As shown in Fig. 2D,
N-RasE12 significantly reduced the number of BFU-E (average
colony numbers from 1.0 X 103 cells input: Mock-transduced
cells, 9.7; N-Ras-transduced cells, 0.33) (p < 0.01).

BCR-ABL Activates Ras Signal More Intensely than JAK2
V617F—Next, we tried to clarify why JAK2 V617F did not sup-
press erythropoiesis, because it has been reported to activate
Ras as well as BCR-ABL (5). For this purpose, we introduced
JAK2 V617F and BCR-ABL into murine LSK cells, cocultured
them with MS-5, and evaluated the Ras activity by expediently
measuring the phosphorylation status of ERK1/2 after 4-h star-
vation of cytokines. As shown in Fig. 2E, ERK1/2 was more
intensely phosphorylated (activated) in cells transduced with
BCR-ABL than in those with JAK2 V617F. We also examined
the phosphorylation status of ERK1/2 in CML patients’ blood

ACEVON

VOLUME 285+NUMBER 41+-OCTOBER 8, 2010

— 300 —

110Z ‘9z Azenuer uo ‘ALISYIAINN YHVSO 1e B1oogqlmmm woy papeojumoq



Ras-induced Erythroid Suppression Mediated by p2

CD45 '
‘  JAK2 V617F

% of TER-119" Cells

[

TER-119

M
N4
wn
<

No. of colonies from 4 X 102 cells input

0 50 100 150 200 250
1 I 1 I ]

No. of CFU-G/M/G

[ cru-6/M/GM [] cFu-Mix [l BFU-E

No. of BFU-E

- N
e W o
e & & & o

1 CIP1/WAF1

three patients, though there was
some difference in degree. This
result, actually in primary CML
cells, supports our model that,
although Ras is indispensable for
erythroid cell survival, excessive
Ras signal downstream of BCR-
ABL rather inhibits erythroid cell
proliferation.

GATA-1 Inhibits Ras-dependent
Cell Proliferation and Survival—As
described above, oncogenic Ras sig-
naling promoted the proliferation of
myeloid cells, but inhibited that of
erythroid cells. To elucidate the
mechanisms underlying the differ-
ent responses to oncogenic Ras
between the two lineages, we exam-
ined the effects of GATA-1, which is
expressed in erythroid cells but not
in myeloid cells, on Ras signal. For
this purpose, we transduced N-
RasE12 and G1ERT, a chimera gene
consisting of full-length GATA-1
and the mutated ligand-binding
domain of estrogen receptor, into
Ba/F3 cells, which was named
Ba/F3/N-RasE12/G1ERT. GIERT
reveals GATA-1 activity in response
to 4-HT as previously reported (22).

p<0.01

&
R A

FIGURE 1.Effects of oncogenic TKs on proliferation of erythroid cells. A, after infection of retrovirus express-
ing Mock, BCR-ABL, or JAK2 V617F into murine LSK cells, GFP™ cells were sorted and cocultured with MS-5 in the
presence of rmSCF and rhEPO. After 5-day cultures, expression of CD45 and TER-119 was analyzed by flow
cytometry (left panels). The proportions of CD45'°“TER-119" cells are shown in the right bar graph (n = 3).
B, respective retrovirus-transduced LSK cells were seeded at a density of 2.0 X 10 cells/35-mm dish in meth-
ylcellulose medium containing rmSCF, rmiL-3, rmIL-6, rhTPO, and rhEPO. Colony numbers were counted after
9 days. Representative colony numbers (left) and myeloid/erythroid colony numbers (right, n = 3) are shown.

As shown in Fig. 34, N-RasE12
enabled this clone to proliferate and
survive independently of IL-3. How-
ever, when GATA-1 activity was
induced by 4-HT treatment, N-

BFU-E, burst-forming units-erythroid; CFU-G/M/GM, colony-forming
granulocyte-macrophage.

cells treated with manumycin A, a potent farnesyltransferase
inhibitor which selectively suppresses Ras, or vehicle only. As
shown in Fig. 2F, phosphorylation of ERK was reduced by Ras
inhibition, indicating that BCR-ABL activates ERK through the
activation of Ras. These data indicate that different growth sta-
tus of erythroid cells between these TKs might result from the
preferential activation of Ras signal by BCR-ABL.

Suppression of Ras Signal Ameliorates the Inhibition of Eryth-
ropoiesis Caused by BCR-ABL—Furthermore, to make sure that
suppressed erythropoiesis caused by BCR-ABL is due to the
activation of Ras signal, we examined the effects of Ras-inhibi-
tion on erythroid colony formation of BCR-ABL expressing
cells. CD34™" cells were separated from BM samples of three
patients with newly diagnosed chronic-phase CML. They were
then cultured in methylcellulose medium containing rhSCF,
rhIL-3, and rhEPO, with or without manumycin A. Complete
blockage of Ras signal by supplement of sufficient dose (10 um)
of manumycin A eradicated erythroid colony formation (data
notshown). However, as shown in Fig. 2G, the number of eryth-
roid colonies was restored by low doses of manumycin A in all
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unit-granulocyte/macrophage/

RasE12-dependent cell growth was
completely suppressed (Fig. 34). In
agreement with this result, the pro-
portion of growing cells in S-G2/M phase was reduced by 4-HT
treatment from 36% to 8% in DNA contents analysis (Fig. 3B).
Furthermore, 4-HT treatment induced apoptosis in 78% of
cells, which was detected as a subdiploid fraction. From these
results, we speculated that GATA-1 might inhibit oncogenic
Ras activities, which transmit proliferation and survival signals.

GATA-1 Suppresses MEK Activity—Ras signal is known to be
transmitted to the nucleus through Raf, MEK, and ERK in this
order. To identify which molecule was inhibited by GATA-1 in
this pathway, we performed luciferase assays using a reporter
gene for ERK (3 X AP-1-Luc) in NIH3T3 and Ba/F3 cells. As
shown in Fig. 4, A and B, GATA-1 significantly reduced the
N-Ras- and MEK1-induced AP-1-luciferase activities almost to
the baseline levels (white boxes), which indicates that GATA-1
inhibits Ras signal at the level or downstream of MEK. Next, we
examined the phosphorylation status of MEK1/2 and ERK1/2
in Ba/F3/N-RasE12/G1ERT cells by immunoblot analysis. As
shown in Fig. 4C, both MEK1/2 and ERK1/2 were phosphory-
lated by N-RasE12 even under the culture without IL-3, which
was suppressed by 4-HT in a time-dependent manner. This
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FIGURE 2. Roles of downstream molecules of oncogenic TKs in erythropoiesis. A-C, LSK cells each trans-
fected with the indicated gene were cocultured with MS-5 in the medium containing rmSCF and rhEPO. After
5 days, expression of CD45 and TER-119 was analyzed by flow cytometry (4, left panels) and the proportions of
CD45"°"TER-119" cells are shown (A, right bar graph, n = 3). Numbers of the TER-119™ cells were calculated by
multiplication of the frequencies and total cell numbers. Relative numbers to Mock are shown (B). Relative
CD11b™" myeloid cell numbers are shown (C). D, retrovirus-infected LSK cells were seeded at a density of 5.0 X
102 cells/dish in methylcellulose medium containing rmSCF, rmiL-3, and rhEPO. The numbers of BFU-E were
counted after 8 days (n = 3). E, LSK cells, each transfected with Mock, BCR-ABL, or JAK2 V617F, were further
incubated without cytokines after the coculture with MS-5, and the phosphorylation status of ERK1/2 was
analyzed using Phosflow technology. F, after 5-h incubation of CML patients blood mononuclear cells with
manumycin A (7 um) or vehicle, the phosphorylation status of ERK1/2 was analyzed. G, CD34" cells were
separated from BM samples of three CML patients, and seeded in methylcellulose medium containing rhSCF,
rhiL-3, and rhEPO, with manumycin A at the indicated concentrations or vehicle. The numbers of BFU-E were
counted after 9 days, and shown as relative numbers to vehicle in each patient.

result implies that GATA-1 suppresses Ras signal at the level or
upstream of MEK. Together with the results from luciferase
assays, it was speculated that GATA-1 would inhibit MEK
activity.

GATA-1 Blocks the Ras Signal through Its Direct Interaction
with MEK1—To clarify how GATA-1 inhibits MEK activities,
we examined the interaction between GATA-1 and MEKI.
First, we transfected 293T cells with hemagglutinin-tagged
(HA-tagged) GATA-1 and/or Flag-tagged MEK1. Total cellular
lysates were prepared after 36 h, and GATA-1 was immunopre-

31778 JOURNAL OF BIOLOGICAL CHEMISTRY

lyzed the binding between GST-
MEK1 and in vitro-translated
GATA-1. Asshown in Fig. 4F, GST-
MEK1 but not GST alone, bound to
35S-labeled GATA-1 in vitro.

Together with the results of Fig.
4, A—C, we proved the following two
facts: GATA-1 inhibits MEK activa-
tion; GATA-1 and MEK interact
with each other in primary eryth-
roid progenitors. From these facts,
we speculated that GATA-1 blocks
Ras signal at least partly through the
direct interaction with MEK1.

Oncogenic Ras Induces Suppression of Erythropoiesis through
the Induction of p21<"**/WAF!_In addition to the functions to
deliver mitogenic and anti-apoptotic signals (14), Ras paradox-
ically causes growth arrest (senescence) in normal cells through
several cell cycle regulatory molecules such as p53, pl6™*,
pl94RE, and p21°"PVWAFL (15, 21). Among them, p53 is a
tumor-suppressor and acts as a pivotal regulator of these
responses (15, 16, 19, 21). p19*FF is a splicing variant of
p16™%*2 and inhibits the function of H/MDM?2, which pro-
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motes degradation of p53 (30). p16™** is a member of the
INK4 family of CDK inhibitors, which causes cell cycle arrest at
G1 phase by inhibiting CDK4/6 activities (30). Meanwhile,
p21 <P/ WAFL i5 3 member of the Cip/Kip family of CDK inhib-
itors and also induces G1 arrest by inhibiting CDK2 activities.
In this report, we next examined their roles in N-RasE12-in-
duced suppression of erythropoiesis.

At first, we examined the effects of N-RasE12 on the expres-
sion of p16™ *2, p19A¥F, and p21<'"Y/WAF! by semiquantita-
tive/real-time RT-PCR analyses or immunofluorescence. As
shown in Fig. 54 and B, the expression of p16™%** and p19**F
was induced in N-RasE12-transduced LSK cells both in mRNA
and protein levels. Also, the expression of p21</PY/WAFL a4
increased by nearly 2-fold in N-RasE12-transduced LSK cells
compared with mock-transduced LSK cells (Fig. 5C), sug-
gesting that the up-regulated p16™%*, p194RF and/or
p21€IPH/WAFL mioht be involved in N-RasE12-induced sup-
pression of erythropoiesis.

To further analyze the roles of these molecules, we next
introduced N-RasE12 into LSK cells isolated from p16™%/
p194%F double knock-out (KO) mice, cocultured them with
MS-5, and examined the development of erythroid cells by flow
cytometry. As shown in Fig. 64, the frequency of CD45'"“TER-
119" erythroid cells was a little lower in N-RasE12-transduced
double KO cells than in N-RasE12-transduced WT cells (WT
1.8% versus double KO 0.8%) (upper panels). In addition,
although the number of these erythroid cells was slightly
restored in N-RasE12-transduced double KO cells compared
with N-RasE12-transduced WT cells (lower graph), this differ-
ence was not significant.

We also introduced N-RasE12 into LSK cells isolated from
p21 <P WAFL nyll mice. As observed in the other experiments,
N-RasE12 reduced the proportion of CD45'°“TER-119" eryth-
roid cells both in WT and p21<"**/¥AF!_nyll LSK cells (Fig. 6B,
upper panels). However, p21“"**/Y4F! deficiency partially, but
significantly, restored the proportion of this fraction from 3.0 to
5.2%. In addition, surprisingly, N-RasE12 increased the number
of erythroid cells in p21<"**¥4FL_nyll LSK cells compared with
mock-transduced LSK cells (Fig. 6C, lower graph), indicating
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FIGURE 3. Inhibition of Ras-dependent cell proliferation and survival by GATA-1. A, Ba/F3/N-RasE12/
G1ERT cells were seeded at a density of 100/l and cultured in RPMI supplemented with 1% FBS without IL-3 in
the presence or absence of 1 um 4-HT. Total numbers of viable cells were counted by trypan blue dye exclusion
method on the indicated days. The results are shown as means *+ S.D. of triplicate cultures. B, after 48 h of
culture, DNA contents of 4-HT-treated or untreated cells were examined by propidium iodide staining. The
proportions of cells in S-G2/M phase and subdiploid fraction are shown, respectively.

mock-transduced LSK cells were
reduced by p53 deficiency. In addi-
tion, p53 deficiency did not cancel
the inhibition of erythroid cell
development by N-RasEl2. To-
gether, these results indicate that
N-RasE12 inhibits erythropoiesis
through p21<"*/WAF! i 3 p53-independent manner.

DISCUSSION

We here found that BCR-ABL suppresses erythroid cell pro-
liferation. This finding is largely consistent with clinical fea-
tures of CML, in which anemia is commonly observed and
erythroid blast crisis is a rare event. Also, we found that consti-
tutively activated Ras, but not PI3-K or STATS5, inhibits eryth-
ropoiesis and that a farnesyltransferase inhibitor, manumycin
A, restores erythroid colony formation of CML patients BM
cells at relatively low concentrations. These results strongly
indicate that Ras is a negative regulator of erythropoiesis down-
stream of BCR-ABL. So far, functions of Ras in normal eryth-
ropoiesis are controversial. It was reported that Ras signaling
was essential for development of erythroid progenitors (34, 35).
In contrast, H-Ras™/~, N-Ras™’/~, and double KO (H-Ras™/~
N-Ras /") mice had no apparent hematopoietic abnormality,
indicating that Ras is dispensable for normal erythropoiesis (36,
37). Regarding the roles of oncogenic Ras in erythropoiesis, it
was shown that oncogenic H-Ras blocks terminal erythroid dif-
ferentiation (38), and that enforced expression of an active
mutant of N-Ras in primitive hematopoietic cells inhibits pro-
liferation of erythroid cells (17, 18). Our results indicate that the
excessive Ras signal would inhibit erythropoiesis, though Ras
signal might be to some extent necessary for erythroid cell sur-
vival. Ras is mutated in a significant proportion of cases with
acute myeloid leukemia and myelodysplastic syndromes (39),
or constitutively activated by various oncogenic TKs, including
FLT3-ITD (2), c-KIT D816V (40), and TEL-PDGFRB (41). So,
anemia observed in these hematologic malignancies also might
be, at least partly, attributed to the constitutively activated Ras
signal. However, in this study, JAK2 V617F slightly enhanced
erythropoiesis as observed in patients with PV, whereas its
downstream pathways including Ras, PI3-K, and STATS5 are
common to BCR-ABL (1, 5). As for this difference, we here
found that JAK2 V617F does not activate Ras signal so strongly
as BCR-ABL. Also, it was speculated that JAK2 V617F would
utilize mainly STATS5 to promote erythropoiesis in PV patients.
Although Ras has some isoforms, we focused on N-Ras,
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FIGURE 4. GATA-1 blocks the Ras/Raf/MEK/ERK pathway through its direct
interaction with MEK1. A, NIH3T3 cells (2 X 10° cells seeded in 60-mm dish)
were transfected with the indicated expression vectors and the reporter gene
(3 X AP-1-Luc) together with pRL-CMV. After 12 h, the cells were serum-deprived
for 24 h, then lysed, and subjected to the measurement of the firefly and Renilla
luciferase activities. The relative firefly luciferase activities normalized by the
Renilla luciferase activities are shown as means = S.D. of three separate experi-
ments. B, Ba/F3 cells (2 X 10° cells) were transfected with the same vectors as Fig.
4A using Amaxa Nucleofector technology. After 24 h of culture, the cells were
lysed and subjected to the measurement of the luciferase activities. C, Ba/F3/N-
RasE12/G1ERT cells cultured in RPMI supplemented with 1% FBS were treated
with 1 um 4-HT or vehicle. Total cellular lysates were prepared at the indicated
time and subjected to immunoblotting with the indicated Abs. The filters were
reprobed with corresponding Abs to confirm that the equal amounts of the pro-
teins were loaded. D, coimmunoprecipitation analyses were performed using
293T cells transfected with HA-tagged GATA-1 and/or Flag-tagged MEK1 as indi-
cated. /P, immunoprecipitation; /B,immunoblotting; a, anti. E, total cellular lysate
was prepared from murine BM CD71 7 cells. Immunoprecipitation and immuno-
blot analyses were performed with the indicated antibodies. F. The in vitro bind-
ing between GATA-1 and MEK1 was examined by GST pull-down assays. °S-
labeled GATA-1 was incubated with GST-MEK1 bound to glutathione-Sepharose
beads, and the binding complex was separated by gel electrophoresis and sub-
jected to autoradiography.

because, in myeloid malignancies, N-Ras mutations are more
frequent than K-Ras, whereas H-Ras mutations are rare (39,
42—44). It is predictable that activated N-Ras has stronger leu-
kemogenic potential than activated H-Ras or K-Ras.

In contrast to the negative role of oncogenic Ras in erythro-
poiesis, Ras activation prominently enhanced the development
of myeloid cells from LSK cells as observed in CML patients. To
clarify the mechanism through which the active form of Ras
plays different roles in the growth of hematopoietic cells
according to the cell lineages (i.e. inhibition of erythropoiesis
but promotion of myelopoiesis), we examined the role of
GATA-1, which is a transcription factor mainly expressed in
erythroid and megakaryocytic cells but not in myeloid cells.
Ras-induced suppression of erythropoiesis can be considered to
result from inhibition of proliferation of already committed
erythroid progenitors, and blockage of commitment into eryth-
roid lineage from HSCs. In this study, we found that GATA-1
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FIGURE 5. Increase in expression levels of p16'"*“2, p19°FF, and p21</F/WAF1
by oncogenic Ras. A-C, LSK cells transfected with Mock or N-RasE12 were cul-
tured with rmSCF, rmiL-3, and rhEPO for 2 days. Total RNA was isolated from
GFP™ cells, and the expression levels of p16™*“® and p19*% were analxzed by
semiquantitative RT-PCR (A). Immunofluorescence staining of p16™*** and
p19*%F Jocalizations (red) in Hoechst 33342-stained nuclei of GFP* cells are
shown (magpnification, 630X) (B). The expression levels of p21<""""WA™" were ana-
lyzed by real-time RT-PCR. The results are normalized to the levels of HPRT gene
and shown as means * S.D. (n = 3) ().

inhibits MEK activity and suppresses the Ras-dependent prolifer-
ation of GATA-1-posistive cells. GATA-1 is necessary in the post-
commitment stages of erythroid and megakaryocytic develop-
ment, and is highly expressed after the commitment into
megakaryocyte-erythrocyte progenitors (MEPs), but is scarcely
expressed in HSCs (45). So, it is unlike that the interaction between
GATA-1 and MEK1 is associated with the lineage determination
of HSCs. On the other hand, recent reports showed that suppres-
sion of erythroid cell development by H-, K-, and N-Ras occurs at
later stages of differentiation (18, 38, 46). These data are consistent
with our result that GATA-1 interacts with MEK], thereby inhib-
iting Ras-mediated mitogenic signals.

However, this result raises a question where these molecules
interact together in the cells because GATA-1 is located in the
nucleus and MEK is in the cytoplasm (47). As an explanation it
was previously reported that MEK contains a nuclear export
signal in its N-terminal domain, indicating that MEK is trans-
located to the nucleus upon mitogenic stimulation and then
goes back to the cytoplasm after transduction of its signal (48).
So, GATA-1 is supposed to interact with MEK1 in the nucleus,
thereby inhibiting its activity. This hypothesis that GATA-1
would inhibit MEK activities is also contradictory to the fact
that platelet counts are often elevated in CML patients, because
MEK has been shown to be important for the maturation
(polyploidization) of megakaryocytes, in which GATA-1 is
highly expressed as well as in erythroid cells. Regarding this
issue, Jacquel et al. reported that PMA-induced megakaryo-
cytic maturation is only partly dependent on the MEK/ERK
pathway and suggested the involvement of other pathways such
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FIGURE 6. p21<'P"/WAF1 byt not p53 or p16™**2/p19*"F mediates onco-
genic Ras-induced suppression of erythropoiesis. A-C, LSK cells were iso-
lated from BM of the indicated mice. After retrovirus infection, GFP™ cells
were sorted and cocultured with MS-5 in the presence of rmSCF and rhEPO.
The expression of CD45 and TER-119 was analyzed after 5 days. Bar graphs
represent the relative TER-119" cell numbers normalized to mock-trans-
duced WT cells (dashed lines). n.s., not significant.

as Jun N-terminal kinase (JNK) and protein kinase C (PKC) in
CML cells (49). Alternatively, it is also possible that the inter-
action between GATA-1 and MEK might be inhibited in
megakaryocytes due to the presence of some nuclear protein(s)
specific for this lineage. However, further studies are required
to clarify how megakaryocytes develop and platelets are effec-
tively produced in CML patients.

Among various signaling molecules downstream of Ras, the
Raf/MEK/ERK pathway mainly promotes cell growth and pre-
vents apoptosis of hematopoietic cells (14). On the other hand,
oncogenic stimuli including constitutively activated Ras, also
cause growth inhibition (senescence) that acts as a fail-safe
mechanism against malignant transformation (15, 16, 21).
Although the mechanism of Ras-induced senescence is not fully
understood, recent findings have unveiled several MEK/ERK-
independent pathways (19). These pathways regulate the func-
tion of two main tumor-suppressor molecules, p53 and retino-
blastoma protein (pRb) (50). Downstream of oncogenic Ras,
p38-regulated/activated protein kinase (PRAK), a substrate
of p38 mitogen-activated protein kinase (p38 MAPK), activates
p53 by direct phosphorylation (20). Ras/Raf stabilizes p53 inde-
pendently of MEK through the up-regulation of p19**F (21).
The PI3-K pathway also stabilizes p53 through the inhibition of
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FIGURE 7. A proposed model for oncogenic Ras-induced suppression of
erythropoiesis. Oncogenic Ras simultaneously activates several downstream
molecules including Raf, PI3-K, and p38 MAPK. The Raf/MEK/ERK pathway mainly
transduces proliferation and survival signals, while the remaining pathways com-
monly induce growth arrest (senescence) through cell cycle regulatory mole-
cules such as p16™K%2, p19"RF, p21CPIWAF and p53. So, oncogenic Ras is sup-
posed to induce proliferation or senescence dependently on the balance
between these two signals. In this study, we found that GATA-1 inhibits mito-
genic signal from Ras through its interaction with MEK1 in erythroid cells, which
resulted in their growth inhibition due to the dominance of senescence-inducing
signals. In addition, we found that p21<"""WAF is a crucial regulator of oncogenic
Ras-induced senescence of erythroid cells.

H/MDM2 (19). So, we speculated that N-RasE12 might induce
growth arrest in erythroid cells even if MEK activities are
blocked by GATA-1.

Ras-induced senescence is executed by CDK inhibitors
such as p16™¥42 and p21"F/WAF1 and a tumor-suppressor,
p194%F, which consequently activate both p53 and pRb
pathways. Among these molecules, we here found that
p21€TPY/WAFL js 2 major player of Ras-induced suppression of
erythropoiesis (may well be called nearly equal to senes-
cence). Although p21©"F¥/WAFL jg 3 transcriptional target of
p53 (51), p53 deficiency did not cancel Ras-induced suppres-
sion of erythropoiesis. So, p53-independent expression of
p21CIP/WAFL ywas supposed to be important for Ras-induced
suppression of erythropoiesis. Because Darley et al. (18)
previously showed that oncogenic N-Ras conferred develop-
mental abnormalities on human erythroid cells through the
activation of PKC, one of the reported activators of
p21CIP/WAFL (59), PKC may be a candidate molecule
involved in Ras-induced expression of p21<F1/WAFl and
consequent suppression of erythropoiesis.

Mutation and/or deletion of the p53 gene and the INK4a/
ARF locus are frequently observed in CML blast phase (1), but
to our knowledge, there is no report demonstrating the
inactivation of the p21<"**/WAF! gepe. So, our findings that
p21CPVWAFL byt not p53 or p16™*?/p194RF is the major reg-
ulator of Ras-induced suppression of erythropoiesis are again
consistent with the clinical features that anemia is continued
and erythroid transformation is a rare event in blast-phase
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CML (7, 8). Furthermore, because loss-of-function mutations
of the p21<"F/WAFL gepe are rare in most of the hematologic
malignancies, anemia observed in these diseases might be
attributable to p21 P/ WAFL,

In conclusion, we here show that BCR-ABL but not JAK2
V617F inhibits erythropoiesis through the Ras signal. We also
identified p21<"P/WAF! 35 a central regulator of Ras-induced
suppression of erythropoiesis. Ras transmits both growth pro-
moting and inhibitory signals, and then induces proliferation or
senescence dependently on their balance. In erythroid but not
in myeloid progenitors, the growth promoting signal is inhib-
ited at the level of MEK by GATA-1, which would lead to the
relative dominance of the growth inhibitory signal mediated by
p21CIP/WAFL (Fig 7). These mechanisms would explain why
oncogenic Ras simultaneously reveals conflicting effects
according to the cell lineage, i.e. growth promotion in myeloid
cells and growth inhibition in erythroid cells. This model may
be also useful to understand the mechanism of anemia caused
by other oncogenic TKs.
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Although leukemogenic tyrosine kinases (LTKs) activate a
common set of downstream molecules, the phenotypes of leu-
kemia caused by LTKs are rather distinct. Here we report the
molecular mechanism underlying the development of
hypereosinophilic syndrome/chronic eosinophilic leukemia
by FIP1L1-PDGFRa. When introduced into c-Kit"#"Sca-
1*Lineage™ cells, FIP1L1-PDGFRa conferred cytokine-inde-
pendent growth on these cells and enhanced their self-renewal,
whereas it did not immortalize common myeloid progenitors in
in vitro replating assays and transplantation assays. Impor-
tantly, FIP1L1-PDGFRa but not TEL-PDGFRp enhanced the
development of Gr-1*IL-5Ra™ eosinophil progenitors from
c-Kit"'8"Sca-1*Lineage ™ cells. FIP1L1-PDGFRa also promoted
eosinophil development from common myeloid progenitors.
Furthermore, when expressed in megakaryocyte/erythrocyte
progenitors and common lymphoid progenitors, FIP1L1-
PDGFRa not only inhibited differentiation toward erythroid
cells, megakaryocytes, and B-lymphocytes but aberrantly devel-
oped eosinophil progenitors from megakaryocyte/erythrocyte
progenitors and common lymphoid progenitors. As for the
mechanism of FIP1L1-PDGFRa-induced eosinophil devel-
opment, FIP1L1-PDGFRa was found to more intensely activate
MEK1/2 and p38™MAPX than TEL-PDGERB. In addition, a
MEK1/2 inhibitor and a p38MAPX inhibitor suppressed FIP1L1-
PDGFRa-promoted eosinophil development. Also, reverse
transcription-PCR analysis revealed that FIP1L1-PDGFRa aug-
mented the expression of C/EBPa, GATA-1, and GATA-2,
whereas it hardly affected PU.1 expression. In addition, short
hairpin RNAs against C/EBPa and GATA-2 and GATA-3KRR,
which can act as a dominant-negative form over all GATA mem-
bers, inhibited FIP1L1-PDGFRa-induced eosinophil develop-
ment. Furthermore, FIP1L1-PDGFR« and its downstream Ras
inhibited PU.1 activity in luciferase assays. Together, these
results indicate that FIP1L1-PDGFRa enhances eosinophil
development by modifying the expression and activity of lin-
eage-specific transcription factors through Ras/MEK and
p38MAPK cascades.
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During the last decade, it has become clear that hematopoi-
etic growth factors regulate only growth and survival of hema-
topoietic cells, whereas lineage-specific transcription factors,
such as GATA-1, GATA-3, PU.1, Pax-5, C/EBP«, and C/EBPe,
crucially control the lineage commitment and lineage-specific
differentiation. For example, granulocyte colony-stimulating
factor signaling induced megakaryopoiesis in granulocyte col-
ony-stimulating factor receptor-transgenic mice (1). Also,
erythropoietin (EPO)? was found to promote terminal granulo-
cytic differentiation in EPO receptor-transgenic mice. From
these data, we speculated that signal transduction molecules
activated by hematopoietic growth factors would not influence
the lineage commitment of hematopoietic stem cells/progeni-
tor cells (HSCs/HPCs) or subsequent lineage-specific differen-
tiation (2). However, it has very recently been shown that the
MEK/ERK pathway is involved in myeloid lineage commitment
(3). Also, PKB (c-Akt) was shown to be involved in lineage deci-
sion during myelopoiesis (4). In addition, FLT3-activating
mutations were proved to inhibit C/EBP« activity through
ERK1/2-mediated phosphorylation (3, 5). These results suggest
that signal transduction molecules activated by hematopoietic
growth factors or their genetic mutations would not only promote
growth and survival but also influence lineage commitment and
subsequent differentiation of hematopoietic cells.

Activating mutations of the tyrosine kinases (TKs), such as
c-Kit, platelet-derived growth factor receptor (PDGFR), FLT3,
and c-ABL, are provoked by several mechanisms, including
chromosomal translocations and various mutations involving
their self-regulatory regions. These mutations are often
involved in the pathogenesis of various types of hematologic
malignancies. BCR-ABL is known to cause chronic myeloge-
nous leukemia and acute lymphoblastic leukemia. Most
patients with PDGFRf3 rearrangement reveal common clinical

2The abbreviations used are: EPO, erythropoietin; LTK, leukemogenic tyro-
sine kinase; PDGFRe, platelet-derived factor receptor «; PDGFRp, platelet-
derived factor receptor B; KSL, Lin~Sca ™ 1"c-Kit"' cell; CMP, common mye-
loid progenitor; CLP, common lymphoid progenitor; GMP, common
granulocyte/monocyte progenitor; HSC, hematopoietic stem cell; HPC,
hematopoietic progenitor cell; C/EBP, CCAAT/enhancer-binding protein;
MPD, myeloproliferative disorder; TK, tyrosine kinase; AML, acute myeloid
leukemia; MAPK, mitogen-activated protein kinase; STAT, signal transduc-
ers and activators of transcription; HES, hypereosinophilic syndrome; CEL,
chronic eosinophilic leukemia; ERK, extracellular signal-regulated kinase;
LSC, leukemic stem cell; MEP, megakaryocyte/erythroid progenitor; FACS,
fluorescence-activated cell sorter; shRNA, short hairpin RNA; RT, reverse
transcription; GFP, green fluorescent protein; MEK, mitogen-activated pro-
tein kinase/extracellular signal-regulated kinase kinase.
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features resembling chronic myelogenous leukemia or cho-
ronic myelomonocytic leukemia. In contrast, FLT3 mutations
(ITD and point mutations in the TK domain) are primarily
detectable in acute myeloid leukemia (AML) or myelodysplas-
tic syndrome (6 —8). Also, c-KIT mutations in the TK domain
(Asp®'® — Val, Tyr, Phe, or His) are found in patients with
aggressive mastocytosis, myelodysplastic syndrome, and AML
(9-15). Although these leukemogenic TKs (LTKs) activate a
common set of downstream signaling molecules, such as Ras/
MAPK, PI3-K/Akt/mTOR, and STATs, the mechanisms by
which LTKs cause different disease phenotypes remain to be
clarified.

FIP1L1-PDGFRa is a fusion gene, which was originally iden-
tified in the patients with hypereosinophilic syndrome (HES)/
chronic eosinophilic leukemia (CEL) (16, 17). FIP1L1-PDGFRa
fusion protein supports cytokine-independent growth and sur-
vival of hematopoietic cells as a constitutively active TK (16,
18-21). As for the downstream signaling molecules, FIP1L1-
PDGFRa was shown to activate STAT5, phosphatidylinositol
3-kinase, and Ras/ERK pathways like other LTKs, such as BCR-
ABL, TEL-ABL, TEL-JAK2, and TEL-PDGFRp (18). In addi-
tion, Buitenhuis et al. (22) recently reported that activation of
phosphatidylinositol 3-kinase, ERK1/2, and STATS5 is pivotal
for FIP1L1/PDGFRe-induced myeloproliferation.

The concept of “cancer stem cell” has widely been recognized
and validated in various types of cancers, including breast can-
cer, brain tumors, colon cancer, lung cancer, and malignant
melanoma. This concept was originally established in AML as a
“leukemic stem cell (LSC)” (23, 24). In this concept, LSCs are
defined as specific leukemic cells that can cause leukemia when
transplanted into NOD/SCID mice. In AML, although leuke-
mic blasts often display relatively homogenous features, they
are organized in a hierarchy. Among them, LSCs reveal the
most immature CD34"CD38™ phenotype similar to normal
HSCs, whereas several antigen expressions are different. LSCs,
which account for only 0.2-1.0% of AML cells in the bone mar-
row (BM), have both abilities to self-renew and to produce
restrictedly differentiated leukemia cells, thereby maintaining
themselves and yielding leukemia cells composing the majority
(23,25, 26). It is still unclear whether LSCs originate solely from
HSCs or are generated from nonstem immature cells that have
acquired de novo self-renewal ability. It has been shown that,
although common myeloid progenitors (CMPs) and granulo-
cyte/monocyte progenitors (GMPs) have very limited life
spans, several leukemogenic oncogenes, such as MLL-ENL,
MOZ-TIF2, and MLL-AF9, have an ability to immortalize these
cells, thereby enabling them to act as LSCs (27, 28). On the
other hand, although LSCs in a chronic phase of chronic
myelogenous leukemia are at an HSC level, chronic myeloge-
nous leukemia cells at a CMP/GMP level can act as LSCs in an
accelerated phase, suggesting that additional gene mutations
can change the main LSC population during disease progres-
sion. From these findings, it is now speculated that the leukemia
phenotype is determined by the biologic property of the mutated
gene and/or the lineage and the differentiation state of LSCs.

In an attempt to analyze the molecular mechanisms by which
each LTK causes leukemia with the specific phenotype, we
introduced FIP1L1-PDGFRa, which plays a causal role in HES/
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CEL, into murine HSCs and various types of HPCs. As a result,
we found that FIP1L1-PDGFRa specifically enhanced eosino-
phil development from HSCs/HPCs and imposed the lineage
conversion to eosinophil lineage on megakaryocyte/erythroid
progenitors (MEPs) and common lymphoid progenitors (CLPs)
through Ras/MEK and p38MAFX cascades by modifying the
expression and activity of lineage-specific transcription factors.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human TPO was
provided by Kirin Brewery (Tokyo, Japan). Recombinant
human FLT3L, human IL-6, murine SCF, murine IL-5, murine
IL-7, murine granulocyte-macrophage colony-stimulating fac-
tor, and human EPO were purchased from Peprotech (Ham-
burg, Germany).

Antibodies, Cell Staining, and Sorting—To isolate KSLs and
CLPs, murine BM cells were stained with phycoerythrin-con-
jugated anti-IL-7Re chain (SB/199) (eBioscience, San Diego,
CA), fluorescein isothiocyanate-conjugated anti-Sca-1 (E13-
161-7), and APC-conjugated anti-c-Kit (2B8) monoclonal anti-
bodies, and biotinylated rat antibodies specific for the lineage
markers Ter119, CD3e (145-2C11), B220 (RA3-6B2), and Gr-1
(RB6-8C5), followed by staining with streptavidin-PerCP/
Cy5.5 (BD Biosciences). Then KSLs and CLPs were sorted as
IL-7Ra Lin~Sca”1Mc-Kit" and IL-7Ra’Lin~Sca-1°c-Kit'
populations, respectively. For myeloid progenitor sorting,
murine BM cells were stained with phycoerythrin-conju-
gated anti-FcyRII/III (2.4G2), fluorescein isothiocyanate-
conjugated anti-CD34 (RAM34) (BD Biosciences), APC-
conjugated anti-c-Kit, biotinylated anti-Sca-1, and anti-IL-7Ra
(SB/199) (Serotec, Raleigh, NC) monoclonal antibodies, and
the above described lineage mixture of monoclonal antibodies
(BD Biosciences), followed by staining with avidin-APC/Cy7
(BD Biosciences). After the staining, IL-7Ra Lin™ Sca-1"c-
Kit "CD34" FcyRII/III* were sorted as CMPs, IL-7Ra~ Lin~ Sca-
1 c-Kit *CD34 " FcyRII/IIM as GMPs, and IL-7Ra” Lin~Sca-
1~ c-Kit"CD34~ FcyRII/III™ as MEPs, as described previously
(29). All of these HSCs and HPCs were isolated using a FACS
Aria (BD Bioscience, San Jose, CA). In all analyses and sorting,
dead cells were excluded by staining with 7-amino-actinomycin
D (Calbiochem). Cells were stained with phycoerythrin-conju-
gated CD125 (IL-5 receptor a-subunit, T21) and APC-conju-
gated Gr-1(RB6 —8C5) (BD Biosciences) for detection of eosin-
ophil lineage.

Plasmids—Expression vectors for FIP1L1-PDGFR« and TEL-
PDGFR were kindly provided by Dr. D. Gary Gilliland (Harvard
Medical School, Boston, MA). Expression vectors for PDGFR«
V561D and D842V were kindly provided by Dr. S. Hirota
(Hyogo Medical School, Hyogo, Japan). FIP1L1-PDGFRa, TEL-
PDGFRpB, PDGFRaV561D, and PDGFRaD842V were cloned
into the murine stem cell virus-internal ribosome entry site-
EGFP (pMie) vector. Also, we constructed FIPILI-PDGFRf3
and TEL-PDGFRa by the PCR method and subcloned them
into pMie.

Short hairpin RNA (shRNA) interference oligonucleotides
against GATA-2 and C/EBPa described previously (30, 31)
were cloned into an shRNA expression vector, pCS-RfA-CG,
which was kindly provided by Dr. Miyoshi H (RIKEN Bio-
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Resource center, Tsukuba, Japan). The retrovirus expression
vector for dominant negative GATA was constructed by clon-
ing human GATA-3KRR cDNA that can inhibit GATA-1,
GATA-2, and GATA-3 (32) into pMie.

Cell Culture and Preparation—Murine BM cells were
obtained from 6 — 8-week-old C57BL/6] mice, which were pur-
chased from CLEA (Tokyo, Japan). After sedimentation of the
red blood cells with 6% hydroxyethyl starch, mononuclear cells
were separated by density gradient centrifugation, using HIS-
TOPAQUE 1083 (Sigma). KSLs, CMPs, GMPs, and MEPs were
purified from mononuclear cells and cultured in RPMI1641
medium (Nacalai Tesque, Kyoto, Japan) supplemented with
10% fetal calf serum (EQUITECH-BIO, Kerrville, TX) in the
presence of murine SCF (50 ng/ml), human FLT3L (10 ng/ml),
human IL-6 (50 ng/ml), and human TPO (50 ng/ml) for 48 h,
and the cells were subjected to the retrovirus infection.

Retrovirus Transduction—The conditioned media contain-
ing high titer retrovirus particles were prepared as described
previously (33). Briefly, an ecotropic packaging cell line, 293gp,
kindly provided by Dr. H. Miyoshi (RIKEN BioResource Center,
Tsukuba, Japan), was transfected with each retrovirus vector by
the calcium phosphate coprecipitation method. After 12 h, the
cells were washed and cultured for 48 h. To produce lentivirus,
293T cells were transfected with each shRNA expression vector
together with a packaging vector (pCAG-HIVgp) and a lentivi-
rus envelope and Rev construct (pCMV-VSV-G-RSV-Rev),
both of which were provided by Dr. Miyoshi. Then the super-
natant containing virus particles was collected, centrifuged,
and concentrated 50-fold in volume. The precultured murine
BM cells were infected with each retrovirus in the RPMI1641
medium supplemented with the same medium containing
protamine sulfate for 48 h in 6-well dishes coated with Ret-
roNectin (Takara Bio Inc., Shiga, Japan).

Colony Assays—Cells were seeded into methylcellulose
medium (MethoCult GF M3434; Stem Cell Technologies, Van-
couver, Canada) at a density 2.5 X 10 cells/35-mm dish and
were cultured with 5% CO, at 37 °C. All cultures were per-
formed in triplicate, and the numbers of colonies were counted
after 10 days.

In Vitro Immortalization Assays for HPCs—Immortalization
assays of HPCs in vitro were performed as previously described
(34). In brief, 10* cells were plated in 1.1 ml of methylcellulose
medium (Methocult M3434). After the 1 week of culture, col-
ony numbers were counted, and single-cell suspensions of col-
onies (10* cells) were subsequently replated under identical
conditions. Replating was repeated every week in the same way.

Luciferase Assays—Luciferase assays were performed with a
dual luciferase reporter system (Promega, Madison, WI), as
previously described (35). Briefly, 293T or NIH3T3 cells (2 X
10° cells) were seeded in a 60-mm dish and cultured for 24 h.
Using the calcium phosphate coprecipitation method, cells
were transfected with 2 ug of reporter gene (pGL3-3XMaP-
luciferase, 3X MHC-luciferase, or 1 X MPO-luciferase) in com-
bination with 2 ug of pcDNA3-GATA1, pcDNA3-PU.1 (36), or
pcDNA3-C/EBPa together with 6 ug of an empty vector or an
effector vector for FIP1L1-PDGFRa, H-RasG12V, 1%6-
STAT5A (37), or CAAX-p110 (38) and 10 ng of pRL-CMYV, a
Renilla luciferase expression vector. After 12 h, cells were
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washed, serum-starved for 24 h, and subjected to luciferase
assays. After 36 h, the cells were lysed and subjected to a meas-
urement for luciferase activity. The relative firefly luciferase
activity was calculated by normalizing transfection efficiency
according to the Renilla luciferase activity.

Semiquantitative RT-PCR Analysis—Total RNA was iso-
lated from 5 X 10* FACS-sorted GFP-positive cells using
TRIzol reagent (Invitrogen). RT-PCR was performed using
SuperScript II reverse transcriptase (Invitrogen) according
to the manufacturer’s instructions. The cDNA product (1 ul)
was resuspended in 20 ul of the PCR buffer containing 0.5 units
of TaqGold DNA polymerase (PerkinElmer Life Sciences), 2
mM MgCl,, and 15 pmol of forward and reverse primers. The
sequences of forward/reverse primer sets were as follows:
C/EBPa, 5'-GCC TGG CCT TGA CCA AGG AG-3' and
5'-CAC AGG ACT AGA ACA CCT GC-3'; GATA-1,5'-GGA
ATT CGG GCC CCT TGT GAG GCC AGA GAG-3' and
5'-CGG GGT ACC TCA CGC TCC AGC CAG ATT CGA
CCC-3'; GATA-2, 5'-CGG AAT TCG ACA CAC CAC CCG
ATA CCC ACC TAT-3' and 5'-CGG AAT TCG CCT ACG
CCA TGG CAG TCA CCA TGC T-3'; IL5-Re, 5'-GCC CTT
TGA TCA GCT GTT CAG TCC AC-3' and 5'-CGG AAC
CGG TGG AAA CAA CCT GGT C-3'; MBP, 5'-ACC TGT
CGC TAC CTC CTA-3' and 5'-GTG GTG GCA GAT GTG
TGA-3'; PU.1,5'-GAT GGA GAA AGC CAT AGC GA-3' and
5'- TTG TGC TTG GAC GAG AAC TG-3'; HPRT, 5'-CAC
AGG ACT AGA ACA CCT GC-3' and 5'-GCT GGT GAA
AAG GACCTCT-3".

The PCR products were electrophoresed in agarose gels con-
taining ethidium bromide, and their amounts were analyzed
with a Fluor Imager595 and ImageQuant software (Amersham
Biosciences).

Transplantation Assays—Transplantation assays were per-
formed according to procedures described previously (39).
Briefly, 8 —12-week-old CD45.2 mice were lethally irradiated
(900 rads) 24 h before the transplantation. BM cells isolated
from congenic C57BL/6 (B6-Ly5.1) mice were transduced with
FIP1L1-PDGFRa, and 10,000 GFP-positive cells were injected
intravenously in combination with 2 X 10° normal BM cells
with CD45.2 phenotype. Chimeric analyses were performed at
4 weeks and 8 weeks, and mice were sacrificed 16 weeks after
transplantation. Animal care was performed according to insti-
tutional guidelines.

Measurement of Phosphorylation of Intracellular Signaling
Molecules—Phosphorylation of intracellular molecules was
assessed using Phosflow technology (BD Biosciences) accord-
ing to the manufacturer’s recommendation. Briefly, cells were
fixed with Phosflow Fix Buffer and incubated at 37 °C for 10-15
min. After permeabilization at room temperature for 10 min,
cells were washed twice with Phosflow Perm/Wash Buffer and
incubated at room temperature for 10 min. After the binding
reaction to each antibody, cells were washed once with Phos-
flow Perm/Wash bulffer, resuspended in 500 ul of BD Pharm-
ingen stain buffer (BD Bioscience), and then subjected to flow
cytometric analysis. All experiments were repeated independ-
ently at least three times, and reproducibility was confirmed.

Statistical Analyses—Statistical analyses were performed
using Student’s £ test.

JOURNAL OF BIOLOGICAL CHEMISTRY 7721

— 309 —

110Z ‘92 AJenuer uo ‘A LISHIAINN YMVSO 1e B10°0gl mmm woyy papeojumoq



Enforced Eosinophil Development by FIP1L1-PDGFR

A 1600000 1206

o 00000 5 906 B
Z om0 ;_Z- e ke —
R e ~

FOO0 300 1

B T
100 , L
0 AR Y h [ 48 9 h
- @~ Mock — - ~TEL-PDGFRf —® FIPIL1-PDGFRa

Meock
B CFU-G
BCFU-M
TEL- B CFU-GM
Focess B
FIP1L1-
PDGFRa

. Ist plating
. 2nd plating
‘ 3rd plating
Dmh plating

%

Colony Number

4

s i i

Mock TEL-PDGFRp  FIPILI- Mock  TEL-PDGFRS FIPIL1-

PDGFRa - PDGFRo

KSL CMP

FIGURE 1. The effects of leukemogenic tyrosine kinases on proliferation and survival of hematopoietic
stem/progenitor cells. A, KSLs were isolated from murine bone marrow mononuclear cells. After the retrovi-
rus (mock, FIP1L1-PDGFRa, or TEL-PDGFRB) infection, retrovirus-infected KSLs were sorted as GFP™ cells and
cultured with (left) or without (right) SCF, TPO, FLT3L, and IL-6 for 96 h. During these cultures, total viable cell
numbers were counted at the time indicated. B, KSLs infected with each retrovirus were sorted and seeded into
the methylcellulose medium containing EPO, TPO, SCF, granulocyte colony-stimulating factor, and IL-3. Colony
numbers were counted on day 12. C, immortalization assays for retrovirus-infected KSLs and CMPs. Retrovirus-
infected KSLs and CMPs (10° cells) were plated into methylcellulose medium, and colony numbers were
counted after 1 week. Then single-cell suspensions of colonies (10 cells) were serially replated every week in
the same way. Bars, number of colonies obtained after each round of replating in methylcellulose as means +
S.D. (n = 3).** p < 0.01 compared with the value of mock-transduced cells.

L

EGFP through the internal ribo-
some entry site in the infected cells.
At first, we introduced these retro-
virus vectors into KSL cells. After a
48-h infection, 55-65% of KSLs
were found to be GFP-positive in all
of transfectants by flow cytometric
analysis (data not shown). Next, we
isolated retrovirus-infected cells as
GFP-positive cells and cultured them
in the medium with or without SCF,
TPO, FLT3L, and IL-6. As shown in
Fig. 1A (left), neither FIP1L1-
PDGFRa nor TEL-PDGFRB furth-
er augmented cytokine-dependent
growth of KSLs. However, these
LTKs enabled KSLs to survive and
proliferate under cytokine-deprived
conditions at least for 96 h, whereas
mock (an empty retrovirus)-in-
fected KSLs rapidly led to apoptosis
in this condition (Fig. 14, right).

Next, we performed colony as-
says using these retrovirus-infected
KSLs. After 2-day retrovirus infec-
tion, GFP-positive cells were sorted
and plated into methylcellulose me-
dium containing the cytokine mix-
ture (EPO, TPO, SCF, granulocyte
colony-stimulating factor, and IL-3),
and numbers of colonies were
counted after 10 days. As shown in
Fig. 1B, the total number of colo-
nies that developed from FIP1L1-
PDGFRa- or TEL-PDGEFRB-infected
KSLs was increased by 40-50% as
compared with that from mock-in-
fected KSLs. Also, these colonies
were larger than those yielded from
mock-infected KSLs (data not
shown). However, the proportion of
CFU-GEMM, CFU-GM, CFU-G,
CFU-M, and BFU-E was roughly the
same among three transfectants,
indicating that these LTKs scarcely
influence the lineage commitment
and differentiation of KSLs in col-
ony assays performed in this cyto-
kine combination (Fig. 1B).

We next performed an in vitro
immortalization assay using FIP1L1-
PDGFRa-, TEL-PDGFR-, or mock-

RESULTS transduced KSLs and CMPs. After the first and second plating,

Effects of FIP1L1-PDGFR« on the Growth and Survival of both FIP1L1-PDGFRa- and TEL-PDGFRB-transduced KSLs
Murine KSL Cells—To investigate the effects of LTKs on the yielded a slightly increased number of colonies relative to
growth, differentiation, and survival of HSCs/HPCs, we con- mock-transduced KSLs, whereas these differences were not sig-
structed bicistronic retrovirus vectors for FIP1L1-PDGFRaand  nificant (Fig. 1C, left). Also, in contrast to mock-transduced
TEL-PDGFRpB, which express these cDNAs together with KSLs, FIP1L1-PDGFRa- or TEL-PDGFRpB-transduced KSLs
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TABLE 1
Peripheral blood examinations 16 weeks after transplantation
Mouse White blood cells X 10°/liter Eosinophil
%
Mock-1 88.3 1.2
Mock-2 96.2 2.4
Mock-3 835 2.6
Mock-4 102.2 0.8
Mock-5 88.2 2
FIP1L1-PDGFRa-1 563.2 36
FIP1L1-PDGFRa-2 121.1 1.2
FIP1L1-PDGFRa-3 492.3 4.8
FIP1L1-PDGFRa-4 140.1 36
FIP1L1-PDGFRa-5 662.3% 0.2

4 CD3(+)CD8(+) cells: 96%.

still kept colony-forming activities even after the third and
fourth plating (FIP1L1-PDGFRa versus mock at the third plat-
ing, p < 0.01; at the fourth plating, p < 0.01), although these
activities were rather reduced (Fig. 1C, left). On the other hand,
even if FIPIL1-PDGFRa or TEL-PDGFRB was introduced,
CMPs could not form any colony at the third plating, as was the
case with mock-infected CMPs (Fig. 1C, right). To evaluate leu-
kemogenic potential of FIP1L1-PDGFRa-transduced KSLs in
vivo, we transplanted these cells into lethally irradiated mice in
combination with freshly prepared competitor KSLs. As a
result, although none of the mice transplanted with mock-
transduced KSLs developed leukemia or MPD, FIP1L1-
PDGFRa-transduced KSLs developed MPD in three mice and
acute leukemia in one mouse of five recipient mice within 15
weeks after transplantation (Table 1). However, in agreement
with the previous report (16), none of the five recipient mice
developed eosinophilic disorders. In addition, none of the 10
mice transplanted with FIP1L1-PDGFRa-transduced CMPs
developed MPD or leukemia (data not shown). Together, these
results indicate that FIP1L1-PDGFRa can confer the ability of
cytokine-independent growth/survival on KSLs and enhance
their self-renewal, whereas it cannot immortalize CMPs in vitro
or in vivo.

Effects of FIP1L1-PDGFRa and TEL-PDGFRf on Differenti-
ation from KSLs—We next investigated whether FIP1L1-
PDGFRa or TEL-PDGER} influences the lineage commitment
and subsequent differentiation of KSLs. For this purpose, we
infected retrovirus harboring FIP1L1-PDGFRa or TEL-
PDGFR}B into KSLs; cultured them with SCF, TPO, FLT3L, and
IL-6; and examined the expression of a granulocyte marker
(Gr-1) and an eosinophil marker (IL-5 receptor a, CD125) in
GEFP-positive cells by flow cytometry. After 4-day cultures,
there was not an apparent difference in the expression pattern
of these markers among FIP1L1-PDGFRa-, TEL-PDGEFRp-,
and mock-transduced KSLs (Fig. 24, fop). However, after 6-day
cultures, TEL-PDGFRB- or FIP1L1-PDGFRa-transduced KSLs
yielded significantly increased Gr-1" fraction (66.8 and 77.5%,
respectively) compared with mock-transduced KSLs (49.6%).
In addition, it was of particular interest that 51.8% of FIP1L1-
PDGFRa-transduced KSLs grew to express CD125 and Gr-1
simultaneously, whereas only 6.0% of mock-transduced and
14.0% of TEL-PDGEFRB-transduced KSLs revealed this pheno-
type (FIP1L1-PDGFRa versus mock, p < 0.01; Fig. 24, bottom).
These results imply that FIP1L1-PDGFRa but not TEL-
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PDGEFR} preferentially imposes the commitment and differen-
tiation to the eosinophilic lineage.

To examine whether Gr-1"CD125" cells that developed
from FIP1L1-PDGFRa-transduced KSLs are actually eosino-
phil precursors, we further cultured these KSLs with a cytokine
mixture containing IL-5 for an additional 5 days. As a result,
most of FIP1L1-PDGFRa-transduced but not mock- or TEL-
PDGEFRB-transduced KSLs came to possess large granule char-
acteristics of mature eosinophil in the MG staining, which were
positive for the eosinostain (Fig. 2B). Furthermore, after 10-day
cultures, we examined the mRNA expression of eosinophil-re-
lated genes, GATA-1, IL-5Rca, and C/EBPe, by RT-PCR analysis
using sorted GFP-positive cells. As shown in Fig. 2C, IL-5Ra
and C/EBPe mRNAs were detected only in FIP1L1-PDGFRa-
transduced KSLs. Also, GATA-1 mRNA was more intensively
expressed in FIP1L1-PDGFRa-transduced KSLs than in mock-
or TEL-PDGFRB-transduced KSLs. These data indicate that
Gr-17"CD125™ cells that developed from FIP1L1-PDGFRa-
transduced KSLs can indeed differentiate into mature
eosinophils.

Effects of FIP1L1-PDGFRa on Differentiation of CMPs, MEPs,
and CLPs—It was previously shown that eosinophil precursors
stochastically develop from HSCs through MMP, CMP, and
GMP (40, 41). Therefore, at first, we examined whether
FIP1L1-PDGFRe can enhance the development of eosinophils
from CMPs. For this purpose, we isolated CMPs from murine
BM mononuclear cells by FACS using several markers (Fig. 34).
Then we introduced FIP1L1-PDGFRe into these cells and cul-
tured them with SCF, IL-6, FLT3L, and TPO for 6 days. As was
the case with KSLs, FIP1L1-PDGFRa remarkably enhanced the
development of Gr-1"CD125" cells from CMPs compared
with mock cultures (57% versus 6%, p < 0.01; Fig. 3B).

Our next question was whether FIP1L1-PDGFRa could con-
vert the lineages of MEPs and CLPs, which were already com-
mitted to the other lineages, into the eosinophil lineage. To
address this issue, we introduced FIP1L1-PDGFRa or TEL-
PDGFRp into MEPs. When cocultured with a stroma cell line
OP-9 in the presence of SCF and EPO for 9 days, 58% of mock-
infected and 41% of TEL-PDGFRpB-infected MEPs came to
reveal the Ter119"CD125™ erythroid phenotype. In contrast,
only 26% of FIP1L1-PDGFRa-infected MEPs revealed this phe-
notype (FIP1L1-PDGFRa« versus mock, p < 0.05; Fig. 3C, top).
Moreover, 50% of FIP1L1-PDGFRa-transduced MEPs differ-
entiated into CD125"Gr-1" cells, whereas only 16% of mock-
infected and 14% of TEL-PDGFR B-infected MEPs revealed this
phenotype (FIP1L1-PDGFRa versus mock, p < 0.01; Fig. 3C,
bottom). Similarly, after 9-day cultures in serum-free medium
supplemented with TPO and IL-11, although mock-transduced
MEPs effectively gave rise to CD41" Gr-1" cells (17%), only 2%
of FIP1L1-PDGFRa-infected MEPs revealed this phenotype
(FIP1L1-PDGFRa versus mock, p < 0.01; Fig. 3D). Also, mock-
transduced MEPs were found to become large polyploid
megakaryocytes in morphological analysis, whereas most of the
FIP1L1-PDGFRa-transduced MEPs remained small and
mononuclear (Fig. 3E). Together, these results indicate that
FIPIL1-PDGFRa inhibits erythroid and megakaryocytic differ-
entiation from MEPs and imposes lineage conversion to the
eosinophil lineage.
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FIGURE 2. Eosinophil development from KSLs. A, after retrovirus transduction, KSLs were cultured with SCF, TPO, IL-6, and FLT3L, and FACS analysis was
performed after 4 days (top) and 6 days (bottom). GFP™ cells were gated, and the expression of Gr-1 and CD125 was analyzed. **, p < 0.01 compared with the
value of mock-transduced cells (n = 3). B, after 6-day cultures with SCF, TPO, IL-6, and FLT3L, retrovirus-infected KSLs were further cultured with a cytokine
mixture containing IL-5 for 5 days. Transduced cells were subjected to May-Giemsa staining (top) and eosinostain (bottom). C, after 10-day cultures with TPO,
IL-6, FLT3L, and SCF, GFP-positive cells were sorted, and the expression of eosinophil-related genes was analyzed by RT-PCR analysis.
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FIGURE 3. FIP1L1-PDGFRa-induced eosinophil development from CMPs, MEPs, and CLPs. A, isolation of GMPs/CMPs/MEPs and CLPs from murine mononuclear
cells by a FACS using several markers. 8, mock-, FIP1L1-PDGFRa-, or TEL-PDGFRB-transduced CMPs were cultured with SCF, IL-6, FLT3L, and TPO for 6 days. Then the
expression of CD125 and Gr-1 was analyzed by flow cytometry. C, mock-, FIP1L1-PDGFRa-, or TEL-PDGFRB-transduced MEPs were cocultured with OP-9 cells in the
presence of EPO and SCF for 8 days and then subjected to FACS analysis. D and E, mock- or FIP1L1-PDGFRa-transduced MEPs were cultured in serum-free medium
supplemented with TPO and IL-11 for 9 days and subjected to FACS analysis. Transduced cells were observed with differential interference contrast (DIC) and
fluorescence microscopy. Mock- and FIP1L1-PDGFRa-transduced GFP-positive cells (arrows) were sorted and subjected to May-Giemsa staining. F, retrovirus-trans-
duced CLPs were cocultured with OP-9 cells in the presence of SCF, IL-7,and FLT3L for 2 days. Then granulocyte-macrophage colony-stimulating factor was added into
the medium, and cells were cultured for an additional 8 days. **, p < 0.01 compared with the value of mock-transduced cells (n = 3).

MARCH 20, 2009-VOLUME 284-NUMBER 12 YASHVIB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 7725

— 313 —

1102 ‘9z Atenuer uo ‘ALISHIAINN YHVSO 1e Bi0-ogf mmm woyy papeojumod



Enforced Eosinophil Development by FIP1L1-PDGFR«

A Artificial chimeric PDGFRs

split kinase domain

FIP1L1-PDGFRa NH2-

TEL-PDGFR§
FIPIL1-PDGFRB NH2 TEL-PDGFRa
Activated PDGFRas each harboring point mutation
PDGFRa
PDGFRaD561V
PDGFRaV842D
9% . L. 26%|" (#4520
TEL-PDGFR FIP1L1-PDGFRa
1wl 1% o 11%] &b, 16%
wt g4 169 0 i:‘?"‘» )
I T A
TEL-PDGFRa FIPIL1-PDGFRp PDGFRa D561V PDGFRo V842D

>
>

CD125

FIGURE 4. Function of FIP1L1 and PDGFR« in FIP1L1-PDGFRa-induced eosinophil development. A, schematic representation of FIP1L1-PDGFRB
and TEL-PDGFRe, PDGFRaD561V, and PDGFRaD842V. In FIP1L1-PDGFRB and TEL-PDGFRe, FIP1L1 in FIP1L1-PDGFRa and TEL in TEL-PDGFRB were
completely exchanged one another. Splicing sites are indicated with black arrows, and point mutation sites are indicated with vacant arrows. TM,
transmembrane domain; JM, juxtamembrane domain. B, murine KSLs were infected with the retrovirus, as indicated, and cultured with SCF, TPO, IL-6,
and FLT3L for 6 days. Then expression of CD125 and Gr-1was analyzed by flow cytometry. ™", p < 0.01 compared with the value of mock-transduced cells
(n=3).

Next, we introduced FIP1L1-PDGFRe into CLPs and B220"CD125~ B-lymphoid phenotype, whereas only 38% of
cocultured them with OP-9 cells in the presence of SCF, FIP1L1-PDGFRa-transduced CLPs had this phenotype
IL-7, and FLT3L. After 10-day cultures, 97% of mock- and  (FIP1L1-PDGFRa versus mock, p < 0.01). Furthermore, a con-
95% of TEL-PDGFRp-transduced CLPs came to have the siderable proportion of FIP1L1-PDGFRa-transduced CLPs but
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