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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-PDGFRe 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-PDGFRf 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 p38MAPK than TEL-PDGFR. In addition, a
MEK1/2 inhibitor and a p38™4FX 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-PDGFR« 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/EBPq«, 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/EBPa 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; PDGFR, platelet-derived factor receptor «; PDGFRB, platelet-
derived factor receptor B3; KSL, Lin~Sca™ 1Mc-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-PDGFRe is a fusion gene, which was originally iden-
tified in the patients with hypereosinophilic syndrome (HES)/
chronic eosinophilic leukemia (CEL) (16, 17). FIP1L1-PDGFR«
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/PDGFRa-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-PDGFRe 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 p38M4P* 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-7Ra 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™1"c-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/III™ 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-PDGFRa and TEL-
PDGFRp 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-
PDGFRf, PDGFRaV561D, and PDGFRaD842V were cloned
into the murine stem cell virus-internal ribosome entry site-
EGFP (pMie) vector. Also, we constructed FIP1L1-PDGFRP
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-
STATS5A (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 TagGold 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-Ra, 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-PDGFRe, 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 buffer, resuspended in 500 wl 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.
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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-PDGFRe, or TEL-PDGFRP) 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.

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-PDGFR 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-PDGFR-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-PDGFRp-, or mock-

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

Effects of FIPILI-PDGFRa 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-PDGEFR, which express these cDNAs together with KSLs, FIP1L1-PDGFRa- or TEL-PDGFRp-transduced KSLs

7722  JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 284-NUMBER 12+MARCH 20, 2009



Enforced Eosinophil Development by FIP1L1-PDGFR«

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 83.5 2.6
Mock-4 102.2 0.8
Mock-5 88.2 2

FIP1L1-PDGFRa-1 563.2 3.6
FIP1L1-PDGFRa-2 121.1 1.2
FIP1L1-PDGFRa-3 492.3 4.8
FIP1L1-PDGFRa-4 140.1 3.6
FIP1L1-PDGFRa-5 662.3" 0.2

“ 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 FIP1L1-PDGFRa or TEL-PDGFRf 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, FIP1LI1-
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-PDGFRo and TEL-PDGFRp on Differenti-
ation from KSLs—We next investigated whether FIP1L1-
PDGFRa or TEL-PDGFRp influences the lineage commitment
and subsequent differentiation of KSLs. For this purpose, we
infected retrovirus harboring FIP1L1-PDGFRa or TEL-
PDGEFR 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 o, CD125) in
GFP-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-PDGFRp-,
and mock-transduced KSLs (Fig. 24, top). However, after 6-day
cultures, TEL-PDGFR- 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-PDGFRB-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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PDGFR} 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-
PDGFRB-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-5Ra, 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-PDGFRp-transduced KSLs. These data indicate that
Gr-1"CD125™ cells that developed from FIP1L1-PDGFRa-
transduced KSLs can indeed differentiate into mature
eosinophils.

Effects of FIP1L1-PDGFR« 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-PDGFRa 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. 3A4).
Then we introduced FIP1L1-PDGFRa 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-17CD125" 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-PDGFR« or TEL-
PDGFR 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-PDGFRB-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-17 cells, whereas only 16% of mock-
infected and 14% of TEL-PDGFRB-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
MEDPs 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. B, 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 cellsin 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).
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FIGURE 4. Function of FIP1L1 and PDGFRe« in FIP1L1-PDGFRa-induced eosinophil development. A, schematic representation of FIP1L1-PDGFRf
and TEL-PDGFR«, 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-1 was analyzed by flow cytometry. ™, p < 0.01 compared with the value of mock-transduced cells
(n = 3).

Next, we introduced FIP1L1-PDGFRa 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-PDGFRB-transduced CLPs came to have the siderable proportion of FIP1L1-PDGFRa-transduced CLPs but
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FIGURE 5. Roles of signal cascades in FIP1L1-PDGFRa-induced eosinophil development. A, murine KSLs were infected with the retrovirus indicated
and cultured with SCF, TPO, IL-6, and FLT3L with or without kinase inhibitors as indicated and then subjected to FACS analysis. *, p < 0.05; **, p < 0.01
compared with the value of DMSO-treated cells (n = 4). B, FIP1L1-PDGFRa-, TEL-PDGFRp-, or mock- transduced KSLs were cultured for 2 days, and the
phosphorylation status of ERK1/2, p38MAPK, and STAT5 was analyzed using Phosflow technology.

not mock- or TEL-PDGFRp-transduced CLPs aberrantly
differentiate into Gr-1"CD125% cells (percentage of
Gr-1"CD125" cells as follows: FIP1L1-PDGFRe, 57% versus
mock (1%) (p < 0.01); TEL-PDGEFRR, 0% (Fig. 3F). We further
cultured Gr-1"CD125"% cells that developed from FIP1L1-
PDGFRa-transduced CLPs with a cytokine mixture containing
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IL-5 and confirmed that these cells became positive for eosinostain
(data not shown). These results indicate that FIP1L1-PDGFR«
inhibits B-lymphoid differentiation from CLPs and instructs them
to differentiate into the eosinophil lineage.

Function of FIPIL1 and PDGFRw in the Fusion Protein—It
was previously shown that the FIP1L1 moiety is dispensable
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for kinase activation and for transforming properties of
FIP1L1-PDGFRa (42). To determine the role of FIP1L1 in
FIP1L1-PDGFRa-enhanced eosinophil development, we gen-

erated two artificial chimeric constructs, FIP1LI1-PDGFR[ and
TEL-PDGFRa, in which FIP1L1 in FIP1L1-PDGFRa and TEL in
TEL-PDGFRf3 were completely replaced (Fig. 4A4). In addition,
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we generated retrovirus vectors for constitutively active PDGFRa
(PDGFRaV561D and PDGFRaD842V), which are considered to
be causative mutations of gastrointestinal stromal tumors (43)
(Fig. 4A). When expressed in a murine IL-3-dependent cell line,
Ba/F3, all of the four PDGFR mutants conferred IL-3-independent
growth on these cells (data not shown). Also, Western blot analysis
demonstrated that these PDGFR mutants phosphorylated various
cellular proteins, including themselves (data not shown), indicat-
ing that these proteins act as constitutively active tyrosine kinases.

We transduced these retrovirus expression vectors into KSLs
and cultured them with SCF, TPO, FLT3L, and IL-6 for 6 days. As
shown in Fig. 4B, only TEL-PDGFRa and not FIP1L1-PDGFRp,
PDGFRaV561D, or PDGFRaD842V promoted eosinophil devel-
opment from KSLs (percentage of Gr-1"CD125™ fraction as
follows: TEL-PDGFRe, 74%; FIP1L1-PDGFRB, 11%;
PDGFRaV561D, 11%; PDGFRaD842V, 16%) (TEL-PDGFRa
versus mock, p < 0.01) (Fig. 4B), indicating that FIP1L1 is dispen-
sable for FIP1L1-PDGFRa-mediated eosinophil development and
that PDGFRa-mediated signaling but not PDGFR3-mediated sig-
naling is required for inducing eosinophil development. However,
because neither PDGFRaV561D nor PDGFRaD842V promoted
eosinophil development, specific kinase activity transmitted from
chimeric PDGFRa was supposed to be necessary to enhance
eosinophil development.

Both a MEK1/2 Inhibitor and a p38™*"™  Inhibitor Blocked
FIP1L1/PDGFRa-induced Eosinophil Development from KSLs—
PDGFRa activates various downstream cascades, thereby
exerting its biologic activity (44). To seek out the mechanism
underlying instructive eosinophil differentiation induced
by FIP1L1-PDGFRe, FIP1L1-PDGFRa- or mock-transduced
KSLs were cultured with or without several kinase inhibitors as
indicated (Fig. 5A).

As shown in Fig. 5A (fop), neither a c-Jun N-terminal kinase
inhibitor, a phosphatidylinositol 3-kinase inhibitor (LY294002),
an Src inhibitor (PPI), nor a JAK2/STAT inhibitor (AG490)
influenced FIP1L1-PDGFRa-enhanced eosinophil develop-
ment, since about 20% of cells came to be CD125" Gr1™ after
5-day cultures as was seen after the culture without an inhibitor
(Fig. 2A). In contrast, a MEK inhibitor (PD98059) and a
p38™APX inhibitor (SB202190) reduced the CD125" Gr1™" frac-
tion to 3.4% (p < 0.05) and 1.7% (p < 0.01), respectively (Fig. 54,
bottom). We also analyzed the phosphorylation states of ERK,
STATS5, and p38MAPX in FIP1L1-PDGFRa- or TEL-PDGERB-
transduced KSLs by flow cytometry. As shown in Fig. 55,
ERK1/2 and p38MAPK but not STAT5 were phosphorylated
more intensely in FIP1L1-PDGFRa-transduced KSLs than in
mock- or TEL-PDGFRB-transduced KSLs. These data suggest
that FIP1L1-PDGFRea instructs HSCs/HPCs to differentiate
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FIGURE 7. Effects of FIP1L1-PDGFR« and its downstream molecules on
the activities of eosinophil-related transcription factors. The activities of
GATA-1, GATA-2, PU.1, and C/EBP« were analyzed by luciferase assays. After
transfection of several effector genes and the appropriate reporter genes, as
indicated, NIH3T3 cells were cultured for 48 h and subjected to luciferase
assays. 3XMaP-luciferase, 3XMHC-luciferase, and 1XMPO-luciferase con-
tain biding sites for GATA, PU.1, and C/EBPq, respectively. *, p < 0.05; **, p <
0.01. Data represent means = S.D. (n = 3).

into eosinophil progenitors through the activation of MEK1/2-
ERK1/2 and p38 pathways.

Effects of FIP1L1-PDGFRo on the Expression and Activity of
Lineage-specific Transcription Factors in KSLs—To further
clarify the mechanism through which FIP1L1-PDGFRa
enhanced eosinophil development, we analyzed the effects of
FIP1L1-PDGFRa on the expression of GATA-1, GATA-2,
C/EBPa, and PU.1, all of which have been reported to be key
transcription factors for eosinophil development (45-47). To
detect the changes in the expression of these factors that pre-
cede the phenotypic change, we isolated mRNA from sorted
GFP-positive KSLs after 48-h retrovirus infection and per-
formed semiquantitative RT-PCR analysis, since an apparent
phenotypic change was not observed until 4 days (Fig. 24, top).
Asshown in Fig. 64, although the expression of PU. 1 was not so
different among three transfectants, FIP1L1-PDGFRa aug-
mented the expression of C/EBPa (p < 0.01) and GATA-1 (p <

FIGURE 6. Effects of FIP1L1-PDGFRa and its downstream molecules on the expressions of eosinophil-related transcription factors and effects of
inhibition of these molecules. A, the expressions of eosinophil-related transcription factors in KSLs were analyzed by RT-PCR analysis 48 h after retrovirus
transfection. PCR products were electrophoresed and visualized by ethidium bromide staining (left), and their intensities were quantified using a Fluor
Imager595 and ImageQuant software. Relative intensities to the products from mock-transduced cells are indicated (right). *, p < 0.05; **, p < 0.01 as compared
with the value in mock-transduced cells. Data represent means = S.D. (n = 3). B, murine KSLs were infected with lentivirus-expressing noncoding or encoding
shRNA against C/EBP« or GATA-2 to evaluate the suppression efficacy of each shRNA. After a 48-h culture, cells were subjected to RT-PCR analyses (top). Next,
FIP1L1-PDGFRa-transduced murine KSLs were further infected with these shRNAs and cultured with SCF, TPO, IL-6, and FLT3L, which were subjected to FACS
analyses upon the expression of CD125 and Gr-1 (bottom). *, p < 0.05; **, p < 0.01 as compared with the value in the cells coexpressing FIP1L1-PDGFR« and
noncoding shRNA (n = 3). C, FIP1L1-PDGFRa-transduced murine KSLs were further infected with retrovirus encoding mock or a dominant negative form of
GATAs (GATA-3KRR). **, p < 0.01 as compared with the value in FIP1L1-PDGFRa- and mock-cotransduced cells (n = 3).
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0.01) compared with mock-transduced KSLs. Furthermore, the
expression of GATA-2 was significantly higher in FIP1L1-
PDGFRa-transduced KSLs than in mock- or TEL-PDGFR-
transduced KSLs (FIP1L1-PDGFRa versus mock, p < 0.01).

To evaluate the roles for these transcription factors in
FIP1L1-PDGFRa-induced eosinophil development, we inhib-
ited the expression or function of these transcription factors
using shRNAs or a dominant negative mutant. At first, we con-
firmed that these shRNAs suppressed the expression of
C/EBPa and GATA-2 considerably (Fig. 6B, top). When coex-
pressed with FIP1L1-PDGFRe in this condition, shRNA against
C/EBPa reduced the FIP1L1-PDGFRa-induced CD125%Gr1™
fraction from 11.7 to 3.9% (p < 0.01) (Fig. 6B, bottom). Simi-
larly, shRNA against GATA-2 suppressed this fraction to 6.8%
(p < 0.05). Also, GATA-3KRR, which can inhibit both GATA-1
and GATA-2, reduced FIP1L1-PDGFRa-induced CD125"Gr1™
fraction from 13.9 to 3.5% (p < 0.01) (Fig. 6C). These results indi-
cate that both GATA-2 and C/EBPa« are required for FIP1L1-
PDGFRa-induced eosinophil development.

We also examined the effects of FIPIL1-PDGFR« and its
downstream signaling molecules (i.e. Ras, STATS5, and PI3-K)
on transcription activities of these factors with luciferase
assays using reporter genes and effector genes in combina-
tions, as indicated in Fig. 7. In NIH3T3 cells, transiently
transduced reporter genes for GATAs (3XMaP-luciferase),
PU.1 (3XMHC-luciferase), and C/EBPa (1 XMPO-luciferase)
were activated by cotransfected GATA-1, PU.1, and C/EBPa by
7-fold, 7-fold, and 5-fold, respectively (Fig. 7). Also, the estra-
diol treatment activated 3XMaP-luciferase in GATA-2/ER-
transfected cells. When FIP1L1-PDGFRa or a constitutively
active form of H-Ras (H-RasG12V), STAT5 (1*6-STAT5A), or
phosphatidylinositol 3-kinase (CAAX-p110) was further
cotransfected, 1*6-STAT5A and CAAX-p110 scarcely affected
transcription activities of GATA-1, GATA-2, PU.1, and
C/EBPa. In contrast, both FIP1L1-PDGFRa and H-RasG12V
reduced PU.1 activities to 30—40% (p < 0.01). Similar results
were also obtained from 293T cells (data not shown). These
results indicate that FIP1L1-PDGFRa regulates the expression
and activities of various transcription factors, thereby promot-
ing eosinophil development, and suggest that Ras may be a piv-
otal downstream mediator of FIP1L1-PDGFRe in this process.

DISCUSSION

In this study, we found that TEL-PDGFR, but not FIP1L1-
PDGFRB, PDGFRaD562V, or PDGFRaD842V, promoted
eosinophil development from KSLs as efficiently as FIP1L1-
PDGFRa. This result indicates that constitutive TK activity
transmitted from chimeric structure of PDGFRa is necessary to
augment eosinophil development. In agreement with our find-
ing, novel mutations identified in CEL were restricted to the
chimeric form of PDGFR« (i.e. KIF5B-PDGFRa formed by t(4;
10)(q12;p11), STRN-PDGFRe« by t(2;4)(p24;q12), and ETV6-
PDGFRa by t(4;12)(q2?3;p1?2)). As for the roles for down-
stream signaling molecules, the current results indicate that
Ras/MEK and p38™4PX play essential roles in FIP1L1-
PDGFRa-induced eosinophil development. However, this find-
ing seems to be inconsistent with the fact that Ras/MEK is acti-
vated by various LTKs and normal hematopoietic growth
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factors. As for this reason, because FIP1L1-PDGFRa more
intensely activated MEK/ERK and p38MAPX than TEL-
PDGFR}B, we speculated that leukemogenic signals transmitted
from chimeric PDGFRa would be quantitatively and qualita-
tively different from those from wild type TKs or other LTKs,
thereby specifically promoting eosinophil development. In
addition to the regulation of neoplastic cell proliferation, ERK
has also been implicated in the control of signaling cascades
associated with eosinophilia in asthma. Duan et al (48)
reported that an MEK inhibitor dramatically inhibited OVA-
induced lung tissue eosinophilia and airway hyperresponsive-
ness. Also, p38™4FX is important for the induction of eosino-
philia and function of terminal differentiated eosinophils in
allergic airway inflammation (49, 50). In addition, our data sug-
gest that p38™4PX would regulate eosinophil development at
the early stage of hematopoiesis. Further studies to elucidate
the crucial signal transduction mechanisms that control eosin-
ophil development will provide a better rationale for the design
of drug therapy not only for FIP1L1-PDGFRa-associated HES/
CEL but also for allergic inflammation.

Our in vitro studies showed that FIP1L1-PDGFRa confers
cytokine independence on KSLs and enhances their self-re-
newal activity, whereas it did not immortalize CMPs. In addi-
tion, although FIP1L1-PDGFRa-transduced KSLs caused MPD
in recipient mice, FIP1L1-PDGFRa-transduced CMPs did not.
These results indicate that FIP1L1-PDGFRa cannot confer self-
renewal activity on CMPs and that the genetic alternation of
FIP1L1-PDGFRa that causes CEL/HES occurs at an HSC level
but not at a CMP level. In addition, we confirmed that mature
eosinophils were generated from FIP1L1-PDGFRa-transduced
KSLs in the presence of IL-5, indicating that FIP1L1-PDGFRa
does not impair terminal differentiation of eosinophils. Also,
when expressed in MEPs or CLPs, FIP1L1-PDGFRa brought
about lineage conversion to eosinophil lineage. Together, these
results suggest that, although LSCs harboring FIP1L1-PDGFR«
derived from HSCs would continuously produce an excess
number of mature eosinophils, a part of the eosinophils might
be derived from FIP1L1-PDGFRa-harboring MEPs or CLPs.

In a previous report, FIP1L1-PDGFRa-transduced HSCs/
HPCs caused myeloproliferative disorder in the recipient mice
like BCR-ABL- or TEL-PDGFRB-transduced KSLs (16, 51, 52),
which was rather different from simple eosinophilia observed
in human HES/CEL. Also in our transplantation experiment,
none of the five mice transplanted with FIP1L1-PDGFRa-ex-
pressing KSLs developed eosinophilic disorders. However, we
also observed that, whereas FIP1L1-PDGFRa-introduced KSLs
differentiated up to IL-5Ra™ eosinophil precursors under the
cultures without IL-5, supplement of IL-5 let these IL-5Ra™
cells undergo eosinophilic terminal differentiation. In accord
with this hypothesis, Yamada et al. (52) reported that transplan-
tation of FIP1L1-PDGFRa-transduced HSCs/HPCs obtained
from IL-5 transgenic mice resulted in marked eosinophilia
resembling HES/CEL in the recipient mice. Since p210BCR-
ABL-transduced HSCs/HPCs did not cause eosinophilia even
in the presence of IL-5 overexpression in the recipient mice, the
induction of eosinophilia was attributable to FIP1L1-PDGFRa,
Together with our results, these lines of evidence suggest that,
although FIP1L1-PDGFRe is a major etiologic factor causing
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eosinophilia, it is not sufficient to induce HES/CEL but requires
additional events, such as IL-5 overexpression. In fact, some
patients with FIP1L1-PDGFRa-associated HES were compli-
cated with T-cell lymphoma (53-55). The frequency of FIP1L1-
PDGFRa-induced HES/CEL was not as high (about 10%) as
initially reported. However, similar LTK is supposed to be
involved in the pathogenesis of HES/CEL, because imatinib is
effective in some patients who do not have a FIP1LI1-PDGFR«
mutation (56). Also, a significant proportion of patients with
HES/CEL have abnormal T-lymphocyte populations, such as
CD3"CD4~CD8~ and CD3~CD8™ T cells, which secret high
levels of IL-5 (57). Currently, HES is categorized into two
groups, “myeloproliferative variant” and “T-cell-mediated
HES,” and these groups are thought to be independent of each
other (58, 59). However, because T-cell differentiation might be
perturbed by FIP1L1-PDGFRa, it may be meaningful for the
better understanding of the pathogenesis of HES/CEL to clarify
the relationship between these two groups.

Iwasaki et al. (60) isolated eosinophil progenitors from
murine BM, and they concluded that eosinophil developmental
pathway would diverge from neutrophils and monocytes at the
GMP stage. The lineage commitment of HSCs/HPCs and sub-
sequent lineage-specific differentiation are crucially regulated
by lineage-specific transcription factors, such as GATA-1,
GATA-3, PU.1, C/EBPaq, and C/EBPe. Among them, GATA-1
and PU.1 are known to antagonize each other and induce dif-
ferentiation to erythroid/megakalyocyte or myeloid lineage,
respectively (61— 63). The CEBP family (CEBPa and CEBPe) is
essential for the differentiation to myeloid lineage (64 —66).
FOG (Friend of GATA) and C/EBPS regulate the eosinophil
lineage induction antagonistically (67). Furthermore, enforced
expression of C/EBP« converts MEPs to eosinophils (68), and
expression of PU.1 converts them to GMPs (61, 67). Also,
forced expression of GATA-1 in myeloid cells induces the for-
mation of either MEPs or eosinophils, depending on the con-
centration of the factor (69). In addition, it was recently
reported that C/EBPa expression followed by GATA-2 expres-
sion in GMPs is critical for eosinophil lineage specification (46).
However, it is plausible that the mechanism of lineage commit-
ment in leukemic cells is somewhat different from that in nor-
mal hematopoietic cells. In this study, we found that FIP1L1-
PDGFRa enhanced the expression of GATA-1, GATA-2, and
C/EBPa and suppressed PU.1 expression. Also, FIP1L1-
PDGFRa suppressed transcription activities of PU.1. These
results suggest that LTKs can influence the lineage commit-
ment of HSCs/HPCs and subsequent differentiation by modi-
fying the expression and activity of lineage-specific transcrip-
tion factors.

In conclusion, we here found that FIP1L1-PDGFRa can
enhance eosinophil development from HSCs/HPCs through
the MEK/ERK and p38MAPX cascades by controlling the
expression and activity of lineage-specific transcription factors.
Furthermore, as far as we explored, this is the first report pro-
viding evidence that LTK has an ability to convert the lineage of
committed progenitor cells. Further studies based on these
findings would undoubtedly provide more useful information
to understand the pathophysiology of various hematologic
malignancies caused by LTKs.
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