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
FiP11L1-PDGFRa-3 492.3 4.8
FIP1L1-PDGFRa-4 140.1 3.6
FIP1L1-PDGFRa-5 662.37 0.2

“ CD3(+)CD8(+) cells: 96%.

still kept colony-forming activities even after the third and
fourth plating (FIP1L1-PDGFR« 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-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-PDGFRe 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-PDGFRB influences the lineage commitment
and subsequent differentiation of KSLs. For this purpose, we
infected retrovirus harboring FIP1L1-PDGFR« or TEL-
PDGFRp 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-PDGFRS-,
and mock-transduced KSLs (Fig. 24, top). However, after 6-day
cultures, TEL-PDGFRB- or FIP1L1-PDGFRa-transduced KSLs
yielded significantly increased Gr-17 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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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-
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-PDGFRB-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-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-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. 34).
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-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-PDGFRp-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 CD1257 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
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-PDGFRe 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 cuitured 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-PDGFRp-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 £, 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).
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FIGURE 4. Function of FIP1L1 and PDGFR« in FIP1L1-PDGFRa-induced eosinophil development. A, schematic representation of FIP1L1-PDGFRf3
and TEL-PDGFRa, PDGFRaD561V, and PDGFRaD842V. In FIP1L1-PDGFRB and TEL-PDGFRe, FIP1L1 in FIP1L1-PDGFRe and TEL in TEL-PDGFRS 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-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-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). 8, FIP1L1-PDGFRa-, TEL-PDGFRB-, or mock- transduced KSLs were culftured for 2 days, and the

phosphorylation status of ERK1/2, p38MAPK, and STATS5 was analyzed using Phosflow technology.

not mock- or TEL-PDGFRB-transduced CLPs aberrantly
differentiate into Gr-17CD125" cells (percentage of
Gr-1"CD125" cells as follows: FIPIL1-PDGFRe, 57% versus
mock (1%) (p < 0.01); TEL-PDGFRS, 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-PDGFRa
inhibits B-lymphoid differentiation from CLPs and instructs them
to differentiate into the eosinophil lineage.

Function of FIP1L1 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-

3

erated two artificial chimeric constructs, FIP1LI-PDGFRf and
TEL-PDGFRa, inwhich FIPILI in FIPIL1-PDGFRa and TEL in
TEL-PDGFR were completely replaced (Fig. 44). In addition,
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Enforced Eosinophil Development by FIP1L1-PDGFR«

we generated retrovirus vectors for constitutively active PDGFR«
(PDGFRaV561D and PDGFRaD842V), which are considered to
be causative mutations of gastrointestinal stromal tumors (43)
(Fig. 44). 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-PDGFR« and not FIP1L1-PDGERB,
PDGFRaV561D, or PDGFRaD842V promoted eosinophil devel-
opment from KSLs (percentage of Gr-1"CD125" fraction as
follows: TEL-PDGFR«, 74%; FIP1L1-PDGFRB, 11%;
PDGFRaV561D, 11%; PDGFRaD842V, 16%) (TEL-PDGFRx
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 PDGFR 3-mediated sig-
naling is required for inducing eosinophil development. However,
because neither PDGFRa V561D 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™4FX Inhibitor Blocked
FIP1L1/PDGERa-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. 54).

As shown in Fig. 54 (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"Grl1™ after
5-day cultures as was seen after the culture without an inhibitor
(Fig. 24). In contrast, @ MEK inhibitor (PD98059) and a
p38MAPK inhibitor (SB202190) reduced the CD125" Grl™ 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,
STATS, and p38™MAPX in FIP1L1-PDGFRa- or TEL-PDGFRB-
transduced KSLs by flow cytometry. As shown in Fig. 5B,
ERK1/2 and p38MAPK but not STAT5 were phosphorylated
more intensely in FIP1L1-PDGFRa-transduced KSLs than in
mock- or TEL-PDGFR-transduced KSLs. These data suggest
that FIPIL1-PDGFRe instructs HSCs/HPCs to differentiate
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FIGURE 7. Effects of FIP1L1-PDGFRa 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.0. (n = 3}.

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

Effects of FIP1L1-PDGFRa 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 PLL1, 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-PDGFR« 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 celis 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/EBPa or GATA-2 to evaluate the suppression efficacy of each shRNA. After a 48-h cuiture, cells were subjected to RT-PCR analyses (top). Next,
EIP1L1-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 (bottorn). *, p < 0.05; **, p < 0.01 as compared with the value in the cells coexpressing FIP1L1-PDGFRa 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-PDGFRS-
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/EBPo and GATA-2 considerably (Fig. 6B, top). When coex-
pressed with FIP1L1-PDGFRa 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"Grl ™"
fraction from 13.9 to 3.5% (p < 0.01) (Fig. 6C). These results indi-
cate that both GATA-2 and C/EBP« are required for FIP1L1-
PDGFRa-induced eosinophil development.

We also examined the effects of FIP1L1-PDGFRa 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), STATS (1*6-STATS5A), or
phosphatidylinositol 3-kinase (CAAX-pl10) was further
cotransfected, 1*6-STAT5A and CAAX-p110 scarcely affected
transcription activities of GATA-1, GATA-2, PU.1, and
C/EBPea. 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-PDGFRa in this process.

DISCUSSION

In this study, we found that TEL-PDGFRe, 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 PDGFR« is necessary to
augment eosinophil development. In agreement with our find-
ing, novel mutations identified in CEL were restricted to the
chimeric form of PDGFRa« (i.e. KIF5B-PDGFR« formed by t(4;
10)(q12;p11), STRN-PDGFRa by t(2;4)(p24;q12), and ETV6-
PDGFRa by t(4;12)(q2?3;p172)). As for the roles for down-
stream signaling molecules, the current results indicate that
Ras/MEK and p38MAPX play essential roles in FIPIL1-
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

7730 JOURNAL OF BIOLOGICAL CHEMISTRY

factors. As for this reason, because FIP1L1-PDGFR« more
intensely activated MEK/ERK and p38MATX than TEL-
PDGFRp, we speculated that leukemogenic signals transmitted
from chimeric PDGFR« 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™MAFX 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™MAPK 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-PDGFR«
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-PDGFRa
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-PDGFR-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 KKSLs 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-PDGFRg,
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 FIPILI-PDGFRa
mutation (56). Also, a significant proportion of patients with
HES/CEL have abnormal T-lymphocyte populations, such as
CD3"CD47CD8™ 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-PDGFR, it may be meaningful for the
better understanding of the pathogenesis of HES/CEL to clarify
the relationship between these two groups.

Iwasaki er 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/EBPa, 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 (CEBP« 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/EBP« 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/EBPx and suppressed PU.1 expression. Also, FIP1LI-
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 p38™4P¥ 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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