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ORIGINAL RESEARCH REPORTS

Signaling from Fibroblast Growth Factor Receptor 2
in Immature Hematopoietic Cells Facilitates

Donor Hematopoiesis After Intra-Bone Marrow–
Bone Marrow Transplantation

Akio Shigematsu,1,2,* Ming Shi,1,3,* Mitsuhiko Okigaki,4,* Yasushi Adachi,1,* Naoko Koike,1 Jishan Che,4

Masayoshi Iwasaki,1 Hiroaki Matsubara,4 Masahiro Imamura,2 and Susumu Ikehara1,3

Fibroblast growth factor (FGF) and FGF receptor (FGFR) are expressed in various cells including endothelial
progenitor cells and hematopoietic cells. The interaction between FGF and FGFR is associated with the prolif-
eration, migration, and survival of these cells. In this report, we examined the effects of FGFR2 signaling on
hematopoiesis in immature hematopoietic cells, using mutant mice in which a constitutively active form of
FGFR2 mutant was caused to be overexpressed by the Tie2 promoter (FGFR2 Tg mice). Under normal condi-
tions, hematopoiesis of FGFR2 Tg mice and wild type (Wt) mice do not differ significantly, except for the weight
and cell numbers of the thymus. However, the c-kit+Sca-1+lineage� bone marrow cells (BMCs) of FGFR2 Tg mice
facilitate the formation of colony-forming units of culture. When these BMCs were transplanted into the recipient
bone marrow (intra-bone marrow–bone marrow transplantation), there was better reconstitution of donor he-
matopoietic cells. In the in vitro experiment, the c-kit+Sca-1+lineage� BMCs from FGFR2 Tg mice showed fewer
apoptotic cells than those from Wt mice. These results suggest that the antiapoptotic effect of FGFR2 signaling
facilitates the hematopoiesis of FGFR2 Tg mice.

Introduction

Fibroblast growth factor (FGF) belongs to a family of
heparin-binding polypeptides and shows multiple func-

tions, including effects on cell proliferation, differentiation,
survival, and motility [1,2]. Twenty-four members of the FGF
family have been identified, ranging in molecular mass from
17 to 34 kDa and share 13%–71% amino acid identity [3,4]. To
date, 4 kinds of FGF receptors (FGFR) have been reported [5].
Since the expression of FGFR is widely distributed on various
cells, FGF signaling plays an important role in development
and morphogenesis as well as in physiological and patho-
logical situations such as wound healing, neovascularization,
tumor growth, and tumor progression [6–8]. FGF signaling
also facilitates hematopoiesis. FGF acts not only directly on
the hematopoietic stem cells (HSCs) and immature hemato-
poietic progenitor cells (IHPCs) but also indirectly on them
through bone marrow stromal cells [9–11].

Tie2 is a receptor tyrosine kinase expressed in both HSCs=
IHPCs and endothelial cells. The interaction of Tie2 with
its ligand, angiopoietin-1 (Ang-1), induces the cobblestone
formation of HSCs in vitro and maintains the long-term re-
populating activity of HSCs in vivo [12–14]. Arai et al. sug-
gested that the Tie2=Ang-1 signaling pathway plays a critical
role in maintaining HSCs in a quiescent state in the bone-
marrow niche [14,15].

Recently, we established mutant mice in which a consti-
tutively active form of FGFR2 mutant was caused to be
overexpressed using the Tie2 promoter (FGFR2 Tg mice)
[16]. The mice showed decreased infarct size and improved
cardiac performance compared with wild type (Wt) mice
when acute cardiac ischemia was induced [16].

In the present study, we show that the c-kitþSca-1þlineage�

bone marrow cells (BMCs) from FGFR2 Tg mice facilitate the
formation of day-14 colony-forming units of culture (CFU-C),
and that these BMCs facilitate better engraftment of donor
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hematopoietic cells than those from Wt mice by intra-bone
marrow–bone marrow transplantation (IBM-BMT).

Materials and Methods

Mice

FGFR2 Tg mice were prepared as described previously
[16]. C57BL=6 mice congenic for the ly5 locus (B6-ly5.1 mice)
were bred and maintained at the animal center of Kansai
Medical University (Moriguchi City, Osaka, Japan). The
background mice of the FGFR2 Tg mice are C57BL=6 mice
(B6 mice) (ly5.2). Therefore, B6 mice were purchased from
Japan SLC Inc. and used as Wt mice.

Reagents

Fluorescein isothiocyanate (FITC)-conjugated anti-CD45.1
(ly5.1) antibody (Ab), FITC-conjugated anti-c-kit Ab, FITC-
conjugated anti-Mac-1 Ab, phycoerythrin (PE)-conjugated
anti-CD3 Ab, PE-conjugated anti-Gr-1 Ab, PE-conjugated anti-
B220 Ab, PE-conjugated anti-Sca-1 Ab, PE-conjugated
anti-CD45 Ab, biotin-conjugated anti-CD45.2 (ly5.2) Ab,
biotin-conjugated anti-B220 Ab, biotin-conjugated anti-Mac-1
Ab, biotin-conjugated anti-Ter119 Ab, biotin-conjugated anti-
Gr-1 Ab, biotin-conjugated anti-CD3 Ab, biotin-conjugated
anti-NK1.1 Ab, biotin-conjugated anti-CD11c Ab, Per-CP
Cy5.5-conjugated anti-CD3 Ab, antiproliferating cell nuclear
antigen (PCNA) Ab, and Per-CP Cy5.5-conjugated avidin
were purchased from BD Biosciences. Ab and allophyco-
cyanin (APC)-conjugated anti-B220 Ab was obtained from
Caltag, and PE-conjugated anti-Tie2 Ab was obtained from
eBioscience. Annexin V-FITC apoptosis detection kit, con-
taining FITC-conjugated annexin V, was obtained from Bio-
Vision. Tetracolor-one was obtained from Nacalai tesque. A
permeabilization reagent, IntraPrep�, was obtained from
Immunotech phosphatidyl inositol (PI)-3-kinase inhibitor
(LY294002) was obtained from Sigma Chemical Co.

Detection of mRNA of FGFR2 by reverse
transcription (RT)-polymerase chain reaction
and real-time RT-polymerase chain reaction

RNA preparation from the BMCs of Wt mice or FGFR2
Tg mice, cDNA synthesis, and polymerase chain reac-
tion (PCR) were carried out as described previously [17].
Primers for the detection of mRNAs in this experiment
were glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
(Toyobo) and FGFR2 [16]. PCR products were separated on
a 1.2% agarose gel (Gibco BRL) and viewed by ethidium
bromide (Nakarai) staining.

We also performed real-time PCR using cDNA with OP-
TICON2 (MJ Research), QuantiTect SYBR Green PCR kit
(Qiagen), GAPDH-specific primers (Qiagen), and the primers
for FGFR2 [16] to estimate the expression of FGFR2 mRNA
accurately, as described previously [18].

Analyses of peripheral blood and organs

Blood samples obtained from 8- to 13-week-old FGFR2 Tg
mice and Wt mice were analyzed using an automated he-
matology analyzer (SE 9000; Sysmex). The individual mice
organs were weighed and fixed with 15% buffered formalin

(Wako) for microscopical examination. A single-cell sus-
pension was prepared from the spleen, bone marrow, and
thymus of the mice. The cells were then stained with FITC-
conjugated anti-Mac-1 Ab, PE-conjugated anti-Gr-1 Ab, Per-
CP Cy5.5-conjugated anti-CD3 Ab, and APC-conjugated
anti-B220 Ab; FITC-conjugated anti-CD8 Ab, PE-conjugated
anti-CD4 Ab, and PerCP Cy5.5-conjugated anti-CD3 Ab;
or FITC-conjugated anti-NK1.1 Ab. The stained cells were
analyzed using the Becton Dickinson LSR flow cytometer
(Becton Dickinson).

Preparation of BMCs

BMCs were harvested from the femoral and tibial bones of
8- to 12-week-old FGFR2 Tg mice (ly5.2) or Wt mice (ly5.2)
and suspended in phosphate-buffered saline (PBS). The
BMCs were then filtered through a 70-mm nylon wool mesh
(Becton Dickinson Labware) and centrifuged at 1,500 rpm for
7 min at 48C. After centrifugation, the BMCs were re-
suspended in PBS.

Preparation of lineageþ

and c-kitþSca-1þlineage� BMCs

BMCs from Wt mice or FGFR2 Tg mice were incubated
with a biotin-conjugated cocktail of lineage antibodies
including anti-Mac-1, anti-Gr-1, anti-NK1.1, anti-B220, anti-
Ter119, anti-CD3, and anti-CD11c. The cells were then trea-
ted with magnetic beads conjugated with streptavidin
(Dynabeads M-280; Dynal AS). The positively selected cells
were used as lineageþ BMCs, and the negatively selected
cells were incubated with FITC-conjugated c-kit Ab, PE-
conjugated Sca-1 Ab, and Red PE-Cy5-conjugated streptavi-
din. The c-kitþSca-1þlineage� BMCs were isolated using a
fluorescence-activated cell sorter (FACS) (EPICS ALTRA;
Beckman Coulter).

CFU-C assays

The colony-forming ability of the BMCs (CFU-C) was as-
sayed as described previously [19]. Briefly, whole BMCs
(104 cells=mL=well) or c-kitþSca-1þlineage� BMCs (50 cells=
mL=well) were plated in Petri dishes (Becton Dickinson) in
10 mL of Methocult GF H3434 (StemCell Technologies, Inc.).
The colonies were counted 7 and 14 days later.

Examination of long-term facilitation after IBM-BMT

Recipient mice (ly5.1-B6) were exposed to 137Cs gamma
irradiation at 0.96 Gy=min. The exposure dose was 8.0 Gy.
The c-kitþSca-1þlineage� BMCs were injected directly into the
bone marrow cavity of the tibial bones of the recipient mice
(IBM-BMT), as previously described [20]. Briefly, the region
from the groin to the knee joint was shaved, and an *5-mm
incision was made on the thigh. The knee was flexed to 908,
the proximal side of the tibia was drawn to the anterior, and
a 26-gauge needle was inserted into the bone marrow cavity.
Using a microsyringe (50 mL; Hamilton Company), the donor
c-kitþSca-1þlineage� BMCs (3�104 cells=10 mL) were injected
via the needle into the bone marrow cavity.

Blood was collected from recipient mice at 4 weeks and
6 months after IBM-BMT, and the ly5 (CD45) haplotypes of
the leukocytes were then analyzed by flow cytometry. In this
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analysis, blood was suspended in PBS supplemented with
2% fetal bovine serum and incubated with FITC-conjugated
anti-CD45.1 (ly5.1) Ab; PE-conjugated anti-Gr-1, anti-CD3,
anti-B220, or anti-CD45 Abs; and biotin-conjugated anti-
CD45.2 (ly5.2) Ab, followed by staining with Red PE-Cy5-
avidin. The stained cells were analyzed by FACScan (Becton
Dickinson).

Assay for live cells, proliferating cells,
and apoptotic cells

BMCs (2�106=mL) from Wt mice and FGFR2 Tg mice were
stained with FITC-conjugated anti-c-kit Ab; PE-conjugated
anti-Sca-1 Ab; and biotin-conjugated lineage antibodies, in-
cluding anti-CD3, anti-NK1.1, anti-Gr-1, anti-Mac-1, anti-
Ter119, anti-CD11c, and biotin-labeled anti-B220, followed by
staining with PE-Cy5.5-coupled avidin. The c-kitþSca-1þlin-
eage� BMCs were collected by a cell sorter. Sorted cells were
cultured in a CO2 incubator for 1 day, and the numbers of live
cells, proliferating cells, and apoptotic cells were estimated.
Tetracolor-one was used to determine the number of live cells.

The percentage of proliferating cells in c-kitþSca-1þlineage�

BMCs was determined by detecting the cells expressing
PCNA. The cultured cells were stained with PE-labeled anti-c-
kit Ab; APC-labeled anti-Sca-1 Ab; biotin-conjugated lineage
antibodies, including anti-Gr-1, anti-Mac-1, anti-CD3, anti-

B220, anti-NK1.1, and anti-CD11c, followed by PerCP Cy5.5-
avidin. Next, the cells were fixed with reagent1 of IntraPrep for
15 min at room temperature. After washing the cells, they were
incubated in reagent 2 of IntraPrep and permeabilized for
5 min at room temperature. FITC-conjugated anti-PCNA Ab
or isotype-matched control was then added to the cells with
reagent 2. After incubation for 20 min, the cells were washed,
resuspended in PBS, and analyzed by FACSCaliber (BD
Biosciences).

Apoptotic cells were detected using the annexin V-FITC
apoptosis detection kit. The cultured cells were stained with
FITC-conjugated annexin V; PE-conjugated anti-c-kit Ab;
APC-conjugated anti-Sca-1 Ab; biotin-conjugated lineage an-
tibodies, such as anti-Gr-1, anti-Mac-1, anti-CD3, anti-B220,
anti-NK1.1, and anti-CD11c in the annexin buffer; followed by
PerCP Cy5.5-avidin. The stained cells were analyzed by
FACSCaliber. In the culture using PI-3-kinase inhibitor, BMCs
(2�106=mL) were cultured with or without the inhibitor
(LY294002) for12 h and the percentage of apoptotic cells in the
c-kitþSca-1þlineage� BMCs calculated.

Statistical analyses

Differences between groups were evaluated by the Stu-
dent’s t-test. P values <0.05 were considered to be statisti-
cally significant.

FIG. 1. mRNA expression of FGFR2 in BMCs of FGFR Tg mice and Wt mice. RNA was extracted from the BMCs of mice,
followed by preparation of cDNA. RT-PCR (A) and real-time RT-PCR (B) were performed using the cDNA, as described in the
Materials and Methods section. We obtained lineageþ cells and purified the c-kitþSca-1þlineage� cells from the BMCs of Wt
mice and FGFR2 Tg mice using magnetic beads and a cell sorter, as described in the Materials and Methods section. RT-PCR
was performed to detect the mRNA expression of FGFR2 in lineageþ BMCs and c-kitþSca-1þlineage� BMCs (C). *, p< 0.05.
BMCs, bone marrow cells; FGFR, fibroblast growth factor receptor; PCR, polymerase chain reaction; Wt, wild type.
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Results

Expression of FGFR2 mRNA

FGFR2 expression in the heart, aorta, lungs, and endo-
thelial cells of FGFR2 Tg mice was higher than in Wt mice, as
previously described [16]. Since this study aimed to examine
the effects of overexpression of FGFR2 on the immature he-
matopoietic cells expressing Tie2, we first examined the
mRNA expression of BMCs in both types of mice. As shown in
Fig. 1A and B, mRNA expression of FGFR2 in the BMCs of
FGFR2 Tg mice was higher than in Wt mice. Next, we studied
mRNA expression of FGFR2 in the lineageþ cells and c-kitþSca-
1þlineage� cells obtained from the bone marrow of Wt mice
and FGFR2 Tg mice. As shown in Fig. 1C, mRNA of FGFR2
was more highly expressed in the c-kitþSca-1þlineage� BMCs
than in the lineageþ BMCs in FGFR Tg mice. In Wt mice,
mRNA of FGFR2 was expressed in c-kitþSca-1þlineage� BMCs
but not in lineageþ BMCs. These results suggest that FGFR2 is
highly expressed not only in the heart, aorta, lungs, and en-
dothelial cells but also in the BMCs of FGFR2 Tg mice, and that
FGFR2 is more highly expressed in immature hematopoietic
cells than in lineageþ cells of both Wt and FGFR2 Tg mice.

Hematopoiesis in FGFR2 Tg mice under
normal conditions

To compare the hematopoietic function of FGFR2 Tg mice
and normal mice (Wt mice), we first analyzed complete blood
counts (CBCs), including white blood cell (WBC) numbers,
populations of WBCs, red blood cell numbers, and platelet
numbers using SE 9000. There were no significant differences
in the CBCs of FGFR2 Tg mice and Wt mice (data not shown).
We also examined the weights of the spleen, liver, thymus,
kidneys, and heart, and the percentages of CD4þ T cells, CD8þ

T cells, B cells, NK cells, Mac-1þ cells, and Gr-1þ cells in the
spleen and the thymus. There were no significant differences
in the cell populations or weights of these organs, except for
the thymus. The thymus in FGFR2 Tg mice was significantly
heavier than in Wt mice (88.3� 8.1 mg vs. 56.3�14.8 mg).
However, there were no significant differences in the popu-
lations of CD4�CD8�, CD4þCD8�, CD4�CD8þ, or CD4þCD8þ

cells between Wt and FGFR2 Tg mice. These results suggest
that normal hematopoiesis occurs in FGFR2 Tg mice under
normal conditions.

CFU-C assays

The hematopoietic function of FGFR2 Tg mice in com-
parison with Wt mice was examined using the day-7 CFU-C
assays, because this assay shows the hematopoietic activity
of hematopoietic progenitors [21]. The day-7 CFU-C assays
using whole BMCs showed greater number of colonies in
FGFR2 Tg mice than in Wt mice (Fig. 2A). However, there
was statistically no significant difference in CFU-C counts
between Wt and FGFR2 Tg mice. Therefore, the assays were
performed with the c-kitþSca-1þlineage� BMCs from Wt mice
or FGFR2 Tg mice purified using magnetic beads and a cell
sorter, because the c-kitþSca-1þlineage� BMCs are very im-
mature HPCs and HSCs [22].As shown in Fig. 2B and C, the
numbers of day-7 and day-14 CFU-Cs in FGFR2 Tg mice
were significantly higher than in Wt mice. These results
suggest that hematopoiesis in FGFR2 Tg mice is regulated

normally under normal conditions, but that c-kitþSca-1þlin-
eage� BMCs in FGFR Tg mice show high hematogenic
function when rapid hematopoiesis is required.

The percentages of c-kitþSca-1þlineage� BMCs in Wt and
FGFR2 Tg mice were 0.119� 0.017 and 0.126� 0.012, respec-
tively, consistent with previous data [22]. The number of
day-7 CFU-C using whole BMCs in 1 leg was 5,565�1,519 in

Wt

FGFR2 Tg

Wt

FGFR2 Tg

Wt

FGFR2 Tg

Day 7 CFU-C of Whole BMCs (colony number/ well)

Day 7 CFU-C of KSL- Cells (colony number/well)

Day 14 CFU-C of KSL- Cells (colony number/well)

NS

A

B

C

FIG. 2. The c-kitþSca-1þlineage� BMCs of FGFR2 Tg mice
facilitate the formation of CFU-C. BMCs prepared from Wt
mice and FGFR2 Tg mice, as described in the Materials and
Methods section, were used to perform the day-7 CFU-C
assays (n¼ 4) (A). The c-kitþSca-1þlineage� cells were pre-
pared from the BMCs of Wt mice and FGFR2 Tg mice using
magnetic beads and a fluorescence-activated cell sorter. The
day-7 and day-14 CFU-C assays were carried out using these
cells, as described in the Materials and Methods section
(n¼ 7) (B, C). BMCs, bone marrow cells; CFU-C, colony-
forming units of culture; FGFR, fibroblast growth factor re-
ceptor; Wt, wild type; KSL, c-kitþSca-1þlineage�; NS, not
significant. *, p< 0.05.
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Wt mice and 7,067� 2,262 in FGFR2 Tg mice. The numbers
of day-7 CFU-C using c-kitþSca-1þlineage� BMCs in 1 leg
were 3,962� 2,081 and 9,469� 2,187, while the values for
day-14 CFU-C using c-kitþSca-1þlineage� BMCs in 1 leg were
2,786�1,160 and 8,116�1,909 in Wt mice and FGFR2 Tg
mice, respectively. Comparing CFU-C in 1 leg, the numbers
were greater in FGFR2 Tg than in Wt mice.

Reconstitution of donor hematopoietic cells
after IBM-BMT

Next, we examined the hematopoietic function of c-kitþ

Sca-1þlineage� BMCs from FGFR2 Tg mice in vivo. Irradiated
B6-ly5.1 mice were transplanted with c-kitþSca-1þlineage�

BMCs from FGFR2 Tg mice or Wt mice by IBM-BMT. Per-
ipheral blood was collected from the recipient mice 4 weeks
later. Mice transplanted with the c-kitþSca-1þlineage� BMCs
from FGFR2 Tg mice showed a higher reconstitution of
donor-type hematopoietic cells, as shown in Fig. 3. Donor
hematopoietic cells were dominant not only in total WBCs
(CD45þ cells) but also in various lineages in the peripheral
blood. A similar result was obtained when the mice were
analyzed 6 months after IBM-BMT (data not shown).

Reduction of apoptosis in c-kitþSca-1þlineage�

BMCs in FGFR2 Tg mice

We examined the mechanisms underlying the better re-
constitution of the hematopoietic cells of FGFR2 Tg mice.

First, we cultured purified c-kitþSca-1þlineage� BMCs in
RPMI 1640 containing 10% fetal calf serum for 24 h and es-
timated the number of live cells using tetracolor-one, since
the chromogenic reaction of tetracolor-one positively corre-
lates with cell numbers [23]. As shown in Fig. 4A, the
number of live cells in FGFR2 Tg mice was significantly
higher than in Wt mice, suggesting that FGFR2 signaling can
accelerate cell proliferation, or can suppress apoptosis, or
both. The percentages of proliferative cells and apoptotic
cells in c-kitþSca-1þlineage� BMCs were determined 1 day
after culture. Proliferative cells were detected by examining
the cells expressing PCNA, since PCNA is reported to ex-
press in proliferating cells [24]. Apoptotic cells were detected
using annexin V, which can bind to the phosphatidylserine
expressed on the surface of apoptotic cells [25]. As shown in
Fig. 4B, the c-kitþSca-1þlineage� BMCs from FGFR2 Tg
mice showed more PCNAþ cells than those from Wt mice.
However, there was statistically no significant difference in
PCNAþ cells between FGFR2 Tg mice and Wt mice. In con-
trast, there were significantly fewer apoptotic c-kitþSca-1þ

lineage� BMCs in FGFR2 Tg mice than in Wt mice, which
suggests that the c-kitþSca-1þlineage� BMCs of FGFR2 mice
are resistant to apoptosis, resulting in better hematopoietic
activity compared with those of Wt mice. We also cultured
the BMCs of FGFR2 mice with or without PI-3-kinase in-
hibitor for 12 h and analyzed the percentages of apoptotic
cells. The percentages of apoptotic cells in the c-kitþSca-
1þlineage� BMCs increased in the culture condition with the

Wt

FGFR2 Tg

Wt

FGFR2 Tg

CD45 Gr-1 Mac-1

CD3 CD19 NK-1.1

Percentages of Donor Cells in Peripheral Blood 

FIG. 3. The c-kitþSca-1þlineage� BMCs from FGFR2 Tg mice facilitate dominant donor hematopoiesis. c-kitþSca-1þlineage�

cells were prepared from the BMCs of Wt mice and FGFR2 Tg mice using magnetic beads and a fluorescence-activated cell
sorter, and transplanted into irradiated B6-ly5.1 mice. One month after the transplantation, peripheral blood was obtained
from the mice. Donor hematopoietic cells were detected with expression of both CD45.2 (ly5.2) and CD45. Percentages of
donor nuclear cells and various donor-derived lineage cells were examined in the peripheral blood. n¼ 4. Representative data
are shown from 2 independent experiments. BMCs, bone marrow cells; FGFR, fibroblast growth factor receptor; Wt, wild
type. *, p< 0.05.
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PI-3-kinase inhibitor, suggesting that this inhibitor can dis-
able the function of FGFR2 signaling, as we previously
described [16].

Discussion

In this study, we have shown that the c-kitþSca-1þlineage�

BMCs of FGFR2 Tg mice have greater resistance to apoptosis
and thereby facilitate hematopoiesis after IBM-BMT.

IBM-BMT has various benefits compared with conven-
tional BMT. For instance, IBM-BMT can facilitate donor he-
matopoiesis and reduce the severity of graft-versus-host
disease [20,26–28], based on which it has recently been at-
tempted in humans [29]. The interaction of HSCs and stro-
mal cells is crucial for the maintenance and proliferation of
hematopoiesis [30,31]. The stromal cells form a niche that an
support and regulate the maintenance, proliferation, and
differentiation of HSCs. IBM injection of donor BMCs is an
ideal method for setting them within the niche, and was
therefore performed here.

In the present study, there were no significant differences in
the CBCs, percentages of respective fractions of the peripheral
blood, cell numbers of the spleen, cell numbers of the BM, or
populations of the BM between Wt mice and FGFR2 Tg mice,
even though FGFR2 was constitutively activated in the cells
expressing Tie2, which is expressed on immature hemato-
poietic cells. This suggests that hematopoiesis in FGFR2 Tg
mice is regulated normally. In the day-7 CFU-C assays, whole
BMCs from FGFR2 Tg mice formed greater number of colo-
nies, but there were no significant differences between the
BMCs of Wt mice and FGFR2 Tg mice (Fig. 2).The c-kitþ

Sca-1þlineage� BMCs from FGFR2 Tg mice formed signifi-
cantly more colonies (Fig. 3) and also showed better hema-
topoietic reconstitution ability (data not shown) than those
from Wt mice. These results suggest that the c-kitþSca-1þ

lineage� BMCs from FGFR2 Tg mice have better reconstitu-
tion capacity not only in the short term but also in the long
term. The proliferation assay and the assay for apoptosis re-
vealed that the c-kitþSca-1þlineage� BMCs of FGFR2 Tg mice
are more resistant to apoptosis than those of Wt mice.

This study also showed that signaling through PI-3-kinase
is crucial for the antiapoptotic effects of FGFR2 Tg mice,
since these effects were suppressed by the PI-3-kinase in-
hibitor LY294002, as we previously described [16]. The ef-
fects of FGFR on cell proliferation are controversial. It has
been reported that FGFR can transmit the signal for cell
proliferation via the mitogen-activated protein (MAP)-kinase
pathway but can transmit negative signals for cell prolifer-
ation through Sprouty, which inhibits the FGFR-stimulated
rat sarcoma=microtubule affinity regulating kinase (Ras=
MARK) pathway [32,33]. Consistent with the above results,
this suggests that the mechanisms underlying the resistance
to apoptosis in BMCs are similar to those in endothelial cells
of FGFR2 Tg mice.

Our data suggest that the overexpression of FGFR2 is
useful for BMT. However, its application in human beings
requires a more efficient method for the transfection of the
FGFR2 gene construct to the HSCs safely and securely. We
have shown that the expression of FGFR2 in c-kitþSca-
1þlineage� BMCs is higher than in lineageþ BMCs in FGFR2
Tg mice, and that FGFR2 is expressed in c-kitþSca-1þlineage�

BMCs even in Wt mice. Thus, the stimulation of FGFR2 has

Wt

FGFR2 Tg

Wt

Wt

FGFR2 Tg

FGFR2 Tg

% of PCNA+ Cells

% of Apoptotic Cells

Viable Cells (OD450)

% of Apoptotic Cells

FGFR2 Tg

FGFR2 Tg with
LY294002

Wt

A

B

C

D

FIG. 4. The c-kitþSca-1þlineage� BMCs from FGFR2 Tg
mice are more resistant to apoptosis than those from Wt mice.
(A) c-kitþSca-1þlineage� cells were prepared from the BMCs
of Wt mice and FGFR2 Tg mice using magnetic beads and a
fluorescence-activated cell sorter. The cells were cultured for
24 h and the number of live cells examined with tetracolor-
one. (B, C) BMCs from Wt mice and FGFR2 Tg mice were
cultured for 24 h. c-kit=Sca-1=Lin=PCNA (B) or c-kit=Sca-1=
Lin=annexin V (C) were stained to examine the expression of
PCNA (B) or annexin V (C) in c-kitþSca-1þlineage� BMCs.
BMCs of Wt mice and FGFR2 Tg mice were also cultured with
or without PI-3-kinase (LY294002, 25 mM) for 12 h. The per-
centages of annexin Vþ cells were determined to detect apo-
ptotic cellsin the c-kitþSca-1þlineage� BMCs. Representative
data are shown from 2 independent experiments. n¼ 4.
BMCs, bone marrow cells; FGFR, fibroblast growth factor
receptor; PCNA, proliferating cell nuclear antigen; Wt, wild
type; PI, phosphatidyl inositol. *, p< 0.05.
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some effect on the c-kitþSca-1þlineage� BMCs even in normal
mice. It has been reported that FGFs can sustain the prolif-
eration of hematopoietic progenitor cells, maintaining their
primitive phenotype [34,35], and can induce myelopoiesis
[36], megakaryocytopoiesis [37], and erythropoiesis [38].
Therefore, if the expression of FGFR2 on HSCs can be up-
regulated in one way or another, FGFs could be used more
effectively to accelerate hematopoiesis.

Tie2 is expressed not only on endothelial cells but also on
c-kitþSca-1þlineage� BMCs [14]. In the FGFR2 Tg mice, the
promoter of Tie2 regulates the expression of FGFR2: the
c-kitþSca-1þlineage� BMCs expressing Tie2 produce consti-
tutively activated FGFR2. Even though the percentages of
Tie2þ cells in the c-kitþSca-1þlineage� BMCs of Wt mice and
FGFR2 Tg mice did not differ significantly, the c-kitþSca-
1þlineage� BMCs from FGFR2 Tg mice were better facilitated
than those from Wt mice or the whole BMCs from FGFR2 Tg
mice. This could be attributed to the expression of FGFR2,
which suppresses apoptosis, resulting in better reconstitution
of c-kitþSca-1þlineage� BMCs of FGFR2 Tg mice than those of
Wt mice.

In this study, we have shown that the c-kitþSca-1þlineage�

BMCs of FGFR2 mice are more resistant to apoptosis than
those of Wt mice. However, hematopoiesis in FGFR2 Tg mice
is normally regulated under normal conditions. When rapid
hematopoiesis is required, the c-kitþSca-1þlineage� BMCs of
FGFR2 Tg mice show high hematogenic function, resulting
in rapid recovery of donor hematopoietic cells after BMT.
Since these phenomena are convenient and suitable for BMT,
an efficient and safe method to transfect the FGFR2 gene
construct to HSCs would be highly desirable.
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