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The chemokine stromal cell–derived fac-
tor-1 (SDF-1) is constitutively expressed
by bone marrow stromal cells and plays
key roles in hematopoiesis. Fibroblast
growth factor 2 (FGF2), a member of the
FGF family that plays important roles in
developmental morphogenic processes,
is abnormally elevated in the bone mar-
row from patients with clonal myeloid
disorders and other disorders where nor-
mal hematopoiesis is impaired. Here, we
report that FGF2 reduces SDF-1 secretion
and protein content in bone marrow stro-

mal cells. By inhibiting SDF-1 production,
FGF2 compromises stromal cell support
of hematopoietic progenitor cells. Re-
verse-transcriptase–polymerase chain re-
action (RT-PCR) analysis revealed that
bone marrow stromal cells express 5 FGF
receptors (FGFRs) among the 7 known
FGFR subtypes. Blocking experiments
identified FGFR1 IIIc as the receptor medi-
ating FGF2 inhibition of SDF-1 expres-
sion in bone marrow stromal cells. Analy-
sis of the mechanisms underlying FGF2
inhibition of SDF-1 production in bone

marrow stromal cells revealed that FGF2
reduces the SDF-1 mRNA content by post-
transcriptionally accelerating SDF-1
mRNA decay. Thus, we identify FGF2 as
an inhibitor of SDF-1 production in bone
marrow stromal cells and a regulator of
stromal cell supportive functions for he-
matopoietic progenitor cells. (Blood. 2007;
109:1363-1372)

© 2007 by The American Society of Hematology

Introduction

Stromal cell–derived factor-1 (SDF-1) is a highly conserved CXC
chemokine (CXCL12) originally cloned from cDNA libraries
constructed from mouse bone marrow,1 activated mouse embryo,2

and a mouse stromal cell line.3 SDF-1 mRNA is detected in many
organs and tissues, and is especially abundant in the bone marrow,
lymph nodes, spleen, lung, and liver.4,5 SDF-1 and its CXCR4
receptor serve as critical regulators of hematopoiesis during
development and after birth.6-9 Stromal cells, which constitutively
express SDF-1, are a principal source of the chemokine in the bone
marrow.10-12 Hematopoietic progenitor cells and pre-B cells ex-
press CXCR4 and physically interact with SDF-1–positive stromal
cells.12 This SDF-1/CXCR4 interaction serves as a retention signal
for bone marrow cells to the bone marrow, preventing their release
to the peripheral blood.7 CXCR4 or SDF-1 inactivation promotes
the mobilization of hematopoietic progenitors to the peripheral
blood.13-17 SDF-1 is a growth factor for pre-B cells6 and a survival
factor for myeloid progenitor cells.10,18,19 Acting cooperatively with
other growth factors, SDF-1 can promote the proliferation of
CD34� hematopoietic progenitor cells.18 Thus, it is predictable that
regulation of SDF-1 expression in bone marrow stromal cells can
play important roles in hematopoiesis. However, there are only a
limited number of studies investigating the patterns of SDF-1
expression in bone marrow stromal cells,20 and little is currently
known about transcriptional and posttranscriptional regulation of
SDF-1 gene expression.21

FGF2 and other structurally related polypeptides are potent
inducers of growth, survival, chemotaxis, and differentiation in a
variety of cell types, and play key roles in morphogenesis,

development, angiogenesis, bone formation, and wound heal-
ing.22-24 Members of the FGF superfamily exert their activities by
binding to heparan sulfate proteoglycans and FGF receptors
(FGFRs).25,26 The FGFR superfamily consists of 4 members,
designated FGFR1, FGFR2, FGFR3, and FGFR4.26 Alternative
splicing events in FGFR1, FGFR2, and FGFR3 increase the
number of principal FGFRs to 7 (FGFR1-IIIb, FGFR1-IIIc,
FGFR2-IIIb, FGFR2-IIIc, FGFR3-IIIb, FGFR3-IIIc, and
FGFR4).26-33 Structurally, FGFRs consist of an extracellular region
containing 3 immunoglobulin (Ig)–like domains (D1-D3), a single
transmembrane helix, and a cytoplasmic domain with protein
tyrosine kinase activity.34

FGF2 is present in bone marrow, but the cell types that produce
FGF2 in bone marrow remain undefined. Bone marrow stromal
cells,35 megakaryocytes, and platelets36 have been reported to
contain FGF2. Several studies reported that FGF2 variously
modulates hematopoiesis in vitro, and suggested that FGF2 may
play a role in normal and pathological hematopoiesis.37 In long-
term bone marrow cultures, FGF2 at low concentrations (0.2-2 ng/mL)
increased the number of progenitor cells of myeloid lineage, but the
mechanisms underlying this action are not clear.38 FGF2 stimulated
megakaryocytopoiesis in various culture systems, acting indirectly
through IL-6, IL-1, or perhaps IL-3.37,39-41 Genetic defects of FGF
receptors have been linked to a set of diseases affecting the
musculoskeletal system, and deregulated FGF2 has been linked to
atherosclerosis.37 FGF2 is found at abnormally high concentrations
in the bone marrow of patients with various clonal chronic
myeloproliferative diseases, including myeloid metaplasia with
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myelofibrosis,42 which are often associated with reduced bone
marrow hematopoiesis, myelofibrosis, release of immature cells to
the peripheral blood, and the development of extramedullary
hematopoiesis.43,44

Since reduced bone marrow hematopoiesis, premature release
of immature hematopoietic progenitor cells from the bone marrow,
and extramedullary hematopoiesis are potential consequences of
long-term SDF-1 reduction in the bone marrow, we investigated the
possibility that FGF2 might down-regulate SDF-1 production in
bone marrow stromal cells. In this study, we identify FGF2 as an
inhibitor of SDF1 expression in bone marrow stromal cells, and
provide evidence that FGF2 can subvert the supportive properties
of stromal cells for hematopoiesis.

Materials and methods

Cells and reagents

The mouse bone marrow–derived stromal cell lines MS-545 and S-1746 were
gifts from Dr A. C. Berardi (Ospedale Bambin Gesu, Rome, Italy) and Dr K.
Dorshkind (UCLA, Riverside, CA). Stromal cell lines were maintained in
�MEM containing 10% FBS (Invitrogen, Carlsbad, CA). Primary bone
marrow stromal cell cultures were established according to the method of
Dexter et al47,48 with modifications. Briefly, bone marrow cells were
harvested by flushing the femoral bone cavity of 6-week-old female
C57BL/6 mice (National Cancer Institute, Frederick, MD) in �MEM
containing 20% FBS. Cultures were fed weekly by removal of the
supernatant medium containing suspension cells and replacement with
fresh medium. When the adherent cells grew to confluency, they were
trypsinized and subcultured. Human recombinant FGF2 was from Pepro-
tech (Rocky Hill, NJ) and R&D Systems (Minneapolis, MN); human
recombinant SDF-1�, FGFR/Fc chimeras (FGFR1 IIIb/Fc, FGFR1 IIIc/Fc,
FGFR3 IIIb/Fc, and FGFR3 IIIc/Fc), anti–FGFR2 IIIc neutralizing anti-
body (rat antimouse mAb), FGF2, FGF4, FGF7, FGF9, FGF16, and FGF19
were from R&D Systems. AMD 3100 was from the NIH AIDS Research
and Reference Reagent Program (Germantown, MD).

Reverse-transcriptase–polymerase chain
reaction (RT-PCR) analysis

Total RNA was extracted using TRIzol Reagent (Molecular Research
Center, Cincinnati, OH). Semiquantitative SDF-1 RT-PCR was carried out
as described.11 Amounts of cDNA for each amplification reaction were
based on the results of PCR for GAPDH showing equivalent amounts of
product amplified from all samples. Primer sequences for detection of
FGFR expression, predicted sizes of the amplified product, and positive
controls for the expression of mRNA are shown in Table 1.

SDF-1 enzyme-linked immunosorbent assay (ELISA)
and Western blotting

The ELISA for detection of murine SDF-1 was performed as described.11

The lower detection limit for SDF-1 was 33 pg/mL. Western blotting for

murine SDF-1 was performed as described,11 using anti–SDF-1 antibody
(1 �g/mL; Peprotech) and an affinity-purified, peroxidase-linked, donkey
anti–rabbit IgG antibody (Amersham Pharmacia Biotech, Piscataway, NJ).

In vitro stromal cell stimulation with FGFs

MS-5 cells and S-17 cells (80%-90% confluent) were incubated in culture
medium (�MEM containing 10% FBS) alone, or with FGF2, FGF4, FGF7,
FGF9, FGF16, or FGF19 (50 ng/mL) for the indicated time, and then
cell-free culture supernatants were collected. Primary bone marrow stromal
monolayers were established in 6-well plates (80%-90% confluent) and
stimulated with or without FGF2 (50 ng/mL in �MEM containing 20%
FBS) for the indicated times. SDF-1 content in the culture supernatant
and/or in the cell lysates was measured by a specific ELISA and Western
blotting, respectively.

In vitro cell proliferation studies

Cells were washed twice with PBS, suspended in culture medium (�MEM
containing 10% FBS), plated (2000 cells/well in 0.2 mL culture medium) in
triplicate with the addition of FGFs (50 ng/mL), FGFR/Fc chimeras
(2000 ng/mL), or anti–FGFR2 IIIc antibody (2000 ng/mL) onto 96-well
plates, and incubated for 64 hours. DNA synthesis was measured by 3H
thymidine deoxyribose uptake (0.5 �Ci [0.0185 MBq]/well; New England
Nuclear, Boston, MA) during the last 16 hours of culture as described
previously.49 The results are expressed as mean cpm (SD)/culture.

In vitro inhibition assays using FGFR/Fc chimeras
and anti–FGFR2 IIIc neutralizing antibody

FGFR Fc/chimeras (0-2000 ng/mL in �MEM containing 10% FBS) were
preincubated with/without FGF2 (10 ng/mL) for 30 minutes, and then
applied onto stromal layers (� 90% confluent). Anti–FGFR2 IIIc antibody
(0-2000 ng/mL final concentration) was first applied onto stromal monolay-
ers and incubated for 30 minutes, and then FGF2 (10 ng/mL final
concentration) was added. A specific ELISA was used to measure SDF-1 in
72-hour culture supernatants. The percent SDF-1 secretion was calculated
as follows: ([SDF-1 secretion in FGFR/Fc group]/[SDF-1 secretion in
control group with no additive]) � 100 (%). All experiments were
performed at least in triplicate and repeated 4 times.

Flow cytometry

Cells were washed twice in PBS, and stained with fluorescein isothiocya-
nate (FITC)–labeled mouse monoclonal antibodies to human CD33 and
CD45, or with FITC-labeled isotype-matched antibodies (2 �g/mL at 4°C)
for 45 minutes (all antibodies from Becton Dickinson, Franklin Lakes, NJ).
Surface antigens were evaluated from 1 � 104 viable cells using a
FACScalibur cytofluorometer (Becton Dickinson) and analyzed using
CELLQuest software (Becton Dickinson). Background fluorescence was
assessed through staining with isotype-matched antibodies.

Coculture of CD34� peripheral blood progenitor cells
with MS-5 and S-17 cells

Cocultures were carried out as described50 with modifications. MS-5 and
S-17 stromal cell feeders (80%-90% confluent established on 0.5% gelatin

Table 1. Primers, PCR product sizes, and positive controls for FGFR PCR analysis

Gene PCR size, bp Positive control

Primer sequences

Forward Reverse

FGFR1 IIIb 320 Brain 5�-CTTGACGTCGTGGAACGATCT-3� 5�-CACGCAGACTGGTTAGCTTCAC-3�

FGFR1 IIIc 344 Brain 5�-CTTGACGTCGTGGAACGATCT-3� 5�-AGAACGGTCAACCATGCAGAG-3�

FGFR2 IIIb 216 Lung 5�-CCCATCCTCCAAGCTGGACTG-3� 5�-CAGAGCCAGCACTTCTGCATTG-3�

FGFR2 IIIc 330 Lung 5�-CCCATCCTCCAAGCTGGACTG-3� 5�-TCTCACAGGCGCTGGCAGAAC-3�

FGFR3 IIIb 336 Lung 5�-CAAGTTTGGCAGCATCCGGCAGAC-3� 5�-TCTCAGCCACGCCTATGAAATTGGTG-3�

FGFR3 IIIc 138 Brain (E13) 5�-GGCGCTAACACCACCGAC-3� 5�-TGGCAGCACCACCAGCCAC-3�

FGFR4 243 Liver 5�-GTACCCTCGGACCGCGGCACATAC-3� 5�-GCCGAAGCTGCTGCCGTTGATG-3�

GAPDH 446 NA 5�-GCCACCCAGAAGACTGTGGATGGC-3� 5�-CATGTAGGCCATGAGGTCCACCAC-3�

NA indicates not applicable.
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precoated 12-well plates) were pretreated with FGF2 (50 ng/mL) or
medium alone for 72 hours. Pretreated stromal cell monolayers were
incubated with SDF-1� (2 hours, 500 ng/mL) or medium alone. G-CSF–
mobilized CD34� peripheral blood stem cells (PBSCs; 1.0 � 105 cells)
were applied in 1 mL long-term culture medium (�MEM containing 12.5%
horse serum, 12.5% FBS, 1 �M hydrocortisone, and 50 �M 2-ME) onto
stromal cell monolayers, and the cocultures were incubated for 3 weeks in
medium alone, AMD3100 (5 �g/mL), FGF2 (10 ng/mL), or FGF2
(10 ng/mL) plus SDF-1� (500 ng/mL) with replenishment of 0.5 mL culture
medium alone or with the original additives twice/week. After 3-week
incubation, nonadherent and loosely adherent cells were counted and
analyzed by fluorescence-activated cell sorting (FACS); percent cell growth
was calculated as follows: (CD45� cell number with AMD3100, with
FGF2, or with FGF2 plus SDF-1/CD45� cell number with no additive)
� 100 (%). To evaluate whether FGFR1 IIIc/Fc reconstitutes the supportive
property of stromal cells for CD34� progenitor cells in the presence of
FGF2, MS-5 and S-17 stromal cells (80% confluent, established 0.5%
gelatin precoated 24-well plate, 4 wells per group) were pretreated with
medium alone, with FGFR1 IIIc/Fc (800 ng/mL), with FGF2 (10 ng/mL),
with FGFR1 IIIc/Fc (800 ng/mL) plus FGF2 (10 ng/mL), or with FGFR1
IIIb/Fc (800 ng/mL) plus FGF2 (10 ng/mL) for 72 hours. The mixture of
FGFR/Fc and FGF2 was preincubated (30 minutes) before addition to
stromal layers. After 72-hour incubation, culture supernatants were re-
moved, and PBSCs were applied onto pretreated stromal layers. PBSCs
(6 � 104 cells /well) were suspended (360 �L) with long-term culture
medium alone, with FGFR1 IIIc/Fc (800 ng/mL), with FGF2 (10 ng/mL),
with FGFR1 IIIc/Fc (800 ng/mL) plus FGF2 (10 ng/mL), or with FGFR1
IIIb/Fc (800 ng/mL) plus FGF2 (10 ng/mL). Cocultures were replenished
with 180 �L medium alone or containing the original additives twice/week.
After 3-week coculture, nonadherent and loosely adherent cells were
counted and analyzed by FACS. The percent growth of PBSCs was
calculated as ([CD45� cell number with FGFR1 IIIc, with FGF2, with
FGF2 plus FGFR1 IIIc/Fc, or with FGF2 plus FGFR1 IIIc/Fc]/[cell number
with no additive]) � 100 (%).

Isolation of SDF-1 upstream sequences
and plasmid construction

An approximately 2.2-kb DNA fragment containing SDF-1 upstream
sequences and the partial coding sequence (�2030 to �149 relative to the
transcription start site) was amplified by PCR using primers SDF-1-I
(5�-GTAGGAGGACCTACTGAACG-3�) and SDF-1-II (5�-TGAACTCAC-
CGTCACTGATGC-3�). The primer design was based on the database of
mouse genome sequence (UCSC Genome Bioinformatics, downloadable at
http://genome.UCSC.edu/); genomic DNA extracted from MS-5 cells using
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) was used as a
template for PCR. The PCR-amplified product was subcloned into
PCR2.1(�) cloning vector using TOPO TA Cloning Kits (Invitrogen,
Carlsbad, CA) and sequenced at the NCI sequencing core facility NCI
(Bethesda, MD) to verify sequence identity to the mouse genome database,
except for a 2-T deletion in 35 Ts in a row (�1693 to �1659). The SDF-1
upstream sequence (�2030 to �41) was isolated by PCR using primers
SDF-1-I and SDF-1-III (5�-CCTGTCGTTCTCCTGTGGCTC-3�). The
PCR2.1 (�) vector containing the 2.2-kb DNA-amplified fragment was
used as a template. The amplified 2071-bp PCR product was subcloned into
PCR2.1 (�) cloning vector and designated as PCR2.1�2071 bp.
PCR2.1�2071 bp, which possesses a unique Kpn1 and Xho1 site, was
digested with Kpn1 and Xho1, and the fragment inserted into the promoter-
less reporter vector pGL3.0-Basic (Promega, Madison, WI) was designated
pGL3.0�2071 bp.

Transient transfection and luciferase assay

MS-5 cells and S-17 cells (70%-80% confluent in 48-well plates) were
transfected with pGL3.0-basic or pGL3.0�2071bp (250 ng/well) with 0.3
�L/well lipofectamine 2000 reagent (Invitrogen). phRL-SV40 (2.5 ng/well,
Renilla luciferase reference control plasmid; Promega) was transfected as a
control. All assays were carried out in at least 4 independent wells. After
24-hour incubation, pGL3.0�2071 and phRL-SV40–transfected cells were

stimulated with/without FGF2 (50 ng/mL). Firefly luciferase activity and
Renilla luciferase activity were measured using the Dual-Glo Luciferase
assay system following the manufacturer’s instructions (Promega). All
experiments were performed at least in triplicate. Relative luciferase
activity is defined as the ratio of firefly luciferase activity to Renilla
luciferase activity.

PCR measurement of SDF-1 mRNA decay

To evaluate the stability of SDF-1 mRNA, S-17 cells (80%-90% confluent)
were treated with/without 5 �g/mL �-amanitin (Sigma, St Louis, MO) for
8, 16, 24, 32, 40, or 48 hours at 37°C. mRNA was extracted and subjected to
semiquantitative RT-PCR analysis, as described. Semiquantitative RT-PCR
analysis for flt3-L gene51 was performed in parallel. The number of
amplification cycles was determined experimentally for flt3-L primer pair
to fit the linear part of the sigmoid curve, reflecting the relationship between
the number of amplification cycles and the amount of PCR product. To
evaluate the effect of FGF2 on SDF-1 mRNA decay, S-17 cells were
pretreated with/without FGF2 (50 ng/mL) for 6 hours, and then �-amanitin
(5 �g/mL) was added to cultures. FGF2-pretreated cells were also tested
without �-amanitin addition. After incubation (1.5, 3, 4.5, 6, 7.5, 10, and
24 hours), SDF-1 mRNA was measured by semiquantitative PCR. Amounts
of cDNA used for each amplification reaction were based on the results of
PCR for GAPDH showing equivalent amounts of product amplified.
GAPDH half-life has been reported to be considerably long.52,53 Relative
SDF-1 mRNA level (SDF-1/GAPDH) was calculated by densitometric
scanning using NIH image software (http://rsb.info.nih.gov/nih-image/).
Percent relative SDF-1 expression is defined as percent of the initial
(�6-hour time point) relative SDF-1 expression. Experiments were re-
peated 3 times.

Statistical analysis

Statistical significance of group differences was evaluated by the Student t
test using Excel software (Microsoft, Redmond, WA).

Results

FGF2 down-regulates SDF-1 production in stromal cells
and impairs stromal cell supportive properties

We tested whether FGF2 can modulate SDF1 expression in the
bone marrow–derived stromal cell lines MS-5 and S-17 and
primary bone marrow stromal cells. By semiquantitative RT-PCR,
FGF2 (50 ng/mL) reduced SDF-1 mRNA levels in MS-5 and S-17
bone marrow stromal cells after 24 and 48 hours (Figure 1A). By
immunoblotting, FGF2 decreased the SDF-1 content in MS-5 and
S-17 cells after 72 and 96 hours (Figure 1B). Similarly, FGF2
decreased the SDF-1 content in primary, bone marrow–derived
stromal cells (Figure 1C). A dose-response analysis using a specific
ELISA showed that FGF2 concentrations equal to or higher than
2.5 ng/mL produced maximal inhibition of SDF-1 secretion by
MS-5 and S-17 cells after 72 hours (Figure 1D). FGF2 (50 ng/mL)
minimally altered the proliferation of MS-5 and S-17 cells after
64-hour incubation under culture conditions associated with re-
duced SDF-1 content and secretion (Figure 1E).

We tested whether, by reducing SDF-1 expression, FGF2
impairs stromal cell support of CD34� cells. Using a previously
described in vitro coculture system in which purified human
CD34� hematopoietic cells are incubated for 3 weeks onto murine
stromal cell monolayers,50 we found that recovery of viable human
CD45� cells was significantly reduced if the cocultures were
supplemented with FGF2 (50 ng/mL). Recovery of human CD45�

cells was also reduced by culture supplementation with AMD3100
(5 �g/mL), a specific inhibitor of the SDF-1 receptor CXCR4.
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Addition of SDF-1 to the FGF2-supplemented cocultures (by
preincubation of the MS-5 stromal cells with SDF-1 and periodic
addition of SDF-1) significantly improved the recovery of human
CD45� cells (Figure 1E). All CD45� cells recovered from 3-week
coculture were also CD33�. Similar results were derived from
coculture of human CD34� cells onto S-17 stromal cells (not
shown). AMD3100 did not affect the proliferation or SDF-1
secretion of MS-5 and S-17 stromal cells (not shown). FGF2 did
not reduce viability or CXCR4 expression in CD34� cells (not
shown). These results provide evidence that FGF2 compromises
stromal cell support of hematopoietic progenitor cells by reducing
SDF-1 expression.

Analysis of FGF receptor expression and function
in stromal cells

Since the FGFR expression profile in stromal cells is incompletely
described, we tested MS-5 and S-17 cells for the presence of
specific transcripts for each of the 7 receptors. Using specific
primer pairs and appropriate control mRNAs from mouse tissues
(Table 1), we detected similar expression of FGFR1 IIIb, FGFR1
IIIc, FGFR2 IIIc, and FGFR3 IIIc in MS-5 and S-17 cells (Figure
2). Compared with control mRNA from brain tissue, FGFR1 IIIb
levels were somewhat lower in both MS-5 and S-17 cells. FGFR3
IIIb was expressed strongly in MS-5 cells but only weakly in S-17
cells, and FGFR2 IIIb and FGFR4 were minimally expressed in
both cell lines (Figure 2B).

FGF2 has been reported to bind to FGFR1 IIIc and FGFR2 IIIc,
but not to FGFR2 IIIb or FGFR3 IIIc.26 The binding of FGF2 to
FGFR1 IIIb, FGFR3 IIIb, or FGFR4 has not been studied. The FGF
superfamily consists of 22 members in humans and mice,54 each
member possessing different binding patterns to FGFR subtypes.26

To identify the receptor that mediates FGF2 inhibition of SDF-1
expression in stromal cells, we examined the effects of other FGF
family members (FGF4, FGF9, FGF16, and FGF19) selected on

Figure 1. Effects of FGF2 on stromal cell production of SDF-1. (A) Semiconfluent
cultures of MS-5 and S-17 cells were incubated in medium alone or with FGF2 (50 ng/mL).
At the indicated time points, total RNA was extracted and tested by semiquantitative
RT-PCR for SDF-1 and GAPDH mRNAs (representative experiment of 3). (B) Semiconflu-
ent cultures of MS-5 and S-17 cells were incubated with or without FGF2 (50 ng/mL) for the
indicated times. SDF-1 content was measured by Western blotting in cell lysates. After
immunoblotting for SDF-1, the membranes were reprobed with antibodies to actin
(representative experiment of 3 performed). (C) Semiconfluent cultures of primary bone
marrow stromal cells were incubated with or without FGF2 (50 ng/mL) for the indicated
times. SDF-1 content was measured by Western blotting in cell lysates. After immunoblot-
ting for SDF-1, the membranes were reprobed with antibodies to actin (representative
experiment of 3 performed). (D) MS-5 and S-17 cells were cultured with FGF2 at various
concentrations (0-100 ng/mL) for 72 hours; levels of SDF-1 were measured in the culture
supernatants.The results reflect the means (� SD) of triplicate determinations (representa-
tive experiment of 3 performed). (E) Effects of FGF2 (50 ng/mL) on MS-5 and S-17 cell
proliferation. MS-5 cells and S-17 cells were detached, washed twice with PBS, suspended
in culture medium (�MEM containing 10% FBS), and incubated (2000 cells/well in 0.2 mL
culture medium; triplicate cultures in 96-well plates) with the addition of medium only or
medium with FGF2 (50 ng/mL).After 64-hour incubation, DNAsynthesis was measured by
3H thymidine deoxyribose uptake. The results, expressed as mean (� SD) cpm/culture,
from 3 independent experiments are shown. (F) Effects of exogenous SDF-1 on
hematopoietic progenitor cell growth onto stromal cells. MS-5 feeders (12-well plate) were
pretreated for 72 hours with or without FGF2 (50 ng/mL). After washing, FGF2-treated
feeders were incubated with medium only or with recombinant human SDF-1 (500 ng/mL)
for 2 hours. After removal of culture supernatants from all wells, human CD34� peripheral
blood progenitor cells (PBSCs, 1.0 � 105 cells/well, 3 wells/group) were added onto treated
and untreated MS-5 cells. CD34� cells were added in medium alone or medium with
AMD3100 (5 �g/mL) onto untreated feeders; and CD34� cells were added in medium with
FGF2 (10 ng/mL) alone or FGF2 plus SDF-1 (500 ng/mL) onto FGF2-treated only and
FGF2-treated and SDF-1–replenished feeders, respectively. Cocultures were incubated
for 3 weeks with replenishment of culture medium alone (0.5 mL) or with the appropriate
additives (10 ng/mL FGF2, 5 �g/mL AMD3100, 10 ng/mL FGF2 plus 500 ng/mL SDF-1)
twice/wk. Nonadherent viable cells were counted and analyzed by FACS at the end of
incubation. Control indicates untreated MS-5 cells plus untreated CD34� cells; AMD3100,
untreated MS-5 cells plus untreated CD34� cells plus AMD3100; FGF2, MS-5 feeders
treated with FGF2 plus untreated CD34� cells; and FGF2 plus SDF-1, MS-5 feeders
treated with FGF2 plus SDF-1–treated CD34� cells. The percent growth of PBSCs was
calculated as (CD45� cell number with AMD3100, FGF2, or FGF2 plus SDF-1/CD45� cell
number with no additive) � 100 (%). The results reflect the means (� SD) of 3 independent
experiments. The asterisk denotes statistical significance (**P 	 .01; *P 	 .05).

Figure 2. Expression of FGF receptors in stromal cells. Expression of FGFRs in
MS-5 and S-17 cells was detected by RT-PCR. Total RNA extracted from MS-5 cells
and S-17 cells was subjected to RT-PCR using specific primer pairs. RNA quality was
evaluated in all samples by parallel RT-PCR for GAPDH. Absence of contaminating
genomic DNA was ensured by RNA-PCR. PCR products were separated on a 2%
agarose gel prestained with 1 �g/mL ethidium bromide and visualized under UV light.
Representative results from at least 2 independent experiments are shown.
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the basis of their reported26,32,33,55,56 preferential binding to indi-
vidual FGFRs (Table 2). Using a specific ELISA, we measured
SDF-1 secretion by MS-5 and S-17 cells cultured (72 hours) in the
presence of 50 ng/mL FGF2, FGF4, FGF7, FGF9, FGF16, or
FGF19. In addition to FGF2, FGF4 and FGF9 significantly
decreased SDF-1 production by MS-5 and S-17 cells compared
with control medium alone (Figure 3A). FGF7, which binds
only to FGFR2 IIIB; FGF16, which binds only to FGFR2 IIIc;
and FGF19, which binds only to FGFR4, minimally affected
SDF-1 secretion by the MS-5 and S-17 stromal cells, suggesting
that FGFR2 IIIb, FGFR2 IIIc, and FGFR4 are unlikely involved
in FGF2-induced SDF-1 down-regulation. FGF9 binds weekly
to FGFR2 IIIc and may not induce SDF-1 depletion through this
receptor. None of the FGFs tested here significantly affected the
proliferation of MS-5 and S-17 stromal cells under the condi-
tions used to study SDF-1 modulation (Figure 3B). Thus, the
patterns of FGF receptor subtype expression and the results of

SDF-1 modulation by FGF family members restricted the
candidate to FGFR1 IIIb, FGFR1 IIIc, and FGFR3 IIIc, and less
likely to FGFR2 IIIc and FGFR3 IIIb.

FGF2 down-regulates SDF-1 production and impairs stromal
cell supportive functions through FGFR1 IIIc

To identify which of these receptor subtypes is responsible for
mediating FGF2 inhibition of SDF-1 expression in stromal cells,
we used soluble, Fc-fusion chimeras of the extracellular domain for
each of the 4 candidate receptors (FGFR1 IIIb/Fc, FGFR1 IIIc/Fc,
FGFR3 IIIb/Fc, and FGFR3 IIIc/Fc; all from R&D Systems) and a
specific neutralizing antibody for FGFR2 IIIc. Stromal cells were
incubated in medium alone, with FGF2 (10 ng/mL), or FGF2
(10 ng/mL) plus each of the FGFR/Fc chimeras or the anti–FGF2
IIIc antibody (0-2000 ng/mL) for 72 hours; we measured the SDF-1
content in culture supernatants by a specific ELISA. As expected,
FGF2 (10 ng/mL) significantly reduced levels of SDF-1 in the
culture supernatants of MS-5 and S-17. Addition of FGFR1 IIIc/Fc
chimera to FGF2-supplemented cultures dose-dependently restored
SDF-1 levels in culture supernatants. At the highest FGFR1 IIIc/Fc
chimera concentration used (2000 ng/mL), levels of SDF-1 were
similar to those detected in supernatants of MS-5 and S-17 cells
cultured in medium alone, without FGF2 (Figure 4A). By contrast,
FGFR1 IIIb/Fc, FGFR3 IIIb/Fc, FGFR3 IIIc/Fc, or the anti–
FGFR2 IIIc neutralizing antibody did not enhance SDF-1 levels in
stromal cell cultures supplemented with FGF2 (Figure 4A). None
of FGFR/Fc chimeras and the anti–FGFR2 IIIc antibody (2000 ng/
mL) added alone to MS-5 and S-17 cell cultures (72-hour
incubation) significantly affected SDF-1 secretion (Figure 4B) and
proliferation (Figure 4C) in these cells. Of note, FGF4 and FGF9,
which like FGF2 significantly reduce SDF-1 production in MS-5
and S-17 stromal cells (Figure 2B), were previously reported to
bind FGFR1 IIIc (Table 2), providing additional evidence that
FGFR1 IIIc mediates FGF-induced down-regulation of SDF-1
production in stromal cells.

The results shown in Figure 1D demonstrated that FGF2
impairs MS-5 stromal cell–supportive functions for human CD34�

progenitor cells, such that recovery of human cells is markedly
reduced after 3-week coculture in the presence of FGF2 (10 ng/
mL). We now tested whether this inhibitory function of FGF2 is
mediated through FGFR1 IIIc. The addition of FGFR1 IIIc/Fc (800
ng/mL) added to cocultures of MS-5 stromal cells and human
CD34� cells fully reversed FGF2 (10 ng/mL) inhibition and
permitted recovery of human cells in similar numbers as those
recovered from cocultures without FGF2 (Figure 4D). FGFR1
IIIc/Fc alone, without FGF2, minimally affected CD45� cell
recovery from the cocultures, and the control FGFR1 IIIb/Fc (800
ng/mL) was ineffective at reversing FGF2 inhibition (Figure 4D).
These results demonstrate that FGFR1 IIIc is the receptor that
mediates FGF2 inhibition of SDF-1 production and of hematopoi-
etic cell supportive function in stromal cells.

Table 2. Patterns of FGF family members binding to FGFR

FGF FGFR1 IIIb FGFR1 IIIc FGFR2 IIIb FGFR2 IIIc FGFR3 IIIb FGFR3 IIIc FGFR4

FGF2 ND ��� NB ��� M(�) NB ND

FGF4 M(�) �� �� ��� M(�) NB M(�)

FGF7 M(�) NB � NB M(�) NB M(�)

FGF9 M(�) � NB � M(�) NB M(�)

FGF16 ND ND ND � ND ND ND

FGF19 ND NB ND NB ND NB ��

NB indicates negligible binding; ND, not determined; M(�), mitogenic response in FGFR-overexpressing BaF3 cells; M(�), no mitogenic response of FGFR-
overexpressing BaF3 cells; ���, strong binding; ��, intermediate binding; and �, weak binding.

Figure 3. Effects of FGF family members on stromal cell secretion of SDF-1. (A)
MS-5 cells and S-17 cells (80%-90% confluent in 96-well plate) were incubated in
culture medium (�MEM containing 10% FBS, 200 �L/well) alone, or with FGF2,
FGF4, FGF7, FGF9, FGF16, or FGF19 (50 ng/mL) for 72 hours; cell-free culture
supernatants were collected and SDF-1 content was measured by a specific ELISA.
All experiments were performed in triplicate and means (� SD) were calculated. The
percent SDF-1 secretion was calculated as follows: (SDF-1 secretion in FGF
group/SDF-1 secretion in control group with no additive) � 100 (%). The results
reflect the means (� SD) of 3 to 4 independent experiments. The asterisk denotes
statistical significance (**P 	 .01). (B) MS-5 cells and S-17 cells were detached and
washed twice with PBS. Cells were suspended in culture medium (�MEM containing
10% FBS), plated (2000 cells/well in 0.2 mL culture medium) in triplicate wells
(96-well plates) with the addition of FGFs (50 ng/mL), and incubated for 64 hours.
DNA synthesis was measured by 3H thymidine deoxyribose uptake during the last
16 hours of culture. The percent 3H incorporation was calculated as follows: (3H
incorporation in FGF group/3H incorporation in control group with no additive) � 100
(%). The results reflect the means (� SD) of 3 to 4 independent experiments.
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Analysis of the mechanisms underlying FGF2-induced
down-regulation of SDF-1 expression in stromal cells

Since we established that FGF2 reduced SDF-1 mRNA levels
(Figure 1A), we examined whether FGF2 regulates the SDF1
promoter activity. The SDF1 gene transcription regulatory region
was recently mapped.21 We constructed a luciferase vector contain-
ing the SDF1 promoter region (�2030 base pairs) including the
first 41 intronic base pairs (�41) of the SDF1 gene, and assessed
FGF2 regulation of the promoter activity using luciferase assays in
transiently transfected stromal cells. We designated this vector as
pGL3.0�2071 bp (Figure 5A). As shown in Figure 5B,
pGL3.0�2071 bp produced significant luciferase activity com-
pared with the control (no promoter) luciferase vector (pGL3.0) 24
hours after transfection into MS-5 cells. A time-course experiment
showed persistence of significant luciferase activity for 120 hours
after transfection of the pGL3.0�2071bp vector into MS-5 cells
(not shown). FGF2 (50 ng/mL) did not reduce luciferase activity

induced by the pGL3.0�2071bp vector in transfected MS-5 cells
after 72, 96, or 120 hours (Figure 5C), even though the SDF-1
content in the culture supernatant from the same FGF2-stimulated
cultures was significantly decreased (Figure 5D). We also con-
firmed that FGF2 did not modulate the promoter activity at earlier
time points (24 and 48 hours, not shown). Similar results were
obtained when S-17 cells were transfected with pGL3�2071bp
vector and subsequently treated with FGF2 (data not shown). These
observations provide evidence that FGF2 does not regulate SDF-1
transcription in stromal cells.

We evaluated whether FGF2 can alter SDF-1 mRNA stability.
Since little is currently known about SDF-1 mRNA stability, we
evaluated SDF-1 mRNA levels in S-17 cells treated with
�-amanitin, a specific RNA polymerase II inhibitor. Semiquantita-
tive RT-PCR analysis revealed that SDF-1 mRNA is detectable at
similar levels at time 0, before �-amanitin treatment, and at several
time points during 48-hour treatment with �-amanitin (5 �g/mL)

Figure 4. Effects of FGFR/Fc chimeras on stromal cell secretion of SDF-1 and supportive function for hematopoietic progenitor cells. (A) FGFR/Fc chimeras
(0-2000 ng/mL in �MEM containing 10% FBS) were incubated in medium only or with FGF2 (10 ng/mL) for 30 minutes, and then added to stromal cell (MS-5 and S-17)
monolayers (approximately 90% confluent). A specific anti–FGFR2 IIIc neutralizing mAb (0-2000 ng/mL) was first applied onto stromal monolayers for 30 minutes, and then
FGF2 (10 ng/mL) was added. After 72-hour incubation, culture supernatants were collected and used to measure SDF-1 content by a specific SDF-1 ELISA. The percent
SDF-1 secretion was calculated as follows: ([SDF-1 secretion in FGFR/Fc or anti–FGFR2 IIIc mAb group]/[SDF-1 secretion in control group with no additive]) � 100 (%). All
experiments were performed at least in triplicate. Representative results from 4 independent experiments are shown. (B) MS-5 cells and S-17 cells (90% confluent, in 200 �L,
96-well plates) were incubated in medium alone, with FGFR/Fc chimeras, or with anti–FGFR2 IIIc mAb (2000 ng/mL) for 72 hours. The SDF-1 content was determined by a
specific ELISA, and the results were expressed as percent SDF-1 secretion. All experiments were performed at least in triplicate and repeated 4 times. The results reflect the
means (� SD) of 4 independent experiments. (C) MS-5 cells and S-17 cells were detached and washed twice with PBS. Cells were suspended in culture medium (�MEM
containing 10% FBS), plated in triplicate (2000 cells/well in 0.2 mL culture medium) with the addition of FGFR/chimeras (2000 ng/mL) or with anti–FGFR2 IIIc mAb (2000
ng/mL) onto 96-well plates, and incubated for 64 hours. DNA synthesis was measured by 3H thymidine deoxyribose uptake during the last 16 hours of culture. The results are
expressed as percent 3H incorporation. All experiments were performed at least in triplicate and repeated 4 times. The results reflect the means (� SD) of 4 independent
experiments. (D) MS-5 cells (80%-90% confluent on gelatin-coated 24-well plates) were incubated in medium alone, with FGFR1 IIIc/Fc chimera (800 ng/mL), with FGF2 (10
ng/mL), with FGFR1 IIIc/Fc chimera (800 ng/mL) plus FGF2 (10 ng/mL), or FGFR1 IIIb (800 ng/mL) plus FGF2 (10 ng/mL) for 72 hours, and then washed twice with PBS.
Human CD34� peripheral blood progenitor cells (PBSCs: 5 � 104 cells in 0.36 mL) in medium alone, with FGFR1 IIIc/Fc chimera (800 ng/mL), with FGF2 (10 ng/mL), with
FGFR1 IIIc/Fc chimera (800 ng/mL) plus FGF2 (10 ng/mL), or FGFR1 IIIb/chimera (800 ng/mL) plus FGF2 (10 ng/mL) were applied onto pretreated stromal layers (4
wells/subgroup). Cocultures were incubated for 3 weeks with replenishment of culture medium alone (0.18 mL) or with the appropriate original additives (800 ng/mL FGFR1 IIIc, 10 ng/mL
FGF2, 800 ng/mLFGFR1 IIIc plus 10 ng/mLFGF2, or 800 ng/mLFGFR1 IIIb plus 10 ng/mLFGF2) twice/wk.After 3 weeks, nonadherent viable cells were counted and analyzed by FACS.
The percent growth of PBSCs was calculated as ([CD45� cell number with FGFR1 IIIc/Fc, FGF2, FGF2 plus FGFR1 IIIc/Fc, or FGF2 plus FGFR1 IIIb/Fc]/[CD45� cell number with no
additive]) � 100 (%). The results reflect the means (� SD) of 3 independent experiments. The asterisk denotes statistical significance (**P 	 .01; *P 	 .05).
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(Figure 6A). Cell viability was 80% to 85% at the 48-hour time
point after exposure to �-amanitin. In contrast to SDF-1, the
mRNA for the flt3-L, a growth factor for hematopoietic progenitor
cells,57 was markedly reduced in S-17 cells after 24-hour exposure
to 5 �g/mL �-amanitin (Figure 6A). A similar difference between
SDF-1 and flt3-L mRNA stability was observed when actinomy-
cin-D (10 �g/mL) was used to block transcription (not shown).

The experiment shown in Figure 6A indicates that in the
presence of transcriptional inhibition, SDF-1 mRNA levels in S-17
cells remain fairly stable over a 48-hour period; the experiment
shown in Figure 1A indicates that in the presence of FGF2 (no
transcription inhibitors) SDF-1 mRNA is significantly reduced
after 24-hour exposure. We then tested the effects of FGF2
(50 ng/mL) on SDF-1 mRNA levels in the presence of the
transcriptional inhibitor �-amanitin (5 �g/mL), and compared
them with FGF2 alone (50 ng/mL) and �-amanitin (5 �g/mL) alone
(Figure 6B). In S-17 cells, levels of SDF-1 mRNA were found to be
significantly lower after the cells were incubated for 3 hours with FGF2
plus �-amanitin in comparison with time 0, whereas as expected from

the experiment shown in Figure 6A, levels of SDF-1 mRNA were not
decreased even after the cells were incubated for 24 hours with
�-amanitin alone. FGF2, added alone without the transcriptional inhibi-
tor, also reduced SDF-1 mRNA levels after 4.5-hour incubation, but the
level of reduction was smaller than that observed with the �-amanitin
inhibitor (Figure 6B), attributable to the absence of newly synthesized
mRNA. These results provide evidence that FGF2 down-regulates
SDF-1 expression by accelerating SDF-1 mRNA decay.

Discussion

We show that FGF2 inhibits SDF1 expression in bone marrow
stromal cells acting through FGFR1 IIIc, and by this mechanism
FGF2 reduces stromal cell support for CD34� hematopoietic
progenitor cells. Previous studies have described FGF2 as an
inducer of growth, survival, chemotaxis, and differentiation in a
variety of cell types, and a key regulator of prenatal development
and angiogenesis.25,37 However, neither FGF2 nor activated FGFRs

Figure 5. Effects of FGF2 on SDF-1 promoter activity. (A)
Schematic representation of the SDF-1 promoter-reporter con-
struct pGL3.0�2071bp. An approximately 2.2-kb DNA fragment
containing SDF-1 upstream sequences and the partial coding
sequence (�2030 to �149 relative to the transcription start site)
was amplified by PCR, and the fragment (�2030 to �41) was
inserted into the reporter vector pGL3.0-Basic. (B) MS-5 cells
were transfected with pGL3.0-Basic (250 ng/well) plus phRL-
SV40 (Renilla luciferase reference control plasmid, 2.5 ng/well) or
with pGL3.0�2071 bp (250 ng/well) plus phRL-SV40 (2.5 ng/
well). All assays were carried out at least in triplicate sets and
repeated twice. After 24-hour incubation, firefly luciferase activity
was evaluated. Transfection efficiency was adjusted by Renilla
luciferase activities (relative luciferase activity). CPS indicates
counts per second. (C-D) pGL3.0�2071 bp-transfected MS-5
cells were stimulated with or without FGF2 (50 ng/mL) for a period
of 72, 96, or 120 hours. Cell lysates and culture supernatants
were obtained for luciferase assay and SDF-1 ELISA, respec-
tively. All experiments were performed at least in triplicate and
repeated 3 times. The percent relative luciferase activity was
defined as follows: (relative luciferase activity in FGF2-stimulated
group/relative luciferase activity in control group) � 100 (%). The
percent SDF-1 secretion was calculated as follows: (SDF-1
secretion in FGF2-stimulated group/SDF-1 secretion in control
group) � 100 (%). Error bars denote standard deviations of 3
experiments; asterisks denote statistical significance (*P 	 .05;
**P 	 .001).

Figure 6. Effects of FGF2 on SDF-1 mRNA stability. (A) Analysis of SDF-1, Flt3-L, and GAPDH mRNA stability. S-17 cells (80%-90% confluent) were cultured in medium
alone or in medium supplemented with 5 �g/mL �-amanitin for 8, 16, 24, 32, 40, or 48 hours at 37°C. Levels of specific mRNAs were measured by semiquantitative RT-PCR.
Amplified products were separated on agarose gels. (B) To evaluate the effect of FGF2 on SDF-1 mRNA decay, S-17 cells were preincubated in medium alone or with FGF2
(50 ng/mL) for 6 hours, and then �-amanitin (5 �g/mL) was added to cultures. FGF2-pretreated cells were also tested without �-amanitin addition. After incubation for 1.5, 3,
4.5, 6, 7.5, 10, and 24 hours, SDF-1 and GAPDH mRNAs were measured by semiquantitative PCR. The amount of cDNA used for each amplification reaction was based on the
results of PCR for GAPDH showing equivalent amounts of product amplified from all samples. PCR products of SDF-1 and GAPDH were separated on a 3% and 2% agarose
gel, respectively, and visualized under a UV light (left panel; representative experiment of 3). Relative SDF-1 mRNA level (SDF-1/GAPDH) was calculated by densitometric
scanning using NIH image software. Percent relative SDF-1 expression is defined as percent of the initial ratio of relative SDF-1 expression (right panel). The results reflect the
means (� SD) of 3 independent experiments. The asterisk denotes statistical significance (amanitin alone vs FGF2 plus amanitin, P 	 .05).
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have previously been linked to negative regulation of SDF1
expression in bone marrow stromal cells or any other cell type.
SDF-1 has emerged as a critical modulator of hematopoiesis that
supports the growth and survival of hematopoietic/myeloid
progenitor cells and pre-B cells, and serves to retain immature
blood cells in the bone marrow.6,7,9,10,18,19 Stromal cells are a
principal source of SDF-1 in the bone marrow.10,12 Our observa-
tion linking FGF2 to regulation of SDF-1 expression in bone
marrow stromal cells raises the possibility that FGF2 can also
play important roles in hematopoiesis.

Earlier studies in vitro have concluded that under defined
experimental conditions FGF2 can promote myelopoiesis and
megakaryocytopoiesis.37-41 FGF2 knock-out mice are viable and
display only mild cardiovascular, skeletal, and neuronal defects,
suggesting that FGF2 is not critical to normal development of the
hematopoietic systems,58-60 but there is much redundancy among
the 22 FGF species that may compensate for the absence of FGF2.
When administered systemically to mice and rats, FGF2 promoted
bone formation, but hematopoiesis was not investigated.61 Preclini-
cal studies in cynomologous monkeys indicated that FGF2 consis-
tently caused anemia attributable to decreased erythropoiesis.62 Of
note, abnormally high levels of FGF2 were detected in the bone
marrow of patients with certain clonal myeloid disorders that are
characteristically associated with severe defects of normal
hematopoiesis.42

FGFs exert their biological activities through the tyrosine
kinase FGF receptors expressed on various cell types.63 An
essential feature of FGFRs is the existence of 2 alternative exons,
IIIb and IIIc, which encode a different C-terminal portion of
domain 3. In the case of FGFR2, the choice between IIIb and IIIc
exons is mutually exclusive so that the 2 receptor subtypes are not
expressed together on the cell surface.28,64 In the mouse skin, for
example, only IIIc transcripts are detected in the dermis, while IIIb
transcripts are found mainly in the epidermis.30,65 Consistently, we
found that MS-5 cells and S-17 cells express FGFR2 IIIc, but do
not or minimally express FGFR2 IIIb. In the case of FGFR3, the
choice between the exons IIIb and IIIc appears not to be strictly
tissue specific.66 In the current experiments, we found that FGFR3
IIIb and FGFR3 IIIc are both expressed in stromal cells. Similarly,
we found that stromal cells express both FGFR1 IIIb and IIIc.
Importantly, mice with targeted disruption of the whole FGFR1
gene or the FGFR1 IIIc alone die perinatally,67,68 whereas mice
with an inactive exon IIIb were viable and fertile, providing
evidence that the IIIc isoform of FGFR1 is responsible for most of
the biological functions of FGFR1, whereas the IIIb isoform plays
a minor role.69 Consistently with FGFR1 IIIc playing a dominant
role over FGFR1 IIIb, we found here that FGFR1 IIIc is exclusively
responsible for mediating FGF2-induced SDF-1 depletion and
reduced supportive function in stromal cells.

The expression of many chemokines is transcriptionally
induced by exogenous signals but is otherwise low or absent.
Instead, SDF1 expression is constitutive in many tissues and cell
types.1,5 Degradation has been identified as a critical mechanism
for regulation of SDF-1 function. CD26/dipeptidyl peptidase,
neutrophil elastase, cathepsin G, and several metalloproteinases
have been identified as proteolytic enzymes that functionally
inactivate SDF-1.70-74 In the circulation, SDF-1 is present at
nanogram per milliliter levels but is cleaved and functionally
inactive.70 Nonetheless, VEGF-A, gamma irradiation, 5-fluoura-
cyl, and IL-1
 were reported to induce SDF1 expression in some
cell types,10,11 and G-CSF treatment decreased SDF-1 mRNA
and protein in bone marrow.75 Here, we report that FGF2

reduces SDF1 mRNA and protein in bone marrow stromal cells.
Recent studies showed that VEGF-A, 5-Fu, and IL-1
 did not
induce SDF-1 promoter activity in lung fibroblast and astrocy-
toma cells, in spite of their ability to promote SDF-1 expression,
and suggested a contribution by posttranscriptional regulatory
mechanisms such as mRNA stability.21 Similarly, we show here
that FGF2 reduces SDF-1 mRNA and protein levels without
substantially regulating SDF1 promoter activity.

mRNA stability is a highly controlled process still incompletely
characterized. Nevertheless, several sequence motifs frequently
located in the 3�-UTR of the message have been identified that can
regulate the rate of mRNA turnover. Among the most studied
sequences are the adenine/uridine (AU)–rich elements (AREs)
found in mRNAs encoding growth factors and cytokines, which
confer instability to mRNA.76-78 A number of proteins can bind to
AREs, including TTP, AUF1, and KSRP, and promote mRNA
destabilization.79-82 Various signaling pathways, including the
c-Jun amino-terminal kinase (JNK) signaling pathway and the p38
mitogen–activated protein-kinase (MAPK) pathway, have been
linked to regulation of specific mRNA decay by modulation
ARE-dependent mRNA stability.78 When activated by FGF and
heparan sulfate proteoglycans, the FGFRs undergo phosphoryla-
tion and subsequent stimulation of the Ras/MAP kinase pathway
that includes ERK1/2, p38, and JNK kinases; the P-I-3 kinase–
AKT pathway; and the PLC� pathway83,84; the activation of
ERK1/2 and p38 in response to FGF has been observed in all
cell types.63 SDF-1 mRNA possesses 12 AREs within its
3�-UTR.3 It is thus possible that such sequences may mediate
FGF-induced SDF-1 mRNA decay in stromal cells. Consistently
with our observation that FGF2 does not modulate SDF1
transcription, the SDF1 promoter that contains several putative
transcription factor–binding sites21 does not contain binding
sites for ERKs, p38, or JNKs.

Collectively, the current study shows that FGF2 acting
through FGFR1 IIIc accelerates SDF-1 mRNA decay in bone
marrow stromal cells, thereby decreasing SDF-1 expression in
these cells and reducing supportive functions for hematopoietic
progenitor cells.

Acknowledgments

This work was supported in part by the Intramural Research
Program of the NIH, NCI, Center for Cancer Research, and a grant
from the Japan Society for the Promotion of Science.

The authors wish to thank Drs M. C. Berardi, K. Dorskind, P.
Kincade, and M. Narazaki for their contributions to various aspects
of this work, and the Clinical Center Blood Bank personnel for cell
purification. We also express appreciation to Dr Z. Zheng for
helpful suggestions.

Authorship

Contribution: T.N. and G.T. designed research; T.N. and N.M. per-
formed research; T.N. and G.T. analyzed data and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: G. Tosato, Basic Research Lab, Center for
Cancer Research, National Cancer Institute, Bldg 10, Rm 12C207,
10 Center Dr, Bethesda, MD 20892; e-mail: tosatog@mail.nih.gov.

1370 NAKAYAMA et al BLOOD, 15 FEBRUARY 2007 � VOLUME 109, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/4/1363/1286377/zh800407001363.pdf by guest on 05 June 2024



References

1. Tashiro K, Tada H, Heilker R, Shirozu M, Nakano
T, Honjo T. Signal sequence trap: a cloning strat-
egy for secreted proteins and type I membrane
proteins. Science. 1993;261:600-603.

2. Jiang W, Zhou P, Kahn SM, Tomita N, Johnson
MD, Weinstein IB. Molecular cloning of TPAR1, a
gene whose expression is repressed by the tu-
mor promoter 12-O-tetradecanoylphorbol 13-ac-
etate (TPA). Exp Cell Res. 1994;215:284-293.

3. Nagasawa T, Kikutani H, Kishimoto T. Molecular
cloning and structure of a pre-B-cell growth-
stimulating factor. Proc Natl Acad Sci U S A.
1994;91:2305-2309.

4. Shirozu M, Nakano T, Inazawa J, et al. Structure
and chromosomal localization of the human stro-
mal cell-derived factor 1 (SDF1) gene. Genomics.
1995;28:495-500.

5. Muller A, Homey B, Soto H, et al. Involvement of
chemokine receptors in breast cancer metasta-
sis. Nature. 2001;410:50-56.

6. Nagasawa T, Nakajima T, Tachibana K, et al. Mo-
lecular cloning and characterization of a murine
pre-B-cell growth-stimulating factor/stromal cell-
derived factor 1 receptor, a murine homolog of
the human immunodeficiency virus 1 entry core-
ceptor fusin. Proc Natl Acad Sci U S A. 1996;93:
14726-14729.

7. Ma Q, Jones D, Borghesani PR, et al. Impaired
B-lymphopoiesis, myelopoiesis, and derailed cer-
ebellar neuron migration in CXCR4- and SDF-1-
deficient mice. Proc Natl Acad Sci U S A. 1998;
95:9448-9453.

8. Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Litt-
man DR. Function of the chemokine receptor
CXCR4 in haematopoiesis and in cerebellar de-
velopment. Nature. 1998;393:595-599.

9. Ma Q, Jones D, Springer TA. The chemokine re-
ceptor CXCR4 is required for the retention of B
lineage and granulocytic precursors within the
bone marrow microenvironment. Immunity. 1999;
10:463-471.

10. Ponomaryov T, Peled A, Petit I, et al. Induction of
the chemokine stromal-derived factor-1 following
DNA damage improves human stem cell function.
J Clin Invest. 2000;106:1331-1339.

11. Salvucci O, Yao L, Villalba S, Sajewicz A, Pitta-
luga S, Tosato G. Regulation of endothelial cell
branching morphogenesis by endogenous che-
mokine stromal-derived factor-1. Blood. 2002;99:
2703-2711.

12. Tokoyoda K, Egawa T, Sugiyama T, Choi BI, Na-
gasawa T. Cellular niches controlling B lympho-
cyte behavior within bone marrow during devel-
opment. Immunity. 2004;20:707-718.

13. Shen H, Cheng T, Olszak I, et al. CXCR-4 desen-
sitization is associated with tissue localization of
hemopoietic progenitor cells. J Immunol. 2001;
166:5027-5033.

14. Petit I, Szyper-Kravitz M, Nagler A, et al. G-CSF
induces stem cell mobilization by decreasing
bone marrow SDF-1 and up-regulating CXCR4.
Nat Immunol. 2002;3:687-694.

15. Semerad CL, Liu F, Gregory AD, Stumpf K, Link
DC. G-CSF is an essential regulator of neutrophil
trafficking from the bone marrow to the blood. Im-
munity. 2002;17:413-423.

16. Liles WC, Broxmeyer HE, Rodger E, et al. Mobili-
zation of hematopoietic progenitor cells in healthy
volunteers by AMD3100, a CXCR4 antagonist.
Blood. 2003;102:2728-2730.

17. Levesque JP, Hendy J, Takamatsu Y, Simmons
PJ, Bendall LJ. Disruption of the CXCR4/CXCL12
chemotactic interaction during hematopoietic
stem cell mobilization induced by GCSF or cyclo-
phosphamide. J Clin Invest. 2003;111:187-196.

18. Lataillade JJ, Clay D, Dupuy C, et al. Chemokine
SDF-1 enhances circulating CD34(�) cell prolif-

eration in synergy with cytokines: possible role in
progenitor survival. Blood. 2000;95:756-768.

19. Broxmeyer HE, Cooper S, Kohli L, et al. Trans-
genic expression of stromal cell-derived factor-1/
CXC chemokine ligand 12 enhances myeloid pro-
genitor cell survival/antiapoptosis in vitro in
response to growth factor withdrawal and en-
hances myelopoiesis in vivo. J Immunol. 2003;
170:421-429.

20. Wright N, de Lera TL, Garcia-Moruja C, et al.
Transforming growth factor-beta1 down-regulates
expression of chemokine stromal cell-derived fac-
tor-1: functional consequences in cell migration
and adhesion. Blood. 2003;102:1978-1984.

21. Garcia-Moruja C, Alonso-Lobo JM, Rueda P, et
al. Functional characterization of SDF-1 proximal
promoter. J Mol Biol. 2005;348:43-62.

22. Burgess WH, Maciag T. The heparin-binding (fi-
broblast) growth factor family of proteins. Annu
Rev Biochem. 1989;58:575-606.

23. Basilico C, Moscatelli D. The FGF family of
growth factors and oncogenes. Adv Cancer Res.
1992;59:115-165.

24. Naski MC, Ornitz DM. FGF signaling in skeletal
development. Front Biosci. 1998;3:d781-d794.

25. Ornitz DM, Itoh N. Fibroblast growth factors. Ge-
nome Biol. 2001;2(3):1-12.

26. Mohammadi M, Olsen SK, Ibrahimi OA. Struc-
tural basis for fibroblast growth factor receptor
activation. Cytokine Growth Factor Rev. 2005;16:
107-137.

27. Johnson DE, Lee PL, Lu J, Williams LT. Diverse
forms of a receptor for acidic and basic fibroblast
growth factors. Mol Cell Biol. 1990;10:4728-4736.

28. Miki T, Bottaro DP, Fleming TP, et al. Determina-
tion of ligand-binding specificity by alternative
splicing: two distinct growth factor receptors
encoded by a single gene. Proc Natl Acad Sci
U S A. 1992;89:246-250.

29. Gilbert E, Del Gatto F, Champion-Arnaud P,
Gesnel MC, Breathnach R. Control of BEK and
K-SAM splice sites in alternative splicing of the
fibroblast growth factor receptor 2 pre-mRNA.
Mol Cell Biol. 1993;13:5461-5468.

30. Orr-Urtreger A, Bedford MT, Burakova T, et al.
Developmental localization of the splicing alterna-
tives of fibroblast growth factor receptor-2
(FGFR2). Dev Biol. 1993;158:475-486.

31. Avivi A, Yayon A, Givol D. A novel form of FGF
receptor-3 using an alternative exon in the immu-
noglobulin domain III. FEBS Lett. 1993;330:249-
252.

32. Chellaiah AT, McEwen DG, Werner S, Xu J, Or-
nitz DM. Fibroblast growth factor receptor (FGFR)
3: alternative splicing in immunoglobulin-like do-
main III creates a receptor highly specific for
acidic FGF/FGF-1. J Biol Chem. 1994;269:11620-
11627.

33. Ornitz DM, Xu J, Colvin JS, et al. Receptor speci-
ficity of the fibroblast growth factor family. J Biol
Chem. 1996;271:15292-15297.

34. Lee PL, Johnson DE, Cousens LS, Fried VA, Wil-
liams LT. Purification and complementary DNA
cloning of a receptor for basic fibroblast growth
factor. Science. 1989;245:57-60.

35. Brunner G, Gabrilove J, Rifkin DB, Wilson EL.
Phospholipase C release of basic fibroblast
growth factor from human bone marrow cultures
as a biologically active complex with a phosphati-
dylinositol-anchored heparan sulfate proteogly-
can. J Cell Biol. 1991;114:1275-1283.

36. Brunner G, Vettel U, Jobstmann S, Kramer MD,
Schirrmacher V. A T-cell-related proteinase ex-
pressed by T-lymphoma cells activates their en-
dogenous pro-urokinase. Blood. 1992;79:2099-
2106.

37. Bikfalvi A, Klein S, Pintucci G, Rifkin DB. Biologi-

cal roles of fibroblast growth factor-2. Endocr
Rev. 1997;18:26-45.

38. Wilson EL, Rifkin DB, Kelly F, Hannocks MJ,
Gabrilove JL. Basic fibroblast growth factor stimu-
lates myelopoiesis in long-term human bone mar-
row cultures. Blood. 1991;77:954-960.

39. Han ZC, Briere J, Nedellec G, et al. Characteris-
tics of circulating megakaryocyte progenitors
(CFU-MK) in patients with primary myelofibrosis.
Eur J Haematol. 1988;40:130-135.

40. Avraham H, Banu N, Scadden DT, Abraham J,
Groopman JE. Modulation of megakaryocytopoi-
esis by human basic fibroblast growth factor.
Blood. 1994;83:2126-2132.

41. Bruno E, Cooper RJ, Wilson EL, Gabrilove JL,
Hoffman R. Basic fibroblast growth factor pro-
motes the proliferation of human megakaryocyte
progenitor cells. Blood. 1993;82:430-435.

42. Tefferi A. Myelofibrosis with myeloid metaplasia.
N Engl J Med. 2000;342:1255-1265.

43. Lichtman MA. Classification and clinical manifes-
tations of the clonal myeloid disorders. In: Beutler
E, Lichtman MA, Coller BS, Kipps TJ, Seligsohn
U, eds. William’s Hematology. Vol 1. 6th ed. New
York, NY: McGraw-Hill; 2001:1019-1027.

44. Xu M, Bruno E, Chao J, et al. The constitutive
mobilization of bone marrow-repopulating cells
into the peripheral blood in idiopathic myelofibro-
sis. Blood. 2005;105:1699-1705.

45. Itoh K, Tezuka H, Sakoda H, et al. Reproducible
establishment of hemopoietic supportive stromal
cell lines from murine bone marrow. Exp Hematol.
1989;17:145-153.

46. Collins LS, Dorshkind K. A stromal cell line from
myeloid long-term bone marrow cultures can sup-
port myelopoiesis and B lymphopoiesis. J Immu-
nol. 1987;138:1082-1087.

47. Dexter TM, Allen TD, Lajtha LG. Conditions con-
trolling the proliferation of haemopoietic stem
cells in vitro. J Cell Physiol. 1977;91:335-344.

48. Dexter TM, Wright EG, Krizsa F, Lajtha LG. Regu-
lation of haemopoietic stem cell proliferation in
long term bone marrow cultures. Biomedicine.
1977;27:344-349.

49. Nakayama T, Yao L, Tosato G. Mast cell-derived
angiopoietin-1 plays a critical role in the growth of
plasma cell tumors. J Clin Invest. 2004;114:1317-
1325.

50. Issaad C, Croisille L, Katz A, Vainchenker W,
Coulombel L. A murine stromal cell line allows the
proliferation of very primitive human CD34��/
CD38- progenitor cells in long-term cultures and
semisolid assays. Blood. 1993;81:2916-2924.

51. Tordjman R, Ortega N, Coulombel L, Plouet J,
Romeo PH, Lemarchandel V. Neuropilin-1 is ex-
pressed on bone marrow stromal cells: a novel
interaction with hematopoietic cells? Blood. 1999;
94:2301-2309.

52. Bickel M, Cohen RB, Pluznik DH. Post-transcrip-
tional regulation of granulocyte-macrophage
colony-stimulating factor synthesis in murine T
cells. J Immunol. 1990;145:840-845.

53. Iwai Y, Akahane K, Pluznik DH, Cohen RB. Ca2�
ionophore A23187-dependent stabilization of
granulocyte-macrophage colony-stimulating fac-
tor messenger RNA in murine thymoma EL-4
cells is mediated through two distinct regions in
the 3’-untranslated region. J Immunol. 1993;150:
4386-4394.

54. Yamashita T, Yoshioka M, Itoh N. Identification of
a novel fibroblast growth factor, FGF-23, prefer-
entially expressed in the ventrolateral thalamic
nucleus of the brain. Biochem Biophys Res Com-
mun. 2000;277:494-498.

55. Ibrahimi OA, Zhang F, Eliseenkova AV, Linhardt
RJ, Mohammadi M. Proline to arginine mutations
in FGF receptors 1 and 3 result in Pfeiffer and
Muenke craniosynostosis syndromes through

FGF2 PROMOTES SDF-1 mRNA DECAY 1371BLOOD, 15 FEBRUARY 2007 � VOLUME 109, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/4/1363/1286377/zh800407001363.pdf by guest on 05 June 2024



enhancement of FGF binding affinity. Hum Mol
Genet. 2004;13:69-78.

56. Ibrahimi OA, Zhang F, Eliseenkova AV, Itoh N,
Linhardt RJ, Mohammadi M. Biochemical analy-
sis of pathogenic ligand-dependent FGFR2 muta-
tions suggests distinct pathophysiological mecha-
nisms for craniofacial and limb abnormalities.
Hum Mol Genet. 2004;13:2313-2324.

57. Matthews W, Jordan CT, Wiegand GW, Pardoll D,
Lemischka IR. A receptor tyrosine kinase spe-
cific to hematopoietic stem and progenitor cell-
enriched populations. Cell. 1991;65:1143-1152.

58. Miller DL, Ortega S, Bashayan O, Basch R, Ba-
silico C. Compensation by fibroblast growth factor
1 (FGF1) does not account for the mild pheno-
typic defects observed in FGF2 null mice. Mol
Cell Biol. 2000;20:2260-2268.

59. Ortega S, Ittmann M, Tsang SH, Ehrlich M, Ba-
silico C. Neuronal defects and delayed wound
healing in mice lacking fibroblast growth factor 2.
Proc Natl Acad Sci U S A. 1998;95:5672-5677.

60. Tobe T, Ortega S, Luna JD, et al. Targeted disrup-
tion of the FGF2 gene does not prevent choroidal
neovascularization in a murine model. Am J
Pathol. 1998;153:1641-1646.

61. Nagai H, Tsukuda R, Yamasaki H, Mayahara H.
Systemic injection of FGF-2 stimulates endocorti-
cal bone modelling in SAMP6, a murine model of
low turnover osteopenia. J Vet Med Sci. 1999;61:
869-875.

62. Mazue G, Bertolero F, Garofano L, Brughera M,
Carminati P. Experience with the preclinical as-
sessment of basic fibroblast growth factor
(bFGF). Toxicol Lett. 1992;64-65(Spec No):329-
338.

63. Dailey L, Ambrosetti D, Mansukhani A, Basilico C.
Mechanisms underlying differential responses to
FGF signaling. Cytokine Growth Factor Rev.
2005;16:233-247.

64. Yan G, Fukabori Y, McBride G, Nikolaropolous S,
McKeehan WL. Exon switching and activation of
stromal and embryonic fibroblast growth factor
(FGF)-FGF receptor genes in prostate epithelial

cells accompany stromal independence and ma-
lignancy. Mol Cell Biol. 1993;13:4513-4522.

65. Werner S, Weinberg W, Liao X, et al. Targeted
expression of a dominant-negative FGF receptor
mutant in the epidermis of transgenic mice re-
veals a role of FGF in keratinocyte organization
and differentiation. EMBO J. 1993;12:2635-2643.

66. Scotet E, Houssaint E. The choice between alter-
native IIIb and IIIc exons of the FGFR-3 gene is
not strictly tissue-specific. Biochim Biophys Acta.
1995;1264:238-242.

67. Yamaguchi TP, Harpal K, Henkemeyer M, Ros-
sant J. fgfr-1 is required for embryonic growth and
mesodermal patterning during mouse gastrula-
tion. Genes Dev. 1994;8:3032-3044.

68. Deng CX, Wynshaw-Boris A, Shen MM, Daugh-
erty C, Ornitz DM, Leder P. Murine FGFR-1 is re-
quired for early postimplantation growth and axial
organization. Genes Dev. 1994;8:3045-3057.

69. Partanen J, Schwartz L, Rossant J. Opposite
phenotypes of hypomorphic and Y766 phosphor-
ylation site mutations reveal a function for Fgfr1 in
anteroposterior patterning of mouse embryos.
Genes Dev. 1998;12:2332-2344.

70. De La Luz Sierra M, Yang F, Narazaki M, et al.
Differential processing of stromal-derived factor-
1alpha and stromal-derived factor-1beta explains
functional diversity. Blood. 2004;103:2452-2459.

71. Delgado MB, Clark-Lewis I, Loetscher P, et al.
Rapid inactivation of stromal cell-derived factor-1
by cathepsin G associated with lymphocytes. Eur
J Immunol. 2001;31:699-707.

72. Lambeir AM, Proost P, Durinx C, et al. Kinetic in-
vestigation of chemokine truncation by CD26/
dipeptidyl peptidase IV reveals a striking selectiv-
ity within the chemokine family. J Biol Chem.
2001;276:29839-29845.

73. McQuibban GA, Butler GS, Gong JH, et al. Matrix
metalloproteinase activity inactivates the CXC
chemokine stromal cell-derived factor-1. J Biol
Chem. 2001;276:43503-43508.

74. Valenzuela-Fernandez A, Planchenault T, Baleux

F, et al. Leukocyte elastase negatively regulates
stromal cell-derived factor-1 (SDF-1)/CXCR4
binding and functions by amino-terminal process-
ing of SDF-1 and CXCR4. J Biol Chem. 2002;
277:15677-15689.

75. Semerad CL, Christopher MJ, Liu F, et al. G-CSF
potently inhibits osteoblast activity and CXCL12
mRNA expression in the bone marrow. Blood.
2005;106:3020-3027.

76. Shaw G, Kamen R. A conserved AU sequence
from the 3’ untranslated region of GM-CSF
mRNA mediates selective mRNA degradation.
Cell. 1986;46:659-667.

77. Ross J. mRNA stability in mammalian cells. Mi-
crobiol Rev. 1995;59:423-450.

78. Wilusz CJ, Wormington M, Peltz SW. The cap-to-
tail guide to mRNA turnover. Nat Rev Mol Cell
Biol. 2001;2:237-246.

79. Brewer G. An A � U-rich element RNA-binding
factor regulates c-myc mRNA stability in vitro. Mol
Cell Biol. 1991;11:2460-2466.

80. Taylor GA, Carballo E, Lee DM, et al. A pathoge-
netic role for TNF alpha in the syndrome of ca-
chexia, arthritis, and autoimmunity resulting from
tristetraprolin (TTP) deficiency. Immunity. 1996;4:
445-454.

81. Carballo E, Lai WS, Blackshear PJ. Evidence that
tristetraprolin is a physiological regulator of
granulocyte-macrophage colony-stimulating fac-
tor messenger RNA deadenylation and stability.
Blood. 2000;95:1891-1899.

82. Lai WS, Carballo E, Thorn JM, Kennington EA,
Blackshear PJ. Interactions of CCCH zinc finger
proteins with mRNA: binding of tristetraprolin-
related zinc finger proteins to Au-rich elements
and destabilization of mRNA. J Biol Chem. 2000;
275:17827-17837.

83. Schlessinger J. Cell signaling by receptor ty-
rosine kinases. Cell. 2000;103:211-225.

84. Schlessinger J. Common and distinct elements in
cellular signaling via EGF and FGF receptors.
Science. 2004;306:1506-1507.

1372 NAKAYAMA et al BLOOD, 15 FEBRUARY 2007 � VOLUME 109, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/4/1363/1286377/zh800407001363.pdf by guest on 05 June 2024


