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Abstract

We have previously cloned from K562 leukemia cells two novel fibro-
blast growth factor receptors (FGFR-3 and FGFR-4; J. Partanen et al.,
EMBO J., 10: 1347-1354, 1991). Here we have analyzed the mRNA
expression of four different FGFRs, including the two novel genes in
human leukemia cell lines. We show FGFR-1, FGFR-3, and FGFR-4
mRNAs in several leukemia cell lines at levels similar to those in solid
tumor cell lines. Ligand cross-linking experiments indicate that K562
cells have receptors binding acidic FGF but not basic FGF. Expression
of FGFRs in leukemia cells may reflect their presence on normal hema-
topoietic precursor cells or induction during leukemogenesis or cell
culture.

Introduction

Several of the currently known protein tyrosine kinase genes
encode transmembrane receptors for polypeptide growth fac
tors and hormones, such as epidermal growth factor, insulin,
platelet-derived growth factor, and FGFs' (1). The receptors of

some hematopoietic growth factors are also tyrosine kinases;
these include the macrophage-colony-stimulating factor recep
tor, which is the protooncogene c-//ws-encoded protein (2) and
another protooncogene product, c-kit, a receptor for a hema
topoietic stem cell growth factor (3). We used the polymerase
chain reaction to detect members of the tyrosine kinase family
expressed in K562 human chronic myeloid leukemia cells (4).
Two of the novel genes obtained were found to belong to the
FGFR family (4, 5), which at present contains five members.
These are FGFR-1 [fig (6)], FGFR-2 \bek (6-8)], FGFR-3 and
FGFR-4 from the K562 leukemia cells (4, 5), and FGFR-5
(flg-2), recently isolated from a human keratinocyte cDNA
library (9). These receptors are 56-93% identical with each
other and share several structural features, such as glycosylated
immunoglobulin-like loops in their extracellular domains. Our
earlier analyses indicated that in addition to the K562 cells, the
FGFR-3 and FGFR-4 mRNAs are expressed in the Dami
megakaryoblastic leukemia cells (4). We have therefore studied
the expression of these novel genes along with the two previ
ously characterized FGFR genes in human leukemia cell lines
representing different hematopoietic lineages.

Materials and Methods

Cells and Growth Factors. The leukemia cell lines K-562, Dami,
MOLT-4, HL-60, KG-1, HEL, U937, Jurkat, JOK-1, ML-2, and RC-
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2A were grown in RPMI 1640 supplemented with 10% fetal calf serum
and antibiotics. The KS62 cells were induced to megakaryoblastoid
differentiation by 48 h treatment with 2 nM 12-O-tetradecanoyl-phor-
bol-13-acetate. The Tera-2 teratocarcinoma, RD rhabdomyosarcoma,
and A549 lung carcinoma cell lines, obtained from the American Type
Culture Collection (Rockville, MD), were grown as suggested by the
supplier. Recombinant human aFGF was a generous gift from Dr. Ralf
Petterson (Ludwig Institute for Cancer Research, Stockholm), and
bFGF was a gift from Dr. Laura Bergonzoni (Farmitalia Carlo Erba,
Milan).

Extraction and Analysis of RNA. Polyadenylated RNA was extracted
from the cell lines as described (10), and 5 UKof each sample were
electrophoresed in agarose gels containing formaldehyde and blotted
to nylon membranes using standard conditions. The inserts of cDNA
clones HE6 and HE8 [FGFR-4 and FGFR-3 (11)] as well as CD115
and CD116 coding for the extracellular domains of FGFR-1 and
FGFR-2, respectively (kindly donated by Drs. C. Dionne and M. Jaye,
RhÃ´ne-Poulenc Rorer, King of Prussia, PA), were labeled by the ran
dom priming method and hybridized to the blots. The human glycer-
aldehyde 3-phosphate dehydrogenase cDNA or /3-actin oligonucleotide
probes were used as internal controls for the amounts of RNA on the
filters.

Covalent Cross-Linking. K562 cells and COS-7 cells transfected with
the FGFR-4 and FGFR-1 expression vectors (11) were washed twice
with binding buffer (Dulbecco's modified minimal essential medium

containing 0.1% gelatin and 50 miviHEPES, pH 7.5). About 25 ng of
125I-aFGF, labeled by the chloramine T iodination method, was added

in the binding buffer on ice and incubation continued for 90 min. The
cells were washed once with binding buffer and twice with phosphate-
buffered saline and incubated for 20 min at 4Â°Cin phosphate-buffered

saline containing 0.3 mM of the covalent cross-linking agent disuccin-
imidyl suberate. The cells were then washed once with 10 HIMHEPES,
pH 7.5, 200 mM glycine, 2 IHM EDTA, and once with phosphate-
buffered saline; lysed in 20 mM HEPES, pH 7.5, 150 mivi NaCl, 1%
Triton X-100, 10% glycerol, 1.5 mM MgCl2, 1.0 mM EDTA, and 1
mg/ml aprotinin; and centrifuged for 10 min at 10,000 x g. Aliquots
of the supernatants were boiled in an equal volume of the electropho-
resis sample buffer and analyzed in 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

Results

The expression of FGFR mRNAs in the cell lines was ana
lyzed by Northern blotting and hybridization with specific
cDNA probes. As can be seen from Fig. 1, the FGFR-4 gene is
expressed as an approximately 3.0-kilobase mRNA in K562
erythroleukemia and Dami megakaryoblastic leukemia cells. In
addition, the FGFR-4 probe weakly detects a 4.8-kilobase
mRNA in these cells (see also Fig. 2) and in HEL erythroleu
kemia cells. The most prominent RNA band hybridizing to the
FGFR-3 probe is 4.5 kilobases in size, and additional, weaker
bands of about 4.8 and 7 kilobases are seen in RNA from the
K562, Dami, and HEL cells. No FGFR-2 mRNA was found in
any of the leukemia cells studied (data not shown). Interestingly,
the HL-60 promyelocytic leukemia and KG-1 myeloid leukemia
cells, largely devoid of the FGFR-3 and FGFR-4 mRNAs, and
the MOLT4 T-cell leukemia cells, which contained no FGFR-
4 and only low levels of FGFR-3, showed expression of the 4.4-
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Fig. 1. Expression of the mRNAs for FGFR family members in human
leukemia cell lines. Northern analysis of 5 ^g of polyadenylated RNA from the
cell lines (top) hybridized sequentially with the cDNAs for FGFR-1-4. The
FGFR-2 mRNA was not expressed by any of the cells (data not shown). Bottom,
Hybridization with a .<ut-tin probe as an internal control for the amounts of

RNA.
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Fig. 2. Comparison of FGFR-3 and FGFR-4 mRNA levels between K562,
Tera-2 teratocarcinoma, RD rhabdomyosarcoma, and A549 lung carcinoma cell
lines. Northern blotting and hybridization analysis was performed as in Fig. 1.
Hybridization with the glyceraldehyde 3-phosphate dehydrogenase cDNA was
performed as an internal control for RNA loading.

and 4.8-kilobase FGFR-1 mRNAs. In addition, the FGFR-1
probe hybridized to a 2.8-kilobase RNA expressed in the KG-1
cells. The identity of this RNA is unknown, but it should be
noted that several differentially spliced forms of FGFR-1
mRNA have been shown previously (12, 13).

The levels of FGFR-3 and FGFR-4 expression were com
pared between K562 cells and the solid tumor cell lines A549
(lung carcinoma), RD (rhabdomyosarcoma), and Tera-2 (tera
tocarcinoma). The results show that the FGFR-3 RNA is ex
pressed at higher levels in the leukemia cells and that the 3.0-
kilobase FGFR-4 RNA is expressed at equally high levels in
the K562 and RD cells (Fig. 2).

Scanning of the autoradiographs was used to quantitate the
expression of FGFR RNA relative to the amount of cellular
polyadenylated RNA on the filters. Expression levels for the
leukemia cell lines shown in Fig. 1, plus additional leukemia
cell lines, were divided into three groups according to the
amount of specific mRNA, and these results are given in Table
I.

In order to show that the FGFR mRNAs were translated
into receptor polypeptides, the K562 cells which contained
abundant FGFR-4 and FGFR-3 RNA were chosen for covalent
cross-linking analysis with ';5I-aFGF. COS cells transfected
with either FGFR-4 or FGFR-1 expression vectors (11) were
used as controls. The results are shown in Fig. 3. Lane 2 shows
that the K562 cells contain an aFGF-binding polypeptide com-
igrating with the high-molecular-weight polypeptide in samples
from FGFR-4 transfected COS cells (Fig. 3, Lane 6). The
polypeptides expressed in FGFR-1-transfected COS cells show
a different mobility (Fig. 3, Lane 7). The binding specificity of
the K562 cell polypeptide is demonstrated by the fact that its
labeling is completely competed off by a 50-fold excess of
unlabeled aFGF (Fig. 3, Lane 3). On the other hand, a 50-fold
excess of unlabeled bFGF, without or with heparin, caused only
a very minor decrease in the binding of the labeled aFGF (Fig.
3, Lanes 4 and 5). This suggests that the receptor expressed in
K562 cells does not bind bFGF. As a control, labeled aFGF
was completely competed by bFGF in COS cells transfected
with FGFR-1, which has been shown to bind both aFGF and
bFGF (6). These results confirm that the K562 cells express
FGF receptors, probably mostly FGFR-4, which we have pre
viously shown to bind aFGF but not bFGF (11), and suggest
that despite the presence of mRNA coding for FGFR-3, signif
icant numbers of these receptors are not expressed on the cell
surface.

Discussion

These experiments indicate that at least three of the five
different members of the FGFR family are expressed and

Table 1 Expression of FGFR mRNAs in leukemia cell lines
Polyadenylated RNA was extracted from the cells, run in agarose gels, and

after Northern blotting hybridized sequentially to the specific FGFR probes and
either the ÃŸ-actinor GAPDH probes. Scanning of the autoradiographs was used
to quantitate the specific signals relative to the (J-actin or GAPDH signals.

mRNA for

Leukemias FGFR-4 FGFR-3 FGFR-2 FGFR-1

K562 (erythroid) +++Â° +++
K562+TPA (megakaryoblastic) +++â€¢ +++
Dami (megakaryoblastic) ++ +++ â€”¿� â€”¿�
HEL (erythroid) + +++
HL-60 (promyelocytic) - - ++
KG-1 (myeloid) +
ML-2 (myeloid) + +
RC-2A (monocytic) -
U937 -
Jurkat (T-cell) ++ + +++
MOLT4 (T-cell) + - ++
JOK-1 (B-hairy cell) +++ - -

" FGFR RNA expression was classified into three levels presented by +. ++,

and +++.
* -, no RNA detected.
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Fig. 3. Covalent cross-linking of aFGF and bFGF to K562 cells. Cross-linking
was performed as described in "Materials and Methods." An autoradiogram of
the SDS-PAGE is shown. Lane 1, molecular weight marker; Lane 2, K562 cells
cross-linked to '"I-aFGF; Lane 3, cross-linking of '2'I-aFGF to K562 cells in the
presence of a 50-fold excess of unlabeled aFGF; Lane 4, 50-fold excess of
unlabeled bFGF without and with (Lane 5) heparin. Lanes 6, 7, and 8, control
experiments with COS cells transfected with FGFR-4 and FGFR-1 expression
vectors and cross-linked to '"I-aFGF. Lane 8, cross-linking in the presence of a
50-fold excess of bFGF.

differentially regulated in human hematopoietic cells. At pres
ent, seven FGFs are known (14, 15). aFGF and bFGF are the
best characterized of these ligands. They have similar but very
complex effects, depending on the responder cell type; they can
induce mitogenesis, participate in angiogenesis, support cell
survival, and either induce or inhibit cellular differentiation.

Expression of FGFRs in leukemia cells or normal hemato
poietic precursor cells has not been previously reported. Normal
lymphoblasts were recently reported to contain FGFR-3 tran
scripts (16). The high levels of FGFR-3 and FGFR-4 mRNA
observed in leukemia cell lines in culture may either reflect
expression in a subset of normal hematopoietic cells or repre
sent aberrant expression induced by leukemogenesis or in vitro
growth. A recent report suggests that FGFs can have a permis
sive role for primitive hematopoietic cell colony formation in
culture (17), and a low concentration of bFGF has been shown
to stimulate myelopoiesis, especially the formation of neutro-
phil granulocytes and their precursors, in long-term human
bone marrow culture (18). It is possible that FGFs are produced
by bone marrow stromal cells, and they could have local effects
in the hematopoietic microenvironment, including the extra
cellular matrix, leading to direct or indirect effects on blood
cell production or function.

The finding of the highest levels of FGFR-3 and FGFR-4
mRNA in the erythroid and megakaryoblastic cell lines suggests
that their expression may be typical of leukemias in these
lineages. We have shown FGFR-4 mRNA in the liver and
spleen of human fetuses but have not been able to detect FGFR
expression in unfractionated normal bone marrow or in the
bone marrow mononuclear cell fraction by Northern hybridi
zation analysis (II).4 This may be due to the heterogeneity of

the cell population analyzed, with possibly only some types of
cells expressing the receptor mRNAs, which remain thus un
detected in the RNA from these mixed cell preparations. This
hypothesis is supported by the finding of FGFR-4 clones during
the screening of a human bone marrow cDNA library.5 Clearly,

in situ hybridization experiments are needed to specify possible
hematopoietic cells expressing the different FGFRs.

Several genes involved in the regulation of hematopoietic cell
growth and differentiation have been mapped to the 5q chro
mosomal arm, where we have localized also the FGFR-4 gene
[bands q33-qter (19)]. Deletions of the 5q arm including some
hematopoietic growth factors and receptors are frequently seen
in myelodysplastic syndromes, secondary acute myeloid leuke
mias, and a subset of de novo acute myeloid leukemias (20). We
are currently exploring the possible role of the FGFR-4 gene in
translocations of the distal end of chromosome 5 (21, 22).
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