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To determine the mechanisms by which multiple forms of fibroblast growth factor (FGF) receptors are
generated, we have mapped the arrangement of exons and introns in the human FGF receptor 1 (FGFR 1) gene
(fig). We found three alternative exons encoding a portion of the third immunoglobulin (Ig)-like domain of the
receptor. One of these alternatives encodes a sequence that is part of a secreted form of FGFR 1. The other two
encode sequences that are likely part of transmembrane forms of FGFR 1. One of these forms has not been
previously reported in published cDNAs. Also, we have determined the structural organization of a portion of
the human FGFR 2 gene (bek) and found a similar arrangement of alternative exons for the third Ig-like
domain. The arrangement of these genes suggests that there are conserved mechanisms governing the
expression of secreted FGF receptors as well as the expression of at least two distinct membrane-spanning
forms of the FGF receptors. The diverse forms appear to be generated by alternative splicing of mRNA and

selective use of polyadenylation signals.

Acidic fibroblast growth factor (aFGF) and basic fibroblast
growth factor (bFGF) were initially characterized and puri-
fied on the basis of their mitogenic activities toward fibro-
blasts (7, 8). Subsequent studies have shown that FGFs
stimulate a remarkably diverse group of biological responses
(reviewed in references 3, 10, and 35), including proliferation
of endothelial cells (9, 18), neurite outgrowth (24, 36, 37),
survival of lesioned cholinergic neurons in vivo (1), and early
steps of embryonic development (15, 16, 33).

In recent years, the complexity of the FGF system has
become apparent with the discovery of at least seven genes
that encode factors in the FGF family. The factors that have
been identified include aFGF, bFGF, the product of the int-2
oncogene (23), the product of the hst oncogene (Kaposi
sarcoma FGF) 4, 34), FGF-5 (39), FGF-6 (20), and kerati-
nocyte growth factor (KGF) (29). There are also multiple
genes that encode FGF receptors (5, 11, 12, 14, 17, 22, 25,
26). We have referred to the known FGF receptors as FGF
receptors 1, 2, and 3 (FGFR 1 to 3).

The first identification of a full-length cDNA for an FGF
receptor was based on experiments in which a functional
FGF receptor was purified from chicken embryos (17). The
cDNA encoding this purified protein was closely related to a
previously published partial cDNA (30) of a fms-like gene
(flg) that had been isolated on the basis of tyrosine Kinase
sequence homologies. It is now apparent that the FGF
receptor and its related genes form a subclass of tyrosine
kinase receptors that are different from the Fms/platelet-
derived growth factor receptor group and other tyrosine
kinase receptors. We refer to this first FGF receptor as
FGFR 1. This gene is identical to the flg (human) (30) and
Cekl (chicken) genes (26). The chicken cDNA clones that
were isolated for FGFR 1 were predicted to encode a protein
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that has three immunoglobulin (Ig)-like domains in the
extracellular region, a single membrane-spanning segment,
and a tyrosine kinase domain in the cytoplasmic region (Fig.
1 shows a schematic diagram of the receptor protein). In
subsequent studies, human and mouse ¢cDNAs encoding
three-Ig-domain forms of FGFR 1 were isolated (5, 28).
However, additional cDNA clones were found to encode
FGFR 1 proteins containing only two Ig domains (13, 28)
(Fig. 1). These two domains corresponded to the second and
third Ig domains of the three-Ig-domain form of the receptor.
Functional characterization of the cloned FGFR 1 proteins
showed that both the three- and two-Ig-domain forms of the
receptor can bind and become activated by either aFGF or
bFGF (5, 13). These experiments demonstrated that (i) a
single receptor protein can bind different members of the
FGF family and (ii) the first Ig domain of the FGF receptor
is not essential for binding aFGF and bFGF.

In addition to two- and three-Ig-domain forms of FGFR 1
that span the membrane, we isolated a cDNA encoding a
secreted form of the receptor (13) (Fig. 1). The secreted form
of the receptor contains two Ig-like domains and is identical
to the membrane-spanning forms of the receptor except for
the carboxy-terminal half of the third Ig domain. The se-
quence of this region of the secreted receptor lacks a
hydrophobic membrane-spanning region and terminates at a
point that would produce a secreted protein that lacks a
cytoplasmic domain.

These findings have suggested that the expression of
different forms of the FGF receptor is regulated by alterna-
tive splicing of mRNA. In this study, we have investigated
the organization of exons and introns in the human FGFR 1
gene. This information has enabled us to determine the
origin of sequences that are unique to mRNA transcripts
encoding the secreted form of the receptor. Furthermore, we
discovered an additional exon that encodes an alternative
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FIG. 1. Schematic representations of the three-Ig-domain (A)
and the two-Ig-domain (B) forms of the membrane-spanning FGFR
1 and of the two-Ig-domain form of the secreted receptor. The
following structural features are identified: hydrophobic leader
sequence (solid squares), highly acidic domain (open squares),
transmembrane domain (striped squares), kinase 1 and kinase 2
domains (stipled rectangles), and the divergent amino acid sequence
specific for the secreted receptor form (wavy line).

sequence for the second half of the third Ig domain. There-
fore, there are three possible coding sequences for this
region of the receptor molecule.

Recent studies have shown that the product of the FGFR
2 gene (variously called bek [5], Cek3 [25], K-sam [11], TK14
[12], and KGF receptor [22]) also is capable of binding both
aFGF and bFGF (5, 22). A naturally occurring variant of
FGFR 2 (the KGF receptor [22]) that lacks some sequence in
the extracellular region is activated by KGF. Overall, FGFR
2 is similar in structure and sequence to FGFR 1. As is the
case for FGFR 1, both three- and two-Ig-domain forms of the
FGFR 2 protein have been identified. We have determined
the structural organization of the human FGFR 2 gene in the
region encoding the third Ig domain. These studies indicate
that the FGFR 2 gene is organized in a fashion nearly
identical to that of the FGFR 1 gene. In both cases, multiple
forms that differ in their third Ig domain are expressed. The
expression of each unique form can be attributed to either
alternative splicing or selective use of polyadenylation sig-
nals.

MATERIALS AND METHODS
Cell lines. Human foreskin fibroblast cells, human Ewing’s

sarcoma cells (ATCC HTB 166), human astrocytoma cells
(grade IV; ATCC CRL 1718, CCF-STTG1), and human
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neuroblastoma cells (SH-EP) were grown in RPMI 1640
(GIBCO) containing 10% fetal calf serum. Human adrenal
cortex adenocarcinoma cells (ATCC CCL 105) were grown
in L-15 medium (GIBCO) containing 10% fetal calf serum.
Human kidney endothelial cells were grown on gelatin-
coated plates in Dulbecco modified Eagle medium (Irvine
Scientific) supplemented with 10% fetal calf serum, 10 U of
heparin per ml, and 30 pg of endothelial cell growth supple-
ment (Collaborative Research Inc.) per ml. Rat L6 cells
transfected with expression constructs containing cDNAs
encoding either the human FGFR 1 secreted form or the
previously published transmembrane form of FGFR 1 (13)
were grown in Dulbecco modified Eagle medium containing
10% fetal calf serum.

Isolation of human genomic DNA. Human genomic DNA
used as a template for polymerase chain reactions (PCR) was
isolated from human foreskin fibroblast cells. High-molecu-
lar-weight DNA was isolated according to previously pub-
lished protocols (19).

PCR. Human genomic DNA was amplified by using 750 ng
of human genomic DNA as a template for PCR (31). Each
reaction mix also contained 10 pmol of each primer, 200 uM
each of the four deoxynucleoside triphosphates, and 1 U of
Tagq polymerase (Perkin Elmer Cetus) in 50 pl of 10 mM Tris
hydrochloride (pH 8.3)-50 mM KCl-1.5 mM MgCl,-100 ng
of bovine serum albumin per mi. Reactions were carried out
in an Ericomp twin block system. Thirty-one cycles, con-
sisting of denaturation at 94°C for 50 s, annealing at 60 to
65°C for 1 min, and extension at 72°C for 3 min, were
performed.

Using PCR, we amplified, subcloned, and sequenced 13
overlapping human genomic fragments, each of which con-
tained at least one but not more than two introns. The
primers were based on human FGFR 1 cDNA sequences
(13). Listed below are the primer combinations, starting at
the 5’ end of the coding region, that were used to amplify the
13 overlapping genomic fragments (fragment numbers are
underlined). For each primer pair, the 5’ primer is listed first,
followed by the 3’ primer. Indicated in parentheses is the
exon number from which the primers were derived (Fig. 2).
In some cases, primers were derived from intronic se-
quences. In these cases, the location of the intron from
which the primer was derived is indicated. The primer pairs
are as follows: 5'-GA(T/C)GACGTGCAG(A/T)(G/C)CATC
AACTGGGTGCGTGATGG-3' (exon 1) and S'-CATCTTT
TCTGGGGATGTCCAATATGGA-3' (exon 3); 5'-CTCTTC

.36
21 1123 .3411 84 |25.12 1

6 {7 i8ioloinieiiinsie 17
1314

FIG. 2. Structure and organization of the human FGFR 1 gene, showing the arrangement of exons and introns. Arrows and vertical dashed
lines indicate the positions of intron sequences. Numbers above the arrows indicate the size of the intron in kilobases. Numbers below the
coding region and between the vertical dashed lines indicate the assigned exon numbers. The 5’ region of the receptor gene which remains
uncharacterized is boxed. The size of the intron between exons 5 and 6 is not known because it is not clear where exon 5 ends. The
approximate end of exon 6 was determined by comparison with the analogous exon from FGFR 2. The following structural features are
identified: 5’ nontranslated sequence (cross-hatched line), hydrophobic leader sequence (solid square), highly acidic domain (open square),
sequences encoding the divergent amino acid sequence which is specific for the secreted receptor (wavy line), transcribed sequences which
become the 3’ nontranslated sequence unique to mRNA transcripts encoding the secreted receptor form (zigzag line), and transcribed
sequences which become the 3’ nontranslated sequence specific for transcripts encoding membrane-spanning receptor forms (thick black
line). The three alternative coding sequences for the second half of Ig domain III are indicated as IIla, IIIb, and Illc.
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AGAGGAGAAAGAAACAGATA-3' (exon 2) and 5'-CCG
TACTCATTCTCCACAATGCA-3' (exon 4); 5'-TATGC
CACCTGGAGCATCATAATGGACTCTGTGGTGCCCTC
TGAC-3' (exon 4) and 5'-GACTGGCCCACGAAGACTG
GTGCCAT (exon S, derived from secreted form specific
sequence); S'-CAGACAACCTGCCTTATGTCCAGATCT-
3’ (exon S; labeled 5’ in Fig. 2) and 5'-CATCTCTTTGTCG
GTGGTATTAACTCCA-3' (exon 7; labeled 3’ in Fig. 2);
5'-CTTAGAGGTCTCATGTCCTGTGCTTGT-3" (derived
from sequence at the 3’ end of the intron directly preceding
exon 7) and 5'-TCACTCCAGGTACAGGGGCGAGGT-3’
(exon 8); S'-TGCTAACACCCTGTTCGCACT-3' (derived
from sequence at the 3’ end of the intron directly preceding
exon 8) and 5'-GAGGCAGCTCCCAGCGA-3' (exon 9); 5'-
CTGACTCCAGTGCATCCAT-3' (exon 9) and 5'-CCACCT
GCCCAAAGCAGCCCTCTCCCAGGGGTTTGCCTAA-3’
(exon 10); 5’-CTTCACCAGCCCCAACTTATGCCACT-3’
(derived from sequence at the 3’ end of the intron directly
preceding exon 10) and S'-CAGCAGGTTGATGATA-3'
(exon 11); 5'-GCAACAGAGAAAGACTTGTCAGACCT-3’
(exon 11) and S5'-CTTGGAGGCATACTCCACGATGAC
AT-3' (exon 12); 5'-CAAACCTGCTCACCTGCTGCT-3'
(derived from sequence at the 3’ end of the intron directly
preceding exon 12) and 5'-TCGATGTGGTGAATGTC-3’
(exon 13); 5'-CAGGTCTCGGTGTATGCACTTCT-3’ (exon
13) and 5'-CACTCTGGTGGGTGTAGAT-3’ (exon 14); 5'-
GACTGCCTGAAGTGGAT-3' (exon 14) and S'-CATGTA
CAGCTCGTTGGTGCAGTTA-3’ (exon 15); and 5'-CTG
TGGGAGATCTTCACT-3’ (exon 15) and 5'-GAGAGGTGA
GCTGAGTG-3' (derived from 3’ nontranslated sequence
associated with membrane-spanning receptor forms).

To characterize the region of the FGFR 2 gene encoding Ig
domain III, we used PCR to generate three overlapping
genomic fragments. Primers were designed on the basis of
the published sequences of FGFR 2 cDNAs (5, 11). The
primer combinations used to generate these three fragments
were as follows: 5'-GAAAAGAACGGCAGTAAAT-3’ (exon
5) and 5'-CACTTCTGCATTGGAACTAT-3' (exon 6); 5'-
GACCATAGACAATGCTAAGA-3' (derived from se-
quence at the 3’ end of the intron directly preceding exon 6)
and 5'-GAGAACCTCAATCTCTTTGT-3' (exon 7); and 5'-
ATCATTCCTGTGTCGTCTA-3’ (derived from sequence at
the 3’ end of the intron directly preceding exon 7) and
S'-TCATAGTCTGGGGAAGCTGTAATCT-3' (exon 8).

Following the final extension of PCR reactions, 1 U of
Klenow enzyme was added to each reaction mix, and
extension was allowed to continue for 30 min at room
temperature. Reaction products were then subcloned into
the Smal site of Bluescript KS (Stratagene), and subclones
were sequenced (32) to determine the precise locations of
intronic sequences.

Isolation of human RNA. Polyadenylated human RNA was
isolated from cells by using a Fast Track kit (Invitrogen) as
specified by the manufacturer. Total cellular RNA was
isolated from cells by using guanidinium isothiocyanate as
previously described (6).

Probes used for RNase protection assays. DNA probes
specific for each of the three alternative coding sequences
for the second half of Ig domain III (IlIa, IIIb, and IIIc) were
subcloned into Bluescript KS. The secreted form-specific
probe, Illa, represents a 410-bp Accl-Sall fragment of the
published secreted-form cDNA (13) (h5 cDNA). This frag-
ment was subcloned into the Accl site of Bluescript KS. The
IIIb-specific probe was obtained by PCR amplification of a
140-bp fragment from the IIIb exon, using the primers
5'-CATTCGGGGATTA-3' and S'-TCTGGTGACAGTGAG
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CCA-3'. The Illc-specific probe was obtained by PCR am-
plification of a 142-bp fragment from the IIIc exon, using the
primers S'-ACTGCTGGAGTTAATACCAC-3' and 5'-TTCC
AGAACGGTCAACCAT-3'. Both the IIIb and IIlc DNA
probes were subcloned into the Smal site of Bluescript KS.

RNase protection analyses. For RNase protection mapping
of FGFR 1 transcripts, we used antisense RNA probes
transcribed in vitro from the above-mentioned plasmid DNA
templates. Before transcription, plasmid templates were
linearized at unique sites in the Bluescript KS polylinker.
Antisense RNAs were then transcribed by using T3 or T7
RNA polymerase and [*?PJrUTP (800 Ci/mmol; Amersham)
as previously described (21). All three probes described
above were transcribed to approximately the same specific
activity (108 cpm/ug of linearized DNA template). Samples
of polyadenylated RNA (1 pg) or total cellular RNA (20 ng)
were hybridized with 10° cpm of the labeled antisense RNA
for 12 h at 42°C. As a negative control, probes were
hybridized with 20 pg of tRNA (Escherichia coli). Hybrids
were digested with RNase A and RNase T, for 40 min at
30°C as described by Melton et al. (21). Protected fragments
were separated on 5% polyacrylamide-8 M urea gels and
analyzed by autoradiography.

RESULTS

Structural organization of the human FGFR 1 gene. Prim-
ers based on the sequence of the human FGFR 1 cDNA (13)
were used to amplify regions of the gene, using human
genomic DNA as a template for PCR (31). Using this
approach, we amplified, subcloned, and sequenced 13 over-
lapping genomic fragments, each of which contained at least
one but not more than two introns. The overlapping frag-
ments covered the region extending from the amino-terminal
half of Ig domain I to the 3’ nontranslated region associated
with the membrane-spanning receptor forms (Fig. 2). Figure
2 indicates the locations and sizes of intronic sequences in
the FGFR 1 coding region. We were unable to amplify any
fragments with use of a primer derived from the 5' nontrans-
lated region or signal peptide sequence and a primer derived
from Ig domain I, indicating that there may be a large
intron(s) located in this region. For this reason, we started
our numbering of exons with number 2 (Fig. 2). Figure 3
shows the nucleotide sequence of each intron-exon bound-
ary. In general, the observed splice junction sequences were
similar to published consensus sequences (2). However, in
some cases the junction sequences differed from the consen-
sus sequences (Fig. 3).

Genomic sequences involved in the generation of a secreted
form of FGFR 1. Previously we have shown that at least two
forms of FGFR 1 that differ in the third Ig domain are
expressed (13). One of these forms represents a secreted
extracellular domain that lacks transmembrane sequences,
whereas the other form represents a membrane-spanning
form of the receptor. The coding region of the secreted
FGFR 1 form diverges completely from the sequence of the
membrane-spanning forms at a position approximately half-
way through Ig domain III (Fig. 1). Also, cDNAs encoding
the secreted form of receptor contain approximately 0.95 kb
of 3’ nontranslated sequence which is distinct from the 3’
nontranslated sequences of cDNAs encoding membrane-
spanning receptors. When a primer derived from the amino-
terminal half of Ig domain III (labeled S’ in Fig. 2) and a
primer derived from the carboxyl-terminal half of the mem-
brane-spanning form of Ig domain III (labeled 3’) were used
to amplify genomic DNA, a single 2.6-kb fragment was
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Intzon Exon Intzon
1....AATGTTTCAG / GTTGGT
N V S
TCTTCTTCCCAT / AGATGCTCTC..... 2....AACCGTATGC / GTGAGA
D A L N R M
TTCCCCGGGCAG / CCGTAGCT....... 3...GGCTACAAGGT / ACGTGT
P V A G Y K
GCATTTCCCCTC / AGGTCCGTTAT....4....GATGTCGTGG / GTAAGA
V R Y D V V
CCATCTTCCACA / GAGCGGTCC...... 5
E R S
TTGGTTTGTTCC / AGCATTCGGGG....6
H S G
GTTGTCTCTTCT / AGACTGCTGGA....7....GTTCTGGAAG / GTACAC
T A G V L E
TCGCACTGACTC / AGCCCTGGAA..... 8....CAGGTAACAG / AAAGTA
A L E Q Vv T
TCTTCCTTGCAG / GTGTCTGCT...... 9...CCTCGGGACAG / GTAATA
vV S A P R D
GTTTCCCCCGAAR / AGACTGGTC..... 10....ATGTTGAAGT / GTAAGT
R L V M L K
TGTTCTTTAAAG / CGGACGCA...... 11..... CAGGATGGT / GGGTGC
S D A 0 D G
CCTGTGCCTGCA / GGTCCCTTG..... 12..... TCCAAGAAG / GTGTGG
G P L S K K
TCCTCCTTCCTC / AGTGCATACAC...13....ACAACCAACG / TGAGTG
cC I H T T N
TGCTGCTTTCAG / GGCCGACTG..... 14..... AGTGATGTGTG / AGTTTG
G R L S DV
GCCCATTTGCAG / GTGGTCTTTC....15...AACGAGCTGTA / AGCCCG

W S F N E L

GTCCTGCCGCAG / GTACATGATG....16....TCCAACCAGG / TAAGGC
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TCTCGCCCATCA / CAGGAGTAC..... 17
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FIG. 3. Nucleotide junctions of introns and exons within the
coding region of the human FGFR 1 gene. The first three and last
three amino acids of each exon are translated to enable precise
positioning relative to the published amino acid sequences of FGFR
1 (13). Since it is not clear where exons S and 6 end, the junction
sequences at the ends of these exons are not shown. The exact 3’
end of exon 17 also is not known. For comparison, a consensus form
for intron-exon boundaries is intron....(Py){NPyAG/G....ex-
on....AG/GTPuAG....intron (2), where Py is pyrimidine and Pu is
purine.

amplified. In this genomic fragment, sequences encoding the
unique region of the secreted form of receptor are continu-
ous with sequences encoding the amino-terminal half of Ig
domain III and are followed by a stop codon and a 3’
nontranslated sequence previously found in the cDNA se-
quence of the secreted receptor (Fig. 2). Although the
published sequences of the secreted form cDNAs do not
contain a polyadenylation signal (27), a consensus polyade-
nylation signal (AATAAA) is found in the genomic sequence
only 16 nucleotides downstream from the 3’ end of the
published cDNA sequence for the secreted form (Fig. 6). It
is possible that the published cDNA sequence for the se-
creted receptor form is truncated at the 3’ terminus and that
the consensus polyadenylation signal found in the genomic
sequence may be present in the mRNA transcripts for this
form of receptor.

Approximately 1.4 kb downstream from the above-men-
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FIG. 4. Expression of FGFR 1 mRNA transcripts encoding
different sequences for the second half of Ig domain III. Shown are
the results of RNase protection assays of human mRNA samples
using probes specific for the Illa (secreted form) sequence (A), the
IIIb sequence (B), and the Illc sequence (C). The assays were
performed as described in Materials and Methods. The predicted
sizes of the protected fragments were 410, 140, and 142 bp for the
IIIa, IIIb, and Illc probes, respectively. Arrows indicate the posi-
tions of the protected fragments. In each panel, lane 1 contains an
aliquot of undigested probe (10° cpm) and lane 8 represents a tRNA
negative control. RNA samples from the following human cell lines
were analyzed: kidney endothelial cells (lane 2), foreskin fibroblasts
(lane 3), Ewing’s sarcoma (lane 4), astrocytoma (lane 5), neuroblas-
toma (lane 6), and adrenal cortex (lane 7). The sample represented in
lane 9 of panel A was 20 pg of total RNA from rat L6 cells
transfected with a cDNA expression construct containing the Illa
exon. The sample represented in lane 9 of panel C was 20 pg of total
RNA from rat L6 cells transfected with a cDNA expression con-
struct containing the IIlc exon.

tioned consensus polyadenylation signal, the sequences en-
coding the third Ig domain of the membrane-spanning form
of the receptor are found (Fig. 2). This type of genomic
arrangement suggests that the decision to generate mRNA
transcripts encoding membrane-spanning forms of the recep-
tor is mediated by alternative splicing. In contrast, the
decision to generate transcripts encoding secreted forms of
the receptor may be mediated by selective use of polyade-
nylation signals.

Identification of an additional extracellular exon for the
third Ig domain. The existence of two distinct exons coding
for the second half of Ig domain III raised the question of
whether additional exons encoding this region of the recep-
tor molecule were present in the FGFR 1 gene. To address
this question, we sequenced the entire genomic region
located between sequences encoding the end of Ig domain II
and sequences encoding the transmembrane domain (from
the beginning of exon 5 to the end of exon 8; Fig. 2).
Interestingly, an open reading frame encoding sequence
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elements characteristic of Ig-like domains (38) was discov-
ered between sequences encoding the secreted form Ig
domain IIT (exon 5) and sequences encoding the Ig domain
IIT associated with the known membrane-spanning receptor
(exon 7). In particular, this open reading frame encoded a
cysteine residue in the form GlyGluTyrValCys. This se-
quence of amino acids resembled the consensus sequence
surrounding the second cysteine residue in typical Ig-like
domains: GlyXTyr(Ser/Thr)Cys (38).

To determine whether the newly identified open reading
frame contained an authentic exon sequence, we amplified
cDNA derived from human umbilical vein endothelial cell
mRNA by using primers derived from this open reading
frame and primers derived from elsewhere in the FGFR 1
cDNA sequence. The primers derived from elsewhere in the
cDNA sequence were chosen so that amplification of ge-
nomic DNA would yield fragments containing intronic se-
quences. Thus, only amplification of authentic cDNA spe-
cies would yield fragments without introns. Using a primer
(5' primer) derived from Ig domain II sequence and a primer
(3’ primer) derived from the putative new exon sequence, we
successfully amplified a single DNA fragment that contained
no intervening sequences (data not shown). This verified that
the open reading frame that we had identified contained an
authentic exon sequence. This exon encoded another possi-
ble carboxy-terminal half of Ig domain III. In the genomic
sequence, this exon is numbered 6 (Fig. 2 and 3 show the
exon boundaries).

We were unable to amplify any cDNA fragments when we
used a primer (5’ primer) derived from the new exon and a
primer (3’ primer) derived from the cytoplasmic coding
region sequence. However, by analogy with the FGFR 2
gene, it is likely that this newly discovered exon is part of
mRNA transcripts encoding a membrane-spanning form of
the receptor (see Discussion). Thus, there are at least three
alternative exons that can code for the carboxy-terminal half
of Ig domain III (labeled IIla, IIIb, and Illc in Fig. 2).
Expression of the IIla exon gives rise to a secreted form of
the receptor. In contrast, expression of the IIIc exon (pre-
viously published sequence), and potentially the IIIb exon
(newly discovered exon), gives rise to a membrane-spanning
form of the receptor.

Expression of FGFR 1 mRNA transcripts encoding different
sequences for the second half of Ig domain III. The discovery
of three alternative exons encoding the second half of Ig
domain III led us to examine the patterns of expression of
these exons in a variety of human cell lines. To accomplish
this, we performed RNase protection assays using probes
specific for each of the three exons (see Materials and
Methods for a description of the probes). Some of the cell
lines tested (astrocytoma, neuroblastoma, and adrenal cor-
tex) simultaneously expressed transcripts for each of the
three different receptor forms (Fig. 4). Also, one cell line,
foreskin fibroblasts, expressed only the IIIc exon. In sum-
mary, with the exception of foreskin fibroblasts cells, the
patterns of expression of the three alternative exons are
highly similar. It should be noted, however, that the levels of
the different mRNA transcripts probably differ widely. This
conclusion is based on the facts that the protection assay
shown in Fig. 4A (Illa; secreted form-specific probe) was
exposed to film for 10 days, the protection assay shown in
Fig. 4B (IIIb probe) was exposed for 2 days, and the
protection assay shown in Fig. 4C (IlIc probe) was exposed
for only 5 h.

Comparison of the three exons encoding the second half of
Ig domain III. Figure SA shows an alignment of the Illa,
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IIIb, and IIIc amino acid sequences of FGFR 1. Interest-
ingly, the two exons that appear to be part of membrane-
spanning forms of FGFR 1 (IIIb and IIIc) are identical in 22
of 49 amino acids (45%). In contrast, the amino acid se-
quence of IIla (secreted form) shows no apparent homology
to the sequence of either IIIb or Illc.

Recently, cDNAs encoding transmembrane forms of
FGFR 2 that differ in the second half of Ig domain III have
been reported. Two of these cDNAs (K-sam [11] and the
KGF receptor [22]) encode a sequence that is highly similar
to the IIIb sequence of FGFR 1. This sequence is shown in
Fig. 5B and is labeled FGFR 2 IIIb. Since the FGFR 2 IIIb
sequence is part of a membrane-spanning receptor, it seems
highly likely that the FGFR 1 IIIb exon that we have
discovered also is part of a transmembrane receptor form.
The other two known FGFR 2 cDNAs (bek [5] and TK14
[12]) encode a sequence highly similar to the IIlc sequence of
FGFR 1. This sequence is also shown in Fig. 5B and is
labeled FGFR 2 Illc.

Comparison of the IIIb sequences of FGFR 1 and FGFR 2
reveals that they are identical in 38 of 49 amino acids (78%;
Fig. 5C). Similarly, the IIlc sequences of FGFR 1 and FGFR
2 are identical in 40 of 48 amino acids (83%:; Fig. 5D). Thus,
the FGFR 1 IIIb sequence is more closely related to the IIIb
sequence of FGFR 2 than to the IIlc sequence of FGFR 1.
Likewise, the FGFR 1 IIlc sequence is more closely related
to the Illc sequence of FGFR 2 than to the IIIb sequence of
FGFR 1.

Structural organization of the human FGFR 2 gene in the
region containing alternative Ig domain III exons. To deter-
mine whether the structural organization of the human
FGFR 2 gene was similar to that of the FGFR 1 gene, we
amplified overlapping genomic fragments of this gene in the
region coding for Ig domain III (see Materials and Methods).
Figure 6 compares the genomic organization in this region of
the two FGF receptor genes. As shown, the linear arrange-
ments of the IIIb and IIIc exons in the FGFR 1 and FGFR 2
genes are identical. The positions (Fig. 7) and sizes of
intronic sequences are also similar.

In contrast with the FGFR 1 gene, a stop codon is found in
the FGFR 2 genomic sequence only 4 amino acids down-
stream from sequences encoding the amino-terminal half of
Ig domain III (compared with 79 amino acids downstream
for human FGFR 1). Thus, a putative FGFR 2 IIla exon
(secreted form) would encode only four unique amino acids.
Experiments are currently in progress to determine whether
this form of the FGFR 2 protein is expressed.

DISCUSSION

In this study, we have investigated the structural organi-
zation of the human FGFR 1 gene in an effort to determine
the underlying mechanisms that are responsible for generat-
ing diverse forms of the FGFR 1 protein. Our findings
suggest that the diversity seen in the third Ig domain of the
receptor can be explained by alternative splicing of mRNA
or selective use of alternate polyadenylation signals. Also, in
addition to exons that encode the reported third Ig domain
sequence for the transmembrane and secreted forms, we
found an additional extracellular exon which represents a
third possible exon coding for the second half of Ig domain
I11. Finally, we have determined the structural organization
of the human FGFR 2 gene in the region coding for Ig
domain III and show that this gene is organized in a fashion
nearly identical to that of FGFR 1. These findings suggest
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FIG. 5. Comparison of the three exons encoding the second half of Ig domain III. (A) Amino acid sequences encoded by the FGFR 1 Il]a,
11Ib, and Ilic exons; (B) amino acid sequences encoded by the FGFR 2 IIIb and IlIc exons. The short amino acid sequence of the putative
FGFR 2 Illa exon is also shown. In panels A and B, the amino acid sequences of IIIb and Illc have been aligned to show the degree of amino
acid identities between these two distinct domains. (C) Alignment of the FGFR 1 IIIb sequence with the FGFR 2 11Ib sequence; (D) alignment
of the FGFR 1 IlIc sequence with the FGFR 2 Illc sequence. For the FGFR 1 IIla and FGFR 2 I1la sequences, asterisks indicate the locations
of termination codons. The precise carboxy-terminal end of the FGFR 1 IIIb sequence is unknown. The sequence shown for FGFR 1 IIIb
represents the 5’ end of the downstream primer that was used to amplify cDNA encoding the FGFR 1 11Ib exon. The FGFR 2 I1Ib sequence
(11, 22) and the FGFR 2 Illc sequence (5) were derived from previously published sequences.

that the generation of diversity in the third Ig domains of
FGF receptors is functionally important.

We have designated the three alternative exons encoding
the second half of Ig domain III as IIla, IIIb, and Illc.
Expression of the IIIa exon leads to a secreted form of
FGFR 1, whereas expression of the IIlc exon, and likely the
IIIb exon, leads to a membrane-spanning form of the recep-
tor. The amino acid sequences of IIIb and IllIc are identical
at 22 of 49 amino acids. In contrast, the primary amino acid
sequence of IIla is not homologous to that of either IIIb or
ITIc. RNase protection assays demonstrate that a variety of
human cell lines simultaneously express mRNA transcripts
encoding either the IIla, IIIb, or IIIc domain.

The reasons for expressing multiple forms of FGF recep-
tor that differ in the third Ig domain are not fully understood.
It is possible that each of the alternative forms of receptor
has a specific role and pattern of expression during embry-
onic development. It is clear that the observed diversity in
the third Ig domain provides a means for expressing both
secreted and membrane-spanning forms of the receptor. The
secreted protein encoded by the secreted-form cDNA binds
both aFGF and bFGF (5a) and may act as an extracellular
reservoir of FGF or may block the action of FGF by
preventing interaction of the factor with a membrane-span-
ning FGF receptor.

It is possible that each of the alternative exons for the third
Ig domain of the membrane-spanning form confers a char-
acteristic pattern of ligand binding such that some of the
FGF ligands have higher relative affinities than others. There
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FIG. 6. Comparison of the structural organization of the human
FGFR 1 (A) and FGFR 2 (B) genes in the regions encoding the third
Ig domain of each receptor molecule. Arrows indicate the positions
of intron sequences. Numbers above the arrows indicate the size of
the intron in kilobases. Asterisks indicate the position of in-frame
stop codons. In panel A, the wavy line represents sequences
encoding the divergent amino acid sequence which is unique to the
secreted receptor form; the zigzag line represents transcribed se-
quences which become the 3’ nontranslated sequence of secreted-
form mRNA transcripts. In panel B, the thick black line represents
genomic sequences found between the putative FGFR 2 Illa coding
region and sequences encoding the FGFR 2 IIIb exon. By analogy
with the FGFR 1 gene, these sequences may represent 3’ nontrans-
lated sequences that are part of secreted-form mRNA transcripts.
The locations of consensus polyadenylation signals (AATAAA [27])
are shown.
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Intron Intzon

TGTGTCTGTTCT / AGCACTCGGGG 6
H S G

AAACAGCAAG / GTACAT
K 0 Q

CCCTTGTTTTCT / AGGCCGCCGGT 7
A A G

GTTCTGCCAG / GTATAT
Vv L P

GATCTGCAATCT / AGCGCCTGGA
AP G

FIG. 7. Nucleotide junctions of introns and exons for the region
of the FGFR 2 gene depicted in Fig. 6. The first three and last three
amino acids of exons are translated to enable precise positioning
relative to the published amino acid sequences of FGFR 2 (§, 11, 12,
22). We have numbered exons according to the corresponding exon
numbers in the FGFR 1 gene (see Fig. 2). Since it is not clear where
exon S ends, the junction sequence at the end of this exon is not
shown.

may also be ligands that have not yet been discovered that
bind to specific alternatively spliced forms of this receptor.
In support of these ideas, the KGF receptor (22), an alter-
natively spliced variant of FGFR 2, exhibits ligand-binding
specificities different from those of the bek form (5, 22) of
FGFR 2. The KGF receptor lacks sequences encoding the
highly acidic domain of the FGFR 2 extracellular region and
contains sequences in the third Ig domain which correspond
to the IIIb exon. The KGF receptor exhibits high-affinity
binding for KGF and aFGF but only low-affinity binding for
bFGF. The bek form of FGFR 2 contains sequences in the
third Ig domain which correspond to the IIlc exon and also
contains the highly acidic extracellular domain. In contrast
to the KGF receptor, the bek protein exhibits high-affinity
binding for both aFGF and bFGF.

Recently, several different membrane-spanning forms of
the FGFR 2 protein have been reported. These proteins
differ in sequence in the second half of the third Ig domain.
By comparison with the exons determined for FGFR 1, it is
clear that some of these proteins contain sequences which
represent the IIIb form of FGFR 2 (K-sam [11] or KGF
receptor [22]), while others contain sequences representing
the IIIc form of FGFR 2 (bek [5] or TK14 [12]). On the basis
of this information, we used PCR to determine the structure
of the FGFR 2 gene in the region encoding Ig domain III.
Our results show that the IIIb and IlIc exons of the FGFR 2
gene are arranged in the same linear order as they are in the
FGFR 1 gene. Furthermore, the intronic sequences are
located at nearly identical sites in the two genes. Recently, a
third human FGF receptor gene has been identified (FGFR 3
[14]). The FGFR 3 protein, which may represent the human
homolog of the chicken tyrosine kinase receptor Cek2 (25),
is similar in structure and sequence to both FGFR 1 and
FGFR 2. It will be interesting to determine whether the
conserved structural arrangement of the FGFR 1 and FGFR
2 genes is also seen in the gene encoding FGFR 3.

The genomic arrangement of exons encoding the second
half of the FGFR 1 Ig domain III provides clues regarding
the possible mechanisms for generating either secreted or
membrane-spanning forms of the receptor. Exons whose
expression gives rise to membrane-spanning forms of the
receptor (i.e., IIIb and Illc) are separated from coding
sequences of the receptor protein by intron sequences at
both ends. Thus, expression of these exons, and hence
membrane-spanning receptor forms, is probably mediated
by alternative splicing. In contrast, genomic sequences
encoding the secreted-form carboxyl terminus (IIIa) and the
secreted-form 3’ nontranslated sequence are continuous in
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the genomic sequence with sequences encoding the amino-
terminal half of Ig domain III. A consensus polyadenylation
signal (AATAAA) is found in the genomic sequence only 16
nucleotides downstream from the end of the known secret-
ed-form 3’ nontranslated sequence. It seems likely that this
signal sequence may be present in full-length secreted-form
mRNA transcripts. Thus, it is reasonable to propose that
expression of the secreted FGFR 1 form is determined by
selective use of polyadenylation signals. The conserved
structural arrangement found in the FGFR 2 gene suggests
that similar mechanisms may govern the expression of
diverse forms of FGFR 2. Experiments are currently in
progress to test these hypotheses.
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