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FGFRLI (fibroblast growth factor receptor like 1) is the fifth
and most recently discovered member of the fibroblast growth
factor receptor (FGFR) family. With up to 50% amino acid sim-
ilarity, its extracellular domain closely resembles that of the four
conventional FGFRs. Its intracellular domain, however, lacks
the split tyrosine kinase domain needed for FGF-mediated sig-
nal transduction. During embryogenesis of the mouse, FGFRL1
is essential for the development of parts of the skeleton, the
diaphragm muscle, the heart, and the metanephric kidney. Since
its discovery, it has been hypothesized that FGFRL1 might act as
a decoy receptor for FGF ligands. Here we present several lines
of evidence that support this notion. We demonstrate that the
FGFRL1 ectodomain is shed from the cell membrane of differ-
entiating C2C12 myoblasts and from HEK293 cells by an as yet
unidentified protease, which cuts the receptor in the mem-
brane-proximal region. As determined by ligand dot blot analy-
sis, cell-based binding assays, and surface plasmon resonance
analysis, the soluble FGFRL1 ectodomain as well as the mem-
brane-bound receptor are capable of binding to some FGF
ligands with high affinity, including FGF2, FGF3, FGF4, FGF8,
FGF10, and FGF22. We furthermore show that ectopic expres-
sion of FGFRL1 in Xenopus embryos antagonizes FGFR signal-
ing during early development. Taken together, our data provide
strong evidence that FGFRL1 is indeed a decoy receptor for
FGFs.

The fibroblast growth factors (FGFs)? constitute a family of
heparin-binding polypeptides that are involved in a multitude
of biological processes such as cellular growth, differentiation,
and organogenesis (1, 2). In humans and in mice, the FGF family
comprises 22 members (3), of which FGF1 (acidic FGF) and
FGEF?2 (basic FGF) are the most thoroughly studied. Most of the
cellular effects of the FGF ligands are mediated by four struc-
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turally related tyrosine kinase receptors, designated FGFR1-4.
The binding of an FGF ligand to its receptor induces the dimer-
ization of the receptor, followed by the autophosphorylation of
tyrosine residues in the cytoplasmic domain and downstream
signal transduction (1).

FGFRLI1, located on the short arm of chromosome 4 in
humans, is the fifth and most recently discovered member of
the FGFR family (4, 5). With an amino acid sequence similarity
of up to 50%, its ectodomain closely resembles that of the four
conventional FGFRs. Its intracellular domain, however, com-
prises only 100 amino acid residues and completely lacks the
tyrosine kinase domain needed for FGF-mediated transphos-
phorylation and signal transduction. During embryonic devel-
opment of the mouse, FGFRL1 is expressed in cartilaginous
bone precursors, the diaphragm and tongue muscles, the heart
and the aorta, the lung, the pancreas, and the kidney. Mice with
a targeted disruption of the FGFRL1 gene die immediately after
birth because of a hypoplastic diaphragm, which is unable to
inflate the lungs (6). In addition to the lethal diaphragm defect
the mutant mice display skeletal alterations, craniofacial dys-
plasia, heart valve defects, and embryonic anemia (7). Perhaps
most strikingly, the homozygous null embryos also fail to
develop functional metanephric kidneys (8). This defect in kid-
ney development is characterized by an absence of nephrogen-
esis and by reduced and erratic ureteric branching morphogen-
esis, ultimately leading to severely dysplastic, rudimentary
kidneys without any filtration capacity. Moreover, two recent
studies (7, 9) suggested that FGFRL1 could be involved in the
etiology of human Wolf-Hirschhorn syndrome, which is a con-
genital malformation caused by the loss of the end of the short
arm of chromosome 4 (10), a loss that sometimes includes the
FGFRL1 gene.

Because of the close homology to the classical FGFRs and its
structural features, FGFRL1 has been suggested to interfere
with or modulate FGF signaling. Indeed, we have shown that
overexpressed FGFRL1 can inhibit the expression of an FGF-
inducible reporter gene construct in cultured cells (11). Based
on expression pattern comparisons, it was proposed that the
Xenopus FGFRL1 is part of a synexpression group with FGF8
and likely modulates FGF8-mediated activation of one or sev-
eral FGFRs (12). The structure of FGFRL1 suggests that it could
function as a negative regulator of FGFR signaling. Its ectodo-
main harbors the structural requirements for FGF binding, and
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it was shown to actually bind FGF2 in cell culture experiments
(5, 13). It could therefore act as a dominant-negative FGFR by
ligand-mediated dimerization with a conventional FGFR mono-
mer, thereby preventing transphosphorylation and subsequent
signal transduction. Alternatively, it could function as a decoy
receptor that competes for FGF ligand binding with other
FGEFRSs. In this context, FGFRL1 could exert its decoy receptor
function either in its membrane-bound state or as a soluble
form in the extracellular space. In both settings, it is a critical
prerequisite that FGFRL1 binds FGF ligands with sufficient
affinity to efficiently sequester ligands from other FGFRs. The
complex phenotype of the FGFRL1 mutant mice (6-8) sug-
gests that it is likely to interact with more FGFs than only FGF2,
because FGF2-deficient mice display only subtle alterations
(14).

In the present study we present several lines of evidence sup-
porting the hypothesis that FGFRL1 is a negative regulator of
FGF signaling. We demonstrate that the FGFRL1 ectodomain is
shed from the cell membranes of HEK293 and differentiating
C2C12 myoblasts, generating soluble receptors potentially
capable of ligand scavenging. As determined by ligand dot blot
analysis, cell-based binding assays, and surface plasmon reso-
nance analysis, the soluble FGFRL1 ectodomain and the mem-
brane-bound receptor are able to bind several FGF ligands with
high affinity. Furthermore, we show that overexpression of
FGEFRLLI in Xenopus embryos antagonizes FGFR signaling in
early development of the larvae.

EXPERIMENTAL PROCEDURES

Cell Culture—Human embryonic kidney (HEK293) and
C2C12 cells were obtained from the ATCC and cultivated in
DMEM with 10% FBS under standard conditions. The differen-
tiation of C2C12 cells and primary myoblasts was induced by
switching the medium to DMEM containing 1% FBS. The
mouse primary myoblasts were isolated from the tongue of
C57BL/6 embryos at embryonic day 18.5. The tongues were
minced with a surgical blade in ice-cold PBS, and the fragments
were incubated in 0.15% (w/v) collagenase (Roche Applied Sci-
ence) in serum-free DMEM at 37 °C under constant shaking for
1 h, followed by the same period of incubation in 0.5% (w/v)
trypsin/EDTA (Invitrogen) at 37 °C. The cell solution was then
washed in DMEM with 10% FBS and passed through a 100-um
cell strainer. The cells were then cultured in DMEM containing
20% FBS and penicillin/streptomycin (Invitrogen) until differ-
entiation was induced with DMEM containing 1% FBS and
penicillin/streptomycin.

FGFRLI1 Shedding—C2C12 cells were grown to confluence in
DMEM containing 10% FBS, and differentiation was induced
with DMEM containing 1% FBS. Every 24 h, the medium was
completely replaced, and the conditioned supernatants were
collected. FGFRLI in the supernatants was purified with hepa-
rin-Sepharose, eluted with SDS sample buffer, and analyzed by
Western blotting. Supernatants of the FGFRL1 expressing
HEK293 cells were also conditioned for 24 h and subjected to
the same treatment. For the shedding inhibition experiments,
FGFRL1 overexpressing HEK293 cells were grown to conflu-
ence and rinsed with PBS, and the growth medium was
exchanged with serum-free medium containing one of the fol-
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lowing inhibitors: pepstatin A (Fluka; 5 ug/ml), leupeptin
(Sigma; 5 pwg/ml), GM6001 (Chemikon; 10 um), furin inhibitor
Dec-RVKR-CMK (Calbiochem; 30 um), Bace Inhibitor II
(Z-VLL-CBO; Merck; 2.5 um), phorbol 12-myristate 13-
acetate (Sigma; 10 ng/ml). The cells were incubated with the
inhibitors for 24 h, and FGFRL1 was heparin-purified and sub-
jected to Western blot analysis.

FGFRL1 Expression—The reading frames for human
(AJ277437) and mouse (AJ293947) FGFRL1 were inserted into
the BamHI/Xbal site of the expression vector pcDNA3.1 carry-
ing a puromycin resistance cassette. (Invitrogen). The trun-
cated versions for the human and the mouse protein were
derived from the full-length constructs by PCR. These covered
the nucleotide sequences for amino acids 1-416 of the human
and 1-408 of the murine receptor (FGFRL1AC). For the stable
expression in HEK293 cells, the cells were transfected with the
FGFRL1 constructs in the pcDNA3.1 vector, and stably
expressing cells were selected with 2 ug/ml puromycin over 14
days. All of the stable HEK293 cell lines used in this study were
pooled transfectants, not clonal cell lines.

Genomic Sequencing—The coding polymorphism rs4647930
(P362Q) was verified in 96 normal British caucasians. The DNA
samples for this purpose (human random control DNA panel
HRC-1) were obtained from the European Collection of Cell
Cultures (Salisbury, UK). The last exon of the FGFRL1 gene was
amplified by PCR with the primer pair TACAGCTTCCGCA-
GCGCCTTCCTCAC/CTGCCTTCGTCTGCAGCTCCGTC-
CTC, and the resulting product of 806 bp was sequenced by
cycle sequencing, followed by capillary electrophoresis.

Recombinant FGFRL1 Protein—The soluble, c-Myc-tagged
FGFRL1 ectodomain was expressed in mammalian cells as
described previously (15).

Ligand Dot Blot—All of the ligands were purchased from
Peprotech, except FGF2 (Invitrogen), FGF3, FGF12, and FGF22
(R & D Systems) and FGF23 (Prospec). The ligands were recon-
stituted at 100 ng/ul in the buffers recommended by the man-
ufacturers. All of the ligands (200 ng each) were spotted onto a
nitrocellulose membrane, which was then blocked in 3% BSA in
PBS. c-Myc-tagged purified FGFRL1 ectodomain at ~50 ug/ml
in PBS containing 0.5% BSA and 0.05% Triton X-100 was incu-
bated with the membrane for several hours, followed by brief
washing and detection with a mouse anti c-Myc antibody
(Zymed Laboratories Inc., 1:500 in PBS, 1% BSA) and an alka-
line phosphatase-coupled secondary antibody (Sigma; 1:30000
in PBS, 1% BSA) for 20 min each. The secondary antibody
was visualized with precipitating alkaline phosphatase color
substrate.

Northern Blotting—Total RNA was isolated from C2C12
cells with the proprietary TRIzol reagent (Sigma). The RNA
was separated on a 1% agarose gel and processed for Northern
blotting as previously described (13).

Western Blotting—C2C12 cells, primary cells and HEK293
cells were lysed in SDS containing sample buffer, and the pro-
tein mixture was directly loaded onto 10% SDS-polyacrylamide
gels. After heparin purification of cell culture supernatants, the
beads were heated in SDS sample buffer to elute all bound pro-
tein. The eluate was directly subjected to polyacrylamide gel
separation on 10% gels. Semi-dry blotting was utilized to trans-
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fer proteins to nitrocellulose, followed by blocking with BSA
and antibody detection with a goat polyclonal anti-human
FGFRLI antibody (R & D Systems) and alkaline phosphatase-
coupled secondary antibody (Sigma). As a loading control, the
blots were reprobed with a mouse monoclonal glyceraldehyde-
3-phosphate dehydrogenase antibody (Anawa).

Cell-based Ligand Binding Assay—FGF1, FGF2, FGF3, and
FGF12 were labeled with DyLight 547-NHS ester (Pierce) as
recommended by the manufacturer and stabilized with 1
mg/ml bovine serum albumin. Living cells that had been stably
transfected with a human FGFRL1AC construct were chilled on
ice to prevent receptor internalization and incubated for 30 min
with the labeled FGFs (1 ug/ml) and heparin (7.5 pg/ml) in
serum-free DMEM. The cells were then thoroughly rinsed with
cold PBS, fixed with 4% w/v paraformaldehyde, counterstained
with 4',6’-diamino-2-phenylindole, and inspected by epifluo-
rescence microscopy. HEK293 cells that did not express
FGFRLI1 were used as a control.

Surface Plasmon Resonance Analysis—The interaction of
FGF ligands with FGFRL1 was analyzed using a Biacore X
instrument (Biacore International AB). Because our initial
studies indicated that FGFRLI interacts directly with the car-
boxymethylated dextran of regular CM5 chips, probably
through its heparin-binding site (15), C1 chips lacking car-
boxymethylated dextran were utilized. FGF3 was immobilized
on the chip according to the instructions of the supplier.
Recombinant FGFRL1 protein was prepared as described (15).
Increasing concentrations of recombinant protein were
injected over the sensor chip at a flow rate of 10 wl/min. After
180 s, HBS-EP buffer was passed over the sensor surface to
monitor the dissociation phase. At the end of each measure-
ment, the sensor surface was regenerated by injection of 2 m
NaCl in 100 mm sodium acetate, pH 4.5.

Immunofluorescence—The immunofluorescent
were prepared as described previously (11).

Mass Spectrometry—The shed FGFRL1 receptor was purified
from HEK293 cell culture supernatant by heparin-Sepharose
purification as described above. The FGFRL1 bands were
excised from Coomassie-stained SDS-PAGE gels and subjected
to tryptic and chymotryptic digestion followed by peptide sep-
aration by HPLC (Waters Alliance HT2795) and analysis on a
Bruker Esquire3000plus Ion Trap Mass spectrometer.

Xenopus Experiments—In vitro fertilization, embryo culture,
staging, and microinjection were performed as described
(16, 17). The following constructs were used for in vitro RNA
synthesis: human FGFRL1 (AJ277437), mouse FGFRL1
(AJ293947), Xenopus FGFR1 (18), and dominant-negative XFD
(18). RNA synthesis was performed as described (17) except
that the purification was done by phenol-chloroform extrac-
tion. RNA injections were then performed into both blas-
tomeres of two-cell stage embryos using 300 pg of XFD, human
or mouse FGFRL1 RNA/blastomere. RNA encoding the lineage
tracer nuclear B-galactosidase was coinjected at 250 pg/blas-
tomere. For rescue experiments, FGFR1 RNA was coinjected at
1 ng together with XFD or human or mouse FGFRLI. For con-
trol embryos injected with XFD or human or mouse FGFRL1
RNA alone, the amount of lineage tracer RNA was raised to 1.25
ng to adjust for the total amount of RNA injected. The embryos
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were raised to stage 35/36, stained for B-galactosidase activity,
and fixed. Subsequently, the embryos were analyzed by visual
inspection, and pictures were taken using a Stemi-2000 stereo-
scopic microscope (Zeiss).

RESULTS

FGFRLI1 Is Shed from the Cell Membrane—During mouse
embryogenesis, FGFRLI is strongly expressed in the developing
muscles of the diaphragm and the tongue (19). We also knew
from previous studies that murine C2C12 myoblasts, a widely
used cell culture model for myogenesis, strongly express
FGEFRLL1 during their differentiation into multinucleated myo-
tubes (6). We therefore set out to study FGFRL1 in this cell
culture model of myogenesis. When we tried to analyze
FGFRLI expression in differentiating C2C12 cells, we could not
detect any receptor protein in the cell lysates, although the cells
began to express FGFRL1 mRNA when they initiated differen-
tiation (Western and Northern blot in Fig. 14). This caused us
to speculate that FGFRLI1 could be shed from the cell surface
into the cell culture medium. Because FGFRL1 binds to hepa-
rin, we subjected the cell culture supernatant to heparin purifi-
cation and analyzed the eluate for the presence of FGFRL1 pro-
tein. Indeed, we obtained a robust Western blot signal that
corresponded well to the mRNA levels detected in the North-
ern blot experiment (Fig. 14). This finding indicates that most
oreven all FGFRLI protein is released from the cells in a soluble
form.

In line with the results from the C2C12 cells, differentiating
primary myoblasts obtained from mouse tongue muscle also
released increasing amounts of FGFRL1 protein into the cell
culture supernatant during their differentiation into myotubes
(Fig. 1B). Again, we could not detect any FGFRL1 protein in the
cell lysates of the primary myoblasts and myotubes, indicating
that the receptor is efficiently shed from these cells (Fig. 1B).

To test whether FGFRLI is also shed from the membrane of
other cells, we overexpressed human FGFRL1 in human embry-
onic kidney (HEK293) cells. Western blot analysis of the cell
culture supernatant revealed that a significant amount of
FGFRLI protein was shed from the HEK293 cells (Fig. 1C). As
expected, the protein isolated from the supernatant was signif-
icantly smaller (M, = 52 kDa) than the membrane-bound
receptor (M, = 67 kDa) from the cell lysate. The shed receptor
from the HEK293 cells was of identical size as the endogenous
protein released from C2C12 cells, suggesting that the site of
cleavage is either identical or at least in the same region (data
not shown).

Characteristics of the Protease—W e next asked whether the
subcellular distribution of FGFRL1 affects its shedding from the
membrane of HEK293 cells. Utilizing pulse-chase experiments
on living cells with a monoclonal antibody against FGFRL1, we
have previously demonstrated that the newly synthesized full-
length receptor is first transported to the plasma membrane
followed by the internalization into intracellular vesicles. Dele-
tion of the intracellular domain disrupts the internalization,
resulting in the accumulation of FGFRL1 in the cell membrane
(Ref. 11; for a schematic drawing of the FGFRL1 domain struc-
ture please see Fig. 3, top panel). The immunofluorescent stain-
ing in Fig. 1D shows the subcellular distribution of the full-
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FIGURE 1. FGFRL1 is shed from the surface of C2C12 and HEK293 cells. A, C2C12 myogenic stem cells were
induced to differentiate into myotubes by serum withdrawal over 7 days of culture. Northern blot analysis of
FGFRLT mRNA (bottom panel) and Western blot detection of FGFRL1 protein in lysates of differentiating C2C12
myoblasts (top panel) and in the corresponding supernatants (middle panel). B, primary myoblasts obtained
from tongue muscle are shown before and after 3 days of in vitro differentiation (top panels; bar, 100 um). The
Western blots (bottom panel) show that undifferentiated, proliferating myoblasts (left top panel) secrete very
little FGFRL1, whereas differentiating myoblasts (right top panel) released a larger amount of FGFRL1 into the
cell culture medium over 3 days of culture. No FGFRL1 could be detected in the cell lysates of myoblasts and
myotubes. C, Western blot analysis of FGFRL1 in the cell culture medium (sup) and in the cell lysate (lys) of
HEK293 wild type (WT) cells and HEK293 cells overexpressing FGFRL1 (HEK RL1). Half of purified supernatant
and /20 of the lysed cell layers was loaded onto the gel. D, stable overexpression of full-length (RL7 full) and
C-terminally truncated FGFRL1 (RLT AC) in HEK293 cells. The immunofluorescence analysis (upper panels)
shows that the full-length receptor resides mostly in intracellular vesicles, whereas RL1AC accumulates at the
cell membrane. Bar, 20 wm. Western blot (bottom panel) detection of FGFRL1 in cell lysates (left top panel) and
in the supernatants (right top panel). Note that both proteins were shed in equal amounts. £, protease inhibitor
treatment of stably transfected HEK293 cells shedding FGFRL1. The cells were incubated in serum-free medium
containing the indicated inhibitors for 24 h. The supernatants were then heparin-purified, and the eluates were
subjected to Western blot detection of FGFRL1. None of the inhibitors had any effect on the shedding of

We also tested an inhibitor of the
furin proprotein convertase (Dec-
RVKR-CMK) and the broad spec-
trum protease inhibitors leupeptin
and pepstatin, which inhibit serine/
cysteine and aspartic proteases,
respectively, for their inhibitory
effect. None of the tested inhibitors
had any effect on the extent of recep-
tor shedding (Fig. 1E). Likewise, the
addition of the B-secretase inhibitor
Z-VLL-CBO or the phorbolester
phorbol 12-myristate 13-acetate or
the presence of 10% FBS in the culture
medium did not affect the protease
(data not shown). For the moment,
the identity of the FGFRL1 shedding
protease remains elusive.

A Polymorphism  Enhances
FGFRLI Shedding—If FGFRL1
functions as a soluble decoy recep-
tor, its shedding must not destroy
the putative ligand-binding site,
which is located between Ig-like
domains II and III (13). We set out
to determine the exact site of cleav-
age to exclude the possibility that
shedding affected the ligand-bind-
ing domains. Judging from the size
of the soluble FGFRL1 ectodomain,
we estimated that the site of cleav-
age should be in the membrane-
proximal region. Upon screening of
the SNP data bank of the NCBI, we

FGFRL1.

length (FGFRL1 full) and the C-terminally truncated FGFRL1
(FGFRL1AC) in HEK293 cells. Although there was a clear dif-
ference in the distribution of the receptor, we could not detect
any difference in the amount of the shed 52-kDa FGFRL1
ectodomain in the supernatants of the two cell lines (Western
blot in Fig. 1D). Because the absence of cleaved receptor in the
cell lysates of FGFRL1 overexpressing HEK293 cells (Fig. 1, C
and D) excludes intracellular processing, we assume that a tran-
sient residence of the full-length receptor in the plasma mem-
brane is sufficient for its cleavage. Unlike the shedding from the
C2C12 and the primary myoblasts, proteolytic processing at the
surface of the HEK293 cells is incomplete and affects only a
fraction of the overexpressed FGFRL1. From the amounts
detected in cell lysates and supernatants of the HEK cells, we
estimated that ~10% of the overexpressed protein is shed from
the cells.

We also attempted to identify the protease that sheds
FGFRLI from the membrane. Because most cell surface shed-
ding is mediated by the ADAM (a disintegrin and metallopro-
tease)-type of metalloproteases (20), we tried to inhibit the
shedding of FGFRL1 with the broad spectrum MMP Inhibitor
GM6001 or with 10 mm of EDTA under serum-free conditions.

2196 JOURNAL OF BIOLOGICAL CHEMISTRY

discovered that there is an amino

acid exchanging SNP in this region
of the human FGFRL1 gene, resulting in the exchange of proline
at position 362 in the membrane-proximal region to a gluta-
mine residue (RL1-362Q). All other mammals sequenced so far
carry a proline at this position. Further sequencing of 96 healthy
human donors in our laboratory revealed that 41% of British
caucasian individuals were heterozygous for this SNP, whereas
53% of the donors were homozygous for the allele with a proline
at position 362 (RL1-362P). Only six individuals (6%) were
homozygous for the RL1-362Q allele (Fig. 2A). Because this
polymorphism was located near the putative shedding site, we
included it in our analysis of the FGFRLI cleavage site.

We investigated first whether the polymorphism had any
effect on the shedding of FGFRL1. To this end we generated
C-terminally truncated FGFRL1 variants corresponding to
both human alleles and to the murine FGFRL1 protein and
stably overexpressed the three constructs in HEK293 cells. The
protein distribution in the cells was analyzed by immunofluo-
rescent staining (Fig. 2B), and no obvious difference in subcel-
lular distribution could be detected between the constructs. As
evidenced by the immunofluorescent staining and by the West-
ern blot in Fig. 2C, overall expression levels in the three cell lines
were comparable. However, the amount of FGFRLI1 found in
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FIGURE 2. A polymorphism in the membrane-proximal region affects the
shedding of FGFRL1 from HEK293 cells. A, genomic sequencing of exon 6
of the FGFRL1 gene from 96 healthy British donors. A single nucleotide poly-
morphism results in the exchange of proline 362 in the membrane-proximal
region to glutamine. The percentages of individuals carrying the respective
alleles are shown. B, stable, cytomegalovirus promoter-driven overexpres-
sion of C-terminally deleted FGFRL1 constructs corresponding to the RL1-
362P (left panel) and the RL1-362Q (middle panel) allele as well as the murine
protein (right panel). No obvious differences in expression levels or subcellu-
lar distribution were detected. Bar, 20 um. C, Western blot analysis of the
three proteins in cell layers and in cell culture supernatants. No difference in
overall expression in the cell layer was detected (bottom panel). Significantly
more FGFRL1 was purified from supernatants of the RL1-362Q expressing
cells, indicating that the shedding of this FGFRL1 variant is enhanced (middle
panels).

the supernatant was strongly increased with the glutamine
bearing (RL1-362Q) construct, indicating an enhanced effi-
ciency of shedding. Because only a fraction of the overexpressed
FGFRL1 was shed from the membrane (see above), the
enhanced shedding did not result in detectable depletion of the
cellular pool of the RL1-362Q protein.

Analysis of the Cleavage Sites—The enhanced shedding of the
RL1-362Q protein could either be due to an alternative site of
cleavage or due to a change in the conformation of the jux-
tamembrane region leading to enhanced accessibility of the
same site. We isolated the shed receptor proteins to address this

JANUARY 15, 2010+VOLUME 285+-NUMBER 3

FGFRL1 Acts as a Decoy Receptor

CHO

CHO CHO
|

Signal peptide

361 362 {
human RL1-362Q: SAFLTVLPDPKP _ (QGPPVASSSSATSLPWPVVIGIPAGA)—TM
369 370
human RL1-362P: SAFLTVLPDPKPPGPPVASS 1 (SSATSLPWPVVIGIPAGA)—TM
365 366
mouse RL1: SAFLTVLPDPKPPGPPMASS  (SSSTSLPWPVVIGIPAGA)—TM

cleavage site

FIGURE 3. Mass spectrometric analysis of the cleavage sites. A schematic
representation of the FGFRL1 receptor is shown. The black bars beneath the
scheme indicate the sequence coverage of the FGFRL1 ectodomain, which
was 94% of the nonglycosylated peptides. The gaps in coverage most likely
represent sites of N-glycosylation, indicated by CHO. Shown below the recep-
tor scheme are the most C-terminal peptides that were identified for the
human RL1-362Q and RL1-362P receptors and the mouse FGFRL1. Arrows
indicate the proteolytic cleavage sites. Note that the exchange of proline 362
by glutamine results in a shift of the cleavage site to the polymorphic gluta-
mine residue. The original cleavage site is still present in the RL1-362Q pro-
tein and is indicated by an arrow with a question mark.

question and to identify the site of cleavage. Shed FGFRL1 pro-
teins were purified by heparin-Sepharose chromatography fol-
lowed by SDS-PAGE. The Coomassie-stained gel bands were
then subjected to tryptic digestions for liquid chromatography-
mass spectrometry-based analysis. We achieved 94% sequence
coverage of the nonglycosylated peptides of the ectodomain
and 80% coverage of all peptides N-terminal from the putative
cleavage sites. For all three constructs a C-terminal peptide was
detected that ended with an amino acid that is not a site of
tryptic digestion, indicating that the receptor is cleaved by the
shedding protease at that position. As shown in Fig. 3, the pro-
line to glutamine exchange at position 362 of the human recep-
tor indeed resulted in an alternative cleavage site. Both the
mouse wild type as well as the human RL1-362P protein were
cleaved between serine 369 and serine 370 (serine 365 and ser-
ine 366 for the mouse), whereas the glutamine-bearing receptor
was cleaved eight amino acids further N-terminally between
proline 361 and glutamine 362. A chymotryptic digest of the
RL1-362Q receptor confirmed that the most C-terminal pep-
tide ended with proline 361. The P362Q exchange in the mem-
brane-proximal region thusled to the enhanced shedding of the
human FGFRL1 receptor from HEK293 cells because the glu-
tamine residue at position 362 constituted an alternative, more
effective cleavage site for the unidentified protease. It should be
mentioned that the original cleavage site is still present in the
RL1-362Q receptor (indicated by the arrow with the question
mark in Fig. 3) and could still be subject to cleavage. Because we
purified only the heparin-binding ectodomain of FGFRL1, the
resulting soluble octapeptide QGPPVASS would have escaped
our mass spectrometric detection.

On a side note, three of four putative N-linked glycosylation
sites in the FGFRL1 ectodomain were indirectly confirmed by
our mass spectrometric analysis (Fig. 3), because those peptides
were not detected despite virtually full coverage of the nongly-
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cosylated peptides. In addition, the signal peptide was found to
be shorter than predicted in the Swiss Prot data base (amino
acids 1-24), because a peptide from the shed receptor corre-
sponding to the amino acids 18 —26 was detected.

FGFRL1 Binds FGF Ligands— Although we did not identify
the protease that mediates the shedding from the C2C12 cells
and the HEK293 cells, we succeeded in mapping the site of
cleavage to the membrane-proximal region. This leaves all
three extracellular Ig-like domains intact, including Ig domains
II and III, which are the ligand-binding domains of the four
classical FGFRs. The ability of the shed ectodomain to bind FGF
ligands would be a prerequirement, if FGFRL1 indeed func-
tioned as a soluble decoy receptor. To investigate this, we
employed a ligand dot blot assay with the soluble FGFRL1 and
tested all commercially available FGFs for their ability to bind
FGEFRLLI. For this purpose, a soluble, c-Myc-tagged FGFRL1
ectodomain was overexpressed in HEK293 cells. Sufficient
amounts of highly purified, glycosylated FGFRL1 ectodomain
were obtained after heparin purification from serum-free
supernatants. All of the FGFs (epidermal growth factor served
as a negative control) were spotted onto a nitrocellulose mem-
brane and incubated with soluble FGFRL1. After washing,
bound receptor was detected with an anti-Myc antibody. This
ligand dot blot analysis revealed that FGFRL1 bound to a num-
ber of ligands (Fig. 4). We consistently observed the strongest
signals for FGF3, FGF4, FGF8, FGF10, and FGF22, whereas less
but still considerable binding was detected for FGF2, FGF5,
FGF17, and FGF 23. Very little to no binding was observed for
FGF1, FGFe6, FGF7, FGF9, FGF12, FGF16, FGF19, FGF20,
FGF21, and epidermal growth factor.

Because it is unusual that FGF2 binds to an FGF receptor but
FGF1 does not (21), we wanted to confirm some of the dot blot
results with an alternative experimental approach. FGF1, FGF2,
FGEF3, and FGF12 were labeled by the covalent attachment of
the red fluorescent dye DyLight 547. Living HEK293 cells that
stably overexpress the C-terminally deleted FGFRL1 on the cell
surface (Fig. 5, green) were cooled on ice to prevent receptor
internalization and incubated with the labeled ligands. After
washing, the cells were fixed, and bound FGFs were visualized
by fluorescence microscopy. As shown in Fig. 5, labeled FGF2
and FGF3 clearly bound to the FGFRL1 expressing cells. In
contrast, FGF1 and FGF12 did not bind, which is in line with the
dot blot results. None of the labeled ligands bound to HEK293
cells that did not overexpress FGFRL1, which excludes unspe-
cific binding or binding to endogenous receptors. The cell-
based assay also demonstrated that not only the soluble protein
but also the native, membrane-bound receptor is able to bind
FGF ligands.

With regard to the decoy receptor hypothesis, the observed
binding should be of sufficient affinity to compete for ligand
binding with the other FGFRs. We already knew that the bind-
ing must be of rather high affinity because the ligand-bound
receptor did not dissociate in the dot blot experiments even
after repeated and prolonged washing. Because we consistently
observed the strongest signal with FGF3 in the dot blot assay,
we decided to determine the affinity of FGF3 to FGFRLLI utiliz-
ing a surface plasmon resonance assay. To this end, recombi-
nant FGF3 was coupled to a Biacore sensor chip, and increasing
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FIGURE 4. Ligand dot blot analysis reveals differential FGF binding pref-
erences of human FGFRL1. Soluble, Myc-tagged FGFRL1 was used to probe
a blot of spotted recombinant FGFs (200 ng each). In the control blot, Myc-
tagged FGFRL1 was omitted. The bottom panel shows the positions of the
spotted FGFs and the control epidermal growth factor on the blot.

concentrations of soluble, recombinant FGFRL1 were injected
over the chip. As shown in Fig. 6, the binding of FGFRLI to
FGE3 showed typical binding and dissociation curves for differ-
ent concentrations of FGFRL1, resulting in a very low K, of
4.16 X 10~° m.

Ectopic Expression of FGFRL1 Antagonizes FGF Signaling
during Xenopus Development—QOur data demonstrate that
FGFRLI1 is able to bind FGFs both in its soluble and in its mem-
brane-bound state. The high affinity binding observed in the
dot blot experiments and measured by plasmon resonance
analysis supports the notion that FGFRL1 could function as a
negative regulator of FGF signaling. We wanted to test this
notion in vivo using a developmental model organism. It was
previously demonstrated that overexpression of XFD, a trun-
cated FGFR1, disrupts the development of Xenopus embryos by
interfering with FGF signaling in a dominant-negative fashion
(22). The resulting embryos presented with gastrulation defects
that subsequently affected trunk and tail formation and
impaired notochord and muscle development (22). If FGFRL1

interfered with FGF signaling in vivo, injection of FGFRL1
mRNA into Xenopos embryos should produce a similar
phenotype.
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FIGURE 5. A fluorescent binding analysis on living cells reveals differen-
tial FGF binding preferences of human FGFRL1. HEK293 cells expressing
FGFRL1 were incubated with selected fluorescently labeled FGFs (DyLight
547, red channel). The subcellular localization of FGFRL1 (Cy-2, green channel)
is shown in the top panel. The right panels show the cell nuclei after staining
with 4',6'-diamino-2-phenylindole. Note that FGF2 and FGF3 bind to the sur-
face of the FGFRL1 expressing cells, whereas FGF1 and FGF12 do not bind.
Bar, 20 pm.

We therefore microinjected human and mouse FGFRL1
mRNA into Xenopus embryos at the two-cell stage and com-
pared the effects on embryonic development with those of
embryos injected with XFD mRNA. As expected, injection of
XFD mRNA resulted in the typical posteriorventral trunca-
tion phenotype in 93% (n = 57) of the injected embryos (Fig.
7). In line with our hypothesis, injection of mouse and
human FGFRL1 reproduced the XFD phenotype in 79% (n =
43) and 65% (n = 40) of the injected embryos, respectively.
The dominant-negative effects of XFD expression are
reversed by the coinjection of FGFR1 mRNA, which compet-
itively restores FGF-mediated signaling (18). For the XFD
construct, coinjection of FGFR1 mRNA reduced the per-
centage of affected larvae from 100 (z = 10) to 40% (n = 13).
For mouse and human FGFRL1, we observed a decrease from
71 (n = 14)t029% (n = 14) and from 50 (n = 12) to 11% (n =
9) of affected embryos, respectively. The rescue of the
FGFRL1-induced mutant phenotype by the coinjection of
FGEFR1 clearly demonstrates that FGFRL1 interferes with
FGF signaling in vivo.

DISCUSSION

Since its discovery about a decade ago, it has been hypothe-
sized that FGFRL1 might act as a decoy receptor that negatively
regulates FGF signaling. The concept of such a molecule is cer-
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tainly not unprecedented, because there are numerous mem-
brane-bound or secreted receptors that specifically bind to
ligands but are incapable of signal transduction and thus inhibit
the action of their respective ligand(s). One thoroughly studied
example is the soluble tumor necrosis factor receptor family
member osteoprotegerin. Secreted by osteoblasts, osteoprote-
gerin acts as a decoy receptor for RANKL (receptor activator for
nuclear factor kB ligand) that inhibits RANKL-mediated oste-
oclast differentiation (23). Also well characterized is the mem-
brane-bound receptor IL1 receptor 2, which binds IL1 but lacks
the cytoplasmic Toll-IL1 receptor motif needed for signal
transduction. It thereby sequesters ligands from the active
IL1R1 and attenuates IL1-mediated inflammatory signals (24).
Particularly in the immune system, decoy receptors are widely
used to “fine-tune” cellular responses to cytokines (25). In the
realm of growth factors, the kinase-deficient ErbB3 functions as
a decoy receptor by scavenging neuregulin ligands away from
other ErbB receptors (26).

Here we presented several lines of evidence that support the
concept of FGFRL1 being a “decoy,” a receptor that interferes
with FGFR activation by competitive ligand binding. The
receptor is proteolytically released from cell membranes of dif-
ferentiating myoblasts at a time when the cells need to exit the
cell cycle and when FGF-mediated proliferative signals need to
be shut down or modulated. Furthermore we showed that it
binds to several FGFs with high affinity, which is a prerequisite
for a putative ligand scavenging receptor function. Finally, we
demonstrated that the effect of FGFRL1 expression in develop-
ing Xenopus embryos closely resembles that of a known domi-
nant-negative FGFR and that it can be reversed by coexpression
of FGFRI.

Shedding of FGFRLI1—The severe diaphragm phenotype of
the FGFRL1-deficient mice (6, 7) clearly shows that FGFRLI is
critical for the development of this muscle, yet a simple defect
in myoblast differentiation can be excluded as the underlying
cause. Although there are about 40% fewer myofibers in the
mutant diaphragms, the remaining myotubes are normally dif-
ferentiated and express the full range of differentiation markers
(6). Moreover, a successful, stable RNA interference knock-
down of FGFRLI in C2C12 myoblasts did not significantly alter
their differentiation into myotubes in vitro.? In addition, we did
not observe any overt differentiation defects in primary,
FGFRL1-deficient myoblasts isolated from tongues and dia-
phragm muscles of our mice.* The biological effect of FGFRL1
during muscle development is most likely of a more subtle or
complex nature. During mouse embryogenesis, FGFR4, FGFS,
and Sproutyl, a negative regulator of FGF signaling, constitute
a signaling axis that governs the balance between myogenic
stem cell renewal and differentiation (27-30). In theory,
FGFRL1 could be another player in this finely tuned system,
perhaps by interfering with the amount of available FGF8. The
loss of FGFRLI function in our mice could disrupt the balance
of myogenic stem cell proliferation and differentiation, leading
to a lower number of available myoblasts that eventually form
the diaphragm myofibers. Here we showed that FGFRL1 is

3 T. Rieckmann and B. Trueb, unpublished data.
4 F. Steinberg and B. Trueb, unpublished observation.
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FIGURE 6. Surface plasmon resonance analysis of the binding of FGFRL1 to FGF3. FGF3 was coupled to a Biacore sensor chip and increasing concentrations
(3.13,6.25,12.5, 25, and 50 nm) of FGFRL1 ectodomain were injected over the sensor chip. The binding and dissociation kinetics shown in the diagram were
integrated by the Biacore analysis software and resulted in a dissociation constant (K,) of 4.16 X 107 m.

released as a soluble receptor from myogenic stem cells in a cell
culture system.

Because we could not detect any membrane-associated
receptor in the cell layer, we assume that most or all FGFRL1 is
shed from the cells before or during their differentiation. If this
occurred in vivo, it would result in an accumulation of soluble
FGFRLI in the extracellular space, where the receptor could
bind to FGF ligands such as FGF8 and prevent the ongoing
activation of cellular FGFRs. From previous fluorescence reso-
nance energy transfer and coprecipitation studies, we know
that FGFRLI forms constitutive dimers (15). Because the four
conventional FGFRs dimerize upon binding of FGF ligands and
heparan sulfate chains (1), it seems plausible that the constitu-
tive FGFRL1 dimers would be capable of ligand binding after
the shedding from the membrane.

Analysis of the Cleavage Sites—Our analysis of the cleavage
site revealed that the site of proteolysis is in close proximity to
an amino acid exchanging polymorphism in the human
FGEFRLI gene. Quite surprisingly, the exchange of proline at
position 362 of the human protein to a glutamine residue
altered the shedding efficiency from HEK293 cells. This was
due to a shift in the site of cleavage from serine 372 to the
polymorphic glutamine residue at position 362. Because we
consistently detected larger amounts of shed receptor in the
supernatants of cells expressing the glutamine bearing recep-
tor, we believe that GIn®*? constitutes an alternative, more effi-
cient site of cleavage. At this point we are not convinced that
there is any biological significance in this finding, because six of
the sequenced individuals were homozygous for the polymor-
phism but were listed as healthy donors. Moreover, the data are
based on the overexpression of the receptor in heterologous
cells, which might affect the kinetics or the stoichiometry of the
protease-FGFRL1 interaction. However, because of experi-
ments with several cell lines that endogenously express high
levels of FGFRL1 mRNA, we do know that the shedding of
FGFRLI is not a ubiquitous process that takes place in every
cell. None of the cells tested (A204 rhabdomyosarcoma,
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SW1353 chondrosarcoma, MG63 osteosarcoma) secreted any
soluble FGFRL1 into the culture medium, indicating that they
are devoid of FGFRL1 sheddase activity.* This suggests that the
protease responsible for the cleavage of FGFRL1 is subject to
regulated expression in only a subset of cells or tissues. Because
none of the conventional protease inhibitors tested had any
effect on receptor shedding, the identity of the protease
remains elusive.

FGF Ligand Binding—The notion of FGFRL1 being a decoy
receptor for FGF ligands depends on the FGF binding capability
of the receptor. Therefore, we used several experimental
approaches to determine whether FGFRL1 binds FGFs and to
investigate the ligand binding preferences. The dot blot and
cell-based FGF binding assays clearly demonstrated that
FGEFRLL1 binds to several FGFs with a high apparent affinity.
Moreover, both the membrane-bound and the soluble recep-
tors bind to FGFs. The K, values of 4 X 10~° M (4 nm) for
FGFRL1 and FGF3 obtained by surface plasmon resonance
analysis indicate that the interaction has an affinity that is about
1 order of magnitude higher than the affinity of FGF3 to its
cognate receptor FGFR2b (31). The same applies to the affinity
of FGFR2 toward its physiologic ligands, which are in the
10-100 nm range (31). Ibrahimi et al. (31) report comparably
low K, values only for mutant FGFR2 carrying single amino
acid substitutions in the ligand-binding site. Hence, the mea-
sured affinity of FGFRL1 to FGF3 supports the notion that
FGFRL1 acts as a decoy receptor.

With regard to the ligand binding preferences, it is interest-
ing that FGFRL1 displayed strong binding to several members
of the FGF7 family (FGF3, FGF10, and FGF22) but did not bind
FGEF?7 itself. An explanation could lie in a generally lower affin-
ity of FGF7 to FGFRs, because the Mohammadi group reported
significantly higher K, values for FGFR2b and FGF7 (1 X 10~°
M) than for FGFR2b and FGF3 (3.6 X 107 M) (32). It is also
unusual that FGFRL1 binds FGF2 but shows no binding to
FGF1 (21, 32). However, we confirmed this finding with the
cell-based binding assay. Again, we detected robust binding of
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FIGURE 7. FGFRL1 antagonizes FGF signaling in Xenopus development.
Both blastomeres of two-cell stage embryos were coinjected with XFD,
mouse FGFRL1 (mFGRL1), or human FGFRL1 (hFGFRL1) mRNA (300 pg/blas-
tomere) and 250 pg of mMRNA for the lineage tracer nuclear 3-galactosidase.
Control embryos injected with lineage tracer only were used to determine
stage 35/36 as the end point of development, where all embryos were fixed
and processed for B-galactosidase activity. All of the injected embryos are
shown beside selected examples presented in close-up views. A, left and right
sides of injected control embryos develop normally (top panel). Embryos
injected with XFD, mouse FGFRL1, or human FGFRL1 display similar pheno-
types (bottom panel). B, coinjection of FGFR1T mRNA together with XFD,
mFGFRL1, or hFGFRL1T mRNA rescues the XFD phenotype.

FGF2 but none of FGF1. Taken together, we can conclude that
the ligand specificity of FGFRL1 does not conform to the rule
that a certain receptor binds all ligands of an FGF family (21).
This unusual ligand binding profile and the high affinity bind-
ing to some ligands suggest that the mechanism of binding
could be different from the other FGFRs. On the other hand,
single amino acid mutations in FGFR2 have been shown to
result in promiscuous ligand binding (31), indicating that
ligand receptor specificities are somewhat flexible and subject
to small alterations in amino acid structure. A crystal structure
of FGFRLI, ideally in a complex with a bound ligand, would
likely reveal differences in the binding site and explain the dis-
crepancies to the other FGFRs.
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Concerning the biological significance, FGFRL1 also bound
FGF4 and FGF8, which, together with FGF3, FGF10, and
FGF22, consistently displayed the most prominent binding in
the dot blot assay. FGF4 has been shown to be important for the
development of the heart valves (33), a process that is disturbed
in the FGFRL1-deficient mice (7). As already mentioned above,
FGF8-mediated FGFR4 activation governs the balance between
myoblast renewal and differentiation in developing skeletal
muscle, a balance that could be disrupted in the hypoplastic
diaphragms of the FGFRLI1-deficient mice. Intriguingly, a
recent study has shown that FGFRL1 can directly interact with
FGEFR4, lending more credibility to a modulation of FGFR4 and
possibly FGF8 activity by FGFRL1 (34). Furthermore, FGF8 is of
critical importance for the initiation and maintenance of
nephrogenesis in the metanephric kidney, and its conditional
inactivation in the metanephros results in virtually the same
kidney phenotype as observed in the FGFRL1 knock-out mice
(8, 35, 36). For Wnt-mediated nephrogenic signals, it has been
shown that the 3-catenin response is only transient and has to
be shut down for nephron development to proceed (37). Hence
itis conceivable that a similar nephrogenic FGF signal has to be
tightly controlled by FGFRL1 to exert the full effect. Given the
broad ligand binding preferences and the high binding affini-
ties, FGFRL1 could serve as an efficient scavenging receptor,
preventing the activation of conventional FGFRs in various tis-
sues, thereby fine-tuning the tissue response to these ligands.

Xenopus Experiments—Because all of the data discussed
above provided only indirect evidence that FGFRL1 functions
as a decoy receptor, we finally set out to demonstrate that
FGERLI1 can actually antagonize FGF signaling in vivo. We
chose the Xenopus model system because it is relatively simple
to introduce a new gene by microinjection of mRNA. In addi-
tion, the effect of a known dominant-negative regulator of FGF
signaling, a truncated FGFR1 (XFD), had already been thor-
oughly described (18, 38, 39), enabling us to compare its effects
to those of FGFRL1 expression. In fact, ectopic FGFRL1 expres-
sion almost exactly reproduced the XFD phenotype, albeit with
a slightly lower penetrance. As with XFD, the FGFRL1 induced
phenotype could be reversed by the coinjection of FGFR1
mRNA, indicating that it is indeed FGF signaling that is per-
turbed by FGFRLI1. At present, we do not know the precise
identity of the Xenopus FGF ligands that FGFRL1 scavenges
when it is expressed in the developing embryos. It is likely that
FGFRL1 binds several of the endogenous FGFs that are
expressed in Xenopus embryos. Because the effects of FGFRL1
injection resemble those of XFD and could be reversed by
FGFR1 injection, it is likely that FGFRLI has overlapping ligand
specificities with FGFR1 in the Xenopus embryos.

Conclusion—Taken together, our data suggest that FGFRL1
is a negative regulator of FGFR signaling. Whether it exerts its
function as a soluble decoy receptor or in its membrane-bound
state cannot be derived from our data. Because both forms are
capable of ligand binding, it could very well be a combination of
both. Judging from the developmental defects in the FGFRL1-
deficient mice, it is likely needed for the fine-tuning of FGFR
activity in tissues such as cartilage, the early kidney rudiment,
bone, and the diaphragm muscle. Because the lethal phenotype
of the FGFRLI1-deficient mice severely hampers further
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research into the effects of FGFRL1, it would certainly be ben-
eficial to generate conditional transgenic mice either overex-
pressing FGFRL1 or harboring tissue-specific deletions of this
interesting receptor molecule.
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