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Abstract. FGFRL1 (FGFR5) is a member of the fibroblast 
growth factor receptor family, which lacks the intracellular 
tyrosine kinase domain required for signal transduction by 
trans-phosphorylation. Since it still contains a cytoplasmic 
domain of 100 amino acid residues with a peculiar histidine-
rich element, it might be involved in an alternative pathway of 
downstream signaling. To get a clue about a possible mecha-
nism, we compared the overall structure of FGFRL1 with all 
proteins from the UniProt databank. We found that the human 
genome encodes 42 structurally related proteins with a signal 
peptide, three Ig-like domains and a transmembrane domain. 
These proteins can be grouped in seven families, fibroblast 
growth factor receptors (FGFRs), Fc receptor-like proteins, 
IL-1 receptor-like proteins, killer cell Ig-like receptors (KIRs), 
nectin-like proteins, sialic acid binding lectins (SIGLECs) and 
signal regulatory proteins (SIRPs). The 7 families utilize four 
different strategies for signaling, namely a protein tyrosine 
kinase domain, a TIR (Toll/IL-1 receptor) domain, ITIM/
ITAM motifs as well as carboxy-terminal peptides that interact 
with the PDZ domain of an adaptor protein. It remains to be 
determined whether FGFRL1 might also utilize one of these 
strategies for signaling.

Introduction

The fibroblast growth factor (FGF) signaling system controls 
a variety of cellular functions, including cell proliferation, 
differentiation, migration and apoptosis. In humans and mice, 
this system consists of 22 FGF ligands and 4 FGF receptors 
(FGFRs) (1-3). The FGFs are monomeric proteins that interact 
with heparan sulfate and bind, together with this glycosamino-

glycan, to one or more of the FGFRs. Upon ligand binding, 
the FGFRs dimerize and trans-phosphorylate specific tyrosine 
residues in the cytoplasmic domain of the receptor. The signal 
is then passed on by various pathways involving Ras/MAP 
kinase, phospholipase Cγ, PI3-kinase and STAT.

All the FGFRs are expressed in the musculoskeletal 
system. FGFR1 and FGFR2 are particularly prevalent in bone. 
FGFR3 is found preferentially in cartilage and FGFR4 in 
muscle. It is therefore not surprising that germline mutations 
in the FGFR genes can cause a number of skeletal disorders, 
including craniosynostosis syndromes and chondrodysplasias 
(3-5). Somatic mutations in FGFRs can lead to unrestricted 
cellular growth and cancer. In fact, one third of all bladder 
carcinomas display nucleotide substitutions in FGFR3. Some 
hematological disorders such as chronic myeloproliferative 
diseases exhibit chromosomal translocations involving the 
FGFR1 gene at chromosome 8p11. Patients with multiple 
myelomas often exhibit translocations involving the FGFR3 
locus at 4p16.

Ten years ago we described a fifth FGFR that we termed 
FGFRL1 (FGFR-like 1) (6). Independently, the same protein 
was discovered by two other research groups and termed FGFR5 
(7,8). Similar to the classical FGFRs, the novel receptor contains 
an extracellular domain with three immunoglobulin(Ig)-like 
repeats and a single transmembrane domain. However, in 
contrast to the classical receptors, FGFRL1 lacks the protein 
tyrosine kinase domain but instead contains a short intracel-
lular tail of 100 residues with a peculiar histidine-rich sequence. 
By Northern blotting and in situ hybridization experiments, 
FGFRL1 expression is detected at low levels in virtually all 
mesenchymal tissues and at higher levels in cartilage, bone and 
some muscles (9,10).

When produced in HEK293 cells or in Sf9 insect cells, the 
novel receptor binds FGF2 (7,9). Furthermore, recombinant 
FGFRL1 interacts strongly with heparin and heparan sulfate 
(9,11). Based on the interaction of the novel receptor with 
FGF ligands and heparin and on the absence of the tyrosine 
kinase domain, we speculated that FGFRL1 might function 
as a decoy receptor that modulates or inhibits FGF signaling 
(6,9). In fact, when over-expressed in MG63 osteosarcoma 
cells, it inhibits cell proliferation (9). In a luciferase system, it 
is able to reduce the activity of the FGF inducible responsive 
promoter element FIRE (12). Moreover, FGFRL1 expression 
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is markedly increased during differentiation of myoblasts to 
myotubes, while it is barely expressed in undifferentiated cells 
(13). Taken together, these results suggest that FGFRL1 has a 
negative effect on cell proliferation and a positive effect on cell 
differentiation. Although the hypothesis of the decoy receptor 
is plausible and straightforward, it does not explain the 
existence of the relatively long intracellular domain with the 
peculiar histidine-rich sequence and several tyrosine motifs.

More information about the potential functions of FGFRL1 
can be learned from experiments, in which its expression is 
specifically suppressed. Knock-down experiments with mor-
pholino constructs in a Zebrafish model indicate that FGFRL1 
is involved in gill cartilage development (14). Animals that have 
been injected with such morpholino constructs fail to properly 
form the pharyngeal arches. Our group recently demonstrated 
that mice with a targeted disruption of the FGFRL1 gene 
develop normally to term, but die immediately after birth due 
to severe respiratory distress (13). The respiratory problems are 
explained by the malformation of the diaphragm, which is not 
strong enough to inflate the lungs after birth. The knock-out 
animals also exhibit subtle bone alterations such as a dome-
shaped head with a high front reminiscent of many human 
craniosynostosis syndromes (12). Another research group has 
generated similar FGFRL1 deficient mice and found alterations 
in the heart, especially in the ventricular valves, in addition to 
alterations in the diaphragm and the skull (15). The involve-
ment of FGFRL1 in the formation of the skull was recently 
confirmed by the identification of the first human FGFRL1 
mutation in a craniosynostosis patient (12). This patient dis-
played a 4 bp insertion in the last exon of the FGFRL1 gene 
that disrupted the reading frame of the intracellular domain. In 
contrast to wild-type protein, which was rapidly removed from 
the cell membrane and sorted to lysosomes, the mutant protein 
appeared to stay for a prolonged time at the plasma membrane 
where it interacted with FGF ligands (12).

The overall structure of FGFRL1 with its three Ig-like 
domains and the transmembrane segment is not unique. It is 
needless to say that Ig-like domains occur in all immunoglobulins 
but they are also found in a variety of other molecules, including 
cell adhesion proteins, cell surface receptors and muscle proteins 
(16,17). All Ig-like domains share a common core β-sandwich 
structure. According to sequence pattern and overall length, the 
Ig-like domains can be grouped into four sets: V (variable), C1 
(constant-1), C2 (constant-2) and I (intermediate).

Here we have used a comprehensive bioinformatics 
approach to compare the domain structure of FGFRL1 with 
all proteins of the UniProt Databank. We found that the human 
genome encodes at least 42 molecules that exhibit a related 
domain structure with three extracellular Ig-like domains and 
a single transmembrane domain. Five of these molecules are 
involved in FGF signaling, 9 are involved in cell-cell contact 
at adherens junctions and 25 are involved in the control and 
modulation of the immune system. A detailed analysis of these 
proteins may yield valuable clues about a putative signaling 
mechanism utilized by FGFRL1.

Methods

Sequence searches were performed on the Vital-IT platform 
of the Swiss Institute of Bioinformatics (http://www.vital-it.

ch) using the HitKeeper query language (18) and the MyHits 
interface (19). Pre-calculated hit lists on the human entries in 
the UniProtKB database (20) were queried for the presence 
of various Ig-domain descriptors originating from Pfam (21) 
(PF00047, PF07686, PF08205), SMART (22) (SM00409, 
SM00408), PROSITE (23) (PS50835) and Swiss-Prot fea-
tures (20). Only proteins displaying the presence of exactly 3 
Ig-like domains were kept for further analysis. The presence 
of transmembrane regions within these proteins was assessed 
using the transmembrane predictor software Phobius (24). The 
extracellular domains of the extracted proteins were compared 
pairwise with the extracellular domain of FGFRL1 using 
the program Gap and the scoring matrix Blosum62 (GCG, 
Accelrys Software Inc, Cambridge, UK). To enforce align-
ment over the entire length of the two sequences, the gap shift 
limits were set to 20.

Results and Discussion

Seven protein families with a related domain structure. To 
identify proteins with a domain structure similar to that of 
FGFRL1, we screened the UniProt databank for entries with 
three Ig-like domains and a single transmembrane domain. 
The major problem of this approach was the fact that no well 
defined domain descriptor for ‘Ig-like’ existed. In the first round 
of databank screening we therefore included all human pro-
teins with domains conforming to at least one of the following 
descriptors, prf:IG_LIKE; iprsmart:SM00409.IG; iprpfam: 
PF00047.ig; iprpfam:PF07686.V-set; iprpfam:PF08205.
C2-set_2; iprsmart:SM00408.IGc2; ft:DOMAIN_Ig-like_V; 
ft:DOMAIN_Ig-like_C2-type. Proteins with four or more 
Ig-like domains were then eliminated. According to this 
approach UniProt comprised a total of 3350 human proteins 
with 3 or less Ig-like domains. Of these, 52 had exactly 3 
Ig-like domains and at least 1 transmembrane domain, 219 had 
exactly 3 Ig-like domains but no annotated transmembrane 
domain. The latter proteins were passed through a transmem-
brane predictor program (Phobius), which divided them into 
140 proteins with a potential transmembrane domain and 79 
proteins without. The remaining 192 proteins with 3 Ig-like 
domains and at least 1 transmembrane domain were manually 
inspected. Double hits, fragmented proteins as well as proteins 
with extracellular domains in addition to the 3 Ig-like domains 
were eliminated. This procedure yielded a list of 42 proteins 
that possessed exactly 3 Ig-like domains, a single transmem-
brane helix and an intracellular domain (Table I).

It is obvious that this list might still not be complete. There 
are several entries in UniProt that are ill-defined, mainly 
entries that were automatically derived from TREMBL. 
Moreover, there are proteins with four or more Ig-like domains 
that may also exist in an alternatively spliced form with three 
Ig-like domains. Furthermore, some generally accepted Ig-like 
domains might not be picked up correctly by the Ig-domain 
descriptors mentioned above.

The 42 proteins from Table I fall into 7 protein families: 
FGF receptors, Fc receptor-like proteins, IL-1 receptor-like 
proteins, natural killer cell Ig-like receptors, nectin-like pro-
teins, sialic acid binding Ig-like lectins and signal-regulatory 
proteins. By definition, all these proteins contain a cleav-
able signal peptide, followed by three Ig-like domains and a 
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Table I. Proteins encoded by the human genome that display a domain structure related to FGFRL1.

Gene	 Common name	 Accession	 Order of domains	 Extracellular residues	 Sequence
symbol		  number		  (Total amino acids)	 identity

FGFRL1	 FGF receptor -like 1 (FGFR5)	 Q8N441	 C2, C2, C2, TM, His	 25-378 (504)	 100
FGFR1	 FGF receptor 1	 P11362	 C2, C2, C2, TM, kinase	 22-376 (822)	 32
FGFR2	 FGF receptor 2	 P21802	 C2, C2, C2, TM, kinase	 22-377 (821)	 33
FGFR3	 FGF receptor 3	 P22607	 C2, C2, C2, TM, kinase	 23-375 (806)	 35
FGFR4	 FGF receptor 4	 P22455	 C2, C2, C2, TM, kinase	 22-369 (802)	 34

FCGR1A	 Fcγ receptor 1	 P12314	 C2, C2, C2, TM	 16-292 (374)	 18
FCRL1	 Fc receptor -like 1	 Q96LA6	 C2, C2, C2, TM, ITAM	 17-307 (429)	 24
FCRL6	 Fc receptor -like 6	 Q6DN72	 C2, C2, C2, TM, ITIM	 20-307 (434)	 22

IL-1R1	 IL-1 receptor 1	 P14778	 C2, C2, C2, TM, TIR	 18-336 (569)	 22
IL-1R2	 IL-1 receptor 2	 P27930	 C2, C2, C2, TM	 14-343 (398)	 20
IL-18R1	 IL-18 receptor	 Q13478	 C2, C2, C2, TM, TIR	 19-329 (541)	 18
IL-1RL1	 IL-1 receptor -like 1	 Q01638	 C2, C2, C2, TM, TIR	 19-328 (556)	 19
IL-1RL2	 IL-1 receptor -like 2	 Q9HB29	 C2, C2, C2, TM, TIR	 20-335 (575)	 19
IL-1RAP	 IL-1 receptor accessory protein	 Q9NPH3	 C2, C2, C2, TM, TIR	 21-367 (570)	 23
IL-18RAP	 IL-18 receptor accessory protein	 O95256	 C2, C2, C2, TM, TIR	 20-356 (599)	 21
IL-1RAPL1	 IL-1 receptor accessory protein-like 1	 Q9NZN1	 C2, C2, C2, TM, TIR	 19-357 (696)	 21
IL-1RAPL2	 IL-1 receptor accessory protein-like 2	 Q9NP60	 C2, C2, C2, TM, TIR	 17-354 (686)	 20

KIR3DL1	 Killer cell Ig-like receptor 3DL1	 P43629	 C2, C2, C2, TM, ITIM	 22-340 (444)	 20
KIR3DL2	 Killer cell Ig-like receptor 3DL2	 P43630	 C2, C2, C2, TM, ITIM	 22-340 (455)	 21
KIR3DL3	 Killer cell Ig-like receptor 3DL3	 Q8N743	 C2, C2, C2, TM, ITIM	 26-322 (410)	 22
KIR3DS1	 Killer cell Ig-like receptor 3DS1	 Q14943	 C2, C2, C2, TM	 22-340 (387)	 21

PVR	 Poliovirus receptor (nectin-like 5)	 P15151	 V, C2, C2, TM	 21-343 (417)	 25
PVRL1	 Poliovirus receptor-related P1 (nectin 1)	 Q15223	 V, C2, C2, TM	 31-355 (517)	 19
PVRL2	 Poliovirus receptor-related P2 (nectin 2)	 Q92692	 V, C2, C2, TM	 32-360 (538)	 20
PVRL3	 Poliovirus receptor-related P3 (nectin 3)	 Q9NQS3	 V, C2, C2, TM	 58-404 (549)	 26
PVRL4	 Poliovirus receptor-related P4 (nectin 4)	 Q96NY8	 V, C2, C2, TM	 32-349 (510)	 22
CADM1	 Cell adhesion molecule 1 (nectin-like 2)	 Q9BY67	 V, C2, C2, TM	 45-374 (442)	 21
CADM2	 Cell adhesion molecule 2 (nectin-like 3)	 Q8N3J6	 V, C2, C2, TM	 25-367 (435)	 21
CADM3	 Cell adhesion molecule 3 (nectin-like 1)	 Q8N126	 V, C2, C2, TM	 25-330 (398)	 24
CADM4	 Cell adhesion molecule 4 (nectin-like 4)	 Q8NFZ8	 V, C2, C2, TM	 21-324 (388)	 21

SIGLEC6	 Sialic acid-binding Ig-like lectin 6	 O43699	 V, C2, C2, TM, ITIM	 27-347 (453)	 20
SIGLEC7	 Sialic acid-binding Ig-like lectin 7	 Q9Y286	 V, C2, C2, TM, ITIM	 19-353 (467)	 23
SIGLEC8	 Sialic acid-binding Ig-like lectin 8	 Q9NYZ4	 V, C2, C2, TM, ITIM	 17-363 (499)	 24
SIGLEC9	 Sialic acid-binding Ig-like lectin 9	 Q9Y336	 V, C2, C2, TM, ITIM	 18-348 (463)	 22
SIGLEC14	 Sialic acid-binding Ig-like lectin 14	 Q08ET2	 V, C2, C2, TM	 17-358 (396)	 20

SIRPA	 Tyrosine phosphatase substrate 1	 P78324	 V, C1, C1, TM, ITIM	 27-372 (503)	 20
SIRPB1	 Signal-regulatory protein β1	 O00241	 V, C1, C1, TM	 27-371 (398)	 20
SIRPG	 Signal-regulatory protein γ	 Q9P1W8	 V, C1, C1, TM	 29-360 (387)	 22

AGER	 Advanced glycosylation end product receptor	 Q15109	 V, C2, C2, TM	 23-342 (404)	 24
BSG	 Basigin	 P35613	 (C2), C2, V, TM	 22-323 (385)	 21
CD96	 T-cell surface protein tactile	 P40200	 V, V, C2, TM	 22-519 (585)	 21
HHLA2	 HERV-H LTR-associating protein 2	 Q9UM44	 V, C1, V, TM	 23-344 (414)	 24

His, histidine-rich; V, variable; C1, constant-1; C2, constant-2; TIR, Toll/IL-1 receptor; ITIM, immunoreceptor tyrosine-based inhibition motif; ITAM, 
immunoreceptor tyrosine-based activation and TM, transmembrane domain.
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transmembrane domain (Fig. 1). Consequently, the size of the 
extracellular domain of these proteins varies between 300-350 
amino acid residues. When compared with the extracellular 
domain of FGFRL1, this region shares 18-26% sequence 
identity with the exception of the extracellular domains from 
FGFRs, which display 32-35% sequence identity (Table I). In 
the latter case, the similarity increases to 39-42% if conserva-
tive amino acid replacements are included, underlining the 
previous conclusion that FGFRL1 is most closely related to the 
FGFRs. The size of the intracellular domain varies between 
4 (SIRPγ) and 425 (FGFR1) amino acid residues. For down-
stream signaling, a protein must utilize this domain in order to 
trigger a certain pathway. This domain may therefore provide 
valuable clues about a putative signaling mechanism utilized 
by FGFRL1.

In the following, we will briefly summarize the major 
properties and signaling mechanisms of the different protein 
families. The FGFR family has already been described in the 
introduction in some detail. For a comprehensive survey of 
an individual protein, the reader is referred to more detailed 
reviews of a particular family.

Fc Receptor-like molecules. Fc receptors are molecules found on 
the surface of various cells from the immune system, including 
macrophages, neutrophils, mast cells and natural killer cells 
(25). They bind to the Fc region of antibodies that are attached 
to invading pathogens or infected cells. There are Fc receptors 
for all types of antibodies but only the Fcγ receptor I resembles 
FGFRL1 with its 3 Ig-like domains. Besides the classical Fc 
receptors, there are six Fc receptor-like molecules that occur 
preferentially on the surface of B cells. Two of these proteins 
possess 3 Ig-like domains (FCRL1 and FCRL6) and are there-
fore included in Table I. So far there is no direct evidence to 
support a role for the Fc receptor-like molecules as Ig-binding 
receptors. However, these molecules contain cytoplasmic 
tails that harbor immunoreceptor tyrosine-based activation 
(ITAM) and inhibition (ITIM) motifs. Through these motifs 
they deliver activating or inhibiting signals to the interior of 
the cells (see below), suggesting that these receptors play a role 
in regulating activation and differentiation of B cells and other 
cells. Fcγ receptor I does not have an ITAM but it still transmits 
activating signals to the interior of the cells by interacting with 
another protein that does possess an ITAM.

The interleukin-1 receptor family. Inflammatory cytokines 
such as IL-1 and IL-18 mediate their effects through specific 
transmembrane receptors present on the surface of target cells 
(26,27). These receptors possess three Ig-like domains in their 
extracellular part and a signaling domain termed TIR (Toll/
IL-1 receptor) in their intracellular part. Altogether, there are 
nine related IL-1 receptor-like molecules. The receptor for IL-1 
is a dimer consisting of IL-1R1 and IL-1RAP (IL-1 receptor 
accessory protein), the receptor for IL-18 a dimer of IL-18R 
and IL-18RAP. Other cytokines such as IL-33 and IL-1F6 bind 
to dimeric receptors consisting of various combinations of the 
other chains listed in Table I. Upon ligand binding cytosolic 
adaptor proteins such as MyD88 are recruited to the intracel-
lular TIR domain of the receptors and these adaptor proteins 
trigger down-stream signaling by phosphorylation. IL-1 
receptor II (IL1R2) is a negatively acting receptor that lacks 

the intracellular TIR domain. It still forms dimers with IL1R1 
but does not take part in signaling. Since it can bind IL-1 it 
appears to act as a decoy receptor.

Killer cell Ig-like receptors (KIRs). KIRs are transmembrane 
proteins expressed by natural killer cells and some T cells 
(28,29). The genes for the KIRs are found in a cluster on 
human chromosome 19q13.4 within the leukocyte receptor 
complex. The KIR proteins are classified by the number of 
Ig-like domains (2D or 3D) and by the presence of a long (L) or 
a short (S) cytoplasmic domain. KIR proteins with the longer 
cytoplasmic domain elicit inhibitory signals upon ligand 
binding via the ITIM motif introduced above. KIR proteins 
with the shorter cytoplasmic domain lack the ITIM motif. 
Instead they associate with the tyrosine kinase binding protein 
TYRO to transduce activating signals to the cells. The ligands 
for KIR proteins are members of the HLA class I antigens. 
KIR proteins are therefore thought to play an important role 
in the regulation of the immune response. Besides the genes 
for three KIR3DL proteins and one KIR3DS protein, there are 
two KIR3D genes (KIR3DP1, KIR3DX1) not listed here that 
may represent pseudogenes.

Nectins and nectin-like proteins. Nectins (nectin 1-4) and 
nectin-like proteins (nectin-like 1-5) constitute a family of 9 cell 
surface proteins that are involved in cell adhesion, migration 
and proliferation (30,31). The nectins form homodimers on the 
plasma membrane of various cell types and interact in trans with 
nectins and nectin-like proteins expressed on neighboring cells. 
These interactions result in calcium-independent cell adhesion 
at cell-cell adherens junctions and lead to the reorganization of 
the actin cytoskeleton. For the interaction with the cytoskeleton, 
the nectins bind with their intracellular, C-terminal end to 
afadin. Afadin in turn interacts with filamentous actin. Nectin-
like protein 5 has a unique additional function at the leading 
edge of migrating cells where it interacts with integrin αvβ3 to 
facilitate cell movement. Some nectins are important ways of 
entry for viruses into cells. Nectin-1 is the receptor for herpes 
virus, nectin-like 5 is the receptor for poliovirus.

Sialic acid binding Ig-like lectins (SIGLECs). SIGLECs are cell 
surface receptors that bind carbohydrates, especially sialic acid 
from glycoproteins of other cells, but also from viruses and bac-
teria (32,33). The SIGLECs are primarily, but not exclusively, 
expressed by hematopoietic cells. They contain one amino-ter-
minal V-set Ig-like domain that interacts with the carbohydrates 
and a variable number of C2-set Ig-like domains. The human 
genome contains 14 different SIGLEC genes (SIGLEC1-15, 
SIGLEC13 is found in chimpanzee and baboon, but not in 
humans) and a similar number of SIGLEC pseudogenes. Only 5 
SIGLECs are listed in Table I because only these proteins con-
tain exactly 3 Ig-like domains. Most SIGLECs possess one or 
more copies of the ITIM element in their cytoplasmic domain. 
This motif is phosphorylated by cytoplasmic tyrosine kinases 
and plays a key role in cell signaling (see below). Consequently, 
the SIGLECs are believed to have a function in the activation of 
cells from the immune system.

Signal-regulatory proteins (SIRPs). The SIRPs form a family 
of related proteins that are mainly expressed on the surface of 
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myeloid cells (34). There are three family members, SIRPα, 
SIRPβ and SIRPγ. In the human population, the genes for 
the SIRPs appear to be highly polymorph. The cytoplasmic 
domain of SIRPα contains four tyrosine residues that conform 
loosely to the ITIM motif and can become phosphorylated. The 
phosphorylated motifs associate with tyrosine phosphatases 
and induce inhibitory functions in cell signaling. SIRPβ has a 
very short cytoplasmic region of 6 amino acids and lacks the 
ITIM motif. Instead it contains a lysine residue that interacts 

with a protein called DAP12 which in turn transmits activating 
signals. Because the two proteins elicit opposing functions, 
they are also referred to as paired receptors. SIRPγ has only 
4 amino acid residues in its cytoplasmic domain and does not 
appear to transmit any signals.

Other proteins. The remaining four proteins do not appear to 
belong to any of the above mentioned protein families. AGER 
is a receptor for advanced glycosylation end products, which 

Figure 1. Domain structure of transmembrane proteins that display an overall structure similar to FGFRL1. Three Ig-like domains are indicated by their affili-
ation to a particular set (C1, C2 and V). The intracellular domains are labeled (His, histidine-rich; kinase, protein tyrosine kinase and TIR, Toll/IL-1 receptor 
domain). The position of tyrosine residues involved in downstream signaling is marked by Y. One representative example from each protein family is listed in 
alphabetical order, with FGFRL1 and FGFR3 being shown at the top.
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may occur by non-enzymatic glucosidation of α- and ε-amino 
groups with blood sugars (35). Owing to its extracellular 
Ig-like domains (V, C2, C2) and its sugar binding properties, 
it resembles the SIGLECs. Basigin (CD147) is thought to have 
a function in intercellular recognition (36). It interacts with 
many different ligands, including certain cyclophilins and 
integrins. CD96 (tactile) plays a role in the adhesive interac-
tions of T-cells and natural killer cells during the late phase of 
the immune response (37). It may also be involved in antigen 
presentation. Finally, HHLA2 has been identified by virtue 
of several EST and cDNA clones (38). Its gene is associated 
with the human endogenous retrovirus H family long terminal 
repeat (HERV-H LTR).

ITIM/ITAM containing receptors. When the functions and sig-
naling mechanisms of the seven protein families are compared 
it becomes evident that at least some members of each family are 
equipped with intracellular domains or motifs that are directly 
or indirectly involved in down-stream signaling (Fig. 1). The 
classical FGFRs harbor a well-defined tyrosine kinase domain 
of approximately 300 amino acid residues that phosphorylates 
strategic tyrosine residues in the C-terminal domain of an 
adjacent receptor. FGFRL1 is clearly lacking such a tyrosine 
kinase domain. On the other hand, the IL-1 receptor I contains 
an intracellular TIR domain of approximately 200 amino acid 
residues that interacts with a multifunctional adaptor protein 
(MyD88), which in turn recruits signaling molecules including 
tyrosine kinases to the plasma membrane. The intracellular 
domain of FGFRL1 is shorter than that of IL-1 receptor I and 
does not display any conserved, well-defined domain like TIR. 
One will therefore have to focus on conserved, short sequence 
motifs rather than extended domains. In fact, such motifs are 
found in many of the seven protein families, namely in the Fc 
receptor-like proteins, the KIRs, the SIGLECs and the SIRPs. 
Members of these families harbor specific sequence motifs 
termed ITAM (immunoreceptor tyrosine-based activation 
motifs) and ITIM (immunoreceptor tyrosine-based inhibition 
motifs) that are involved in down-stream signaling.

The ITAM is a tandem motif that conforms to the amino 
acid sequence YxxL/I(x)6-12YxxL/I, whereas the ITIM is a 
single motif that conforms to the sequence S/I/V/LxYxxI/V/L 
(39-41). After ligand binding, ITAM-bearing receptors become 
phosphorylated by Src family kinases. The phosphorylated 
tyrosines serve subsequently as docking sites for the recruit-
ment of other tyrosine kinases such as Syk or ZAP-70, resulting 
in the activation of several down-stream signaling pathways. 
ITIM-bearing receptors can also become phosphorylated after 
ligand binding by Src family kinases but they elicit opposing 
effects. The phosphorylated ITIMs bind SH2-containg phos-
phatases such as SHP-1 (phosphotyrosine phosphatase-1), 
SHP-2 and SHIP (inositol phosphatase). These enzymes can 
dephosphorylate the cytoplasmic domains of adjacent recep-
tors, thereby inhibiting activation of the cells.

The ITAM/ITIM signaling motifs reveal some similarity 
to a tandem tyrosin-based motif occurring in the FGFRL1 
receptor, PKLYPKLYTDI. We have demonstrated that this 
tyrosine based motif is responsible for intracellular sorting of 
FGFRL1 (12). When the tyrosines were changed to alanine by 
in vitro mutagenesis, the mutated protein stayed for a prolonged 
time at the cell membrane, whereas the wild-type protein 

was rapidly removed from the cell membrane and sorted to 
lysosomes. It is intriguing to speculate that the same tandem 
tyrosine-based motif could also become phosphorylated by 
an intracellular kinase. The phosphorylated motif would then 
bind SH2 containing phosphatases, which in turn could down-
regulate the activity of adjacent FGFRs.

We have tried to check this possibility. Phosphorylation of 
FGFRL1 was investigated in cells, before and after stimulation 
by FGF2 or EGF, with pan-phosphotyrosine specific antibodies 
(Steinberg and Trueb, unpublished observation). However, we 
have not been able to detect any phosphorylation of FGFRL1. 
It is therefore unlikely that FGFRL1 is involved in a signaling 
pathway with SH2 domain containing adaptor proteins that 
would bind to its C-terminal end. Nevertheless, this possibility 
should be kept in mind when the signaling mechanism of the 
novel receptor is investigated.

Reorganization of the cytoskeleton. If FGFRL1 has no tyrosine 
kinase domain similar to the FGFRs, no TIR domain similar to 
the IL-1 receptor and no ITAM/ITIM signaling motif similar 
to many other receptors of the immune system, how might it 
participate in down-stream signaling? One group of proteins 
that still remains for comparison are the nectin and nectin-like 
proteins. In fact, with 26% sequence identity (33% sequence 
similarity if conservative amino acid substitutions are included), 
nectin-3 displays, after the classical FGFRs, the best similarity 
to FGFRL1 of the 42 proteins listed in Table I. Like the nectins, 
FGFRL1 forms homodimers on the cell membrane as demon-
strated by FRET measurements and by immunoprecipitation 
experiments (11). Furthermore, FGFRL1 occurs preferentially 
at cell-cell contact sites similar to the nectins.

Nectins are involved in the initial steps of the formation 
of intercellular adherens junctions (30,31). For this purpose, 
they interact with a variety of peripheral membrane proteins 
including the actin filament-binding protein afadin and the 
cell polarity protein Par-3. These interactions are achieved 
via binding of the carboxy-terminal end of the nectins (amino 
acid residues E/A-X-Y-V) with the PDZ domains of afadin and 
Par-3. Afadin in turn can bind to F-actin and link the nectins in 
this way to the cytoskeleton. In addition to its PDZ and actin-
binding domains, afadin has other interaction domains, such as 
two Ras association domains, a forkhead-associated domain, a 
DIL domain and three proline-rich domains. Likewise, Par-3 
possesses three PDZ domains and two CR domains. By virtue 
of interaction with such versatile adaptor proteins, the nectins 
can indirectly induce the activation of several intracellular sig-
naling molecules, including Rap1, Cdc42 and Rac, and trigger 
the reorganization of the cytoskeleton.

It is of interest to note that FGFRL1 exhibits a C-terminal 
sequence with a tyrosine residue (H-Y-Q-C) that is somewhat 
related to that of the nectins. Together with the histidine-rich 
sequence, this motif is the only element of the intracellular 
domain that is conserved among different species, from 
mammals to fish and lancelet. We do not know whether this 
C-terminal sequence can indeed be recognized by a specific 
PDZ domain. On the other hand, PDZ recognition motifs that 
interact with similar C-terminal sequences have been described 
in the literature, such as the PDZ domain of the adaptor pro-
tein Mint1 that recognizes the C-terminal sequence D-H-W-C 
of a calcium channel (42,43). It remains to be determined 
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whether cells express an adaptor protein with a PDZ domain 
that specifically interacts with the C-terminus of FGFRL1. 
Such a protein might anchor FGFRL1 to the cytoskeleton or to 
another intracellular protein complex.

Conclusions

The domain structure of FGFRL1 with its 3 Ig-like domains 
and the transmembrane segment is not unique but occurs in 
more than 40 human proteins, which can be grouped in 7 fami-
lies. Most of these proteins play a role in the immune system, 
but there are also some that serve an important function in 
cell-cell adhesion at adherens junctions. A great deal of these 
proteins forms homodimers on cell surfaces and acts as some 
kind of receptors. The ligands for these receptors are either 
cytokines, antibodies, carbohydrate chains or cell surface 
molecules. A structure with three Ig-like domains appears 
to be particularly well suited for recognition and interaction. 
In the adaptive immune system, this structure is employed to 
recognize a nearly unlimited number of antigens.

FGFRL1 shares many similarities with the prototype of 
such a 3 Ig-domain receptor. It also forms constitutive dimers 
on the cell surface and it has the ability to bind heparin chains 
and FGF ligands. During evolution, the other Ig-domain pro-
teins have adapted various possibilities to signal their ligand 
binding state to the interior of the cells. For this purpose, some 
make use of strategic tyrosine motifs that become phospho-
rylated and provide binding sites for SH2 domain containing 
adaptor proteins, or alternatively some interact through their 
C-terminal end with a PDZ domain protein, which in turn 
interacts with the cytoskeleton. FGFRL1 displays some par-
allels in this respect. It possesses several tyrosine motifs in 
its C-terminal domain that could theoretically become phos-
phorylated upon ligand binding or that might interact with a 
PDZ domain protein which links it to the cytoskeleton. To date 
there is no evidence for the first possibility. We therefore favor 
the second possibility of an interaction with a PDZ domain 
protein. In this way, FGFRL1 might be able to signal informa-
tion from the outside of the cell to the interior although it is 
lacking the tyrosine kinase domain typically associated with 
the classical FGFRs. Thus, the genome-wide comparison of 
FGFRL1 with structurally related proteins from the UniProt 
databank has opened new avenues for research that can now 
be tackled experimentally.
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