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Fig. 2. Generation of Cfr-deficient mice. (A) Schematic representation of the wild-type and gene-trapped Cfr locus. The genomic region around
the first intron is shown. In the trapped allele, a f-geo cassette is inserted in the first intron. To confirm the correct insertion, three oligonucleotide
primers, P1-P3, were designed. (B) Confirmation of the gene-trapping. PCR with P1-P3 revealed that DNA fragments of the sizes expected from the
genotypes were correctly amplified. The sizes of DNA fragments amplified with P1 and P2, and P1 and P3, should be 353 and 500 bp, respectively.
The positions of DNA size markers are shown on the right. Western blot analysis of whole embryo lysate from each genotype with anti-Cfr serum
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revealed that the wild-type Cfr and the B-geo fusion proteins were expressed in the expected pattern from the wild-type allele and the trapped
allele, respectively. No wild-type Cfr was detected in -/~ embryos, indicating that this trapping resulted in a null mutation. The amount of protein

loaded on the gel was confirmed by anti-actin blotting.

weeks of age (Table 1). Adult Cfi”™ mice had no obvious
abnormality in their appearance, but their size and weight were
significantly smaller than those of wild-type mice (data not
shown). As a preliminary histological analysis of two Cfi~ adult
male survivors showed no obvious pathological abnormality in the
brain, heart, lung, liver, spleen, kidney, stomach, guts, thymus,
skin, skeletal muscle, eye or testis (data not shown), the cause of
lethality is currently unknown. Because we identified Cfr as a Dlk-
binding molecule, we considered the possibility that the lack of Cfr
might affect the expression of Dik. However, neither the mRNA
nor protein level of DIk was altered in Cfr-deficient mice (see Fig.
S1A-D in the supplementary material). Because the inserted f-geo
cassette expresses P-gal activity via the promoter of the inserted
gene, the B-gal activity in Cfi~ embryos represents the Cfr
promoter activity. At E7.5, Cfi was expressed only in the epiblast,
and thereafter ubiquitously at all stages examined, E8.5-14.5 (see
Fig. S2A in the supplementary material and data not shown).
Northern blot analysis using total RNA from various adult tissues
revealed that Cfir was expressed in all the tissues examined,
although levels were variable (see Fig. S2B in the supplementary
material). Thus, Cfr is expressed broadly in the body from early
embryonic stages to adulthood.

Growth retardation, skeletal abnormality and
cleft palate in Cfr-deficient mice

AtE18.5, Cfi'~ embryos were smaller in size and weighed less than
Cfi* and Cfi*'" littermates (Fig. 3A,B). We also noticed that tails
of all Cfi"~ E18.5 embryos and neonates were distorted, suggesting
an abnormal skeletal development. In fact, Alcian Blue/Alizarin
Red staining of bones and cartilages revealed that tail skeletons of
Cfi”'~ neonates were distorted, whereas the other skeletons were

Table 1. Genotypes of offspring from matings of Cfr*/- mice

almost normal (Fig. 3C). The distortion seemed to be caused by an
irregular arrangement of the tail cartilages (Fig. 3D). In addition,
about 19% (7/37) of Cfi”’~ neonates had a bloated abdomen filled
with air (Fig. 3E). As cleft palate in mice often results in an
accumulation of air in the stomach and a bloated abdomen, we
investigated the palates of Cfi”'~ neonates, and found that about
30% (11/37) of the mice exhibited cleft palate (Fig. 3F). All of the
Cfr’~ mice with a bloated abdomen had a cleft palate. We
investigated craniofacial skeletal elements and found incomplete
fusion of maxillary shelves in Cfi~'~ neonates with cleft palate (Fig,
3G). The other skeletal elements were apparently normal in Cfi’~
mice (Fig. 3C,G and data not shown). Cfi*"~ mice showed no
obvious abnormality. These results indicate that Cfr is essential for
normal development.

Expression profile of Cfr and Dlk in developing
skeletons

Although Cfr is ubiquitously expressed in embryos, as shown in Fig,
S2 in the supplementary material, the skeletal abnormality of Cfi"
mice prompted us to investigate more detailed expression patterns
of Cfr in embryonic skeletons. We examined expression patterns of
Cfr as well as Dlk in limbs, vertebrae and maxillae of E14.5 wild-
type embryos by immunofluorescent staining and found that Cfr and
DIk were specifically expressed in prehypertrophic chondrocytes,
and reserve and proliferating chondrocytes, respectively, in humeri
(Fig. 4). The same expression patterns were observed in other limb
skeletons (data not shown). Cfr and DIk were also expressed in
vertebrae and maxillae, although the specificity of cell-types or
stages was unclear (see Fig. S3A,B in the supplementary material).
Thus, Cfr and DIk are expressed in developing skeletons,
contributing to skeletal development,

E9.5 E18.5 PO P1 P2 3 week
++ 26 (25.2) 32(25.8) 40 (30.8) 32(30.2) 76 (36.7) 63 (32.0)
+- 51 (49.5) 57 (46.0) 70 (53.8) 69 (65.1) 124 (59.9) 129 (65.5)
-I- 26 (25.2) 35(28.2) 20(15.4) 5.7 7(3.4) 5(2.5)
Total 103 124 130 106 207 197

Male and female Cfr*/- mice were mated and genotypes of the offspring were analyzed at the indicated time points, The numbers in parentheses indicate the percentage of a
genotype. The Mendelian segregation pattern was observed until E18.5, but the number of Cfr~ mice was reduced after birth. By day 2 after birth, about 90% of Cfr’~ mice

had died.
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Fig. 3. Phenotypes of Cfr-deficient mice. (A)E18.5 Cfr*'* (lower
three) and Cfr' (upper three) littermates. Note that the Cfr~ embryos
are smaller. (B) Body weight of £18.5 embryos with s.d. (+/+, n=25; +/-,
n=46, -/-, n=30). P-value was calculated with Student’s t-test: *,
P<0.001; NS, P>0.5. (C) Alcian Blue/Alizarin Red staining of bone and
cartilage of neonates. Cfr’~ neonates showed a basically normal
skeleton except for their distorted tails. (D) Distorted tails of Cfr’~
neonates. All Cfr*~ neonates had a distorted tail. (E)Bloated abdomen
of Cfr"~ neonates. About 19% (7/37) of Cfr'~ neonates had a bloated
abdomen filled with air. (F) Cleft palate of Cfr”~ neonates. About 30%
(11/37) of Cfr’- neonates had a cleft palate. (G) Incomplete fusion of
maxillary shelves in about 25% (3/13) of Cfr* neonates. Craniofacial
skeletons were stained with Alcian Blue/Alizarin Red and viewed from
beneath. For clarity, the lower jaws were removed. The arrowhead
indicates the incomplete fusion of maxillary shelves. Scale bars: 2 mm in
D,FG; 5 mmin A,C,E. MS, maxillary shelves; P, palatine.

Genetic interaction between Cfr and Fgfi18

Because Cfr is an FGF-binding molecule, we considered that the
observed phenotypes of Cfr-deficient mice were caused by
deregulation of some of the FGF signaling pathways. To address
this possibility, we compared Cfr-deficient mice with all the Fgf-
deficient mice reported previously, and noticed that the
phenotypes of Cfi'~ mice, such as perinatal death, growth
retardation, tail distortion and cleft palate, are markedly similar
to those of Fgf18-deficient mice. Therefore, we searched for a

Fig. 4. Expression profiles of Cfr and Dk in humeri.
Immunofluorescent staining of Cfr (green) and DIk (red) in E14.5 wild-
type humeral longitudinal sections. In the merged photograph, the
green and red signals are merged with signals of nuclei stained with
Hoechst 33342 (blue), and humeri are outlined by a white line. Regions
for reserve (R), proliferating (P), prehypertrophic (PH) and hypertrophic
(H) chondrocytes are indicated. Note that Cfr is expressed specifically in
prehypertrophic chondrocytes, while Dlk in reserve and proliferating
chondrocytes. Scale bar: 80 um.

functional link between Cfr and Fgf18. First, we investigated
whether there is any genetic interaction between Cfi- and Fgf18 by
mating Cfi"’~ mice with Fgf/8" mice. Among the offspring,
wild-type, Cfi*"~ and Fgf18"~ mice had no obvious phenotype.
Cfi*"",Fgf18"~ double heterozygous (D-HT) mice were viable and
fertile (data not shown). They were comparable in body weight to
other genotypes and had a normal tail morphology at birth (see
Fig. S4A,B in the supplementary material). However, D-HT mice
were significantly smaller than wild-type mice at 3 months after
birth, whereas neither Cfi"/~ nor Fgf18"~ mice showed such a
phenotype (Fig. 5A). The phenotype was more evident in D-HT
male mice, as they were already smaller than wild-type male mice
at 1 month after birth (Fig. SA). Moreover, the tails of D-HT mice
were distorted by 7 days after birth like those of Cfi~deficient
mice and Fgfl8-deficient mice, but neither Cfi"'~ nor Fgf18"~
mice showed tail distortion (Fig. 5B,C). The tail distortion in D-
HT mice was visible from postnatal day 3 and retained even in
adulthood. About 83% (19/23) of adult D-HT mice showed the
malformation. These phenotypes clearly indicate genetic
interaction between Cfr and Fgfl8, suggesting functional
cooperation,

We further analyzed the genetic interaction between Cfi and
Fgf18 by crossing D-HT mice. As was the case for the offspring
from mating of Cfi*~ mice (Table 1), some Cfi'~ neonates from
mating of D-HT mice died after birth. Mortality among
Cfi™~;FgfI8" mice was similar to that among Cfi~" mice,
indicating that the lack of one Fg//8 allele did not affect the viability
of Cfi™" mice (data not shown). Likewise, skeletons of Cfi~ and
Cf~"Fgf18" neonates showed no significant difference (Fig. 5D).
Consistent with the finding that the complete loss of Fgf!8 resulted
in perinatal death and skeletal abnormalities (Liu et al., 2002;
Ohbayashi et al., 2002), Cfi"~;Fgf187, Cfi~"~Fgfl1 8~ as well as
Fgf187" mice died at birth. Fgf/8" neonates showed slightly
distorted ribs and the additional loss of one Cfir allele
(CAi*;Fgf187") enhanced the distortion of the ribs and caused
curvature of the spine. In Cfi'~;Fgf/8~ double knockout neonates,
the distortion of the ribs and curvature of the spine were much more
severe than in Cf";FgfI8~ mice, although the number of ribs was
normal and there was no fusion of the ribs (Fig. D). These results
clearly indicate that Cfr and Fgfl8 play indispensable and
overlapping roles in skeletal development,
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Fig. 5. Genetic interaction between Cfr and
Fgf18. (A)Body weight of wild-type, Cfr*~, Fgf18*-
and Cfr*,Fgf18*" (double heterozygous, D-HT) 1 and
3 month(s) old mice from the mating of Cfr* and
Fgf18*" mice with s.d. (wild-type, n=6; Cfr*", n=7,
Fgf18*, n=8; D-HT, n=6 for male) (wild type, n=5;
Cfr=, n=9; Fgf18*", n=6; D-HT, n=9 for female). P-
value was calculated with Student's t-test, *, P<0.05.
Other P-values between wild-type mice and mutant
mice are more than 0.07. (B) Tail morphology of wild-
type, Cfr*", Fgf18* and D-HT postnatal day 7 (P7)
mice. D-HT mice developed distorted tails by P7,
whereas the others had normal tails, indicating
genetic interaction between Cfr and Fgf18. (C) Alcian
Blue/Alizarin Red staining of the tails of P7 mice. Tall
distortion in D-HT mice was evident, whereas tails
were normal in other genotypes. (D) Skeletons of

compound mutant neonates. Cfr*'~,Fgf18*" double
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heterozygotes were crossed to generate compound
mutants. Skeletons of wild-type, Cfr'-, Cfr'=Fgf18*",
Fgf18™", Cfr~Fgf187 and Cfr'-;Fgf187 neonates

were stained with Alcian Blue and Alizarin Red. Top
row, whole skeletons; lower row, ribs and spines from
behind. As in Fig. 3C,D, Cfr’~ neonates showed tail
distortion, and Cfr”~;Fgf18*" neonates showed no
obvious difference from Cfr’~ neonates. Fgf18™"
neonates showed slight distortion of the ribs, and
Cfr*";Fgf18™" neonates showed enhanced distortion
of the tail and curvature of the spine. In Cfr/~;Fgf18"-

double knockout neonates, the distortion of the ribs
and curvature of the spine were much more severe
than in Cfr*~;Fgf18~" neonates. Scale bars: 2 mm in
C and top row in D; 4 mm in lower row in D; 5 mm in
B.

Physical interaction between Cfr and Fgf18, and
enhancement of Fgf18-Fgfr3c signaling by Cfr

We examined the possibility that the genetic interaction of Cfi- with
Fgfl8 resulted from their physical interaction. To address this
possibility, we prepared recombinant Fgf18 protein with a GST tag
(GST-Fgf18), and used the GST tag alone as a control (Fig. TA). We
also prepared culture supernatant of COS7 cells transfected with an
expression vector for the Cfr-EC. The purified GST-Fgf18 or
GST tag was added to the supernatant, and Cfr-EC was
immunoprecipitated. Western blot analysis revealed that GST-Fgf18
was co-immunoprecipitated with Cfr-EC, whereas the GST tag was
not (Fig. 7B). These results clearly indicate that Fgf18 binds to Cfr
and suggest that Cfr positively regulates Fgf18 signaling through
this physical interaction.

To further confirm this possibility, we utilized a Ba/F3 cell line
expressing Fgfr3c, which proliferates depending on Fgf18 (Omitz
etal.,, 1996). We chose Fgfr3c because it has the highest affinity for
Fgf18 (Zhang et al., 2006) and is expressed in prehypertrophic
chondrocytes in developing limb skeletons, where Cfr is also
expressed (Ohbayashi et al., 2002) (Fig. 4). We infected these cells
with viruses containing Cfir cDNA or without cDNA as a control,
and assessed their responses to Fgf18 by WST-1 assay. Expression
of Cfr enhanced the responses of Ba/F3 cells with Fgtr3c to Fgfi8
(Fig. 6A), indicating that Cfr positively regulates Fgf18-Fgfr3c
signaling. By contrast, Ba/F3 cells expressing Cfr alone failed to
respond to Fgf18, whereas they proliferated in response to IL-3 (Fig.
6B). Based on these results, we concluded that Cfr enhances Fgf18

signaling via Fgfi3c but does not directly activate the intracellular
signaling. As it is well known that heparin or HSPG is required for
FGF signaling via FGFRs (Spivak-Kroizman et al., 1994; Yayon et
al., 1991), we examined the effect of heparin on the Cfr function. We
meonitored responses of Ba/F3 cells expressing both Fgfr3c and Cfr
to Fgf18 in the presence or absence of heparin and found that they
failed to respond to Fgfi8 at all in the absence of heparin,
demonstrating that heparin is required for the function of Cfr (Fig.
6C).

Inhibition of the interaction between Cfr and
Fgf18 by DIk

The results described above demonstrate genetic, physical and
functional interaction between Cfr and Fgfl18. However, it still
remained unknown how DIk is involved in the interaction between
Cfr and Fgfl18.

As Cfr physically interacts with both Fgfl8 and Dlk, we
examined whether the binding of DIk to Cfr affects the binding
between Cfr and Fgf18. For this purpose, Cfi-EC was expressed in
COST cells together with D1k-Fc or CD4-Fc as a control. GST-Fgf18
fusion protein was then added to the culture supernatants and Cfr-
EC was immunoprecipitated. Western blot analysis of the
immunoprecipitates revealed that co-immunoprecipitation of Fgf18
with Cf-EC was severely blocked in the presence of DIk-Fc, but not
CD4-Fc (Fig. 7C). These results indicate that DIk interferes with the
binding of Fgf18 to Cfr, resulting in interruption of the positive
regulatory role of Cfr in Fgf18 signaling.
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Fig. 6. Effects of Cfr in Fgf18 signaling in Ba/F3 cells. Ba/F3 cells
were cultured in various conditions in 96 wells and the extent of
proliferation was monitored by WST-1 assay. Absorbance at 450 nm
subtracted by basal absorbance at 650 nm with s.d. is shown. We
prepared eight wells for each condition. P-value was calculated with
Student’s t-test: *, P<0.01; NS, P>0.2. (A)Ba/F3 cells expressing Fgfr3c
were infected with viruses carrying cDNA of Cfr, and we monitored
proliferation in the presence of 500 ng/ml GST-Fgf18 or GST. As a
control, Ba/F3 cells expressing Fgfr3c infected with viruses carrying no
CDNA sequence were used. The cells with Cfr responded more strongly
to Fgf18 than control cells. (B)Ba/F3 cells without FGFRs were infected
with viruses carrying Cfr cDNA, and we monitored cell proliferation in
the presence of 500 ng/ml GST-Fgf18 or GST, or 2 ng/mliL-3. As a
control for the activity of GST-Fgf18, we monitored responses of Ba/F3
cells with Fgfr3c to GST-Fgf18 at the same time. Ba/F3 cells with only
Cfr could not respond to Fgf18, suggesting that Cfr does not directly
activate the intracellular signaling. (€)Ba/F3 cells with both Fgfr3c and
Cfr were activated by 500 ng/ml GST-Fgf18 in the presence or absence
of 5pg/ml heparin. The same concentration of GST was added as a
control. The cells could not respond to Fgf18 in the absence of heparin.

DISCUSSION

Cfr is a unique FGF-binding protein that binds FGFs via its long
extracellular domain, but has a very short intracellular peptide of 13
amino acid residues without any known motifs for signaling.
Therefore, it seems unlikely that Cfr directly activates the
intracellular signaling pathways, which is in fact supported by the
results using Ba/F3 cells expressing Cfr (Fig. 6B). Although Cfr
seems to have no paralog in either mice or humans, it is
evolutionally conserved and present even in Caenorhabditis elegans
(data not shown), suggesting that Cfr is a fundamental component
of the FGF signaling pathway. However, its physiological role
remained unknown.

In this study we generated a Cfi-deficient mouse line and found
that these mice exhibit perinatal lethality, growth retardation,
distorted tails and cleft palates (Fig. 3). Another Cfi-deficient
mouse line generated independently from this study shows the same
phenotypes (H. Okae and Y. Iwakura, personal communication),
supporting our results. Interestingly, among various Fg/-deficient
mice reported so far, Fgf/8-deficient mice exhibit phenotypes very
similar to those of Cfi-deficient mice, such as perinatal death,
growth retardation, tail distortion and cleft palate. Given this
striking similarity, we considered that there is a functional link
between Cfr and Fgf18. To address the genetic interaction of Cfi
with Fgf18, double heterozygous mice were generated by mating
Cfi™" mice with Fgf18"~ mice. Although neither Cf#*"~ nor Fgf18"~
mice showed any phenotype, the double heterozygous mice
exhibited tail distortion after birth, suggesting genetic interaction
(Fig. 5B,C). The phenotype is also strikingly similar to that of
Fgfir3-deficient mice, which also exhibit tail distortion after birth
(Deng et al., 1996). Because it has been well established that Fgf18
transmits its signal via Fgfr3c (Davidson et al., 2005), these
observations further support the idea that Cfr is positively involved
in Fgf18 signaling. Furthermore, co-immunoprecipitation assays
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Fig. 7. The physical interaction between Cfr and Fgf18, and the
effect of DIk on that interaction. (A) Coomassie Brilliant Blue
staining of GST and GST-Fgf18 purified from E. coli. (B) Interaction of
Cfr with Fgf18. Cfr-EC was expressed in culture supernatant from
COS7 cells, and GST-Fgf18 or GST was added to the supernatant. Then,
Cfr-EC was precipitated with anti-Cfr serum and protein G Sepharose.
GST-Fgf18, but not GST, was co-precipitated with Cfr-EC. *, non-
specific band. (C) Interaction of Cfr with Fgf18 in the presence of DIk.
Cfr-EC together with DIk-Fc or CD4-Fc were expressed in the culture
supernatant from COS7 cells, and GST-Fgf18 was added to the
supernatant. Then, FLAG-tagged Cfr-EC was precipitated with anti-
FLAG M2 agarose. DIk-Fc inhibited the interaction between Cfr and
Fgf18, whereas CD4-Fc had no such effect. These results indicate that
Dik interrupts the physical interaction of Cfr with Fgf18. (D) A model of
regulation of the Fgf18 signaling pathway by Cfr and Dik. In the
absence of DIk, the extracellular domain of Cfr binds Fgf18 and
positively regulates Fgf18 signaling. In the presence of Dlk, by contrast,
Dlk binds to Cfr to inhibit the interaction between Cfr and Fgf18. Thus,
the positive regulation of Fgf18 signaling by Cfr is disrupted by Dik.
Expression of Cfr and Dlk at the appropriate time modulates the
strength of the signaling by Fgf18 and thereby contributes to normal
developmental processes.

clearly demonstrated that Cfr binds Fgf18 (Fig. 7B), and Ba/F3
cells expressing Fgfr3c with or without Cfr provided direct
evidence for the positive regulatory role of Cfr in the Fgf1 8-Fgfr3c
signaling pathway (Fig. 6A). This is the first report on the
physiological functions of Cfr and the first evidence for the
existence of a novel regulatory component of the Fgf18 signaling
pathway. Fgfr3c is known to be expressed in proliferating and
prehypertrophic chondrocytes to control their proliferation. Co-
expression of Cfr with Fgfr3c in prehypertrophic chondrocytes
supports the idea that Cfr plays a role in Fgfr3c signaling in those
cells (Fig. 4). Because it has been well established that deregulation
of the Fgfl8-Fgfr3c signaling pathway leads to achondroplasia
(Horton et al., 2007), it would be intriguing to investigate whether
Cfr is also involved in human skeletal diseases.
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Because Cfr has been shown to bind Fgfl, Fgf2, Fgf3 and Fgf4
(Burrus et al., 1992; Kohl et al., 2000), it may play a role in their
signaling as well. In addition, the deletion of one Cfi-allele in Fig/I8-
deficient mice augmented the skeletal abnormality of FgfI8§-
deficient mice and the deletion of both Cf alleles in Fgf18-deficient
mice resulted in a much more severe phenotype (Fig. SD),
suggesting that Cfr is involved in not only Fgf18 signaling but also
other signaling pathways. However, as Fgf4-deficient mice die very
early in their embryonic development (Feldman et al., 1995), and
their phenotype is totally different from that of Cfi-deficient mice,
Fgf4 is unlikely to be a physiological ligand for Cfr. By contrast,
Fgf3-deficient mice show growth retardation and distorted tails, and
some of them die perinatally similarly to Cfr-deficient mice,
although their phenotypes are different from those of Cfi~deficient
mice, e.g. inner ear defects in Fgf3-deficient mice (Mansour et al.,
1993). Therefore, it is possible that Cfr contributes to Fgf3 signaling.
Because Fgfi-deficient and Fgf2-deficient mice show rather mild
phenotypes or no phenotype (Dono et al., 1998; Miller et al., 2000),
it is hard to speculate about any possible involvement of Cfr in their
signaling based on phenotypes. While there is currently no
information as to the binding of Cfr to other FGFs, Cfr may
contribute to signaling by some of them. In particular it would be
interesting to investigate whether Cfr contributes to signaling by the
FGFs that play a role in skeletal development, such as Fgf9 (Hung
et al., 2007).

We identified Cfr as a DIk-binding molecule (Fig. 1). Dlk is well
known as preadipocyte factor 1 (Pref-1), an inhibitor of
adipogenesis (Smas and Sul, 1993). In addition to preadipocytes,
Dlk has also been reported to affect in vitro differentiation of
various cell types such as osteoblasts (Abdallah et al., 2004),
hematopoietic progenitors (Moore et al., 1997), thymocytes
(Kaneta et al., 2000) and B-cell progenitors (Bauer et al., 1998).
However, the mechanism by which DIk functions still remains
largely unknown. To reveal its functions, attempts were made to
identify Dlk-binding molecules with the yeast two-hybrid system,
resulting in several candidates such as growth arrest specific gene
I (Baladron et al., 2002; Nueda et al., 2008). Because the
extracellular domain of Dik alone exerts its biological activities
(Mei et al., 2002; Ohno et al., 2001; Smas et al., 1997), we used the
extracellular domain of DIk to search for its binding partners
displayed on the cell surface and identified Cfr.

Because DIk binds to Cfr, we investigated whether DIk has any
effect on the binding between Cfr and Fgf18 and revealed that Dlk
blocks the binding (Fig. 7C). If the physical interaction of Cfr with
Fgf18 is necessary for Cfr to positively regulate Fgf18 signaling, Dik
is likely to abrogate the positive role of Cfr in the signaling. We
noticed that the phenotypes of Cfi-deficient mice are similar to those
of Dik-transgenic mice: e.g. both mice show growth retardation
throughout their life and tail distortion (Lee et al., 2003). As loss of
Cfr and forced expression of D/k resulted in similar phenotypes, it
is likely that Cfr and Dik function in opposite ways. This is
consistent with the result that D1k inhibits the physical interaction
between Cfr and Fgf18. Based on these results, we propose a model
for the roles of Cfr and DIk in Fgf18 signaling (Fig. 7D): i.e. in the
absence of DIk, binding of Cfr to Fgf18 positively regulates the
signaling, and DIk blocks the interaction between Cfr and Fgf18 by
binding to Cfr, interrupting the positive regulatory role of Cfr in
Fgf18 signaling. If this model is correct, the levels and timing of the
expression of Cfr and Dlk would modulate Fgf18 signaling,
fulfilling normal developmental processes. Recently, it was reported
that DIk regulates mesenchymal cell fate, such as chondrocyte,
osteoblast and adipocyte lineages, through Sox9 (Wang and Sul,

2009). It is well known that Fgf18 also regulates chondrocyte and
osteoblast development. Therefore, it is tempting to speculate that
Fgf18 signaling is involved in the mechanism of cell-fate
determination.

Recent studies have revealed that the FGF signaling via FGFRs
is finely tuned by FGF-binding molecules other than FGFRs, such
as HSPGs, Klothos and Fgfrll (Kurosu et al., 2007; Kurosu et al.,
2006; Spivak-Kroizman et al., 1994; Suzuki et al., 2008b; Trueb et
al., 2003; Urakawa et al., 2006). These molecules significantly
contribute to normal developmental processes mediated by the FGF
signaling pathways. This study has revealed, for the first time, in
vivo roles of another FGF-binding molecule, Cfr, and unexpected
links among DIk, Cfr and FGF signaling, and provides evidence for
the presence of a novel regulatory mechanism of the FGF signaling
pathway.
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