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Abstract Fibroblast growth factor (FGF) receptors consti-
tute a family of four membrane-spanning tyrosine kinases
(FGFR1-4) which serve as high-affinity receptors for 17
growth factors (FGF1-17). To study functions of FGF/
FGFR signalsin development, mice that carry mutationsin
each receptor have been created by genetargeting. Analysis
of these mutant mice revealed essential functions of FGF
receptors in multiple biological processes, including meso-
derm induction and patterning, cell growth and migration,
organ formation and bone growth. In thisreview we discuss
recent work with FGF receptors to illustrate mechanisms,
through which the FGF/FGFR signals specify vertebrate
limb initiation, outgrowth and patterning.
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Introduction

The developing limb proves to be an excellent model for
studying interacting inductive signals. Limb development
begins when cells from lateral plate mesoderm and nearby
somites migrate to the presumptive limb field. The limb
bud protrudes from the lateral body wall as a consequence
of continued proliferation of mesenchymal cells at the ap-
propriate axial levels at a time of reduced proliferation of
cellsin the rest of the flank (Summerbell et a. 1973). It is
believed that inductive signals from proliferating mesoder-
mal cells of the initiating limb bud induce the ectoderm at
the tip of the bud to form a specialized structure called the
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apical ectodermal ridge (AER). An essential function of the
AER in maintaining continuous limb bud outgrowth along
the proximodistal (P-D, shoulder to digits) axis was first
demonstrated 50 years ago by John W. Saunders. In that
historical experiment, Saunders (1948) found that excision
of the AER from a chick wing bud early in development
generated wingless embryos. Removal of the AER at suc-
cessively later stages of development resulted in the graded
loss of more and more distal wing elements (Saunders
1948). Recently, it was found that the activities of the AER
can befunctionally replaced by ectopic application of fibro-
blast growth factors (FGFs) (Fallon et al. 1994; Laufer et al.
1994; Niswander et a. 1993). FGF signals originating from
the AER are responsible for keeping the underlying mesen-
chyme (aregion called the progress zone) in an undifferen-
tiated, rapidly proliferating state (Dealy et al. 1997; Nis-
wander and Martin 1993; Niswander et al. 1993).
Concomitant to its outgrowth along the P-D axis, the de-
veloping limb quickly establishes its anteroposterior (A-P,
thumb to little finger) and dorsoventral (D-V, back of hand
to palm) axes. It is known that sonic hedgehog (Shh), asig-
naling molecule produced in the zone of polarizing activity
(ZPA), isinvolved in A-P patterning. Shh is normally ex-
pressed in the posterior mesenchyme. When cells express-
ing Shh or Shh protein itself were grafted to the anterior
mesenchyme underneath the AER, they caused mirror-im-
age duplication of digits (Chang et al. 1994; Lopez-Martin-
ez et al. 1995; Riddle et al. 1993). Specification of the D-V
axis seems to be determined by En-1, Wht7a and Lmx-1
(Loomiset al. 1998; Riddle et al. 1995; Vogel et a. 1995b).
Wnt7a is expressed exclusively in the dorsal ectoderm and
induces Lmx-1 expression in dorsal mesenchyme (Riddle et
al. 1995; Vogel et a. 1995). Loss of Wnt7a or Lmx1 in
mouse by gene targeting results in ventralization of the
limb (Chen et a. 1998; Parr and McMahon 1995). Similar-
ly, targeted disruption of En-1in mouse, which is expressed
in ventral ectoderm, results in dorsalization of ventral me-
soderm of limb bud (Loomis et a. 1996). Accumulating ev-
idence indicated that signals from different functional cen-
ters of the three axes may interact with each other and coor-
dinately regulate limb development and patterning (re-
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Fig. 1 Mutations of FGF receptor 1 (A) and receptor 2 (B). Targeted
insertion of neo gene or deletion of endogenous sequences is indicat-
ed by arrows or dotted lines, respectively. The actual mutations that
cause the diseases can be found in the following references: Addor et
a. (1997); Lewandaet a. (1996); Muenke and Schell (1995); Nagase
et a. (1998); Przylepaet al. (1996); Tartaglia et a. (1997); Wilkie et
al. (1995)

viewed in Niswander 1996). A reciprocal activation loop
between SHH of the ZPA and FGF4 of the AER isan excel-
lent example of these sorts of interactions (Laufer et al.
1994; Niswander et al. 1994). Consistently, theloss of SHH
in mouse by gene targeting not only affected the A-P axis,
but also caused distal truncations along the P-D axis
(Chiang et al. 1996). Many other signals are also found to
beinvolved in limb development (reviewed in Johnson and
Tabin 1997; Martin 1998; Tabin 1995; Tickle 1995). Here
we try to avoid overlapping with these reviews and choose
to concentrate mainly on the recent progress of FGF recep-
torsin early development of the mouse limb bud. We will
also briefly discuss FGF mutations and human limb abnor-
malities.

Fibroblast growth factors (FGFs) and their role
in the early stages of limb development

FGFs are known to have an important role in limb initiation
and patterning. The evidence is mainly derived from the
following aspects. First, expression studies showed that at
least five FGFs are expressed during limb bud initiation,
with Fgf2, Fgf4, Fgf8 and Fgf9 expressed in the limb ecto-
derm and AER, and Fgf2 and Fgf10 expressed in the under-
lying mesenchyme (Crossley and Martin 1995; Crossley et

al. 1996; Heikinheimo et al. 1994; Ohuchi et al. 1997; Sav-
age and Fallon 1995; Vogel et a. 1996; Xu et al. 1998).
Second, it was shown that FGF2 and FGF4 can substitute
for AER signals and promote virtually complete outgrowth
and patterning of the chick limb (Fallon et al. 1994; Nis-
wander and Martin 1993; Niswander et a. 1993). Third, it
was demonstrated that beads soaked with FGF1, FGF2,
FGF4, FGF8 or FGF10 were capable of inducing the for-
mation of complete, morphologically normal limb buds,
when implanted in the presumptive flank of chick embryos
(Cohn et al. 1995; Crossley et al. 1996; Ohuchi et al. 1997).
Most importantly, atargeted disruption of the Fgf10 genein
mouse resulted in mutant embryos without limbs (Min et al.
1998).

Despite all this evidence, interestingly, targeted disrup-
tion of at least eight FGFs in mice, including these ecto-
derm- and/or AER-located factors, failed to provide any in-
formation that linked them to limb induction. Although dis-
tinct developmental defects have been found in the mice
that carry a null mutation of each FGF, the mutant mice ei-
ther die at stages before limb initiation or survive to adult-
hood without any signs of limb abnormality (Table 1). Cre-
loxP-mediated recombination has been used to eliminate
FGF8 in the AER of embryonic mice at day 10.5 (E10.5).
However, the mutant embryos could still initiate limb buds,
although skeletal abnormalities were found in both fore-
limbs and hindlimbs, suggesting an involvement of other
FGF genesin the limb induction (G. Martin, personal com-
munication). Apparently, the analysis of the ligands for this
critical issue is complicated by both the potential function-
al redundancy of this 17-member gene family and the early
lethality of some members in the family (Hoshikawa et al.
1998; McWhirter et al. 1997; Miyake et a. 1998; Small-
wood et a. 1996; Verdier et al. 1997; Yamasaki et al. 1996).

FGF receptor gene family

Functions of FGFs are mediated by several different types
of receptors, including high-affinity receptors, which are a
group of four transmembrane proteins with intrinsic ty-
rosine kinase activity (Basilico and Moscatelli 1992;
Goldfarb 1996; Johnson and Williams 1993; Szebenyi and
Fallon 1999). FGF receptors share several common struc-
tural features, including a hydrophobic leader sequence,
three immunoglobulin (1g)-like domains, an acidic box, a
CAM (cell adhesion molecule) homology domain, a trans-
membrane region, and a divided tyrosine kinase domain
(Green et a. 1996; Hou et al. 1991; Johnson et al. 1990,
1991; Mason 1994; Werner et al. 1992; Williamset al. 1994;
Xu et al. 1992; and Fig. 1). These receptors normally exist
asinactive monomer forms and become dimerized upon the
binding to FGFs. The dimerization activates their intrinsic
tyrosine kinase activity and triggers downstream effects
through as yet unclarified signal transduction pathways. An
interesting feature of this gene family isthe existence of nu-
merous mRNA isoforms generated by alternative splicing
in the extracellular, juxtamembrane, and intracellular do-



Fig. 2A-D Targeted deletion of FGFR2 results in failure of limb bud
initiation. A Absence of limb bud in a E10.5 mutant embryo (right ar-
row). Both embryos were stained with a riboprobe for Shh. The posi-
tive-stained areain the control embryo (left arrow) isthe ZPA. B Fgf10
transcripts are detected in the mesenchyme of initiating limb bud. Its
expression is significantly downregulated in the presumptive limb
field of Fgfr2419/2igit embryos (arrow in B). C Fgfl0 is also ex-
pressed in the hindlimb bud at the earliest stages of initiation (E7.75).
Downregulation of Fgf10isalso observed in mutant hindlimb buds (not
shown). D Fgf8 expression in limb bud of early E9.5 control embryos
(Ieft arrow). Its expression is not detected in the limb field of all mutant
embryos (right arrow). Bars 1000 pm (A); 310 um (B); 520 um (C, D)

mains (reviewed in Givol and Yayon 1992). For example,
aternative splicing at exon 3, which encodes the entire Ig
domain | (Igl), generates a number of isoforms, including
full-length isoforms that contain three Ig loops [termed a
(Hou et a. 1991) or A isoforms (Johnson et al. 1991)], and
shorter isoforms that contain two Ig loops [termed 3 (Hou
etal. 1991) or B isoforms (Johnson et a. 1991)]. Splicingin
exon 8 and 9 yields the I11b- and I1lc-containing isoforms,
which have been shown to have differential ligand-binding
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specificity (Chellaiah et al. 1994; Werner et a. 1992). To
identify the FGF receptors that are involved in limb initia-
tion, we have examined expression of all four known recep-
tors and found that Fgfrl and Fgfr2 are the only receptors
that showed significant expression at stages prior to AER
formation. Fgfr1 expression is exclusively in the limb mes-
enchyme [(Orr-Urtreger et al. 1991; Peters et a. 1992) and
our own observation)], whereas Fgfr2 is concentrated in the
limb surface ectoderm, and is present at low levels in the
mesenchyme adjacent to the ectoderm (Orr-Urtreger et a.
1991, 1993; Peterset al. 1992; Xu et al. 1998). Functions of
al four FGF receptors were studied in mouse using target-
ed gene disruption. It was shown that embryos lacking
FGFR3, FGFR4, or both have normal limbs (Colvin et al.
1996; Deng et al. 1996; Weinstein et al. 1998). These obser-
vations are consistent with the lack of expression of these
genes in the early developing limbs. In contrast, embryos
deficient for FGFR1 or FGFR2 died at embryonic day
7.5-9.5 (E7.5-9.5) or E4.5-5.5, respectively (Arman et al.
1998; Deng et al. 1994; Yamaguchi et al. 1994) (Table 1).
Thus, it is impossible to use these null embryos to study
FGF receptor functions during limb development. To over-
come these difficulties, we and others have been using hy-
pomorphic mutations, isoform knockouts, and transgenic
and chimeric animal formation to manipulate mouse em-
bryos. These studies allow usto assess functions of FGF re-
ceptors during limb devel opment.

FGFR2 is essential for limb bud initiation

FGFR2 has been shown to be essential for limb bud initia-
tion by several recent studies. The first was the expression
of a dominant negative (DN) FGFR2b gene (Celli et a.
1998). This experiment differed from other studies using
dominant-negative (DN) FGFR genesin that it used a solu-
ble derivative of the FGFR2b gene. The rationale was that
the soluble dominant negative gene product would bind
FGFsin the extracellular matrix and prevent them from in-
teracting with the endogenous FGF receptors, which it was
shown to do in vitro. Indeed, in a comparison of soluble
versus membrane-bound dominant negative FGFR genes,
the soluble one was considerably more efficaciousin gener-
ating observable phenotypes.

Expression of this soluble DN-FGFR2b was driven by
the metallothionine promoter (MTp), which is active in a
broad variety of tissues during midgestation development.
Agenesis or dysgenesiswas seen in multiple organs and tis-
sues, including the limb buds. The onset of transcription
from the MTp varied from embryo to embryo, and the phe-
notypes observed varied as a result. However, some limb-
less embryos were seen, as well as embryos with distal
truncations in limb elements. Interestingly, hindlimb trun-
cations were always more proximal than those seen in the
forelimb, presumably because the hindlimb forms later in
development when the MTp is more likely to be actively
producing soluble DNFGFR. Indeed some transgenic hind-
limbs formed only a rudimentary pelvis.
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Fig. 3 A reciprocal signaling model showing the essential role of
FGFR2 in epithelial-mesenchymal interactions during limb bud initi-
ation. A Prior to limb bud initiation (before E9.25) in normal mouse
embryos, Fgfl0 transcripts are detected in the mesenchyme (Mes) of
the presumptive limb field. FGFR2b and FGFR2c are differentially
expressed in the surface ectoderm (Ec) and the underlying mesen-
chyme, respectively. FGF10 induces Fgf8 expression in the overlying
surface ectoderm through the activation of the ectodermally ex-
pressed FGFR2b, and initiates outgrowth of the limb bud. Once it is
induced, FGF8 in the ectoderm interacts with the mesodermally ex-
pressed FGFR2c to maintain Fgf10 expression and promote continu-
ous proliferation of the underlying mesenchyme. Apica ectodermal
ridge (AER) is subsequently induced by signals from proliferating
mesenchyme. B In Fgfr2491/Algll embryos, expression of Fgf10inthe
mesenchyme cannot induce Fgf8 in the overlying ectoderm, suggest-
ing an essential role of FGFR2 in this process. Without FGF8 signals
from ectoderm, Fgf10 expression is gradually diminished in the mu-
tant mesoderm of the presumptive limb field. Uncoupling of this epi-
thelial-mesenchymal signaling loop due to the loss of FGFR2 halts
the proliferation of mesenchymal cells at the earliest stages of limbin-
duction and generates limbless embryos

A second report tying FGFR2 to limb bud induction was
a presumably hypomorphic disruption of FGFR2. Xu et al.
(1998) deleted exons 7, 8, and 9, which encode the third Ig
loop of FGFR2. Thisisin contrast to a knockout of FGFR2
described by Arman et al. (1998), in which exons 9-12
were removed. In the latter study, a part of Igllic, the trans-
membrane domain, and part of the tyrosine kinase domain
were deleted, resulting in peri-implantation lethality. The
areas deleted in these two studies are shown in Fig. 1B.

The deletion created by Xu et al. (1998) eliminated Igll|
(Fgfr2419), which isthought to determine the specificity of
FGF binding (Chellaiah et al. 1994; Werner et a. 1992). In-
deed, the mutant protein failed to bind to FGF in vitro, sug-
gesting it had lost its FGF-binding activity. However, mice
homozygous for this mutation survived until E10.5 and
formed quasi-normal embryos, which died because of apla-
centation defect. These results imply that either the
Fgfr2419" mutant had some residual FGF-binding activity,
or that FGFR2 has FGF-independent functions. Thelatter is
a distinct possibility, as both FGFR1 and FGFR2 possess

other functional domains as discussed earlier. Although the
FGFR2 mutant embryos generated by Xu et al. (1998) were
relatively normal in both size and appearance, they lacked
limb buds at all the stages of development examined (Fig.
2A).

FGFR2 mediates a reciprocal regulation loop
between FGF8 and FGF10

Ohuchi et a. (1997) suggested the existence of aregulatory
loop between FGF8 and FGF10, both of which are ex-
pressed during limb development. Cells that secrete FGF10
are capable of inducing ectopic limbs when implanted in
the flank of chicken embryos, and can aso induce expres-
sion of both FGF8 and FGF10. Cellsthat express FGF8 car-
ry out the reciprocal regulation, that is, they induce the ex-
pression of FGF10. During normal chick development,
FGF10 expression was shown to occur in the mesenchyme
before the onset of both FGF8 expression and limb bud out-
growth.

Xu et a. (1998) expanded these results by first showing
that the expression patterns of FGF8 and FGF10 in the
mouse limb bud are the same as that seen in chicken. They
show that FGF10 is expressed in the Fgfr24191V/algl my-
tants, although at a lower level than in norma embryos
(Fig. 2B,C). However, FGF8 is not found in the limb field
of the mutant embryos (Fig. 2D).

These results suggested that the reciprocal regulation
loop between FGF10 and FGF8 was mediated by FGFR2,
and was disrupted in the Fgfr24191V/aigll mytants. This regu-
lation was shown to be dependent on the differential ex-
pression of the FGFR2 isoforms, FGFR2b and FGFR2c.
FGFR2b is expressed in the AER, but binds the mesenchy-
mally expressed FGF10 to the exclusion of FGF8. FGFR2c
is localized to the mesenchyme, but binds the FGF8 ligand
produced in the AER. These results suggested a model,
shown in Fig. 2, in which FGF10 is made in the mesen-
chyme of the limb field. It then diffuses into the ectoderm,
where it binds FGFR2b and induces FGF8 in the ectoderm.
The FGF8, in turn, diffusesinto the mesoderm and activates
FGFR2c, which causes the upregulation of FGF10. The
FGF10 then continues the loop, while downstream activi-
tiesresult in limb bud induction.

Consistent with this model, a recent study showed that
mouse embryos lacking FGF10 were limbless and did not
express FGF8 in the ectoderm of the presumptive limb field
(Min et al. 1998).

Loss of FGFR1 results in a distal truncation
of mouse limb bud

Embryos null for FGFR1 died during gastrulation, display-
ing growth defects and axial mesoderm disorganization
(Table 1). This early lethality leaves uncertainty about the
role of thisgenein limb development. To study functions of



Fig. 4A—E Distal truncation of
limb buds in Fgfr 1e/e3 embry-
0s. A An E11.5 Fgfr1e%e3 em-
bryo. The mutant embryos could
initiate limb buds (arrow), and
survived significantly longer
than FGFR1-null embryos re-
ported previously (Deng et al.
1994; Yamaguchi et al. 1994).
B,C E10.5 mutant (B) and con-
trol (C) limb buds. The mutant
bud was wider along the A-P ax-
isand had an indentation in the
P-D axis (arrows). D E12.5 mu-
tant and control limb buds. The
mutants exhibited a distal trun-
cation and an indentation (ar-
rows). The line on the control
limb bud marks the truncation
level in the mutant buds. E
E12.5 mutant (left) and control
hindlimb buds (arrows). The
mutant buds stacked together
dueto alack of an axial element
and atail. The lines on the con-
trol limb bud mark the axia ele-
ments that are missed in the mu-
tant buds. Bars 1000 um (A);
400 pm (B,C); 660 um (D);

1.6 mm (E)

FGFR1 further, chimeric mice formed between wild-type
embryos and FGFR1-null embryonic stem (FGFR1--) cells
were analyzed (Ciruna 1997; Deng et al. 1997). These stud-
ies revealed an essential function of FGFR1 in morphoge-
netic cell movements, and our study indicated that FGFR1
is aso involved in limb outgrowth. The distribution of
FGFR17- cells was found to be biased to the surface ecto-
derm and AER, where this gene is not normally expressed
(Deng et a. 1997). FGFR1-deficient cells could also be
found in the limb bud mesenchyme, but were excluded
from the progress zone. At E11.5-E12.5, all chimeric limb
buds were developmentally retarded, and exhibited an ab-
normal shape and rough surface. These abnormalities might
be caused by unbalanced growth of host and donor cells,
since the donor cells are segregated away from fast-grow-
ing areas such as the progress zone and the tips of the digits
(Deng et a. 1997). These observations suggested an indis-
pensable function of FGF/FGFR-1 signals in the growth
and patterning of the developing limb bud.

However, because of the nature of the random distribu-
tion of ES cells, it is extremely difficult to obtain a suffi-
cient number of chimeric limb buds for further study. To
extend our understanding of functions in limb develop-
ment, we disrupted the full-length isoform of FGFR1 (a
isoform) by insertion of a neomycin geneinto exon 3 of the
Fgfrl gene (Fig. 1). Embryos homozygous for the mutation
(Fgfr1e</es) did not express the a isoforms as revealed by
both Northern blot and Western blot analysis, and died at
embryonic days 9.5-12.5 due to multiple abnormalities as-
sociated with posterior embryonic development (Fig. 4A,
and Xu et a. 1999). The extended survival of mutant em-
bryos makes it possible to study FGFR1 function in limb
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development. We found that all mutants of E9.5 and older
developed forelimb buds. However, the mutant buds were
often shorter in the P-D axis and wider along the A-P axis
compared with limb buds from norma embryos (Fig.
4B,C). In most cases, an indentation at the tip of the bud
was observed (Fig. 4B). At E12.5, al mutant limb buds
studied (n>20) were fork shaped, presumably as a conse-
quence of the indentation and the distal truncation (Fig.
4D). Hindlimb buds, which normally become visible at
around E9.75, were absent in over 80% of the mutant em-
bryos, which exhibited severe posterior disorganization.
However, they were present in the remaining Fgfr1e3/es
embryos, which were less severely affected by the muta-
tion, including all E12.5 mutant embryos (n=9). The mutant
hindlimb buds exhibited the same morphological defects as
forelimb buds (Fig. 4E). Interestingly, the mutant hindlimb
buds often grew together due to the absence of axial ele-
ments. These observations indicated that loss of FGFR1a
isoforms does not block limb bud initiation; however, it
does affect limb patterning.

FGFR1 and progress zone activity of mouse limb buds

To study limb development further, we analyzed expression
patterns of a number of molecular markers that are ex-
pressed along P-D and/or A-P axes. Mutant limb buds con-
tained the AER as indicated by probes for Fgf8 (Fig. 5A)
and Fgf4 (not shown). However, the level of Shh expression
in the zone of polarizing activity (ZPA) in the mutant limb
buds was significantly lower than controls (Fig. 5B). It was
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Fig. 5 Molecular analysis of
limb defectsin Fgfr1e¥e3 em-
bryos. A Fgf8 expressionin
E9.5 limb buds (arrows). Mutant
buds are on the left and controls
areon theright. B Shh expres-
sion in E10.5 mutant and control
ZPA (arrows). C—F Msx1 ex-
pressionin E10.5 (C,D), E12.5
(E,F) mutant (C,E) and control
limb buds (D,F). Notice the dis-
tal expression of Msx1 isweaker
at E10.5 (C, arrow) and disap-
peared at E12.5 (E, arrow) mu-
tant embryos. G-J HoxD12
(G,H) and HoxD13 (1,J) expres-
sion in E10.75 mutant (G,l) and
control (H,J) limb buds. Both
HoxD12 and HoxD13 were
significantly weaker in mutant
buds. K,L HoxD12 (K) and
HoxD13 (L) expressionin E12.5
buds. HoxD12 and HoxD13 are
expressed in the digits and mes-
enchyme between digitsin con-
trol buds, respectively. They are
virtually absent in the mutants.
Bars 400 um (A,B); 660 um
(C,D, G-L); 550 um (E,F)

shown that FGF signals regulate Msx1 expression in the
progress zone of the limb bud (Wang and Sassoon 1995).
We found that the Msx1 expression along the tip of the
E10.5 mutant limb buds was weaker than in the control
buds (Fig. 5C,D), although no apparent difference was de-
tected between E9.5 mutant and control limb buds (not
shown). 5° HoxD cluster genes are thought to play an im-
portant role in distal limb development and patterning
(Morgan et al. 1992; Tabin 1992). Down-regulation of both
HoxD12 (Fig. 5G,H) and HoxD13 (Fig. 5I, J) was found in
mutant limb buds, whereas the expression of HoxD11 was
not affected (not shown). In the E12.5 embryos, HoxD12
(Fig. 5K) and HoxD13 (Fig. 5L) are differentially ex-

hoxd13
$

pressed in newly formed digits and surrounding mesen-
chyme. The Fgfr1e3/e3 embryos do not contain any digits
as revedled by the staining of both these markers (Fig.
5K,L), suggesting that the loss of FGFR1a isoforms com-
pletely blocked distal development of the initiating limb
buds.

Distal truncations were observed in chick limb buds
whose AER were surgically removed (Fallon and Hall
1994; Niswander and Martin 1993; Niswander et a. 1993;
Saunders 1948). Because the exogenous application of
FGFs to limb buds from which the AER has been excised
can restore their normal growth and patterning (Fallon and
Hall 1994; Niswander and Martin 1993; Niswander et al.

il



Table1 Mutationa anaysis of FGFs and FGFRs in mouse
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Genes Mutations Phenotype References
FGF2 Disruption/Null Neuronal defects; Ortega et al. 1998;
Normal development of limb Dono et al. 1998;
Zhou et a. 1998
FGF3 Disruption/Null Inner ear defect, Mansour et al. 1993
postnatal lethal;
Normal development of limb
FGF4 Disruption/Null Epiblast cells defects, Feldman et al. 1995
lethal at E5.5
FGF5 Disruption/ Null Hair follicle defects, survive to Hebert et al. 1994
adulthood;
Normal development of limb
FGF6 Disruption/Null Muscle regeneration; Flosset a. 1997
Normal development of limb
FGF7 Disruption/Null Poor keratinocyte organization; Guo et a. 1996
Normal development of limb
FGF8 Disruption/Null Primitive streak defects, lethal at Meyerset a. 1998
E8.5
FGF9 Disruption/Null Normal development of limb D. Ornitz, personal
communication
FGF10 Disruption/Null Absence of limbs and lung Min et al. 1998
FGFR1 Disruption/Null Growth retardation, defect of Deng et al. 1994
mesodermal patterning, Yamaguchi et al. 1994
lethal at E7.5-9.5
FGFR1 FGFR1-deficient ES Defective cell migration through Cirunaet a. 1997;
primitive streak; Deng et al. 1997
malformation of chimeric limb
buds
FGFR1 Disruption/a isoforms Distal trunction of limb bud, Xueta. 1999,
lethal at E9.5.-12.5 dueto and this study
posterior embryonic defects
FGFR2 Deletion/Null Lethal at E4.5-5.5 Arman et al. 1998
FGFR2 Deletion of Iglll/ Failure of limb bud initiation Xueta. 1998
Hypomorphic and placenta formation,
lethal at E10.5
FGFR2 Transgene dominant Agenesis or severe dysgenesis Celli et al. 1998
Negative of multiple organs, including
limb
FGFR3 Disruption/Null Bone over growth, Colvin et al. 1996;
inner ear defect Deng et a. 1996
FGFR4 Disruption/Null Normal Weinstein et al. 1998
FGFR3/ Cross of FGFR3 and Neonatal growth Weinstein et al. 1998
FGFR4 FGFR4 mutants retardation, lung abnormalities

1993), we reasoned that the distal truncation isadirect con-
sequence of the block of FGF signals in the FGFR1a-defi-
cient limbs. Thus, our study revealed an important function
of the FGFR1a isoformsin mediating FGF signalsfrom the
AER to specify P-D axis formation. Based on the following
two observations, we believe that FGFR1-mediated signals
are required for maintaining ZPA and progress zone activi-
ties. First, it isknown that Msx1 is expressed in the progress
zone and is thought to keep cellsin a proliferating and un-
differentiated state (Song et al. 1992; Vogel et al. 19953).
Msx1 expression is downregulated in E10.5 mutant limb

buds, suggesting that the mutant progress zone has a lower
proliferation profile. By E12.5, the expression domain of
Msx1 in distal limb buds completely disappeared (Fig.
5E,F), indicating alack of the progress zone in mutant limb
buds. In addition to the diminished progress zone activity,
the FGFR1a mutant limb buds also exhibited defectsin the
A-P axis, as reflected by the downregulation of Shh, which
is known to be essential in the establishment of the A-P ax-
is (Chiang et al. 1996; Pagan et a. 1996; Riddle et al.
1993). It has recently been shown that SHH isalso involved
in P-D identity (reviewed in Johnson and Tabin 1997). In-
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terestingly, the distal truncation of FGFR1a-deficient l[imb
buds resembles that found in SHH-deficient mice (Chiang
et a. 1996), suggesting a functional interaction between
FGF signals and SHH in limb growth along the P-D axis.
Sinceit is known that both FGF and SHH can affect the ex-
pression of the 5 HoxD genes, the downregulation of
HoxD12 and HoxD13 may be directly linked with the loss
of FGF/FGFR1la signals or may be due to the
downregulation of Shh.

More recently, amuch milder effect of FGFR1 mutation
on limb development was reported based on analysis of
mutant embryos created by aneo gene insertion into introns
of the Fgfr1 gene (Partanen et al. 1998). In this case, there-
duced FGFRL1 function is responsible for a variety of limb
abnormalities. The most severely affected embryos exhibit-
ed distal truncation whereas the less affected embryos sur-
vived up to birth and exhibited syn- and oligodactyly, de-
layed ossification of distal phalanges, and postaxial carti-
lage condensation. Altogether, these studiesrevealed an es-
sential role of FGF/FGFR1 signalsin all stages of the limb
development rather than its initiation, which is mainly con-
trolled by the FGFR2-mediated signals (Xu et al. 1998).

Limb anomalies associated with missense mutations
in human FGFRs

Evidence that FGF receptors may be involved in the later
stages of limb development comes from the correlation of
FGFR mutations with a number of human skeletal dyspla-
sias, including Apert, Pfieffer, Jackson-Weiss, Crouzon,
and Barre-Stevenson Cutis Gyrata syndromes (Fig. 1). All
of theseresult in craniosynostosis, aswell as malformations
of the hands and/or feet, including broad thumbs, big toes,
and soft tissue syndactyly (reviewed by Muenke and Schell
1995). It is unlikely that these diseases are a result of
hapl oinsufficiency, as none of the mouse mutants described
earlier exhibits abnormalities of the digits in heterozygotes
(Deng et al. 1994; Xu et al. 1998; Yamaguchi et al. 1994).
Indeed, these are thought to be the result of increased
FGF/FGFR signals, as several studies showed ligand-inde-
pendent activation of these mutant FGF receptors in vitro
(Galvin et al. 1996; Neilson and Friesel 1995, 1996; Park et
al. 1995; Robertson et al. 1998). Consistently, it was recent-
ly reported that upregulation of Fgf3 and Fgf4 by a
retroviral insertion resulted in a phenotype in mice that re-
sembled Crouzon syndrome in humans (Carlton et a.
1998).

However, it is not clear how the increased receptor ac-
tivity could cause hand and foot abnormalities. In mouse, it
has been shown that both Fgfrl and Fgfr2 are expressed in
the distal tips of the early developing limb buds. These re-
ceptors must provide crucial mitotic stimuli for limb mes-
enchymal proliferation, since the targeted deletion of
FGFR2 (Xu et a. 1998) and FGFR1a isoforms (this study)
resulted in failure of limb initiation and distal truncation,
respectively. The rapid cell proliferation during early stag-
es of digit formation is accompanied by massive apoptosis

in the cells between digits. This processisfollowed by con-
tinued cell proliferation and death, and skeletal differentia-
tion. Apparently, the separation of adjacent skeletal ele-
ments in the hand and foot requires a balance between pro-
liferation, differentiation and programmed cell death. It is
conceivable that missense mutations in FGF receptors may
affect either one or all of these activities, leading to the ob-
served malformations. The elucidation of mechanisms un-
derlying these diseases may require the analysis of mouse
models carrying the mutations found in human patients.

Conclusions and future directions

Fibroblast growth factors have been considered primary in-
ductive signalsin vertebrate limb induction because of their
ability to replace the AER and to induce formation of a
complete limb in chick (Cohn et al. 1995; Crossley et al.
1996; Fallon et al. 1994; Niswander and Martin 1993; Nis-
wander et al. 1993; Ohuchi et al. 1997; Vogel et a. 1996).
The present mutational analysis of FGF receptors provides
direct genetic evidence that FGF signals are absolutely re-
quired for development of vertebrate limbs. The loss of
FGFR2 uncouples the FGF8-FGF10 reciprocal activation
loop, generates limbless embryos, and provides molecular
clues concerning the functions of FGF signals underlying
the earliest stages of limb initiation. The loss of FGFR1a
isoforms, which results in distal truncation, reveas an es-
sential role of FGF/FGFR1a signals in limb outgrowth
along the P-D axis. The downregulation of signals in the
progress zone and ZPA reinforced the notion that coordinat-
ed efforts of signals from all three axes are required for the
correct development and patterning of the initiating limbs.
Indeed, recent studies have revealed the involvement of
multiple factors that are not discussed in this review, such
as T-box genes (Gibson-Brown et al. 1998), Hox genes (Lo-
gan et al. 1998; Nelson et al. 1996), retinoic acid (Lu et al.
1997), Wnt genes (Kengaku et al. 1998) and bone morpho-
genetic proteins (BMPs) (Zou et a. 1997), in limb develop-
ment and patterning. The functional interaction of
FGF/FGFR signals with these molecules during all phases
of limb development, including initiation, outgrowth, digit
and bone formation, and patterning of soft tissues, will be
one of the future directions of this fast and most exciting
field.

Acknowledgements We would like to thank V. Nikodem, J. Gotay
and members of the Deng laboratory for helpful discussions and crit-
ical reading of the manuscript.

References

Addor MC, Gudinchet F, Laurini RN, Pescia G, Schorderet DF (1997)
A new case of Pfeiffer syndrome with mutation in FGFR2. Genet
Couns 8:303-309

Arman E, Haffner-Krausz R, Chen Y, Heath JK, Lonai P (1998) Tar-
geted disruption of fibroblast growth factor (FGF) receptor 2 sug-
gests arole for FGF signaling in pregastrulation mammalian de-
velopment. Proc Natl Acad Sci U S A 95:5082-5087



Basilico C, Moscatelli D (1992) The FGF family of growth factors
and oncogenes. Adv Cancer Res 59:115-165

Carlton MB, Colledge WH, Evans MJ (1998) Crouzon-like craniofa-
cial dysmorphology in the mouse is caused by an insertional mu-
tation at the Fgf3/Fgf4 locus. Dev Dyn 212:242-249

Celli G, LaRochelle WJ, Mackem S, Sharp R, Merlino G (1998) Sol-
uble dominant-negative receptor uncovers essential roles for fi-
broblast growth factors in multi-organ induction and patterning.
Embo J 17:1642-1655

Chang DT, Lopez A, von Kessler DP, Chiang C, Simandl BK, Zhao R,
Seldin MF, Fallon JF, Beachy PA (1994) Products, genetic linkage
and limb patterning activity of a murine hedgehog gene. Develop-
ment 120:3339-3353

Chellaiah AT, McEwen DG, Werner S, Xu J, Ornitz DM (1994) Fibro-
blast growth factor receptor (FGFR) 3. Alternative splicing inim-
munoglobulin-like domain |11 creates a receptor highly specific
for acidic FGF/FGF-1. J Biol Chem 269:11620-11627

Chen H, Lun'Y, Ovchinnikov D, Kokubo H, Oberg KC, Pepicelli CV,
Gan L, Lee B, Johnson RL (1998) Limb and kidney defects in
L mx1b mutant mice suggest an involvement of LMX1B in human
nail patella syndrome. Nat Genet 19:51-55

Chiang C, Litingtung Y, Lee E, Young KE, Corden JL, Westphal H,
Beachy PA (1996) Cyclopia and defective axial patterning in mice
lacking Sonic hedgehog gene function. Nature 383 407413

Ciruna BG, Schwartz L, Harpal K, Yamaguchi TR, Rossant J (1997)
Chimeric analysis of fibroblast growth factor receptor-1 (Fgfrl)
function: arole for FGFR1 in morphogenetic movement through
the primitive streak. Devel opment 124:2829-2841

Cohn MJ, Izpisua-Belmonte JC, Abud H, Heath JK, Tickle C (1995)
Fibroblast growth factors induce additional limb development
from the flank of chick embryos. Cell 80:739-746

Colvin JS, Bohne BA, Harding GW, McEwen DG, Ornitz DM (1996)
Skeletal overgrowth and deafness in mice lacking fibroblast
growth factor receptor 3. Nat Genet 12:390-397

Crossley PH, Martin GR (1995) The mouse Fgf8 gene encodes afam-
ily of polypeptides and is expressed in regions that direct out-
growth and patterning in the developing embryo. Development
121:439-451

Crossley PH, Martinez S, Martin GR (1996) Midbrain development
induced by FGF8 in the chick embryo. Nature 380:66-68

Crossley PH, Minowada G, MacArthur CA, Martin GR (1996) Roles
for FGF8 in the induction, initiation, and maintenance of chick
limb development. Cell 84:127-136

Dealy CN, Seghatoleslami MR, Ferrari D, Kosher RA (1997) FGF-
stimulated outgrowth and proliferation of limb mesoderm is de-
pendent on syndecan-3. Dev Biol 184:343-50

Deng CX, Wynshaw-Boris A, Shen MM, Daugherty C, Ornitz DM,
Leder P (1994) Murine FGFR-1 is required for early
postimplantation growth and axial organization. Genes Dev
8:3045-3057

Deng C, Wynshaw-Boris A, Zhou F, Kuo A, Leder P (1996) Fibro-
blast growth factor receptor 3 is a negative regulator of bone
growth. Cell 84:911-921

Deng C, Bedford M, Li C, Xu X, Yang X, Dunmore J, Leder P (1997)
Fibroblast growth factor receptor-1 (FGFR-1) is essential for nor-
mal neural tube and limb development. Dev Biol 185:42-54

Dono R, Texido G, Dussel R, Ehmke H, Zeller R (1998) Impaired ce-
rebral cortex development and blood pressure regulation in FGF-
2-deficient mice. EMBO J 17:4213-4225

Fallon JR, Hall ZW (1994) Building synapses: agrin and dystroglycan
stick together. Trends Neurosci 17:469-473

Fallon JF, Lopez A, Ros MA, Savage MP, Olwin BB, Simandl BK
(1994) FGF-2: apica ectodermal ridge growth signal for chick
limb development. Science 264:104-107

Feldman B, Poueymirou W, Papaioannou VE, DeChiara TM,
Goldfarb M (1995) Requirement of FGF-4 for postimplantation
mouse development. Science 267:246-249

FlossT, Arnold HH, Braun T (1997) A rolefor FGF-6 in skeletal mus-
cle regeneration. Genes Dev 11:2040-2051

Galvin BD, Hart KC, Meyer AN, Webster MK (1996) Constitutivere-
ceptor activation by Crouzon syndrome mutations in fibroblast
growth factor receptor (FGFR)2 and FGFR2/Neu chimeras. Proc
Natl Acad Sci U S A 93:7894-7899

41

Gibson-Brown JJ, Agulnik SI, Silver LM, Niswander L, Papaioannou
VE (1998) Involvement of T-box genes Thx2-Tbx5 in vertebrate
limb  specification and  development. Development
125:2499-2509

Givol D, Yayon A (1992) Complexity of FGF receptors. genetic basis
for structural diversity and functional specificity. FASEB J
6:3362-3369

Goldfarb M (1996) Functions of fibroblast growth factors in verte-
brate development. Cytokine Growth Factor Rev 7:311-325

Green PJ, Walsh FS, Doherty P (1996) Promiscuity of fibroblast
growth factor receptors. Bioessays 18:639-646

Guo L, Degenstein L, Fuchs E (1996) Keratinocyte growth factor is
required for hair development but not for wound healing. Genes
Dev 10:165-175

Hebert MM, Rosenquist T, Gotz J, Martin GR (1994) FGF5 as aregu-
lator of the hair growth cycle: evidence from targeted and sponta-
neous mutations. Cell 78:1017-1025

Heikinheimo M, Lawshe A, Shackleford GM, Wilson DB, MacArthur
CA (1994) Fgf-8 expression in the post-gastrulation mouse sug-
gests roles in the development of the face, limbs and central ner-
vous system. Mech Dev 48:129-138

Hoshikawa M, Ohbayashi N, Yonamine A, Konishi M, Ozaki K,
Fukui S, Itoh N (1998) Structure and expression of a novel fibro-
blast growth factor, FGF-17, preferentialy expressed in the em-
bryonic brain. Biochem Biophys Res Commun 244:187-191

Hou JZ, Kan MK, McKeehan K, McBride G, Adams P, McKeehan
WL (1991) Fibroblast growth factor receptors from liver vary in
three structural domains. Science 251:665-668

Johnson RL, Tabin CJ (1997) Molecular models for vertebrate limb
development. Cell 90:979-990

Johnson DE, Williams LT (1993) Structural and functional diversity
in the FGF receptor multigene family. Adv Cancer Res 60:1-41

Johnson DE, Lee PL, Lu J, Williams LT (1990) Diverse forms of are-
ceptor for acidic and basic fibroblast growth factors. Mol Cell
Biol 10:4728-4736

Johnson DE, Lu J, Chen H, Werner S, Williams LT (1991) The human
fibroblast growth factor receptor genes. a common structural ar-
rangement underlies the mechanisms for generating receptor
forms that differ in their third immunoglobulin domain. Mol Cell
Biol 11:4627-4634

Kengaku M, Capdevila J, Rodriguez-Esteban C, De La Pena J,
Johnson RL, Belmonte JCI, Tabin CJ (1998) Distinct WNT path-
ways regulating AER formation and dorsoventral polarity in the
chick limb bud. Science 280:1274-1277

Laufer E, Nelson CE, Johnson RL, Morgan BA, Tabin C (1994) Son-
ic hedgehog and Fgf-4 act through a signaling cascade and feed-
back loop to integrate growth and patterning of the developing
limb bud. Cell 79:993-1003

Lewanda AF, Meyers GA, Jabs EW (1996) Craniosynostosis and
skeletal dysplasias: fibroblast growth factor receptor defects. Proc
Assoc Am Physicians 108:19-24

Logan M, Simon HG, Tabin C (1998) Differential regulation of T-box
and homeobox transcription factors suggests roles in controlling
chick limb-type identity [in process citation]. Development
125:2825-2835

Loomis CA, Harris E, Michaud J, Wurst W, Hanks M, Joyner AL
(1996) The mouse Engrailed-1 gene and ventral limb patterning.
Nature 382:360-363

Loomis CA, Kimmel RA, Tong CX, Michaud J, Joyner AL (1998)
Analysis of the genetic pathway leading to formation of ectopic
apical ectodermal ridges in mouse Engrailed-1 mutant limbs. De-
velopment 125:1137-1148

Lopez-Martinez A, Chang DT, Chiang C, Porter JA, Ros MA, Si-
mandl BK, Beachy PA, Fallon JF (1995) Limb-patterning activity
and restricted posterior localization of the amino-terminal product
of Sonic hedgehog cleavage. Curr Biol 5:791-796

Lu HC, Revelli JP, Goering L, Thaller C, Eichele G (1997) Retinoid
signaling isrequired for the establishment of aZPA and for the ex-
pression of Hoxb-8, a mediator of ZPA formation. Development
124:1643-1651

Martin GR (1998) Theroles of FGFsin the early development of ver-
tebrate limbs. Genes Dev 12:1571-1586



42

Mansour SL, Goddard JM, Capecchi MR (1993) Mice homozygous
for atargeted disruption of the proto-oncogene int-2 have devel -
opmental defectsin thetail and inner ear. Development 117:13-28

Mason | (1994) Cell signaling. Do adhesion molecules signal via
FGF receptors? Curr Biol 4:1158-1161

McWhirter JR, Goulding M, Weiner JA, Chun J, Murre C (1997) A
novel fibroblast growth factor gene expressed in the developing
nervous system is a downstream target of the chimeric
homeodomain oncoprotein E2A-Pbx1. Development
124:3221-3232

Meyers EN, Lewandoski M, Martin GR (1998) An Fgf8 mutant allel-
ic series generated by Cre- and Flp-mediated recombination. Na-
ture Genetics 18:136-142

Min H, Danilenko DM, Scully SA, Bolon B, Ring BD, Tarpley JE,
DeRose M, Simonet WS (1998) Fgf-10 is required for both limb
and lung development and exhibits striking functional similarity
to drosophila branchless. Genes Dev 12:3156-3161

Miyake A, Konishi M, Martin FH, Hernday NA, Ozaki K, Yamamoto
S, Mikami T, Arakawa T, Itoh N (1998) Structure and expression
of anovel member, FGF-16, on the fibroblast growth factor fami-
ly. Biochem Biophys Res Commun 243:148-152

Morgan BA, Izpisua-Belmonte JC, Duboule D, Tabin CJ (1992) Tar-
geted misexpression of Hox-4.6 in the avian limb bud causes ap-
parent homeotic transformations [see comments]. Nature
358:236-239

Muenke M, Schell U (1995) Fibroblast-growth-factor receptor muta-
tions in human skeletal disorders. Trends Genet 11:308-313

Nagase T, Nagase M, Hirose S, Ohmori K (1998) Mutationsin fibro-
blast growth factor receptor 2 gene and craniosynostotic syn-
dromes in Japanese children. J Craniofac Surg 9:162-170

Neilson KM, Friesel RE (1995) Constitutive activation of fibroblast
growth factor receptor-2 by a point mutation associated with
Crouzon syndrome. J Biol Chem 270:26037-26040

Neilson KM, Friesel R (1996) Ligand-independent activation of fi-
broblast growth factor receptors by point mutations in the extra-
cellular, transmembrane, and kinase domains. J Biol Chem
271:25049-25057

Nelson CE, Morgan BA, Burke AC, Laufer E, DiMambro E,
Murtaugh LC, Gonzales E, Tessarollo L, Parada LF, Tabin C
(1996) Analysis of Hox gene expression in the chick limb bud.
Development 122:1449-1466

Niswander L (1996) Growth factor interactionsin limb development.
AnnN'Y Acad Sci 785:23-26

Niswander L, Martin GR (1993) FGF-4 and BMP-2 have opposite ef -
fects on limb growth. Nature 361:68—71

Niswander L, Tickle C, Vogel A, Booth |, Martin GR (1993) FGF-4
replaces the apical ectodermal ridge and directs outgrowth and
patterning of the limb. Cell 75:579-587

Niswander L, Jeffrey S, Martin GR, Tickle C (1994) A positive feed-
back loop coordinates growth and patterning in the vertebrate
limb [see comments]. Nature 371:609-612

Ohuchi H, Nakagawa T, Yamamoto A, AragaA, Ohata T, Ishimaru Y,
Yoshioka H, Kuwana T, Nohno T, Yamasaki M, Itoh N, Noji S
(1997) The mesenchymal factor, FGF10, initiates and maintains
the outgrowth of the chick limb bud through interaction with
FGF8, an apical ectodermal factor. Development 124:2235-2244

Orr-Urtreger A, Givol D, Yayon A, Yarden Y, Lonai P (1991) Devel-
opmental expression of two murine fibroblast growth factor re-
ceptors, flg and bek. Development 113:1419-1434

Orr-Urtreger A, Bedford MT, Burakova T, Arman E, Zimmer Y, Ya-
yon A, Givol D, Lonai P (1993) Developmental localization of the
splicing alternatives of fibroblast growth factor receptor-2
(FGFR2). Dev Biol 158:475-486

Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C (1998) Neu-
ronal defects and delayed wound healing in mice lacking fibro-
blast growth factor 2. Proc Natl Acad Sci U S A 95:5672-5677

Pagan SM, Ros MA, Tabin C, Fallon JF (1996) Surgical removal of
limb bud Sonic hedgehog resultsin posterior skeletal defects. Dev
Biol 180:35-40

Park WJ, Theda C, Maestri NE, Meyers GA, Fryburg JS, Dufresne C,
Cohen MM Jr, Jabs EW (1995) Analysis of phenotypic features
and FGFR2 mutations in Apert syndrome. Am J Hum Genet
57:321-328

Parr BA, McMahon AP (1995) Dorsalizing signal Wnt-7a required
for normal polarity of D-V and A-P axes of mouse limb. Nature
374:350-353

Partanen J, Schwartz L, Rossant J (1998) Opposite phenotypes of hy-
pomorphic and Y766 phosphorylation site mutations reveal a
function for Fgfrl in anteroposterior patterning of mouse embry-
0s. Genes Dev 12:2332-2344

Peters KG, Werner S, Chen G, Williams LT (1992) Two FGF receptor
genes are differentially expressed in epithelial and mesenchymal
tissues during limb formation and organogenesis in the mouse.
Development 114:233-243

Przylepa KA, Paznekas W, Zhang M, Golabi M, Bias W, Bamshad
MJ, Carey JC, Hall BD, Stevenson R, Orlow S, Cohen MM, Jr.,
Jabs EW (1996) Fibroblast growth factor receptor 2 mutations in
Beare-Stevenson cutis gyrata syndrome. Nat Genet 13:492-494

Riddle RD, Johnson RL, Laufer E, Tabin C (1993) Sonic-hedgehog
mediates the polarizing activity of the zpa. Cell 75:1401-1416

Riddle RD, Ensini M, Nelson C, Tsuchida T, Jessell TM, Tabin C
(1995) Induction of the LIM homeobox gene Lmx1 by WNT7a
establishes dorsoventral pattern in the vertebrate limb. Cell
83:631-640

Robertson SC, Meyer AN, Hart KC, Galvin BD, Webster MK,
Donoghue DJ (1998) Activating mutationsin the extracellular do-
main of the fibroblast growth factor receptor 2 function by disrup-
tion of the disulfide bond in the third immunoglobulin-like do-
main. Proc Natl Acad Sci U S A 95:4567-4572

Saunders JW (1948) The proximo-distal sequence of origin of the
parts of the chick wing and the role of the ectoderm. J Exp Zool
108:363-402

Savage MP, Fallon JF (1995) FGF-2 mRNA and its anti sense message
are expressed in a developmentally specific manner in the chick
limb bud and mesonephros. Dev Dyn 202:343-353

Smallwood PM, Munoz-Sanjuan |, Tong P, Macke JP, Hendry SH,
Gilbert DJ, Copeland NG, Jenkins NA, Nathans J (1996) Fibro-
blast growth factor (FGF) homologous factors: new members of
the FGF family implicated in nervous system development. Proc
Natl Acad Sci U S A 93:9850-9857

Song K, Wang Y, Sassoon D (1992) Expression of Hox-7.1 in myo-
blasts inhibits terminal differentiation and induces cell transfor-
mation. Nature 360:477-481

Summerbell D, Lewis JH, Wolpert L (1973) Positional information in
chick limb morphogenesis. Nature 244:492-496

Szebenyi G, Fallon JF (1999) Fibroblast growth factors as multifunc-
tional signaling factors. Int Rev Cytol 185:45-106

Tabin CJ(1992) Why we have (only) five fingers per hand: hox genes
and the evolution of paired limbs. Development 116:289-296

Tabin C (1995) The initiation of the limb bud: growth factors, Hox
genes, and retinoids. Cell 80:671-674

TartagliaM, Di Rocco C, Lajeunie E, Valeri S, Velardi F, Battaglia PA
(1997) Jackson-Weiss syndrome: identification of two novel
FGFR2 missense mutations shared with Crouzon and Pfeiffer
craniosynostotic disorders. Hum Genet 101:47-50

Tickle C (1995) Vertebrate limb development. Curr Opin Genet Dev
5:478-484

Verdier AS, Mattei MG, Lovec H, Hartung H, Goldfarb M, Birnbaum
D, Coulier F (1997) Chromosomal mapping of two novel human
FGF genes, FGF11 and FGF12. Genomics 40:151-154

Vogel A, Roberts-Clarke D, Niswander L (1995a) Effect of FGF on
gene expression in chick limb bud cellsin vivo and in vitro. Dev
Biol 171:507-520

Vogel A, Rodriguez C, Warnken W, Izpisua Belmonte JC (1995b)
Dorsal cell fate specified by chick Lmx1 during vertebrate limb
development. Nature 378:716—720

Vogel A, Rodriguez C, Izpisua-Belmonte JC (1996) Involvement of
FGF-8 in initiation, outgrowth and patterning of the vertebrate
limb. Development 122:1737-1750

Wang Y, Sassoon D (1995) Ectoderm-mesenchyme and mesenchyme-
mesenchyme interactions regulate Msx-1 expression and cellular
differentiation in the murine limb bud. Dev Biol 168:374-382

Weinstein M, Xu X, Ohyama K, Deng CX (1998) Fibroblast growth
factor receptor-3 and receptor-4 function cooperatively to direct
alveogenesis in the murine lung. Development (in press)



Werner S, Duan DS, de VC, Peters KG, Johnson DE, Williams LT
(1992) Differential splicing in the extracellular region of fibro-
blast growth factor receptor 1 generates receptor variants with dif-
ferent ligand-binding specificities. Mol Cell Biol 12:82-88

Wilkie AO, Morriss-Kay GM, Jones EY, Heath JK (1995) Functions
of fibroblast growth factors and their receptors. Curr Biol
5:500-507

Williams EJ, Furness J, Walsh FS, Doherty P (1994) Activation of the
FGF receptor underlies neurite outgrowth stimulated by L1, N-
CAM, and N-cadherin. Neuron 13:583-594

XuJ, NakaharaM, Crabb JW, Shi E, Matuo Y, Fraser M, Kan M, Hou
J, McKeehan WL (1992) Expression and immunochemical analy-
sis of rat and human fibroblast growth factor receptor (flg)
isoforms. J Biol Chem 267:17792-17803

Xu X, Weinstein M, Li C, Naski M, Cohen RI, Ornitz DM, Leder P,
Deng C (1998) Fibroblast growth factor receptor 2 (FGFR2)-me-
diated reciprocal regulation loop between FGF8 and FGF10 is es-
sential for limb induction. Development 125:753—-765

43

Xu X, Li C, Takahashi K, Slavkin HC, Shum L, Deng CX (1999)
Murine fibroblast growth factor receptor 1 alpha (FGR1a) iso-
forms mediate node regression and are essential for posterior
mesoderm development. Developmental Biology (in press)

Yamaguchi TP, Harpal K, Henkemeyer M, Rossant J (1994) fgfr-1is
required for embryonic growth and mesodermal patterning during
mouse gastrulation. Genes Dev 8:3032-3044

Yamasaki M, Miyake A, Tagashira S, Itoh N (1996) Structure and ex-
pression of the rat mMRNA encoding a novel member of the fibro-
blast growth factor family. J Biol Chem 271:15918-15921

Zhou M, Sutliff RL, Paul RJ, Lorenz JN, Hoying JB, Haudenschild
CC, Yin M, Coffin JD, Kong L, Kranias EG, Luo W, Boivin GP,
Duffy JJ, Pawlowski SA, Doetschman T (1998) Fibroblast growth
factor 2 control of vascular tone. Nat Med 4:201-207

Zou H, Choe KM, LuY, Massague J, Niswander L (1997) BMP sig-
naling and vertebrate limb development. Cold Spring Harb Symp
Quant Biol 62:269-272



