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fgfr-1 is required for embryonic growth
and mesodermal patterning during mouse

gastrulation
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Experiments in amphibians have implicated fibroblast growth factors (FGFs) in the generation and patterning
of mesoderm during embryogenesis. We have mutated the gene for fibroblast growth factor receptor 1 (fgfr-1)
in the mouse to genetically dissect the role of FGF signaling during development. In the absence of fgfr-1
signaling, embryos displayed early growth defects; however, they remained capable of gastrulating and
generating mesoderm. The nascent mesoderm of fgfr-1 homozygous mutant embryos differentiated into
diverse mesodermal subtypes, but mesodermal patterning was aberrant. Somites were never generated and
axial mesoderm was greatly expanded at the expense of paraxial mesoderm. These results suggest that FGFR-1
transduces signals that specify mesodermal cell fates and regional patterning of the mesoderm during

gastrulation.
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The mechanisms underlying the generation and the pat-
terning of embryonic mesoderm represent two of the
most fundamental issues in the developmental biology
of vertebrates. Mesoderm is generated through the pro-
cess of gastrulation, and the patterning of mesoderm oc-
curs concomitantly or shortly thereafter. In the mouse,
the beginning of gastrulation is marked by the formation
of the primitive streak at the posterior end of the em-
bryo. Within the primitive streak, cells delaminate from
the epiblast and pass between the ectoderm and endo-
derm to form the mesodermal germ layer. Mesodermal
cells emerging from different anterior—posterior levels of
the streak have different fates in mouse (Tam and Bed-
dington 1987; Lawson et al. 1991; Beddington et al.
1992), as in chick {Schoenwolf et al. 1992). Axial, parax-
ial, lateral, and extraembryonic mesoderm emerge from
successively more posterior regions of the streak. From
studies in other vertebrates, it would appear likely that
the production of mesoderm itself, as well as specifica-
tion of mesodermal cell fates, are under the influence of
peptide growth factors (Jessell and Melton 1992).

Much of our understanding of mesoderm formation
comes from studies in the frog, Xenopus laevis. In Xe-
nopus, various members of the fibroblast growth factor
{FGF) and transforming growth factor-g (TGF-B) families
of signaling molecules have been shown to be capable of
playing roles in mesoderm induction and patterning (for
review, see Kimelman et al. 1992; Sive 1993). Although
many of these factors have activity when added exoge-
nously or expressed ectopically, it has proved difficult to

address in Xenopus whether these factors are normally
involved in these processes. Some evidence for the in-
volvement of members of the activin and FGF gene fam-
ilies in the normal events of mesoderm induction and
patterning has come from introduction of dominant-neg-
ative receptor constructs into Xenopus embryos. A dom-
inant-negative activin receptor blocked all mesoderm
formation (Hemmati-Brivanlou and Melton 1992),
whereas a dominant-negative FGF receptor blocked pos-
terior and ventral mesoderm development only (Amaya
et al. 1991). Whereas these experiments provide stronger
evidence for involvement of these general signaling path-
ways in mesoderm development, interpretation remains
problematic. The dominant-negative forms of the recep-
tors can inhibit the signaling of closely related receptors
{(Ueno et al. 1992). Thus, it becomes difficult to ascertain
which signaling pathways are perturbed, and to what de-
gree. The ability to undertake mutational analysis in the
mouse allows elucidation of the specific functions of the
individual molecules.

In the mouse the retrovirally induced mutation 413.d
results in a failure of primitive streak formation and a
severe reduction in the amount of mesoderm formed
(Conlon et al. 1991, 1994; lIannocone et al. 1992). Muta-
tion 413.d is associated with disruption of a TGF-B/bone
morphogenetic protein (BMP)-related gene, named nodal
(Zhou et al. 1993; Conlon et al. 1994). These data suggest
that nodal may be a secreted factor involved in primitive
streak formation and mesodermal patterning, and pro-
vide the most stringent evidence to date that signaling
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through TGF-8/BMP-like receptors is important in me-
soderm development.

Thus far, there is no genetic evidence for involvement
of the FGF signaling pathway in early gastrulation in the
mouse. To date, nine different FGF ligands and four high-
affinity and several low-affinity receptors have been re-
ported (for review, see Baird 1994). fgf-3, fgf-4, and fgf-5
are known to be expressed in the developing mammalian
primitive streak (Wilkinson et al. 1988; Haub and Gold-
farb 1991; Hebert et al. 1991; Niswander and Martin
1992). Targeted mutations have been generated in all
three genes but none shows defects in early gastrulation
(Mansour et al. 1993; Hebert et al. 1994; B. Feldman and
M. Goldfarb, pers. comm.). However, because it is
known that multiple FGFs can bind and activate indi-
vidual receptors (see Mansukhani et al. 1990; Vainikka
et al. 1992; Werner et al. 1992 and references therein;
Wang et al. 1994), it is possible that specificity of action
during gastrulation may lie at the level of the receptor
and ligands may have overlapping functions.

To test this notion, we have undertaken a mutational
study of one of the FGF receptors, fgfr-1. The normal
expression of fgfr-1 is consistent with a role in mesoder-
mal and neuroectodermal development {Orr-Urtreger et
al. 1991; Yamaguchi et al. 1992). We report here on the
functional consequences of generating a mutation in the
fgfr-1 locus by homologous recombination in embryonic
stem (ES) cells. Qur results demonstrate that fgfr-1 is an
essential gene required for normal embryonic growth
and mesodermal organization during gastrulation.

Results

Targeted disruption of fgfr-1 in ES cells
by homologous recombination

A positive/negative replacement vector was designed to
disrupt fgfr-1. Exons 8-14, which encode the transmem-
brane and most of the catalytic kinase domain (Johnson
etal. 1991; Werner et al. 1992}, were replaced by PGKneo
(from pPNT; Tybulewicz et al. 1991}, resulting in a 6.9-
kb deletion of the fgfr-1 locus (Fig. 1A). The targeting
vector consisted of 3 kb of 5’ and 5.7 kb of 3’ genomic
homology. A successful gene replacement would result
in the truncation of the normal fgfr-1 open reading frame
such that any protein product should lack kinase activity
and should not be targeted to the cell plasma membrane.

The linearized targeting vector was electroporated into
R1 ES cells {Nagy et al. 1993) and doubly resistant ho-
mologous recombinants detected by Southern analysis.
A total of 288 G418 and gancyclovir resistant colonies
were picked and expanded. Of the first 54 double-resis-
tant colonies analyzed, 16 displayed recombination at
the fgfr-1 locus. Six of these clones were analyzed in
detail by Southern analysis using 5'- and 3'-specific
flanking probes (Fig. 1B). Probing HindIII digests of ge-
nomic DNA with the 5'-flanking probe yielded the ex-
pected 13-kb targeted band in all 6 clones. However, the
Xhol digests analyzed by the 3'-flanking probe revealed
that an aberrant recombination event occurred in the 3’
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end of one of the six clones, clone 13. Further analysis
with an internal neo probe suggested an additional site of
integration, and so clone 13 was discarded. All five of the
remaining clones revealed hybridizing bands of the ex-
pected size with 5'- and 3'-flanking and neo probes, thus
demonstrating the expected gene replacement at the
fgfr-1 locus. This allele is subsequently referred to as

fgﬁ_ 1 Atmk.

The fgfr-14*"¥ mutation is a recessive embryonic lethal

Three of the five correctly targeted ES cell lines (lines 15,
18, and 23) were used to generate chimeras. Chimeras
were made both by aggregating ES cells with CD1 moru-
lae (Nagy et al. 1993) and by injection of ES cells into
C57B1/6 blastocysts. All three lines made extensive con-
tributions to the coat color and germ line of chimeric
males. Extensive analyses were performed on two of
these targeted lines, lines 15 and 23. Identical results
were obtained from both lines and were therefore com-
bined. All of the heterozygous progeny of chimeric males
were viable and fertile.

Mice heterozygous for the fgfr-14°™ allele were inter-
crossed to generate homozygous offspring and litters
were genotyped 3 weeks after birth. Southern blot anal-
ysis revealed that homozygous weanlings were not
present (Table 1), regardless of the cell line or genetic
background (data not shown). Therefore, the targeted
mutation fgfr-14*™¥ is a recessive embryonic lethal al-
lele.

To characterize this embryonic lethality, we dissected
and genotyped litters between embryonic day 3.5 (E3.5)
and E9.5. All analyses were carried out on hybrid C57Bl/
129 or CD1/129 genetic backgrounds. Homozygous mu-
tant embryos were present at the stages examined, but
with gestational age, the proportion of viable mutants
declined as the number of resorptions increased (Table
1). Thus, an inactive FGFR-1 signaling pathway leads to
embryonic lethality between E7.5 and E9.5. Similar ob-
servations have been made by Deng et al. (this issue), in
which an independent mutation in fgfr-1 was generated.
The results from a typical PCR genotypic analysis per-
formed on yolk sac biopsies of E8.5 progeny derived from
interbreeding heterozygotes is depicted in Figure 1C.

The fgfr-1"™* mutation results in gastrulation defects

Genotyping of cultured ectoplacental cones (EPCs) dis-
sected from E6.5 progeny of heterozygous intercrosses,
or of the whole E6.5 embryo itself, revealed that ho-
mozygous mutants could not be reliably recognized by
morphological criteria alone at this stage. A minority of
homozygotes appeared grossly normal as late as E7.5, but
in general, most fgfr-14“™* mutant embryos appeared de-
velopmentally retarded and misshapen relative to their
E7.5 littermates (Fig. 2A,B). These embryos had short-
ened egg cylinders and were often only half the size of
their littermates. Nevertheless, homozygous mutant
embryos had initiated gastrulation; the formation of the
primitive streak occurred normally and mesodermal
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Figure 1. Targetgd disruption of the fgfr-1 FGFR-1 _kH X B i XE HEI X 65k .
gene. (A} Schematic representation of the tar- ene spobe ook /% probe ' '
geting scheme. The top line shows the restric- g \ X ‘\‘ // X /’
tion map for part of the fgfr-1 gene. The size of \ \ 4 //
the expected restriction fragments from the Targeting o E’ﬁ,eo £/ s fisv-1k
wild-type and mutated fgfr-1 alleles with spe- vector o
cific flanking probes is indicated at right. The
regions used for PCR genotyping and the flank- i S
ing probes used for Southern blot analysis are  Mutated L peoy il 13kb 9kb
indicated. Note that the sequence recognized allele 5 probe o 3 probe
by the 5 primer of the pair used to diagnose the
wild-type gene is deleted in the mutated allele.
(E) EcoRl; (H) HindIll; (X) Xhol. (B) Southern B ES cell line #: C 1 9 13 15 18 23
blot analysis of targeted ES cell lines. The 5'-
flanking probe detected restriction fragments 13kb- -
indicative of the predicted gene replacement 5
probe
event at the fgfr-1 locus; however, the 3’ probe HindIII

detected an aberrant event in line 13. This was
supported by a neo probe, which indicated that
an ectopic integration of the targeting vector
occurred in this line. The faint variable band
below the expected 13-kb band is attributable
to the presence of G418-resistant embryonic fi-
broblast feeder cells in the ES cell cultures. The
control DNA was isolated from an ES cell line
targeted at the N-myc locus and was kindly
provided by C. Moens (SLRI, Toronto, Canada).
Note the reduction in intensity of the hybrid-
ization signal for the wild-type fragment in the
targeted cell lines relative to the control. (C)
PCR genotyping of yolk sac biopsies isolated
from E8.5 progeny of one heterozygous inter-
cross between fgfr-14MMK/ L mice. Embryos
were dissected and scored for normal (N) and
mutant (M) phenotypes prior to genotyping. C
Note that the neo probe did not detect addi-
tional neo genes in lines 15, 18, and 23 by
Southern analysis (see above), which allowed
for PCR genotyping of the mutated allele with
neo-specific primers.

cells delaminated and migrated laterally and anteriorly
in all mutant embryos (Fig. 3A,B). However, histological
analysis revealed that at later stages, both epiblast and
mesodermal cells accumulated in the streak, causing
thickening of the streak region {Fig. 3C~E). Some mutant
embryos appeared to arrest at this stage, and the process
of resorption was initiated while others continued to de-
velop (Table 1).

By E8.5, all surviving homozygous mutants showed
clear phenotypic defects. Mutants were smaller than
wild-type embryos (Fig. 2C-G). and lacked somites (Fig.
2D}, whereas their heterozygous littermates had devel-
oped ~10-15 somite pairs {Fig. 2C). A large mass of cells
often accumulated in the primitive streak, particularly
in the posterior streak (Fig. 2F, arrow), and the allantois
developed abnormally with an overabundance of cells at
its base (Fig. 2E, curved arrow). Interestingly, histological
analysis of sagittal sections revealed that many of the
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Table 1. Genotype analysis of the progeny from
fgfr-12*mk/ + heterozygous intercrosses

/gfr— 1 Atmk /

fefr-14"mk  Resorptions
Stage +/+  fgfr-1dmkiy (%) (%)
3.5 12 12 6(19) 0
6.5 8 27 71(17) 0
75 1 21 5(13) 2(5)
8.5 21 58 13 (13) 9(9)
9.5 7 16 3(10) 5(16)
Postpartum 21 47 0 0

All data generated by heterozygous animals were derived from
cell line 23 on a CD1/129 genetic background. Similar data were
obtained on a C57BL/129 background and with other targeted
cell lines.
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Figure 2. Phenotype of fgfr-]“mk homozygous embryos between E7.5 and E9.5. (A, B) Lateral views of E7.5 embryos; anterior is to the
left. Mutant E7.5 embryos (B) are misshapen and smaller relative to wild-type embryos (A} but have initiated gastrulation. Note the
thickened and kinked primitive streak (arrow) of the mutant embryo depicted at left in B. (C,D) Lateral view of E8.5 littermates.
Defects in the head process (curved arrow in D), in addition to the streak defects (arrow), are now apparent. (E) Posterior view of a
different E8.5 mutant demonstrating accumulation of cells in the base of the allantois (curved arrow) and the thickened posterior
streak (arrow). (F) Lateral view of an E8.5 mutant that had well-developed headfolds but no somites. (G) Anterior view of embryo
depicted in F. Note the expanded midline (arrow) and the ruffled extraembryonic endoderm (curved arrow). (H-J) E9.5 embryos. Mutant
embryos in I and ] are viewed from the dorsal side and demonstrate severe midline defects. (I} Note the small, abnormal neural folds,
the enormous midline {arrow), and the reduced paraxial mesoderm. (/) A less severely affected E9.5 mutant displaying a kinked, wiggly
neural tube, abnormal growths in the anterior midline between the neural folds, reduced paraxial mesoderm, and no somites. Bar, 100
um (4,B); 200 pm (C—G,H-]).

cells in the thickened streak were still of columnar epi-
thelial morphology (Fig. 3B,D), suggesting that epiblast
cells were accumulating there and not forming meso-
derm. However, the same sections clearly show the pres-
ence of mesoderm underlying the ectoderm throughout
the embryo. The head process that emanates from the
anterior end of the streak was thickened and expanded
across the medial-lateral axis (Fig. 2D, curved arrow,
and E).

Less severely affected mutants developed neural folds

that were smaller than usual and disorganized. These
embryos displayed abnormal heart tubes and had unusu-
ally broad anterior midline structures separating the
neural plate in half (Fig. 2G, arrow). Mutant embryos
completely lacked somites and did not elongate along
the anterior—posterior axis (Fig. 2F). Sagittal sections
showed that the anterior head mesenchyme underlying
the neural folds was reduced in amount and loosely
packed (Fig. 3E). The extraembryonic yolk sac appeared
abnormal, displaying a characteristic “ruffled” appear-
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ance of the endoderm layer (Fig. 2G, curved arrow). Ex-
traembryonic yolk sac mesoderm was present (Fig.
3D,E,G) but was reduced in quantity, with little meso-
derm apparent under the extraembryonic endoderm.
Blood islands were present but appeared to be fewer in
number. Abnormal closure of the ectoplacental cavity
was observed, leaving swollen vesicles in the chorion
(Fig. 3E,G). The EPC itself appeared normal.
Homozygous mutant animals were rarely recovered on
E9.5, as most were resorbed by this stage. We identified
three mutant embryos that survived to E9.5, all of which
were phenotypically similar. Again, the homozygotes
were severely retarded relative to wild-type littermates
(Fig. 2H-J). All three embryos had midline malforma-
tions: Two appeared to have an extreme expansion of
midline mesodermal structures and had small, disorga-
nized headfolds (Fig. 2I), and one had less severe midline
defects (Fig. 2J). The latter embryo displayed neural folds
reminiscent of a normal E8.5 embryo. However, they
were disorganized and an ectopic midline bulge of cells
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Figure 3. Histological analysis of fgfr-
13"k homozygous embryos. (4,B) Cross
sections of the primitive streaks of E7.5
wild-type (wt) and homozygous mutant
embryos, respectively, demonstrating the
accumulations of epiblast and mesoderm
cells in the mutant streak. {C—E} Sagittal
sections also reveal deficiencies in head
mesoderm and abnormalities in the neural
head folds. The arrow in C indicates a
primitive blood island in a wild-type em-
bryo. In the mutant embryos, note the ab-
normal exocoleomic cavity (@ in D), be-
hind the enlarged primitive streak {arrows
in D and E), the reduced extraembryonic
mesoderm, the ruffled extraembryonic en-
doderm (arrowhead in E), and the chorion
defects. (F) A thick section through the
trunk of an E9.5 mutant embryo (embryo
depicted in Fig. 4]) hybridized with an
RNA probe for T. {G) A higher magnifica-
tion of the ruffled yolk sac endoderm and
the reduced mesoderm of the blood islands
(arrow). (a) Allantois; (e) embryonic ecto-
derm; (en) embryonic endoderm,; (hf) head-
fold; {m) embryonic mesoderm; (ng) neural
groove; (ps) primitive streak. Bar, 50 pm
(A,B,G), 100 pm {C-E), and 25 pm (F).

was observed in the ventral midbrain region (Fig. 2J). The
neural tube was kinked posteriorly. Head mesenchyme
was present anteriorly, but paraxial mesoderm was re-
duced and disorganized posteriorly. Somites were not ob-
served and the primitive streak was absent or severely
disorganized. All embryos had developed an allantois,
one of which had started to fuse with the chorion.

Mesodermal patterning is perturbed in fgfr-14v™k
mutants

Morphological analysis indicated that fgfr-14*™* mutant
embryos were defective in the morphogenetic move-
ments required for gastrulation and also were defective
in somite formation and axis extension. To determine
whether all mesodermal cell types were present in fgfr-
14"k mutants and whether the affected structures were
correctly patterned across the embryonic axes, we used
whole-mount in situ hybridization with cell type-spe-
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cific and region-specific markers. Brachyury {T) expres-
sion is normally found in cells of the primitive streak,
the node, and the notochord, as soon as these structures
develop (Fig. 4A-C; Wilkinson et al. 1990; Herrmann
1991). Mutants isolated on E7.5, even those that dis-
played severe proliferative defects, expressed T in a rel-
atively normal posterior domain indicating formation of
a primitive streak (Fig. 4E), but the epithelial cells that
accumulated in the streak of the more developmentally
advanced mutants showed intense expression of T
mRNA (Fig. 4F).

Examination of other markers confirmed that various
mesoderm populations formed but that the properties

fgfr-1 and mesodermal patterning

mal. Mox-1 is a homeo box-containing gene expressed in
the posterior mesoderm of early headfold stage embryos
(Candia et al. 1992). It is later restricted to presomitic
mesoderm and to all the developing somites (Fig. 5D).
Three fgfr-14*™* mutant embryos that failed to develop
beyond headfold stages did not express detectable levels
of Mox-1 transcripts (data not shown). However, one less
severely affected E9.5 homozygote, which lacked
somites but displayed some extension of the anterior—
posterior axis, expressed Mox-1 in regions of the embryo
where paraxial mesoderm was expected (Fig. 5H). The
amount of Mox-1-positive paraxial mesoderm present
was reduced, compared with littermates of a similar de-

and organization of the different populations were abnor- velopmental stage, and was severely disorganized, with

Figure 4. Whole-mount in situ hybridization analysis of fgfr-1**"* homozygous embryos with axial mesodermal markers. (A,E)
Lateral view of E7.5 wild-type and fgfr-14*"* homozygous mutant embryos, respectively, stained for Brachyury (T) expression. (B,F)
Lateral view of E8.5 wild-type headfold and mutant embryos, respectively, demonstrating aberrant T expression in nonaxial tissue as
well as intense expression throughout the thickened streak and head process of the mutant. (C,G) Anteroventral views of wild-type
and mutant E8.5 embryos. Many more cells express T in the anterior domain of mutant embryos. {I) E9.5 littermates stained for T. Note
the alterations in the anterior expression domain of T in the three homozygous mutants relative to the heterozygous littermate
depicted at left. {J} An E9.5 mutant embryo displaying a similar, but less extreme, expansion of the anterior T expression domain,
possibly because of anterior—posterior extension. The line indicates the approximate level of section depicted in Fig. 3F. Arrows in G
and J depict streams of cells that appear condensed and, hence, notochord-like. {D,H,K) Analysis of Shh expression in wild-type (D) and
mutant (H,K) embryos. Shh expression in mutant embryos is similar to the anterior expression domain of T in mutant embryos. (K)
A posterior view of Shh expression reveals that Shh-positive cells surround the anterior region of the streak. Bar, 100 um (A-H,/,K),
200 pm (I).
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Figure 5. Whole-mount in situ hybridization analysis of fgfr-1°"* homozygous embryos with region-specific mesodermal markers.
|A-C,E-G) Lateral views of embryos; anterior is the left. [A) HNF-38 expression in an E7 wild-type embryo. (E] HNF-38 is expressed
in a slightly larger anterior domain in the mutant. (B} fgf-3 expression in an E7 wild-type embryo. (F) Mutants did not express fgf-3 in
extraembryonic tissue or cells lateral to the streak. (C,G) E7.5 wild-type and mutant embryos stained for fIk-1 expression. (D,H) Dorsal
view of E8.5 wild-type and E9.5 mutant embryos expressing Mox-1 transcripts. Note the lack of somites and the disorganized

Mox-1-expressing cells. Bar, 100 pm.

random patches of stained cells rather than organized
somites.

To characterize the development of proximolateral
and extraembryonic mesoderm in the mutants, we ex-
amined the expression of flk-1, a gene expressed in en-
dothelial cell precursors (Fig. 5C; Yamaguchi et al. 1993).
flk-1-positive cells were found in the appropriate loca-
tions in mutant proximolateral embryonic mesoderm,
that is, the lateral embryonic mesoderm that abuts the
extraembryonic mesoderm, and in the developing allan-
toic bud of fgfr-14*7% mutants (Fig. 5G). Expression in
the blood islands of the yolk sac mesoderm was also
qualitatively normal. Extraembryonic mesoderm arises
from the posterior end of the streak, where cells are seen
to accumulate in mutant embryos, suggesting that mi-
gration, rather than specification of extraembryonic me-
soderm, may be affected in the mutants. Examination of
fefr-14"% mutants for expression of Wnt-5a and fgf-3,
which are expressed in mesoderm in and lateral to the
posterior streak and extending into extraembryonic me-
soderm (Fig. 5B; Wilkinson et al. 1988; Takada et al.
1994), revealed normal expression of Wnt-5a in the pos-
terior streak and the allantois {data not shown). How-
ever, whereas fgf-3 transcripts were expressed at low lev-
els in the posterior streak, they were not detectable lat-
eral to the streak or in the extraembryonic mesoderm
(Fig. 5F). The most severely retarded embryos failed to
show any fgf-3 or Wnt-5a expression (data not shown).
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The results suggest that the posterior regionalization of
the primitive streak is maintained but that migration of
cells out of the posterior streak has been affected.

To determine whether the structures derived from the
anterior end of the streak, namely the node and the no-
tochord, were affected in fgfr-14*"* mutants, we exam-
ined the mutants for expression of hepatocyte nuclear
factor-38 (HNEF-38), T and Sonic hedgehog (Shh or
vhh-1). HNF-38 transcripts were restricted to the ante-
rior region of the thickened streak in E7.5 fgfr-14"* ho-
mozygotes (Fig. 5E) in a pattern reminiscent of that seen
in wild-type embryos around E6.75 (Fig. 5A; Ang et al.
1993; Monaghan et al. 1993; Ruiz i Altaba et al. 1993;
Sasaki and Hogan 1993), suggesting that the patterning
of the anterior region of the streak was preserved. How-
ever, HNF-38 transcripts were expressed in a somewhat
larger domain of the anterior mutant streak than in the
wild type.

At E8.5, analysis of expression of T in homozygous
mutants revealed that T-expressing cells were present in
the anterior midline in the position of the notochord.
However, instead of the thin line of T-expressing noto-
chord cells seen in wild-type embryos (Fig. 4A-C]J), a
fan-shaped wedge of T-expressing cells was observed that
appeared to originate from the anterior end of the streak
(Fig. 4G,L]). The strongly stained cells in the midline
were often flanked by two additional streams of cells
similar in appearance to differentiated notochord (Fig.
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4G,], arrows). Sections of these whole-mount stained
embryos revealed that the T-positive cells were located
as a discrete group directly beneath the neural plate or, in
more advanced embryos, between gut endoderm and the
neural folds (Fig. 3F, section of animal depicted in Fig.
4J), in the position where the notochord should be. These
results suggest that there may be an overabundance of
notochord cells in the fgfr-14*"* mutants.

We analyzed mutants for the expression of Shh, a ho-
molog of the Drosophila segment polarity gene hedge-
hog, which marks the developing notochord, as well as
the floor plate and gut (Fig. 4D; Echelard et al. 1993;
Roelink et al. 1994). Shh was expressed in a similar
broad, anterior, fan-shaped domain of cells {Fig. 4H). In-
terestingly, the pattern of Shh-expressing cells extends
posteriorly to surround the anterior part of the primitive
streak {Fig. 4K). Taken together, the T and Shh expres-
sion patterns suggest that the abnormally abundant an-
terior axial cells in fgfr-14"% mutants are notochord or
notochord-like.

Discussion

Embryos homozygous for a mutation in fgfr-1 that de-
letes the transmembrane domain and the majority of the
kinase domain display a complex phenotype that is con-
sistent with FGFR-1 signaling regulating early embry-
onic cell proliferation as well as mediating mesodermal
patterning during gastrulation. Although low levels of
fgfr-1 transcripts in wild-type epiblast could be detected
prior to gastrulation {Orr-Urtreger et al. 1991; Yamagu-
chi et al. 1992}, we could not unequivocally identify mu-
tant embryos until E7.5, well after gastrulation had
started. Growth of the embryo and the formation of the
germ layers during gastrulation is attributable to both
the rapid proliferation of epiblast cells toward the prim-
itive streak (Snow 1977; Lawson et al. 1991} and the
active migration of mesodermal cells away from the
streak {Nakatsuji et al. 1986). The onset of phenotypic
defects in the fgfr-14*7* embryos correlates with the de-
tection of significant levels of fgfr-1 transcripts in the
primitive streak and in mesoderm lateral to the streak of
wild-type embryos (Yamaguchi et al. 1992). At this stage,
mutant embryos were generally growth retarded, sugges-
tive of a proliferative defect in epiblast cells. BrdU incor-
poration experiments to examine whether cell prolifera-
tion in the epiblast and/or primitive streak is inhibited
in fgfr-14"™k mutants are currently being performed.
However, a failure in the mitogenic response of epiblast
cells to FGFs cannot solely account for the observed fgfz-
14tmk mutant phenotype. The results of the morpholog-
ical, histological, and molecular marker analysis of mu-
tant embryos suggests that FGFR-1 signaling may also
play roles in directing mesodermal cell migration out of
the primitive streak during gastrulation.

Primitive streak defects and mesoderm cell migration

Histological analysis revealed that whereas mutant em-
bryos were reduced in size, the primitive streak formed

fgfr-1 and mesodermal patterning

and mesodermal cells initially migrated out normally.
As development proceeded, cells accumulated in the
streak, particularly in the posterior region, and including
the base of the allantois. Yolk sac mesoderm was present
but apparently at reduced levels, suggesting that the pas-
sage of cells through the posterior streak was affected in
the mutants. fgf-3 expression was not detected in ex-
traembryonic mesoderm or in cells lateral to the streak
in fgfr-14*™* mutants, consistent with an impairment of
mesodermal cell migration out of the posterior streak.
Wnt-5a was expressed in a normal fashion in the poste-
rior streak and allantois, demonstrating that the poste-
rior regionalization of the streak is apparently unaf-
fected. Moreover, fIk-1, a marker for extraembryonic me-
soderm, is also expressed relatively normally in the
mutants, suggesting that the differentiation of progeny
of posterior streak cells was unaffected.

A role for FGF signaling in streak cell migration is
supported by recent data demonstrating that mutations
in a Drosophila FGF receptor homolog block the migra-
tion of tracheal cells (Reichman-Fried et al. 1994). In ad-
dition, earlier evidence from vertebrates has also dem-
onstrated that FGFs can stimulate the proliferation and
migration of endothelial cells during wound healing and
tumour angiogenesis (Folkman and Klagsbrun 1987). Al-
terations in cell adhesion properties could also result in
abnormal accumulation and migration of cells through
the streak. Embryos homozygous for a targeted mutation
in the fibronectin gene display phenotypic abnormalities
in many of the same tissues that are affected in fgfr-147™*
mutants (George et al. 1993).

Mesodermal populations in fgfr-1**™* mutants

Although defects in the morphogenesis of the primitive
streak were apparent from early stages of development,
fgfr-1*mk mutant embryos were capable of proceeding
beyond the primitive streak stage to the point where
different mesoderm populations could be distinguished.
Analysis of these mutants revealed the complete absence
of Mox1-expressing somites and presomitic mesoderm.
However, one embryo that developed for 9.5 days did
show disorganized MoxI-expressing mesoderm but no
segmentation. This observation suggests that fgfr-1 is
not absolutely required for the specification of paraxial
mesodermal fate. This is consistent with Deng et al. (this
issue), who have demonstrated that fgfr-1=/~ ES cells
are capable of differentiating into paraxial mesoderm de-
rivatives such as skeletal muscle when injected into
nude mice. We conclude that FGFR-1 is required for
somitogenesis, that is, the segmentation of the paraxial
mesoderm. It is also likely involved in the maintenance
of the paraxial mesoderm precursors in that such cells
are largely absent in mutant embryos, a role consistent
with its high levels of expression in the forming paraxial
mesoderm and the rostral domain of the presomitic me-
soderm {Yamaguchi et al. 1992). The reduced pool of
paraxial mesoderm precursors likely accounts for the in-
ability of mutant embryos to elongate along the ante-
rior—posterior axis.
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In contrast to the severe reduction in paraxial meso-
derm, anterior axial mesoderm populations were en-
hanced in homozygous mutants. Analysis of mutant em-
bryos for the early phases of HNF-38 expression revealed
that the expression domain at the anterior end of the
forming streak was larger than normal. As development
proceeded, it became apparent that anterior axial meso-
derm was greatly expanded across the medial-lateral (fu-
ture dorsal-ventral] axis in fgfr-14*™* mutants. This
broad domain of midline cells expressed both Brachyury
and Shh and histologically resembled an expanded noto-
chordal plate. Shh is normally expressed in cells of the
node anterior to the streak, but in the mutants the Shh-
expressing cells completely surrounded the anterior por-
tion of the primitive streak ({Fig. 4K). This suggests that
cells in the anterior part of the streak, whose fate would
normally be Mox1-expressing paraxial mesoderm, are be-
ing redirected toward an axial mesodermal fate and ex-
press Shh. Figure 6A summarizes, in a schematic form,
the morphological and molecular analysis of fgfr-14t¥
mutant embryos using T and Shh as mesodermal mark-
ers.

Defects in cell proliferation cannot easily explain the

A

Figure 6. (A) Schematic diagram showing meso-
derm and primitive streak defects in fgfr-12“™* ho-
mozygotes. The diagram summarizes the move-
ment of the various mesoderm populations (ar-
rows) out of the primitive streak and node, and the
expression of some of the marker genes used in
the analysis of mutant embryos (Tam and Bed-
dington 1987; adapted from Lawson et al. 1991;
Schoenwolf et al. 1992; Sasaki and Hogan 1993).
The headfold stage mouse embryo is represented
as flattened and viewed from the dorsal side. In
wild-type embryos, the node is found at the ex-
treme anterior end of the primitive streak and
gives rise to axial mesoderm such as the noto- B
chord [yellow). Paraxial mesoderm cells emerge
from the anterior primitive streak {gray shading),
whereas lateral and extraembryonic mesoderm
arise from the middle and posterior regions of the
streak, respectively. In fgfr-14*"% homozygotes,
the axial mesoderm domain is expanded across
the medial-lateral axis, at the expense of paraxial
mesoderm. The primitive streak is thickened be-
cause of the accumulation of cells therein, which
may result in the reduction of cells in tissues such

as extraembryonic mesoderm. (B) Schematic rep-
resentation of selected signaling molecules that
may play roles in the specification of cell fate dur-
ing, and shortly after, gastrulation (for details, see
text). Note that full embryonic expression pat-
terns are not represented.
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tion unless one invokes an FGF-dependent neighboring
population of cells that normally acts to regulate the
growth of axial mesoderm cells. However, it is possible
that the observed expansion of axial mesoderm cells
could arise indirectly from an anterior streak migration
defect. In this scenario, the inability of mutant mesoder-
mal cells to migrate out of the anterior primitive streak
would lead to their being exposed for a longer time to a
node-derived morphogen, which could ultimately redi-
rect these cells toward an axial mesodermal fate {see be-
low). It is also formally possible that the lack of axial
elongation, and therefore the lack of streak and node
regression, could result in the accumulation of noto-
chord cells in the anterior end of the mutant embryo.
Whereas quantification of notochord cells in mutant ver-
sus wild-type embryos has not been performed and
would be difficult to execute, clearly there are many
more T and Shh-positive cells present in a mutant em-
bryo than seen in a wild-type notochord. Even in those
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split (Fig. 4]). This observation, coupled with the fact
that Shh-expressing cells completely surrounded the an-
terior primitive streak where paraxial precursors would
normally arise, supports the interpretation that the pro-
portions of mesodermal subpopulations have been al-
tered.

We propose the following model to integrate our data
with the results of others. Cells in the anterior part of the
fully extended primitive streak would be exposed to a
combination of secreted factors emanating from the
node (e.g., nodal or Shh; Echelard et al. 1993; Zhou et al.
1993; Conlon et al. 1994; Roelink et al. 1994} and from
cells within the streak itself (e.g., fgf-4, fgf-5, fgf-8, and
Wnt-3a; Haub and Goldfarb 1991; Hebert et al. 1991;
Niswander and Martin 1992; Crossley and Martin 1994;
Takada et al. 1994) (Fig. 6B). Different combinations of
inducing signals act to specify the derivatives of the node
and the anterior region of the primitive streak. In fgfr-
14tk mutants, anterior streak cells, which would nor-
mally give rise to paraxial mesoderm, receive a relative
abundance of signals from the node because of their in-
ability to respond to FGF signals within the streak and,
therefore, become aberrantly specified as dorsal axial
mesoderm. Thus, fgfr-14"% embryos ultimately develop
abundant notochord cells and a deficit of paraxial
somitic cells. In this model FGFs are proposed to act as
differentiation factors, in combination with other signal-
ing molecules that specify axial mesodermal cell fates.
However, FGFs can affect cell proliferation and migra-
tion and a complete model would need to take into ac-
count these properties as well.

Implications for ligand/receptor interactions

Several potential ligands for FGFR-1 are expressed in the
primitive streak during gastrulation; fgf-3 and fgf-4 are
expressed in a regionally restricted fashion, whereas fgf-5
and fgf-8 are expressed more widely (Wilkinson et al.
1988; Haub and Goldfarb 1991; Hebert et al. 1991;
Niswander and Martin 1992; Crossley and Martin 1994).
However, functional inactivation of these genes by gene
targeting has not yet proved informative on the nature of
the endogenous FGFR-1 ligand, as fgf-3 function is only
critical much later in development {Mansour et al. 1993)
and fgf-5 mutant mice are viable (Hebert et al. 1994).
Further experiments are required to test whether fgf-4
plays a role in gastrulation, as fgf-4 mutant homozygotes
die before they reach this stage (B. Feldman and M. Gold-
farb, pers. comm.). Data on fgf-§ function are not yet
available. Because multiple ligands interact with FGFR-1
and its variants (Mansukhani et al. 1990; Vainikka et al.
1992; Werner et al. 1992; Wang et al. 1994}, and the
expression of many of these ligands is overlapping, it is
conceivable that the loss of function of one ligand could
be compensated for by another. We suggest that the
streak defects arise because of an inability of combina-
tions of these FGFs to signal via FGFR-1. If this hypoth-
esis is correct, then double or triple knockouts of fgf-3,
fgf-5, and fgf-8 should mimic some of the streak defects
seen in our fgfr-14“"* mutants.

fgfr-1 and mesodermal patterning

Comparison with Xenopus experiments

Previous experiments in Xenopus embryos using intro-
duced dominant-negative FGFR-1 constructs have indi-
cated a developmental role for FGF signaling that is ver-
ified by our genetic results. Comparison of the results in
Xenopus with our fgfr-14""% mouse mutants reveals
some interesting similarities and differences. In both or-
ganisms, initiation of gastrulation is not affected;
FGFR-1 is not required for the first mesodermal cells
that exit the mouse primitive streak or the first involut-
ing mesoderm of the frog dorsal blastoporal lip (Amaya et
al. 1991). Furthermore, somites were absent in both the
dominant-negative-injected frog embryos and the fgfr-
17"k mouse mutants. However, the frog embryos go on
to develop grossly abnormal trunks but relatively normal
heads (Amaya et al. 1991, 1993), whereas the mouse mu-
tants have mesodermal and neural defects in the head in
addition to trunk defects. Most notably, Xbra {the Xeno-
pus Brachyury homolog| expression was completely in-
hibited in the marginal zone of injected Xenopus em-
bryos wherever the dominant-negative construct was ex-
pressed (Amaya et al. 1993), whereas the domain of
Brachyury expression was greatly expanded in homozy-
gous fgfr-14tm¥ mutants. The use of a second indepen-
dent notochord marker in both the frog and mouse con-
firmed that notochord formation was inhibited in the
injected frog embryos {Amaya et al. 1991, 1993) but ap-
parently enhanced in the mouse fgfr-1*™* mutant em-
bryos.

The fact that the mouse phenotype was more severe
than the dominant-negative-injected frog embryos was
unexpected because the Xenopus construct should dom-
inantly inhibit signaling from all FGFRs {Ueno et al.
1992). Moreover, at least in the mouse, FGFR-1 cannot
be the only receptor functioning around the time of gas-
trulation, as inactivation of the fgf-4 locus results in em-
bryonic lethality before E6.5 (B. Feldman and M. Gold-
farb, pers. comm.) and fgfr-2 is expressed at high levels in
the epiblast before and during gastrulation {Orr-Urtreger
et al. 1991). We suggest that evolutionary divergence of
the FGF signaling pathways has led to differences in the
precise roles of different FGFs in the early embryo be-
tween species.

Materials and methods
Targeting vector construction

A 2-kb mouse fgfr-1 partial cDNA probe was used to isolate an
18.7-kb genomic clone encoding part of the fgfr-1 gene from a
129Sv/] mouse genomic library. To construct a positive/nega-
tive replacement-type gene targeting vector, a 6.1-kb EcoRlI frag-
ment including exons 4-7 was first subcloned into pGEM7zf( +)
(Promega Biotec). The 3’ 3 kb was isolated from this shuttle
vector with Xhol [one Xhol site coming from pGEM7zf( + )] and
subcloned into the Xhol site of pPNT (Tybulewicz et al. 1991] to
generate the 5’ arm of homology. A 5.7-kb EcoRI genomic frag-
ment was subcloned into the EcoRI site of the above vector,
between the PGKneo and PGKtk cassettes and in the same tran-
scriptional orientation. The final targeting vector, designated
pPNT-TY2, consisted of 8.7 kb of total homology (Fig. 1A).
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Electroporation, selection, and screening of ES cells

The R1 line of ES cells (Nagy et al. 1993) was cultured and
electroporated with Notl-linearized pPNT-TY2 as described
(Wurst and Joyner 1993). Doubly resistant cells were selected in
a concentration of 150 pg/ml of active G418 and 2 um gancy-
clovir for 11 days before picking. Enrichment by gancyclovir
selection was 21-fold. Colonies were picked onto gelatinized
24-well plates and grown to near confluency before splitting
into two 24-well plates. The master plate was frozen down, and
ES cell genomic DNA was isolated from the other as described
(Wurst and Joyner 1993).

ES cell genomic DNA was analyzed for homologous recom-
bination by Southern blot. DNA was digested with either
HindIII or Xhol and probed with 5’- and 3'-flanking probes as
well as an internal neo probe (Fig. 1). Flanking probes were
genomic DNA restriction fragments from outside the targeting
vector. Hybridization was carried out in 50% formamide, 200
mwm phosphate buffer (pH 7.3), 1 mm EDTA, 10 mg/ml of BSA,
and 7% SDS at 63°C for 16 hr. Washes were performed in 0.2 X
SSC, 0.1% SDS, at 63°C.

Tail biopsies from the offspring of chimeric and F, crosses
were similarly genotyped by Southern blot analysis.

Generation of chimeras

Targeted ES cells were injected into C57B1/6 blastocysts (Pa-
paioannou and Johnson 1993) or aggregated with CDI1 E2.5
morulas (Nagy et al. 1993), and blastocysts were transferred to
pseudopregnant CD1 recipients.

Chimeric males were crossed to C57Bl1/6] or CD1 females,
and tail biopsies from agouti pups were genotyped by Southern
analysis for transmission of the targeted allele.

Genotyping embryos

Whole E3.5 and E6.5 embryos were genotyped by PCR. Geno-
types of E6.5 embryos were verified by genotyping lysates of
cultured EPCs. Yolk sac biopsies from E7.5/E8.5 embryos were
genotyped by PCR. Later embryos were typed by Southern anal-
ysis.

For PCR analysis, embryos or yolk sac biopsies were washed
extensively in PBS before being placed in 100 ul of 1 X PCR ProK
buffer (50 mM KCl, 10 mm Tris-HCl at pH 8.3, 2 mm MgCl,, 0.1
mg/ml of gelatin, 0.45% NP-40, 0.45% Tween 20, 100 pg/ml of
proteinase K} and incubated overnight at 55°C. Lysate (2 pl) was
added to 5 pl of dH,0, and the sample overlaid with mineral oil.
Proteinase K was inactivated at 94°C for 10 min. PCR cocktail
(3 ul} was added to each reaction at 85°C before initiating the
PCR cycle [final concentrations, 200 uM dNTPs, 1.5 mm MgCl,,
60 ng of each primer, and 0.5 units of Tag DNA polymerase
(ProMega Biotec) per 10-ul reaction]. Samples were amplified for
40 cycles (94°C for 80 sec, 65°C for 60 sec, 72°C for 90 sec), and
PCR products were resolved by electrophoresis through 1.5%
agarose gels (Fig. 1C).

The primer sequences used for PCR genotyping were as
follows: neo-1, a sense strand primer from the neomycin
phosphotransferase gene (ATCTCCTGTCATCTCACCTTGC);
PA-2, from the PGK-1 poly(A) region (ACCCCACCCCCACCC-
CCGTAG); flg 5’ 2132, from within exon 14 (TTGACCGGAT-
CTACACACACC); flg 3’ 2207, from within exon 15 (GCA-
CACCGGGGTATGGGGAGC).

Histology

Embryos were fixed in 4% paraformaldehyde or 10% formalin
and processed for paraffin wax embedding. Sections were cut at
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4 pm, dewaxed in xylene, rehydrated through an ethanol series
into PBS, and stained with hematoxylin and eosin.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as described
{Conlon and Rossant 1992). Embryos were photographed on a
Leitz Wild M10 microscope. For sectioning of whole-mount
stained embryos, specimens were postfixed in 4% paraformal-
dehyde and 0.1% glutaraldehyde prior to wax embedding and
sectioning. Sections were cut at 10 um, counterstained lightly
with eosin, and photographed using a Leitz Orthoplan com-
pound microscope and Nomarski optics.

The probes used for the whole-mount in situ hybridization
studies were as follows: Brachyury (Herrmann 1991}; Shh (Ech-
elard et al. 1993); Wnt-5a (Takada et al. 1994); flIk-1 (Yamaguchi
et al. 1993); fgf-3 (Wilkinson et al. 1988); Mox-1 (Candia et al.
1992); and HNF-38 (Ang et al. 1993).
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fgfr-1 is required for embryonic growth and mesodermal patterning
during mouse gastrulation.
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