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melanoblasts, endothelial cells, and embry- 
onic limb mesenchyme (1 2, 13) and induc- 
es mesoderm formation in amphibian ecto- 
derm explants (14). The Fgf4 gene is ex- 
pressed in undifferentiated embryonic stem 
(ES) cells and their oncogenic equivalent, 
embryonal carcinoma (EC) cells (15), and 
this expression is governed by an evolution- 
arily conserved 3' enhancer element (16). 
In order to achieve a high frequency of Fgf4 
gene disru~tion in ES cells. we used an cz 

Requirement of FGF-4 for Postimplantation "enhancerless" targeting vector (17) with 
a promoterless neomycin-resistance gene Mouse Development downstream from a 5' homology segment 
bearing the native Fgf4 a id  up- 

Benjamin Feldman, William Poueymirou, stream from a 3' homology segment lacking 
Virginia E. Papaioannou, Thomas M. DeChiara, the enhancer (Fig. 1A). Homologous re- 

Mitchell Goldfarb* combination of the vector into the Fgf4 
locus deletes exon 1, which encodes the 
first 109 amino acids of FGF-4, including 

Fibroblast growth factors (FGFs) are thought to influence many processes in vertebrate the NHz-terminal secretion signal sequence 
development because of their diverse sites of expression and wide range of biological (18). When this vector was electroporated 
activities in in vitro culture systems. As a means of elucidating embryonic functions of into ES cells (19), 3 out of 80 G418-resis- 
FGF-4, gene targeting was used to generate mice harboring a disrupted Fgf4 gene. tant ES clones examined showed homolo- 
Embryos homozygous for the null allele underwent uterine implantation and induced gous recombination at the Fgf4 locus. Two 
uterine decidualization but did not develop substantially thereafter. As was consistent with of these clones, 4B and 14E (Fig. lB), were 
their behavior in vivo, Fgf4 null embryos cultured in vitro displayed severely impaired microinjected into blastocysts to yield chi- 
proliferation of the inner cell mass, whereas growth and differentiation of the inner cell meric mice that were able to transmit the 
mass were rescued when null embryos were cultured in the presence of FGF-4 protein. mutant allele through the germ line (Fig. 

1C) (20). Unexpectedly, the 14E ES line 
had lost the Y chromosome and transmitted 
the mutant allele through female chimeras 

Polypeptide ligands mediate intercellular responding family of receptor tyrosine ki- only (21). 
communication governing cell growth, dif- nases (1 0) to elicit a wide range of cellular Heterozygous males and females were 
ferentiation, and patterning in the verte- responses. The 21-kD FGF-4 protein (1 1) phenotypically normal and fertile. Inter- 
brate embryo. Ligands essential for normal is mitogenic toward cultured fibroblasts, crosses between heterozygotes failed to yield 
embryogenesis from gastrulation onward in- 
clude insulin-like growth factors, platelet- 
derived growth factor, mast cell growth fac- Fig. 1. Strategy of Fgf4 disruption. (A) Tar- A Targeting 
tor, WNT-1, and FGFs ( 1-3). Although geting vector (1 7), the Fgf4 locus (1 8), and 
several ligands, such as FGFs and transform- the mutated Fgf4 locus. The targeting vector 

is aligned above the wild-type allele to illus- Wild-type 
ing growth factors a and p, are expressed in locus 

trate the homologous recombination event B - 16.3 B embryos before (4-7)9 ma- that generated the disrupted allele, depicted s- 3'- 
ternally leukemia inhibitory fat- below. The disrupted allele lacks the first 109 B - 12.2 - B - 4.6 + B 
tor is known to provide an essential func- codons of ~ g f 4 ,  which encode the NH,-ter- 2 MuMted 
tion by mediating uterine implantation of minal secretion signal and the first 28 resi- ~g 4-3.3 + ~ g  locus 
the blastocyst (8). By generating mice defi- dues of the FGF family core homology re- 
cient for FGF-4, we show that embryonical- gion. Shown are the Fgf4 coding sequence B ES clones 
ly expressed FGF-4 is required for postim- (filled boxes), the 3' enhancer (76) (gray box), U o W L e  

plantation development of embryos in viva other untranslated regions of Fgf4 exons Z Z f  P Z  

and for normal inner cell mass (ICM) pro- ('pen the Near "ding sequence m-. "b -23- #&zm 
liferation in vitro. (hatched box), the genomic sequence (thick -9.7- 

line), the vector sequence (thin line), the up- FGFs are a of nine stream Xba I-Eco RI probe (57, the down- 
related ligands (9) that can activate a cor- stream pvu 114~1 I probe (311, B~~ HI (B), Mut.--, qi,' . 

and Bgl I I  (Bg). (B) Southern blot analysis of -4.4 - 
B. Feldman, Integrated Program in Cellular, Molecular, DNA from ES clones. The 3r probe hybridiz- and Biophysical Studies, Columbia University College of 
Physicians and Surgeons, 701 West 168 Street, New eS to a diagnostic 4.6-kbp fragment (in ad- C Progeny of a 14E chimera 
York, NY 10032, USA, and Regeneron Pharmaceuticals dition to the wild-type 16.3-kbp fragment) in t - ~ - t .  
Inc., 777 Old Saw Mill River Road, Tanytown, NY 10591, Bam HI-digested DNAfrom targeted clones + +  +;- i%-i 
USA. 

- 
4B and 14E. WT, wild-type band; mut., mu- Mut.4 * 7 - 3.5 

W. Poueymirou, T. M. DeChiara, M. Goldfarb, Regeneron tant band. , - ~ ~ ~ ~ ~ i ~ ~  of expected 12.2- and 
r 

Pharmaceuticals, Inc., 777 Old Saw Mill River Road, Tar- 16.3-kbp Bam HI fragments with the 5' W T + r  - 
tytown, NY 10591, USA. 
V. E. Papaioannou, Department of Genetics and Devel- probe confirmed homologous recombina- 
opment, Columbia University College of Physicians and tion on both sides of the targeting vector -2.0 
Surgeons, 701 West 168 Street, New York, NY 10032, (21). (C) Southern blots of DNAfrom progeny 
USA. of 14E-derived chimeras.. Bgl Il-digested DNAs from litters were probed with a mixture of Neor and exon 
'To whom correspondence should be addressed. 1 fragments, which detect diagnostic 3.3- and 2.8-kbp fragments, respectively (20). 
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offspring homozygous for the Fgf4 null allele cell lines. We conclude that homozygosity 
(Table 1). Because 29 of the progeny were for the Fgf4 null allele is lethal during em- 
from intercrosses between 14E-derived and bryonic development. 
4B-derived heterozygotes, the lack of Fgf4 The Fgf4 gene is embryonically ex- 
null progeny cannot be due to homozygosity pressed in several sites, first in the morula, 
of an undetected linked mutation inadvert- the embryonic component (the ICM) of 
ently generated in either of the targeted ES the blastocyst, and the embryonic ectoderm 

Table 1. Fgf4 genotypes and phenotypes of embryos and neonates derived from heterozygote inter- 
crosses. All neonates as well as E14.5 and E8.5 embryos were genotyped as either +/- or +/+. The 
probabilities of not observing -/- genotypes by sampling variability are indicated in the right-hand 
column (28). The abnormal phenotypes at E8.5 (normal deciduum lacking embryo) or E14.5 (resorption 
sites) are inferred to be the consequence of the homozygous null genotype. E6.5 decidua lacked 
discernible embryos in 11 of 45 cases, and E5.5 decidua had defective or undiscernible ernbryos in 4 of 
20 cases, which are inferred to be the consequence of the null genotype on the basis of the far lower 
frequency of decidua lacking ernbryos among control matings (28). Twenty-five percent of phenotypically 
normal E3.5 blastocysts were Fgf4-I-. As is observed among embryos from wild-type matings, a fraction 
of E3.5 embryos from the heterozygote intercrosses appeared abnormal but were not significantly biased 
to the null genotype (see numbers in parentheses). Neonates and E14.5 embryos were genotyped by 
Southern blot (20), whereas E8.5 and E3.5 embryos were genotyped by PCR (29). 

Phenotypes Genotypes of normal embryos and neonates 
Stage 

Normal Abnormal Fgf4+/+ 4 Fgf4 -I- P value 

Neonate 59 0 17 42 0 ~ 0 . 0 0 5  
El 4.5 2 1 7 5 16 0 <0.01 
E8.5 26 12 7 13 0 c0.01 
E6.5 34 11 c0.005 
E5.5 16 4 <0.025 
E3.5 121 (1 5) 24 (1) 67 (9) 30 (5) >0.5 

Fig. 2. Phenotypes of mutant embry- 
0s. (A) Fgf4-I- blastocyst. (8) 
Fgf4-/- blastocyst, morphologically 
normal (arrows point to ICM). (C) Sec- 
tion through phenotypically normal 

i E5.5 egg cylinder, showing embryon- 
ic ectoderm (ect) and extraembryonic 
endoderm (end). (D) Section through 
small defective E5.5 egg cylinder 
bearing few embryonic cells (arrow) 
associated with the Fgf4 null geno- 2 

t v ~ e  (see Table 1 leaend). (El Section 
&rough an E6.5 de~du~m'showin~ a 
phenotypically normal egg cylinder. 
(F) Section through an E6.5 de- 
ciduum showing a typical degenerat- 
ed implantation site (is) associated 
with the null genotype (see legend to 
Table 1). Decidua were fixed, paraffin 
embedded, serially sectioned, and 
stained with hematoxylin and eosin. 
E3.5 blastocysts were collected from 
heterozygote intercrosses; photo- 
graphed (with phase contrast optics); 
lysed in 10-p1 lysis buffer [500 mM 
KCI, 100 mM tris-HCI (pH 8), gelatin 
(0.1 mg/ml), 0.45% NP-40, 0.45% 
Tween-20, and proteinase K (0.5 mg/ 
ml)]; wax overlaid (Ampliwax PCR 
gems; Perkin-Elmer); incubated at 
60°C for 3 min, at 55°C for 4 hours, 
and at 1 OO°C for 10 min; and subject- 
ed to PCR analysis (29). Scale bar: 20 
pm in (A) and (6); 50 pm in (C) 
through (F). 

of the postimplantation egg cylinder (5 ,  
22), then later in primitive dorsal meso- 
derm, embryonic epithelia, muscle, and 
tooth mesenchyme (5,6). As many of these 
expression sites might be required for devel- 
opment to birth, we examined embryos 
from heterozygote intercrosses at several 
different days of gestation (Table 1). 

Among 12 1 phenotypically normal E3.5 
(3.5 days of gestation) blastocysts, 30 (25%) 
were homozygous for the mutant allele (Ta- 
ble 1 and Fig. 2, A and B), which indicates 
that FGF-4 is not essential for embryogen- 
esis before uterine implantation. At  E8.5 
(the mid-somite stage), all decidua were 
externally indistinguishable, but dissection 
revealed that 12 out of 38 (32%) implanta- 
tion sites lacked discernible embryos, yolk 
sacs, or ectoplacental cones. Of 20 pheno- 
typically normal E8.5 embryos subjected to 
genotyping, none were homozygous mu- 
tants (Table 1). As was consistent with 
these data, none of 21 phenotypically nor- 
mal E14.5 embryos were homozygous mu- 
tants, whereas an additional seven implan- 
tation sites (25% of total) were undergoing 
resorption (Table 1). Histological examina- 
tion of E5.5 and E6.5 serially sectioned 
decidua was used to further define the onset 
of defects in Fgf4 null embryos. On E5.5,24 
to 36 hours after implantation, a majority of 
the embryos had a normal egg cylinder ap- 
pearance, bearing a layer of extraembryonic 
endoderm surrounding the embryonic ecto- 
derm (Fig. 2C). However, 4 of 20 (20%) 
implantation sites had a small disorganized 
(Fig. 2D) or undetectable embryonic com- 
ponent (Table 1). On  E6.5,ll of 45 (24%) 
decidua contained apparent embryo im- 
plantation sites bearing necrotic cells but 
lacking discernible embryonic structures 
(Fig. 2F and Table 1). The high frequency 
of abortive postimplantation development 
(legend to Table 1) and lack of older Fgf4 
null embryos demonstrate that Fgf4 null 
embryos degenerate shortly after uterine 
implantation. 

Given the expression of FGF receptors 
in the perimplantation embryo (22) and 
maternal deciduum (23), the abortive de- 
velopment of Fgf4 mutant embryos could 
result from defects intrinsic to the embryo 
or could result exclusively from the break- 
down in signaling between embryo and uter- 
us. To explore these alternatives, we assessed 
in vitro ,growth of blastoc~sts (24) from het- 
erozygote intercrosses. Thirty-five blasto- 
cysts were individually cultured for 5 days, 
then photographed and lysed for genotyp- 
ing. Although cultured blastocysts of each 
genotype (~gf4+l+, Fgf4+Ip, and Fgf4-I-) 
(Fig. 3, A and B) gave rise to an adherent 
sheet of tro~hectoderm-like cells (Fig. 3, C 
and D), including trophoblastic giant cells 
(Fig. 3E), Fgf4-I- blastocysts showed severe- 
ly impaired proliferation of the ICM. As 
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Fig. 3. Genotypes and phenotypes of blastocyst and rescued morula outgrowths. Blastocysts (E3.5) 
were cultured for 5 days on gelatin-coated microwells (3 cm in diameter) in Dulbecco's modified Eagle's 
medium plus 15% fetal bovine serum, supplemented with glutamine, antibiotics, and 0.1 mM 2-mercap- 
toethanol (24); followed by photography, lysis, and genotyping. Alternatively, morulae (E2.5) were freed 
from their zone pellucidae and cultured for 7 days in medium supplemented with FGF-4 (1 00 ng/ml) and 
heparin (1 pg/ml) followed by photography, lysis, and genotyping. (A) Scheme for PCR detection of 
wild-type and mutant Fgf4 alleles. (B) Sample genotypes of blastocyst outgrowths obtained by Southern 
blot analysis of PCR reaction products (29). Diagnostic 51 4-bp wild-type ( WT) and 420-bp mutant (MT) 
bands are indicated. (C) In vitro outgrowth from an Fgf4+/- blastocyst, illustrating an ICM (arrow) with an 
outer layer of extraembryonic endoden (Hoffman optics). (D) Outgrowth from an Fgf4-I- blastocyst, 
lacking ICM or endoderm. (E) Phase-contrast, high magnification image of an Fgf4-'- outgrowth, 
showing trophoblast giant cells with large nuclei, pronounced nucleoli, and perinuclear granules. Fgf4+/- 
(F) and Fgf4-'- (G) morulae cultured in the presence of FGF-4, showing in phase-contrast trophoblasts 
(t), ICM (ic), and endodermal cells (end). All Fgf4-I- genotypes from blastocyst and morula outgrowths 
were confirmed in three or more independent PCR reactions. Scale bar, 20 Fm. 

summarized in Fig. 4, the null genotype was 
never associated with robust outgrowths of 
the ICM (as in Fig. 3C) and was the only 
genotype associated with undetectable ICM 
outgrowth (as in Fig. 3D). 

In a separate experiment, in which 23 
morulae (E2.5) derived from heterozygote 
intercrosses were cultured in vitro and mon- 
itored daily, all embryos developed normal- 
ly to the expanded blastocyst stage, but the 
ICM in all four Fgf4-I- embryos slowly 
regressed (21). By contrast, when recombi- 
nant human FGF-4 protein was included in 
the medium of 49 cultured morulae, prolif- 
eration of the ICM was rescued in 100% 
(12 total) of Fgf4-I- embryos. Some of the 
FGF-4-treated wild-type and null embryos 
(Fig. 3, F and G) displayed substantial ICM 
proliferation and differentiation to ex- 
traembryonic endoderm, a phenomenon 
~reviouslv observed in FGF-4-treated ICM 

onstrate that FGF-4 serves as an autocrine 
or paracrine ligand promoting survival and 
growth of the ICM in the postimplantation 
phase of development. 

In contrast to FGF-4's essential embry- 
onic function, FGF-3 and FGF-5 do not 
provide functions necessary for embryonic 
or postnatal viability (3, 25). The embry- 
onic expression of these factors may be 
expendable because of local coexpression of 
other ligands, including FGF-4. FGF-4 and 
FGF-5 are coex~ressed in the embrvonic 
ectoderm of the egg cylinder, whereas 
FGF-4 and FGF-3 are coexpressed in the 
late gastrula primitive streak, presomitic 
paraxial mesoderm, and pharyngeal pouch 
endoderm (7). 

In addition to its earliest function, FGF-4 
may play critical roles in later stages of de- 
velopment. For example, FGF-4 is thought 
to act as a natural inducer of limb mesen- 

cultures ( i 2 ) .  The developmental defects of chyme proliferation, on the basis of its ex- 
Fgf4 null embryos in vivo and in vitro dem- pression in limb apical ectoderm (5, 6) and 

ICM outgrowth size (prn2 x 1 w3) 
Fig. 4. Histogram summary of blastocyst out- 
growths. Fgf4 null and Fgf4 positive (one or two 
wild-type alleles) blastocyst cultures are divided 
into four groups on the basis of the size of their 
ICM outgrowths after 5 days of culture. The 
shapes of ICM outgrowths were approximated as 
ellipses in order to measure surface area. 

the mitogenic effects of recombinant FGF-4 
applied to cultured limb explants (13, 26). 
FGF-4 may also participate in mesoderm 
formation, as suggested by its activity on 
amphibian ectoderm explants (14) and its 
expression in the late primitive streak of 
mice (5, 6). Rescue of the early lethality 
suffered by Fgf4 null embryos by means of 
exogenous factor, transgene expression, or 
chimerism could provide insights into other 
embryonic functions of FGF-4. 
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Inhibition of Ras-Induced Proliferation and 
Cellular Transformation by p16 INK4 

Manuel Serrano, Enrique Gomez-Lahoz, Ronald A. DePinho, 
David Beach, Dafna Bar-Sagi* 

The cyclin-dependent kinase 4 (CDK4) regulates progression through the G, phase of the 
cell cycle. The activity of CDK4 is controlled by the opposing effects of the D-type cyclin, 
an activating subunit, and p16INK4, an inhibitory subunit. Ectopic expression of p16INK4 
blocked entry into S phase of the cell cycle induced by oncogenic Ha-Ras, and this block 
was relieved by coexpression of a catalytically inactive CDK4 mutant. Expression of 
p16INK4 suppressed cellular transformation of primary rat embryo fibroblasts by onco- 
genic Ha-Ras and Myc, but not by Ha-Ras and E l  a. Together, these observations provide 
direct evidence that p16INK4 can inhibit cell growth. 

T h e  CDK4-cyclin D kinase complex pro- 
motes progression through the GI phase of 
the cell cycle (1).  In normal cells, the ret- 
inoblastoma tumor suppressor protein (Rb) 
regulates cell proliferation by binding and 
sequestering transcription factors essential 
for S phase (2). These transcription factors 
are released at late GI by phosphorylation 
of Rb, thereby allowing cells to enter S 
phase (2). The main function of the 
CDK4-cyclin D kinase complexes may be 
to phosphorylate Rb at late G, (3). Indeed, 
transformed cell lines lacking functional Rb 
do not require the activity of the CDK4- 
cyclin D kinase to proliferate, and these cell 
lines are devoid of CDK4-cyclin D com- 
plexes (4). The p161NK4 protein has been 
biochemically characterized as a protein 
that specifically binds to and inhibits 
CDK4, and thus p161NK4 may regulate Rb 
phosphorylation (5). The p161NK4 protein 
appears to act as a tumor suppressor protein 
because the p161NK4 gene (also called 
MTSI, CDK41, or CDKN2) is frequently 
deleted in tumor cell lines and shows a high 
frequency of point mutations and small de- 
letions in some tumor cell lines and primary 
tumors (6). 

To  examine the effect of p161NK4 on 
entry into S phase, we microinjected cul- 
tured rat embryo fibroblasts (REF-52) ar- 
rested in Go by serum starvation with a 
DNA plasmid encoding activated Ha-Ras 

(V12Ras) together with a plasmid encoding 
human p16INK4 in either sense (p161NK4-s) 
or antisense (p161NK4-as) orientation rela- 
tive to the promoter (7). DNA synthesis 
was monitored 30 hours after injection by 
immunostaining of 5-bromodeoxyuridine 
(BrdU) incorporated into newly synthesized 
DNA (8). Microinjection of a V12Ras ex- 
pression plasmid either alone or together 
with the p161NK4-as plasmid stimulated the 
incorporation of BrdU in -25% of the 
injected cells, whereas only 2% of the cells 
injected with the vector plasmid stained 
positive for BrdU (Fig. 1, A and B). These 
results are consistent with the values previ- 
ously reported for V12Ras-induced mito- 
genesis in this microinjection assay (9). 
V12Ras-induced stimulation of DNA syn- 
thesis was reduced by 80% upon coinjection 
of p161NK4-s (Fig. 1, A and B). The expres- 
sion of V12Ras and p161NK4 in the injected 
cells was confirmed by double immunoflu- 
orescence staining (Fig. 1C) (10). These 
results indicate that expression of p161NK4 
can prevent V12Ras-induced entry into S 
phase. 

To  test the specificity of the inhibition 
of V12Ras-induced mitogenesis by p161NK4, 
we asked whether the effect of p161NK4 
could be counteracted by coexpression of a 
catalytically inactive CDK4 mutant. W e  
expected that the exogenous CDK4 mutant 
might bind p161NK4 and relieve the 
u161NK4-mediated inhibition of cell growth. 

M. Serrano and D. Beach, Howard Hughes Medlcal In- The catalytically inactive CDK4 mutant, 
stitute, Cold Sprlng Harbor Laboratory, P 0. Box 100, 
Cold Sprng Harbor, NY 11 724, USA, CDK4-K35M, has a methionine in place of 
E. Gomez-Lahoz and R. A. DePinho, Departments of the conserved lysine at position 35 that is 
Microbiology and Immunology and of Medicine, Albert probably required for binding to adenosine 
Einsten College of Medcine, 1300 Morris Park Avenue, 
New York, NY 10461, USA. triphosphate (1 1). We  first analyzed the 
D. ~ar-saal .  cold Sorlno Harbor Laboratorv. P.O. BOX ability of CDK4-K35M to bind to p161NK4. 
100, c o d  %prlng ~arbo; NY 1 1724, USA. ' In vi'tro-translated Cdc2, CDKZ,. CDK4, 
*To whom correspondence should be addressed. and CDK4-K35M proteins were incubated 
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