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Bone morphogenetic proteins (BMPs) are secreted proteins that interact with cell-surface receptors and are 

believed to play a variety of important roles during vertebrate embryogenesis. Bmpr, also known as ALK-3 and 

Brk-1, encodes a type I transforming growth factor-~ (TGF-[3) family receptor for BMP-2 and BMP-4. Bmpr is 

expressed ubiquitously during early mouse embryogenesis and in most adult mouse tissues. To study the 

function of Bmpr during mammalian development, we generated Bmpr-mutant mice. After embryonic day 9.5 

(E9.5), no homozygous mutants were recovered from heterozygote matings. Homozygous mutants with 

morphological defects were first detected at E7.0 and were smaller than normal. Morphological and molecular 

examination demonstrated that no mesoderm had formed in the mutant embryos. The growth characteristics 

of homozygous mutant blastocysts cultured in vitro were indistinguishable from those of controls; however, 

embryonic ectoderm (epiblast) cell proliferation was reduced in all homozygous mutants at E6.5 before 

morphological abnormalities had become prominent. Teratomas arising from E7.0 mutant embryos contained 

derivatives from all three germ layers but were smaller and gave rise to fewer mesodermal cell types, such as 

muscle and cartilage, than controls. These results suggest that signaling through this type I BMP-2/4 receptor 

is not necessary for preimplantation or for initial postimplantation development but may be essential for the 

inductive events that lead to the formation of mesoderm during gastrulation and later for the differentiation of 

a subset of mesodermal cell types. 
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Bone morphogenetic proteins (BMPs}, decapentaplegic, 
60A, screw, growth and differentiation factors (GDFs), 

and nodal compose a subgroup within the transforming 

growth factor-~ {TGF-~) gene superfamily IArora et al. 

1994; Kingsley 1994a). The BMPs currently consist of 

eight members (BMP-2 through BMP-8A and BMP-8B). 

Most of these BMPs are capable of inducing the forma- 

tion of bone when subcutaneously implanted into ro- 

dents (Wozney 1992; Kingsley 1994b). Bone formation 

occurs through a series of endochondral events initiated 

by chemotaxis of mesenchymal stem cells into the im- 

plantation site (Sampath and Reddi 1981; Reddi 1994). 

These cells proliferate and differentiate into chondro- 

cytes, whose matrix is calcified and subsequently re- 

placed by the deposition of bone. Thus, the BMP family 

of proteins possesses potent bone-inducing properties. 

BMPs were originally identified by their ability to 

cause bone differentiation (Urist 1965). Recent studies of 
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several organisms, however, suggest that several BMPs 

have other roles during embryogecesis, notably in dor- 

soventral and/or anterior-posterior axis formation. In 

Drosophila melanogaster, mutations in decapentaplegic 
(dpp), which is believed to be a homolog of BMP-2 and 

BMP-4, cause dorsoventral patterning abnormalities at 

the blastoderm stage (Ray et al. 1991). The finding that 

human BMP-4 can rescue the embryonic lethality of dpp 
null mutants (Padgett et al. 1993) suggests that BMPs 

may have a comparable role in vertebrate pattern forma- 

tion. In addition, in Xenopus laevis, BMP-4 can act as a 

posterior-ventralizing factor in animal cap explant and 

blastocoele implant assays (Dale et al. 1992; Jones et al. 

1992). The expression patterns of BMP-2 and BMP-4 in 

mouse embryos and of BMP-4 in frog embryos further 

supports the idea that in vertebrates BMPs have other 

roles in addition to those in bone formation {Lyons et al. 

1989; Jones et al. 1991; Fainsod et al. 1994; Francis et al. 

1994; Johansson and Wiles 1995). 

Because BMPs are secreted proteins, characterization 

of their receptors and signal transduction pathways is an 
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important  step in understanding the role of these pro- 

teins in development.  Recently, type I and type II recep- 

tors for TGF-[3 family  ligands have been cloned and 

shown to have conserved Ser/Thr kinase domains 

(Mathews and Vale 1991; Attisano et al. 1992, 1993; Lin 

et al. 1992; Ebner et al. 1993; Franz4n et al. 1993; ten 

Dijke et al. 1993; di Clemente  et al. 1994; Suzuki et al. 

1994a). In Caenorhabditis elegans, Daf-4 encodes a type 

II receptor that can bind both h u m a n  BMP-2 and BMP-4 

(Estevez et al. 1993). Mutat ions in Daf-4 inhibi t  dauer 

larva formation {Golden and Riddle 1984). In Drosophila, 
saxophone (sax), thick veins (tkv), and punt have re- 

cently been cloned and shown to encode type I (sax and 

tkv) or type II {punt) TGF-[3 family receptors. It is be- 

lieved that these proteins are functional dpp receptors 

because their mutan t  phenotypes are similar  to those of 

dpp mutants  (Ray et al. 1991). Moreover, in COS cells, 

tkv can bind dpp protein and punt  can bind BMP-2 in the 

presence of either tkv or sax (Brummel et al. 1994; 

Nel len et al. 1994; Okano et al. 1994; Penton et al. 1994; 

Xie et al. 1994; Letsou et al. 1995; Ruberte et al. 19951. 

These findings suggest that BMP signaling is critical for 

invertebrate embryonic development, indicating that 

BMP signaling may also be important  during vertebrate 

embryogenesis. 

Recently, a cDNA (TFR-11) was isolated from mouse 

MC3T3-E1 cells by reverse transcript ion-polymerase 

chain reaction (RT-PCR) with degenerate oligonucle- 

otide primers located in the conserved regions of the Ser/ 

Thr kinase domain of the TGF-[3 and activin receptors 

(Suzuki et al. 1994b). The same gene was also isolated as 

Brk-1 (Koenig et al. 1994). The human  homolog is known 

as ALK-3 (ten Dijke et al. 1993). TFR-11 encodes a type I 

t ransmembrane  Ser/Thr kinase receptor that when ex- 

pressed in COS cells binds both BMP-2 and BMP-4 but 

not TGF-[3 or activin A {Suzuki et al. 1994bl. The gene 

for this BMP-2/4 receptor (Bmpr) is encoded by 11 exons 

that span - 3 8  kb and maps to mouse chromosome 14 

(Mishina et al. 19951. Interestingly, a mutan t  form of this 

type I BMP-2/4 receptor acts in a dominant-negative 

manner  to induce the formation of a secondary axis in 

Xenopus embryos, suggesting that inhibi t ion of BMP sig- 

naling by this mutant  receptor can alter the fate of em- 

bryonic cells toward a more dorsal identi ty (Ma~no et al. 

1994; Suzuki et al. 1994b). 

To understand the role of Bmpr during vertebrate de- 

velopment, we deleted the first two exons of Brnpr by 

gene targeting in mouse embryonic stem {ES) cells. 

Bmpr-mutant embryos developed normal ly  during pre- 

implanta t ion and init ial  post implantat ion stages. At 

E7.0, however, the homozygous mutants  were smaller 

than normal, and no mesoderm had formed, which ulti- 

mately  led to embryo death. Cell-cycle analysis revealed 

that mutan t  epiblast cells were compromised with re- 

spect to cell proliferation. Analysis of tissues derived 

from Bmpr mutan t  embryos that had been transplanted 

into testes and grown in vivo showed that they could 

differentiate into cell types from all three germ layers. 

The sizes of the tumors and number  of differentiated cell 

types present, notably those derived from mesoderm, 

however, were smaller  than those of controls. These re- 

sults suggest that signals transduced by this type I BMP- 

2/4 receptor are not necessary up to the init ial  stages of 

post implantat ion development but may be important  for 

the inductive processes that result in the formation of 

mesoderm and subsequent differentiation of a subset of 

mesodermal cell types. 

R e s u l t s  

Bmpr expression pattern 

Bmpr is expressed in most adult mouse tissues including 

bone (ten Dijke et al. 1993; Koenig et al. 1994; Mishina  

et al., in prep.1. Bmpr expression is also detected by 

Northern blot analysis as early as embryonic  day 8.5 

(E8.51 IY. Mishina, J. Rivera-Perez, A. Suzuki, N. Veno, 

and R. Behringer, in prep.I. To determine the spatial ex- 

pression pattern of Bmpr, RNA in situ hybridizat ion on 

whole and sectioned embryos was performed wi th  a 

probe encoding the extracellular region of Bmpr. At E7.0, 

Bmpr transcripts were detected homogeneously through- 

out the epiblast and mesoderm {Fig. IA,B). At E7.5, Bmpr 
appeared to be expressed ubiquitously, with stronger sig- 

nals detected in the epiblast, extraembryonic ectoderm, 

and extraembryonic mesoderm, that is, allantois and 
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Figure 1. Bmpr expression in early mouse embryos. (A,B) E7.0 

embryos [E6.5 ~- 11 hr, late streak stage. (A) Whole mount; tB) 
transverse section]; IC) E7.5 embryos {E7.5+0 hr, late neural 
plate stage, dorsal view); (D) E8.5 embryos (lateral view) hybrid- 
ized with a probe that corresponded to the extracellular region 

of Bmpr. The sense controls are shown in A, C (right), and D 
(bottoml. No signals were detected with a sense-strand probe on 
the adiacent section for B ldata not shownl. Bmpr transcripts 
were distributed ubiquitously between E7.0 and E8.5. Bar, 240 

gm in A; 60 ~m in B; and 480 ~m in C and D. 
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proamniotic canal (Fig. 1C). At E8.5, Bmpr was ubiqui- 

tously expressed in all three germ layers along the entire 

body axis (Fig. 1D). Thus, the expression pattern of Bmpr 

suggests that all regions of the developing mouse embryo 

may be responsive to BMP signals emanating from ma- 

ternal and/or zygotic sources. 

Generation of a Bmpr mutant allele in the mouse 

germ line 

To mutate the Bmpr gene in mouse ES cells, we gener- 

ated a targeting vector that deletes 6.3 kb of Bmpr, in- 

cluding the first two exons, by replacing them with a 

neomycin-resistance expression cassette (Fig. 2A1. When 

the vector is homologously recombined with the endog- 

enous gene, novel EcoRV and BglI sites are introduced 

(Fig. 2A}. Correctly targeted clones can therefore be de- 

tected by the presence of an additional 6.3-kb mutant 

fragment when digested with EcoRV and hybridized 

with a 3' probe external to the region of vector homology 

or by the presence of a 4.6-kb mutant band when di- 

gested with BglI and hybridized with a 5' probe internal 

to the region of vector homology (Fig. 2B). Correct tar- 

geting deletes the first two exons of Bmpr, which encode 

the translation initiation start codon, the signal peptide, 

and -30% of the extracellular domain of the receptor. It 

was predicted that this mutation would functionally in- 

activate Bmpr. Five correctly targeted ES clones success- 
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F i g u r e  2. Mutation of the Bmpr locus. (A) Strategy for targeted mutation of the Bmpr locus. (Top) Structure of the Bmpr locus 

(Mishina et al. 1995). (Open rectangles) Bmpr exons; (thick line) introns. IMiddle) Detail of the Bmpr locus showing exons 1-3 and the 

gene targeting vector. (Hatched regions) Bmpr homologous regions used in the targeting vector; tNEOJ PGK-neo expression cassette 

that introduces novel BglI and EcoRV restriction sites; {TK) M C l - t k  expression cassette for negative selection. The arrows beneath 

NEO and TK indicate the direction of transcription of each cassette. The unique probes for Southern blotting are shown. The sizes of 

the restriction fragments detected by these probes in wild-type DNA are shown above the locus. (Bottom) Structure of the targeted 

locus. The sizes of the restriction fragments detected by the Southern blot probes in the targeted locus are shown. (B) BamHI; (Bg) BglI; 
(N) NheI; (RI) EcoRI; (RV) EcoRV. The most 5' EcoRI site lindicated in parentheses) is derived from the multiple cloning region of the 

DASH II phage vector. (B) Southern analysis of genomic DNA isolated from ES ceil lines and mice derived from heterozygote 

matings. Correct targeting events are shown for three different ES clones (22C3, 21G8, and 22G1). (Left) BglI-digested ES cell DNA 

hybridized with the 5' probe. The 5.8-kb wild-type and 4.6-kb mutant  bands are shown. (Right) BglI/EcoRV-digested ES cell DNA 

hybridized with the 3' probe. The 8.0-kb wild-type and 6.3-kb mutant  bands are shown. (AB-1) Wild-type ES cell line. (C) Southern blot 

showing genotypes of newborn mice from a heterozygote mating. BglI-digested tail DNA hybridized with the 5' probe. The 5.8-kb 

wild-type and 4.6-kb mutant  bands are shown, l+ / + ) Wild-type; / ÷ / - ) heterozygous mutant.  
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fully contributed to the germ lines of chimeric mice gen- 

erated by blastocyst injection. The phenotypes of the 

Bmpr-mutant mice from three of these independently 

derived ES clones were identical. The phenotype of the 

Bmpr mutat ion  was examined on a C57BL/6 x 129/SvEv 

mixed genetic background, a 129/SvEv inbred genetic 

background, a genetic background that was - 9 0 %  

C57BL/6, and a 129/SvEvxSwiss mixed genetic back- 

ground and was essentially the same on each of these 

four different genetic backgrounds. 

A B 

Early recessive embryonic lethality in Bmpr 

mutant  mice 

Mice heterozygous for the Bmpr mutat ion appeared nor- 

mal and were fertile. In addition, no abnormali t ies were 

detected in the skeletons of heterozygous neonates pre- 

pared by alkaline digestion and alizarin red/alcian blue 

staining for bone and cartilage {data not shown). There 

were no homozygous mutants  among the progeny born 

from matings between heterozygotes, indicating that 

Bmpr mutant  mice died during embryogenesis (Fig. 2C; 

Table 1 }. To characterize this embryonic lethality, t imed 

matings were established and the resulting embryos 

were dissected free of maternal  tissues and genotyped. 

Abnormal or degenerating embryos were recovered be- 

tween E7.0 and E8.5 {Fig. 3}. The seventh day of gestation 

is the stage at which gastrulation initiates (Snow 19771. 

At this stage, the morphologically normal embryos had 

developed a primit ive streak, the region of the embryo 

where epiblast cells are emigrating between the embry- 

onic ectoderm and the primit ive endoderm to form me- 

soderm. About one-quarter of the embryos at this stage, 

however, were morphologically abnormal, with no prim- 

itive streak, and approximately half the size of the nor- 

mal embryos {Fig. 3A}. In addition, the boundary be- 

tween the embryonic and extraembryonic portions of the 

embryos was indist inct  in the abnormal embryos. At 

E8.0, advanced normal embryos had already formed head 

folds, whereas no organized structures were observed in 

the abnormal embryos, and they were much  smaller and 

had generated empty sacs composed of parietal endo- 

derm (Fig. 3B). Genotype analysis by PCR revealed that 

all of the morphologically normal embryos that were re- 

covered from the heterozygote matings between E7.0 

and E8.5 were either wild type or heterozygous and all of 

the morphologically abnormal  embryos were homozy- 

T a b l e  1. Genotypes of offspring from Bmpr heterozygote 
m a tings 

Number {% } 

ES clone + / + + / - - / - 

22C3 40 {37} 69 {63} 0 (01 

21G8 5 (33) 10 167} 0 {01 
22G1 2 (18) 9 {82} 0 i0} 

Total 47 {35} 88 (65) 0 {0l 

Figure 3. Morphology of Bmpr mutant embryos. Whole-mount 
preparations at E7.0, late streak (AI and E8.0, late head-fold {B) 

of control I1eftl, and Bmpr mutant {rightl embryos. At E7.0, the 
mutants were smaller than normal and no primitive streak was 
detected lcurved arrowl. In addition, the boundary between the 

embrsx)nic and extraembryonic regions of the control embryo is 
distinct ~straight arrow1, in the wild type but not in the mutant. 
At E8.0, the mutant embryos were much smaller than normal. 
Note the sac of parietal endoderm (arrow in B}. Magnification, 
50× inA and 25x inB. 

gous for the Bmpr mutant  allele {Table 2). Furthermore, 

no homozygous mutants  were recovered at or after E9.5, 

and an excess of resorption sites were found {data not 

shown}. These results demonstrate that homozygosi ty 

for this Bmpr mutat ion results in early embryonic  lethal- 

ity and indicate that Bmpr is important  for postimplan- 

tion development around the t ime of gastrulation. 

No mesoderm formation in Bmpr mutant  embryos 

The structures of the mutant  embryos were character- 

ized in more detail by histological analysis. Twenty-four 

E5.5 egg cylinder-stage embryos obtained from heterozy- 

gote matings were completely serial sectioned, and no 

structural differences were detected {data not shown). 

These results suggest that the abnormali t ies  found in the 

ET.0 homozygous mutant  embryos developed between 

E5.5 and E7.0. Therefore, we focused our at tention on 

ET.0 embryos. At E7.0, control embryos had a pr imit ive 

streak with mesoderm present between the embryonic  

ectoderm and visceral endoderm {Fig. 4A, B). Although 

the size of the yolk sac cavity of mutants  was almost  the 

Table  2. Genotypes of embryos from Bmpr heterozygote 
matings 

Number 1% } 

Stage 

normal embryos abnormal embryos 

+/+ - / -  - / -  + /+  + / -  - / -  

E7.0 5 {33} 8 {531 0 {0} 0 (0} 0 {0} 2 (14) 
E7.5 6 {21} 15 {521 0 {0] 0 {0} 0 {0} 8 (27} 
E8.5 7 {18} 26 {68] 0 {0} 0 {0) 0 (0) 5 (13) 

Total 18 {221 49 160} 0 {0} 0 {0) 0 (0) 15 (18) 
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Figure 4. Histological analysis of E7.0 Bmpr mutant embryos. 
Histological comparison of control (A,B1 and mutant IC,DI E7.0 
embryos in the uterus. (A,C) Sagittal sections; ~B,DI transverse 

sections. The solid lines in the sagittal sections indicate the 
approximate positions of the transverse sections. Lacl Amniotic 

cavity; (ee) embryonic ectoderm; (m) mesoderm; tpe! parietal 
endoderm; (ps} primitive streak; {ve} visceral endoderm; L*/ 
proamniotic canal. Bar, 120 ~m in A and C and 60 p.m in B 
and D. 

same as in controls, the size of the embryonic regions 

were only approximately half as large IFig. 4A,C}. Both 

parietal and visceral endoderm had formed in the mu- 

tants, although the visceral endoderm was thinner  IFig. 

4D). Strikingly, no mesoderm was observed in any of the 

mutant  embryos. In the control embryos, the epiblast 

consisted of a single layer of cells. In the mutant  em- 

bryos, however, the epiblast was thickened with multi- 

ple layers of cells, particularly in the distal portion tFig. 

4C,D). In addition, some of the cells in the thickened 

region had pyknotic nuclei, suggesting cell death (Fig. 

4D). At E7.5, the mutan t  embryos still had not formed 

mesoderm and had begun to degenerate (data not shown}. 

Thus, by morphological and histological criteria, no me- 

soderm formed in the Bmpr-homozygous mutant  em- 

bryos. 

To determine, at the molecular level, if mesoderm had 

formed in the Bmpr homozygous mutants,  we examined 

the expression of four mesodermal  marker genes. Four or 

five mutan t  E7.0 embryos per probe were examined by 

whole mount  in situ hybridization for the expression of 

BMP receptor mutant mice 

goosecoid, Brachyury, Lirnl, and HNF-3f3, which are ex- 

pressed in the mesoderm of early-to-late streak-stage em- 

bryos (Herrmann 1991; Blum et al. 1992; Sasaki and 

Hogan 1993; Barnes et al. 1994). None of these four me- 

soderm markers was expressed in any of the mutan t  em- 

bryos examined, whereas control embryos displayed the 

characteristic expression patterns for each of the probes 

(Fig. 5). Therefore, these results further confirmed that 

no mesoderm had formed in the Brnpr mutan t  embryos. 

In vitro growth of Bmpr mutant preimplantation embryos 

The observations presented above suggested that signal- 

ing through this type I BMP-2/4 type I receptor was es- 

sential for mesoderm formation. It has been reported 

that 1400-1500 cells must  accumulate  in the epiblast to 

initiate gastrulation (Power and Tam 1993). Therefore, if 

signaling through this receptor is necessary for cell pro- 

liferation, the absence of the signal may result in the 

production of fewer epiblast cells and therefore indi- 

rectly to a failure of mesoderm formation. To address 

this hypothesis, we examined the growth characteristics 

of mutant  blastocysts cultured in vitro. 

Forty-six E3.5 blastocysts from Bmpr heterozygote 

matings were placed individually in drops of M15 me- 

dium on gelatinized plates for in vitro culture. Six days 

later, the morphology of the embryos was noted and 

DNA was extracted for genotyping by PCR. All of the 

Figure 5. Whole-mount in sltu hybridization analysis of me- 
sodermal markers. Expression patterns of Brachyury (A), 
goosecoid tB), Liml iC), and HNF-3[3 (D) at E7.0 in presumptive 
Bmpr homozygous mutant embryos (right) compared with nor- 
mal littermates (leftl. These four marker genes were expressed 
in mesodermal tissues of wild-type embryos iarrows). No tran- 
scripts for these four marker genes were detected in the Bmpr 
mutant embryos. Magnification, 50x. 

GENES & DEVELOPMENT 3031 



Mishina et al. 

blastocysts examined formed adherent colonies. Seven- 

teen of these 46 colonies {37%)were determined to be 

homozygous for the Bmpr mutant  allele, whereas 5 

(11%) and 24 (52%) were wild-type and heterozygous, 

respectively. The shape and size of the mutant colonies 

were indistinguishable from those of wild-type and het- 

erozygous colonies (data not shown). Under these cul- 

ture conditions, endoderm differentiation was detected 

in all three different genotypes {data not shown). These 

results suggest that the proliferative abilities of homozy- 

gous mutant  cells derived from E3.5 blastocysts were 

normal and that these cells were able to proliferate for at 

least 6 days under these culture conditions. 

Altered epiblast cell proliferation in Bmpr m u tan t 

gastrulation-stage embryos 

Although the proliferation of cells derived from mutant 

blastocysts cultured in vitro was indistingushable from 

controls, the size difference of ET.0 mutant embryos in 

comparison to controls suggested that cell proliferation 

in postimplantation mutant  embryos was decreased. To 

address this hypothesis, we examined cell proliferation 

by the incorporation of 5-bromo-2'-deoxyuridine (BrdU) 

at E6.5 {noon of the sixth day of gestation), the time that 

gastrulation initiates under the light-cycle conditions of 

our mouse colony. We chose this stage because morpho- 

logical abnormalities of mutant  embryos are less clear, 

that is, it is difficult to distinguish mutant  embryos from 

embryos that are simply delayed in development. This 

should reduce the chances of measuring cell prolifera- 

tion changes because of secondary events that would oc- 

cur in a degenerating embryo. Embryos were genotyped 

by RNA in situ hybridization of sections with the Bmpr 

probe that was used for the above expression studies. 

This allows the identification of homozygous mutants 

from wild-type and heterozygote embryos. As shown in 

Figure 6, nearly all nuclei of the cells of the epiblast of 

30/37 (81%) wild-type/heterozygote embryos were la- 

beled with BrdU after a 20-min or 1-hr exposure. The 

remaining 19% of the wild-type/heterozygote embryos 

Figure 6. Cell-cycle alterations in Bmpr mutant embryos. 
Transverse sections of E6.5 wild-type/heterozygote (A1 and ho- 
mozygous mutant IBI embryos visualized for the incorporation 
of BrdU into nuclei (brown). Unlabeled nuclei appear blue as a 
result of counterstaining with hematoxylin. Bar, 60 ~m. 

incorporated label into only about 70%-80% of their nu- 

clei. We presume that these are wild-type/heterozygote 

embryos that are delayed in their development. In the 

case of the homozygous mutant embryos, 10/10 (100%) 

showed 70%-80% nuclear labeling {Fig. 6B). Abnormally 

shaped nuclei were also observed in the abnormal em- 

bryos (Fig. 6B!. These results indicate that the prolifera- 

tive ability of Bmpr mutant  epiblast cells is already de- 

creased by E6.5 before overt morphological abnormali- 

ties become prominent. 

Growth and differentiation potential of Bmpr mutant 

embryos grown ectopically in testes 

When embryos are transplanted at ectopic sites into his- 

tocompatible mice, they can develop into teratomas and 

teratocarcinomas (Tam 1993). This is a useful in vivo 

assay for examining the growth and cell differentiation 

potential of mutant  embryos (Holdener et al. 1994). 

Therefore, to determine the ability of the Bmpr mutant  

embryos to differentiate into various cell types, we trans- 

planted morphologically normal and mutant  late E6.5 

embryos individually into the testes of adult male mice. 

After - 8  weeks, the testes were fixed and processed for 

histological analysis. DNA extracted from a region of the 

teratoma was used for genotyping by PCR. The sizes of 

the tumors derived from the wild-type and heterozygous 

embryos varied from 0.5 to 3.0 cm in diameter, whereas 

the size of the tumors derived from the mutant  embryos 

never exceeded 0.5 cm. Of 18 wild-type and heterozy- 

gous embryos, 14 (78%) generated tumors with tissues 

derived from all three germ layers, for example, neural 

tissue, skin, muscle, bone, cartilage, gut, and pancreas 

(Fig. 7; Table 3). In contrast, only eight of eighteen (44%) 

mutant embryos produced teratomas and with fewer tis- 

sue types (Fig. 7; Table 3). They contained keratinized 

epithelium {Fig. 7C1, hair and hair follicles {Fig. 7D), gut 

surrounded by smooth muscle (Fig. 7E), and neural tissue 

(Fig. 7CI. Teratomas derived from wild-type and hetero- 

zygous embryos developed both undifferentiated and dif- 

ferentiated neural tissue, whereas abnormal embryos de- 

veloped only differentiated neural tissue. Significantly, 

none of the mutant embryo-derived teratomas formed 

skeletal or cardiac muscle, a tissue type that was readily 

produced in the control-derived embryos. In addition, an 

area containing cartilage was found in only one of the 

nine mutant embryo-derived teratomas, and this area 

was significantly smaller than the cartilage structures 

derived from the control embryos {Fig. 7B,F}. These re- 

sults suggest that cells derived from E6.5 Bmpr mutant  

embryos are able to proliferate in the testis and can dif- 

ferentiate into not only ectodermally and endodermally 

derived cell types but also mesodermally derived cell 

types. The proliferative and differentiative abilities of 

these mutant cells, however, appear to be limited. 

D i s c u s s i o n  

The data presented here show that soon after implanta- 

tion, Bmpr homozygous mutant  embryos failed to pro- 
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Figure 7. Histological analysis of teratomas derived from E6.5 
Bmpr mutant embryos. Teratomas derived from late E6.5 nor- 
mal embryos (A,B1 and mutant embryos IC-F) transplanted into 
testes and analyzed 8 weeks after the transfer. Muscle tissue 
arising from a normal embryo is shown in A. A small region of 
cartilage (F, arrow) had arisen from a mutant embryo, tcal Car- 
tilage; {g) gut; (h) hair; {hf) hair folicle; /kel keratinized epithe- 
lium; (ne)neuroectoderm; (sml smooth muscle; (tl testis tubule. 
Bar, 120 ~xm in A and B-E ) and 60 gm in F. 

duce mesoderm, which  subsequently led to early embry- 

onic death. The primary lesion caused by this mutat ion 

appears to be in the regulation of epiblast-cell prolifera- 

tion of egg cylinder-stage embryos. In Xenopus, BMP-4 

has been shown to act as a ventralizing factor (Dale et al. 

1992; Jones et al. 1992), and a mutant  form of Brnpr acts 

in a dominant-negative manner  to induce the formation 

of a hyperdorsalized secondary axis (Graft et al. 1994; 

Madno et al. 1994; Suzuki et al. 1994b!. These results 

suggest that BMP-4 signals can alter the fate of embry- 

onic cells toward a more posterior-ventral identity. We 

therefore expected Bmpr homozygous mutants  to have 

abnormal patterning of mesodermal  tissues, i.e., less pos- 

terior and/or ventral mesoderm. In contrast, the results 

shown here clearly demonstrate that the formation of 

mesoderm was not induced in the Bmpr mutant  embryos 

at all. These results demonstrate that signaling through 

this type I BMP receptor is essential for the transition 

from the symmetr ic  egg-cylinder stage to the asymmet-  

ric gastrula stage of mouse embryogenesis. 

Roles for BMP-2/4 receptor signaling 

Our studies show that signaling through the BMP-2/4 

receptor is not necessary for cell proliferation up to the 

formation of the egg cylinder; thereafter it becomes es- 

sential. In normal embryos at E5.5 (egg cylinder) the av- 

erage length of the cell-cycle for epiblast cells is 11.5 hr, 

whereas at E6.5 (gastrulation) the average length is sig- 

nif icantly shortened to 4.4 hr (Snow 1977). The length of 

the cell-cycle of epiblast cells in the E6.5 mutan t  em- 

bryos was already increased prior to the stage when me- 

soderm formation should occur. The decrease in cell- 

cycle length between E5.5 and E6.5 in normal  embryos 

and the increase in cell-cycle length observed in the 

Brnpr mutants  suggests that signaling through this re- 

ceptor is required for shortening the length of the cell 

cycle to rapidly increase the number  of epiblast cells at 

E6.5. 

The development of abnormali t ies  (i.e., absence of me- 

soderm formation) between E5.5 and E7.0 suggests that 

signaling through Bmpr is essential for the inductive pro- 

cesses that lead to mesoderm formation. One possibil i ty 

is that Bmpr is part of a signal transduction pathway that 

is directly required for mesoderm induction. If signaling 

through this receptor was solely necessary for mesoderm 

induction, Bmpr mutant  embryos might  have been pre- 

dicted to have developed excessive ectoderm, as is the 

case for nodal and msd mutant  embryos (Conlon et al. 

1994; Holdener et al. 1994). At ET.0, however, the Bmpr 

mutants  were smaller  than control embryos. An alterna- 

tive possibility is that signaling through this receptor is 

necessary for epiblast cell proliferation, which may be 

indirectly essential for mesoderm induction either by 

generating enough epiblast cells to init iate gastrulation 

or by altering the phenotype of these cells so that they 

become competent to respond to mesoderm-inducing 

signals. In the case of HNF-4 mutant  mice, the ini t iat ion 

of mesoderm formation is delayed because of cell death 

in the embryonic ectoderm. These mutan t  embryos do 

form mesoderm, but 1 day later than normal, probably 

because it takes longer for the number  of cells in the 

epiblast to reach the necessary threshold (Chen et al. 

Table 3. Ti.ssue types in teratomas derived from 
EO. 5 embryos 

Normal ;' Abnormal b 

Embryos transplanted 18 18 
Tumor developed 14 8 
Ectodermal 14 8 

neuroectoderm 11 4 
keratinized epithelium 6 2 
hair & follicles 1 3 

retina 2 0 
Mesodermal 11 2 

bone 3 0 
cartilage 5 1 
skeletal/cardiac muscle 9 0 
smooth muscle 1 1 

Endodermal 3 1 
rectum 2 0 

gut 1 1 
pancreas 1 0 

"Wild-type or heterozygous mutant embryos. 
"Homozygous mutant embryos. 
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1994). The Bmpr mutants ,  however, showed no evidence 

of mesoderm formation even at E8.0. Our data appear to 

be most consistent wi th  an indirect requirement for 

Bmpr in mesoderm induct ion because of the epiblast 

proliferation defect observed prior to the stage of gastru- 

lation. 

E6.5 Bmpr mutant  embryos could differentiate into 

some mesodermal ly  derived cell types when grown ec- 

topically in testes, suggesting either that Bmpr is not 

essential for mesoderm formation or that the testicular 

environment  can provide alternative signals that pro- 

mote the differentiation of mesodermal cell types. An- 

other type I BMP-2/4 receptor CFK-43a (also known as 

ALK-6) is expressed in a more restricted pattern, may 

provide a compensatory signaling pathway for mesoderm 

formation in Bmpr mutan t  embryos when grown in the 

testes (ten Dijke et al. 1994; Yamaji et al. 1994; Dewulf 

et al. 1995). One consistent finding from the testicular 

transplant experiments was the impaired growth of the 

mutant  embryos in comparison with the normal em- 

bryos, suggesting a deficit in cell proliferation potential 

that is independent of mesoderm formation {i.e., even 

the mesoderm that forms in the tumors appears to grow 

slowly, so the proliferation defect is not confined only to 

mutan t  epiblast cellsl. In addition, the absence of spe- 

cific mesodermally  derived cell types, notably skeletal 

and cardiac muscle  and the very low frequency of carti- 

lage formation, in the teratomas suggests that this recep- 

tor may be part of a signaling pathway that is essential 

for the differentiation of these cell types later in devel- 

opment. 

Comparisons of phenotypes of Bmpr m u tan t 

and BMP-4 mutant  mice 

Recently, BMP-4-mutant mice have been generated 

(Winnier et al. 1995). BMP-4 mutants  die during embryo- 

genesis with a highly variable phenotype possibly de- 

pending in part upon their genetic background. Whereas 

some BMP-4 mutants  could develop to the neural fold/ 

early somite stage, and some had even turned and had a 

beating heart, the most severe phenotype was character- 

ized as an arrest at the egg-cylinder stage somewhat  sim- 

ilar to the phenotype of the Bmpr mutants.  A small  

amount  of extraembryonic mesoderm, however, could 

be distinguished in these BMP-4 mutant  embryos (Win- 

nier et al. 1995). The range of phenotypes observed for 

the BMP-4 mutan t  mice suggested that BMP-4 signals 

are essential for different processes at different stages in 

mouse embryogenesis. Winnier  et al. (1995)suggested 

that the earliest process requiring a BMP-4 signal is the 

proliferation of epiblast cells. Our finding that Bmpr mu- 

tants also have epiblast-cell proliferation defects sug- 

gests that BMP-4 and Bmpr are components of the same 

signaling pathway that is essential in the early mouse 

embryo. 

The range of phenotypes observed in the BMP-4 mu- 

tants is in contrast to the very consistent phenotype of 

the Bmpr mutan t  mice, even on four different genetic 

backgrounds. One possible explanation for these differ- 

ences is that in the absence of BMP-4, another ligand can 

provide compensatory functions. For example, the ab- 

sence of BMP-4 signals could be partly compensated by 

BMP-2 signals because both ligands can bind to the same 

receptor (Suzuki et al. 1994b; ten Dijke et al. 1994). 

Therefore, the range of phenotypes of BMP-4 mutan t  

mice could be explained by variations in the expression 

levels of BMP-2 in different genetic backgrounds. In con- 

trast, the absence of a BMP-2/4 receptor would prevent 

the rescue by these ligands and lead to a more severe and 

consistent phenotype. An alternative hypothesis  is that 

the BMP-4 mutant  phenotype can be partially rescued by 

ligands supplied from the mother, as has been reported 

for TGF-[3 mutant  mice (Shull et al. 1992; Letterio et al. 

1994). This is an intriguing possibility because BMP-4 is 

known to be expressed in decidual cells during gastrula- 

tion IJones et al. 1991). The altered incorporation of BrdU 

in the epiblast of the Bmpr mutant  embryos was not 

localized in any particular region, suggesting that a ho- 

mogenously distributed ligand perhaps maternal  decidu- 

ally derived BMP-4 was essential for epiblast prolifera- 

tion. Interestingly, zygotic expression of BMP-4 is local- 

ized to the posterior primitive streak at E6.5 {Winnier et 

al. 19951. This focal source of BMP-4 may subsequently 

interact with a subset of Bmpr-expressing cells to initi- 

ate the primitive streak ~mesoderm formation/ and/or  

mainta in  this structure. 

In summary,  the results from this study begin to char- 

acterize the TGF-13 family signaling pathways that are 

active in the early mouse embryo and provide the first 

example of a TGF-[3 superfamily receptor that is essen- 

tial for viability during early vertebrate embryogenesis 

(Matzuk et al. 1995). Finally, the widespread expression 

of Bmpr and the variety of roles that can now be assigned 

to BMPs IKingsley et al. 1992; Winnier  et al. 1995) sug- 

gests that Bmpr may be useful for in vivo studies of BMP 

function using tissue-specific loss-of-function strategies. 

M a t e r i a l s  and m e t h o d s  

Mutagenesi.s of the Bmpr gene in mouse ES cells 

A 129/SvEv mouse genomic library was screened with the full- 
length TFR-11 eDNA {Suzuki et al. 1994b). Eight positive 

clones were isolated, and the genomic organization of Bmpr was 
characterized {Mishina et al. 1995]. A 3.0-kb EcoRI-NheI 5' frag- 
ment and a 6.0-kb BamHI-EcoRI 3' fragment were used to con- 
struct a replacement gene targeting vector (Fig. 1A). A PGK- 

neobpA resistance expression cassette was inserted in reverse 
orientation relative to the direction of Bmpr transcription be- 
tween the two Bmpr regions tSoriano et al. 1991). An MCltkpA 
herpes simplex virus thymidine kinase expression cassette was 
added onto the short arm of homology to enrich for homologous 
recombinants by negative selection with 1-(2-deoxy-2-fluoroq3- 
D-arabinofuranosyll-S-iodouracit tFIAU} {Mansour et al. 1988). 
The targeting vector can be linearized at a unique NotI site 
outside of the homology. Twenty-five micrograms of linearized 
targeting vector was electroporated into 107 AB-1 ES cells that 
were subsequently cultured in the presence of G418 and FIAU 
on mitotically inactivated STO fibroblasts (McMahon and 
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Bradley 1990; Soriano et al. 1991). Four hundred G418/FIAU- 

resistant ES clones were initially screened by EcoRV-BglI di- 

gestion and hybridized with a unique 3' probe external to the 

region of vector homology. Correctly targeted clones were then 

expanded for further Southern blot analysis by BglI digestion 

and hybridization with a unique 5' probe internal to the vector 

homology. Thirteen correctly targeted ES clones were identi- 

fied. 

Generation of chimeric mice and germ-line 

transmission of the Bmpr mutant allele 

Seven of the Bmpr mutant ES clones were microinjected into 

C57BL/6J blastocysts, and the resulting chimeric embryos were 

transferred to the uterine horns of day 2.5 pseudopregnant foster 

mothers (Bradley 1987). Chimeras were identified among the 

resulting progeny by their agouti fur (ES derived} and were sub- 

sequently bred with C57BL/6 mates. Five of the mutant ES 

clones (22F10, 22C3, 21G8, 22G10, and 22Dll were found to be 

capable of contributing to the germ lines of chimeric mice. Tail 

DNA from the agouti pups that resulted from these matings was 

analyzed by Southern blot with either of the probes used to 

identify Bmpr heterozygotes. E9.5 and older embryos from het- 

erozygote matings were genotyped by Southern blotting of yolk 

sac DNA. Earlier stage embryos were genotyped by PCR am- 

plification of yolk sac DNA with the Bmpr-specific primers 

5'-AAGGGCTCAGGAGAATGGG-3' and 5'-TGCTGGAT- 

TGCTGGTTGGAG-3' and the neo primers 5'-TGAATGAAC- 

TGCAGGACGAGG-3' and 5'-AAGGTGAGATGACAGGAG- 

ATCC-3'. Chimeras were also bred with 129/SvEv females to 

establish the Bmpr mutation on a 129/SvEv inbred genetic 

background. Mice carrying the Bmpr mutation were also back- 

crossed to C57BL/6 mice to generate a congenic mouse line. 

Generation 4 Bmpr heterozygotes at an inbreeding coefficient of 

0.938, were used in this study. The chimeras were also bred 

with Swiss females (Taconic Farms, Germantown, NY1 to es- 

tablish the Bmpr mutation on a Swiss outbred genetic back- 

ground. The Swiss outbred animals carrying the Bmpr mutation 

used in this study had been backcrossed to Swiss mice three 

times. 

Whole-mount and sectioned in situ hybridization 

Whole-mount in situ hybridization was performed by the pro- 

tocol described by Conlon and Rossant (19921. The following 

digoxygenin-labeled probes were used for the whole-mount in 

situ hybridization studies: Bmpr (Suzuki et al. 1994b), 

Brachyury (Herrmann 1991), goosecoid (Shawlot and Behringer 

1995), LimI (Barnes et al. 1994), and HNF3fl {Sasaki et al. 19931. 

For Bmpr, the extracellular region was used as a probe to avoid 

cross hybridization with other members of Ser/Thr kinase fam- 

ily. In situ hybridization on sectioned material was also per- 

formed by the protocol described by Zhao et al. ( 19931. The same 

Bmpr probe used for whole-mount studies was labeled with 

[35S]-UTP. Slides were developed after a 10-day exposure and 

counterstained stained with hematoxylin. 

Histological analysis 

Embryos were processed for histological analysis as described 

by Kaufman (1990). Briefly, the embryos were fixed in Bouin's 

fixative, dehydrated, and embedded in paraffin. Transverse sec- 

tions (7-1am thick) and sagittal sections {5-txm thick) were cut 

and stained with hematoxylin and eosin. 

BrdU labeling of embryos 

BrdU labeling of cells in the S phase of the cell cycle was per- 

formed according to the protocol described by Hayashi et al. 

(1988}. BrdU (100 ~xg/gram of body weight} was injected intra- 

peritoneally into pregnant females at E6.5. The females were 

sacrificed 20 min or 1 hr after injection, and the embryos were 

removed, fixed with 4% paraformaldehyde, embedded in paraf- 

fin, and sectioned at 7 ~xm. The sections were reacted with 

anti-BrdU antibody (Becton-Dickinson). Binding of the antibody 

was visualized with a biotinylated antibody against mouse IgG 

and avidin conjugated peroxidase IVectastainl. After the perox- 

idase reaction with 3, 3'-diaminobenzidine, sections were coun- 

terstained with hematoxylin and the ratio of labeled to total 

nuclei per section was quantitated. The genotype of each em- 

bryo was determined by RNA in situ hybridization of adjacent 

sections as mentioned above. 

Embryo transplants into testes 

E6.5 embryos were isolated from matings between Bmpr het- 

erozygotes and classified as morphologically normal {presum- 

ably wild-type or heterozygous) or abnormal {presumably mu- 

tant}. One normal embryo was transplanted into the right testis 

and one abnormal embryo was transplanted into the left testis 

of a B6 x 129 F ~ adult male. Seven to eight weeks later, the testes 

were removed, fixed in 10% buffered formalin, and embedded in 

paraffin for histological analysis as described above. A small 

portion of the teratoma was scratched from the paraffin section, 

and DNA was extracted and then genotyped by PCR. 
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