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ActRIB is a type I transmembrane serine/threonine kinase receptor that has been shown to form heteromeric
complexes with the type II activin receptors to mediate activin signal. To investigate the function of ActRIB
in mammalian development, we generated ActRIB-deficient ES cell lines and mice by gene targeting. Analysis
of the ActRIB−/− embryos showed that the epiblast and the extraembryonic ectoderm were disorganized,
resulting in disruption and developmental arrest of the egg cylinder before gastrulation. To assess the function
of ActRIB in mesoderm formation and gastrulation, chimera analysis was conducted. We found that ActRIB−/−

ES cells injected into wild-type blastocysts were able to contribute to the mesoderm in chimeric embryos,
suggesting that ActRIB is not required for mesoderm formation. Primitive streak formation, however, was
impaired in chimeras when ActRIB−/− cells contributed highly to the epiblast. Further, chimeras generated by
injection of wild-type ES cells into ActRIB−/− blastocysts formed relatively normal extraembryonic tissues,
but the embryo proper developed poorly probably resulting from severe gastrulation defect. These results
provide genetic evidence that ActRIB functions in both epiblast and extraembryonic cells to mediate signals
that are required for egg cylinder organization and gastrulation.
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The early postimplantation development of the mouse
embryo, which involves proliferation and differentiation
of the three earliest cell types, including the primitive
ectoderm, the primitive endoderm, and the trophecto-
derm, results in the formation of a cup-shaped embryo
known as the egg cylinder. The bilaminar egg cylinder
consists of the outer visceral endoderm layer derived
from the primitive endoderm and the inner ectoderm
layer with a morphological boundary between the distal
embryonic ectoderm and the proximal extraembryonic
ectoderm (Hogan et al. 1994). Cell signaling and cell–cell
interactions between these primitive germ layers are
likely to play important roles in mesoderm induction
and axis formation during gastrulation.

Gastrulation of the mouse embryo begins with the for-
mation of the primitive streak in the proximal posterior
regions of the epiblast (embryonic ectoderm), which ex-
tends subsequently toward the distal tip of the egg cyl-
inder. Mesoderm forms by ingression of the epiblast cells
through the primitive streak. The anterior aspect of the
primitive streak has been shown to be functionally

equivalent to the dorsal blastopore lip of the Xenopus
embryo, where the Spemann organizer is located (Bed-
dington 1994; Tam et al. 1997). Formation and specifi-
cation of mesodermal cells during gastrulation results in
the establishment of the anteroposterior and dorsal-ven-
tral body patterns. Whereas cell fate and gene expression
before and during mouse gastrulation has been studied
extensively, the signaling mechanisms that control me-
soderm induction, primitive streak formation, and mi-
gration and specification of mesodermal cells remain
largely unknown.

Studies of mesoderm induction in Xenopus laevis by
use of the animal cap assay have identified several mem-
bers of the transforming growth factor-b (TGFb) family,
including activins, Vg1, BMPs, and nodal-related pro-
teins (Xnr) as potent mesoderm-inducing factors
(Asashima et al. 1990; Smith et al. 1990; Thomsen et al.
1990; van den Eijnden-Van Raaij et al. 1990; Dale et al.
1992; Jones et al. 1992, 1995; Thomsen and Melton
1993). Although BMP4 has been shown to mediate in-
duction of ventral types of mesoderm, activin, Vg1, and
Xnr can induce various types of mesoderm, including
dorsal cell types such as notochord and muscle. The im-
plication for activin as an endogenous mesoderm-induc-
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ing factor came from the study which shows that expres-
sion of a truncated (kinase domain-deleted) type II ac-
tivin receptor ActRIIB (previously called XAR1) in
Xenopus embryos blocks all mesoderm formation (Hem-
mati-Brivanlou and Melton 1992). Later, it was shown
that the truncated ActRIIB could also block mesoderm
formation induced by Vg1 and BMP4 (Schulte-Merker et
al. 1994; Chang et al. 1997). Recently, Dyson and Gurdon
(1997) demonstrated that a secreted form of ActRIIB re-
ceptor, which specifically inhibits activin signaling but
not Vg1 signaling, could block mesoderm formation in
Xenopus.

Roles of activins and other TGFb family factors in
mammalian development have been analyzed by gene
targeting in mice. A striking finding was that the zygotic
activins A and B were shown to be dispensable for gas-
trulation as embryos lacking both activinbA and
activinbB genes developed to term with no gross defects
in mesoderm formation and patterning (Matzuk et al.
1995). Mutation analysis of two other TGFb family li-
gands, BMP4 and nodal, however, showed that both fac-
tors are essential for early mouse development (Zhou et
al. 1993; Winnier et al. 1995). The majority of BMP4-
deficient embryos did not develop beyond the egg cylin-
der stage and showed little or no mesoderm, whereas
some developed to the early somite stage exhibiting de-
fects in the posterior regions of the embryo (Winnier et
al. 1995). Disruption of the nodal gene resulted in defects
in primitive streak formation (Conlon et al. 1994).

The action of TGFb family factors is mediated by a
family of transmembrane serine/threonine kinase recep-
tors that fall into two classes (Kingsley 1994; Massagué
1996). Two type II receptors, ActRIIA and ActRIIB, are
known as activin receptors on the basis of their high
affinity for activin (Mathews and Vale 1991; Attisano et
al. 1992). One of the type I receptors, ActRIB (also known
as ALK4 or R2) (He et al. 1993; ten Dijke et al. 1993), can
form heteromeric complexes with either type II activin
receptor to specifically mediate activin signaling (ten
Dijke et al. 1993, 1994a; Carcamo et al. 1994). The signal
transduction mechanism for activin has been exten-
sively studied and shown to be similar to that of TGFb
signaling (for review, see Derynck and Zhang 1996; Mas-
sagué 1996). On binding activin, the type II receptors
form complexes with and phosphorylate type I receptors
such as ActRIB, which in turn phosphorylates down-
stream Smad proteins such as Smad2. Activated Smad2
has been shown to enter nuclei and activate transcrip-
tion of activin-responsive genes in cooperation with
Smad4 and transcription factors such as Fast-1, a winged-
helix transcription factor (Chen et al. 1996, 1997).
ActRIB does not bind TGFb or BMP4 in the presence of
corresponding type II receptors (ten Dijke et al. 1994b;
Liu et al. 1995), suggesting that ActRIB is specific for
activin signaling. It has been shown that kinase-deficient
ActRIB blocks activin-induced transcriptional activity
(Tsuchida et al. 1995). Functional studies of ActRIB in
Xenopus development have shown that overexpression
of ActRIB induces dorsal mesoderm whereas truncated
ActRIB (kinase-domain deleted) can inhibit mesoderm

formation induced by activin (Armes and Smith 1997;
Chang et al. 1997). Another type I receptor, ActRIA (also
known as ALK2, R1, and Tsk 7L) (Attisano et al. 1993;
Ebner et al. 1993; He et al. 1993; ten Dijke et al. 1993)
can also bind activin in conjunction with the type II
activin receptors (Attisano et al. 1993; ten Dijke et al.
1993, 1994a). Differing from ActRIB, it also binds BMPs
in the presence of the BMP type II receptor (ten Dijke et
al. 1994b; Liu et al. 1995) and the function of ActRIA in
Xenopus development appears to be antagonistic to
ActRIB (Armes and Smith 1997).

In this study, we analyzed ActRIB expression in early
postimplantation mouse embryos and showed that the
ActRIB receptor was predominantly expressed in the epi-
blast and the extraembryonic ectoderm before and dur-
ing gastrulation. We generated ActRIB-deficient ES cell
lines and mice by gene targeting and found that the func-
tion of ActRIB was required for the organization of the
egg cylinder before gastrulation. Further, we showed that
ActRIB functions in both embryonic ectoderm and ex-
traembryonic cells to mediate signals required for early
gastrulation. Thus, our results suggest that the function
of ActRIB-mediated signaling pathway in gastrulation is
conserved among vertebrate animals.

Results

Expression of ActRIB in early postimplantation
mouse embryos

ActRIB expression in mid-gestation mouse embryos has
been reported previously (Verschueren et al. 1995). Here,
we analyzed the expression pattern of ActRIB earlier in
development by in situ hybridization on sections of em-
bryos isolated at different stages. In early postimplanta-
tion embryos (at E5.5–6.0), ActRIB was detected uni-
formly at low levels in the extraembryonic ectoderm and
the epiblast, whereas the signal in the visceral endoderm
was not above the background (Fig. 1A,B). During gas-
trulation (at E6.5–7.0), ActRIB expression continued to
be detectable in the epiblast and extraembryonic ecto-
derm, whereas expression in the ectoplacental cone and
proximal visceral endoderm was very weak (Fig. 1C–E).
The distal endoderm cells, however, were found to be
positive for ActRIB (Fig. 1C,E). At E7.5, all three embry-
onic germ layers, including the newly formed mesoderm,
expressed ActRIB (Fig. 1F,G), and the signal in the em-
bryonic ectoderm appeared to be stronger in the primi-
tive streak region. ActRIB expression was not detected
in the parietal endoderm throughout early development.

Targeted disruption of the mouse ActRIB gene results
in early embryonic lethality

To disrupt the ActRIB gene in mouse embryonic stem
(ES) cells, a targeting vector was constructed in which a
neomycin gene expression cassette was inserted into ki-
nase subdomain VI, a highly conserved region among
type I receptors (Fig. 2A). ES cells were transfected with
the targeting vector and selected in G418-containing me-
dium. Of 96 G418-resistant clones screened by Southern
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analysis with a 58 external probe, seven were found to be
positive for homologous recombination at the ActRIB
locus. Two independent clones were injected into blas-
tocysts and male chimeras were generated that transmit-
ted the ActRIB mutation to their offspring. Phenotypes
of mutants derived from both clones examined on the
129/Sv inbred or C57Bl/6 × 129/Sv hybrid genetic back-
ground were essentially identical. Mice heterozygous for
the ActRIB mutation appeared grossly normal. Genotype
analysis of progeny from heterozygote intercrosses re-
vealed that 36% were wild type, 64% heterozygous, and
none homozygous (Fig. 2B; Table 1), indicating that the
ActRIB mutation was recessive embryonic lethal.

To characterize the lethal phenotype, embryos from
heterozygote intercrosses were examined at different
days of gestation and genotyped (Table 1). Of 38 embryos
examined at E7.5, 26 were morphologically normal, and
12 were abnormal. In the normal embryos the primitive
streak was formed and the anteroposterior axis was well
established, whereas the abnormal embryos were much
smaller and lacked a discernible primitive streak (Fig.
2C). At E8.5, ∼25% of decidua contained abnormal con-
ceptuses in which the embryos were either very small
(Fig. 2D; Table 1) or completely resorbed. The abnormal
embryos were confirmed to be ActRIB−/− by PCR analy-
sis. No homozygous embryos were recovered at, or after,
E9.5.

To determine whether mesoderm and the primitive
streak were formed in ActRIB−/− embryos, expression of
Brachyury (T), an early mesoderm marker (Wilkinson et
al. 1990), was analyzed by in situ hybridization. We
showed that T expression was not detected in E7.5
and E8.5 mutant embryos (Fig. 2E), suggesting that
ActRIB−/− embryos were developmentally arrested prior
to gastrulation.

ActRIB−/− embryos fail to form a normal embryonic
egg cylinder

Histological sections of embryos from heterozygote in-
tercrosses were analyzed at different developmental
stages to determine the defects of the ActRIB mutants.
At E5.0, no overt abnormal embryos were found (data not
shown). The earliest abnormality was observed at E5.5 in
∼22% (6/27) of the embryos. In the wild-type embryos at
this stage, the visceral endoderm cells were moderately
vacuolated and in close contact with the neighboring
ectodermal cells. In the mutants, however, the distal vis-
ceral endoderm cells appeared to be slightly more vacu-
olated and were detached from the epiblast, which ap-
peared to contain fewer cells than that in a wild-type
embryo (Fig. 3B). A small proamniotic cavity was present
in the mutant embryos, indicating that initial cavity for-
mation occurred (Fig. 3B).

At E6.5, the visceral endoderm of a normal embryo can
be classified on the basis of their morphology into two
subpopulations, the distal squamous cells surrounding
the epiblast and the proximal columnar cells surround-
ing the extraembryonic ectoderm (Fig. 3C). In contrast,
the mutant embryos (12/50) appeared to contain only
vacuolated columnar visceral endoderm cells (Fig. 3D-
H). The epiblast of some mutant embryos contained
fewer cells than that of the wild-type embryos and often
located ectopically, whereas the extraembryonic ecto-
derm cells, which originated from the polar trophecto-
derm, failed to form an epithelial layer (Fig. 3D–H) and
often intruded into the distal region (Fig. 3E–H). In a
three-dimensional view based on analyzing serial sec-
tions of the mutant embryos, the epiblast and the extra-
embryonic ectoderm were not fragmented, but inter-
twined and disorganized. The growth of the mutant em-
bryos at E7.5 was further retarded. Unlike the wild-type
embryos, in which the mesoderm layer, amnion, and

Figure 1. Expression of ActRIB in early postimplantation
mouse embryos. In situ hybridization on sections of wild-type
embryos from E5.5 to E7.5. Sagittal section of an E5.5 embryo
(A), an E6.0 embryo (B), and sections of E6.5 embryos (C–E). (C)
Sagittal section; (D) transverse section in the extraembryonic
region, (E) or embryonic region. (F,G) Transverse sections in the
extraembryonic (F) or embryonic (G) regions of an E7.5 embryo.
(am) amniotic fold; (ee) embryonic ectoderm; (en) endoderm;
(me) mesoderm; (ps) primitive streak; (ve) visceral endoderm;
(xe) extraembryonic ectoderm.
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chorion were formed (Fig. 3I), the mutant embryos
showed defects similar to those observed at earlier stages
and contained no mesoderm (Fig. 3J,K). In addition, the
epiblast of some mutant embryos contained dying cells,
indicative of tissue degeneration. At E8.5, the visceral
endoderm layer in the mutant embryos was folded,
likely resulting from extensive cell death and shrinkage
of the ectoderm (Fig. 3L,M). No morphological defects
were observed in the trophoblast or parietal endoderm of
the mutant embryos throughout early development, con-
sistent with the lack of ActRIB expression in those
tissues.

To confirm the cell identities in the ActRIB mutants,
we examined the expression pattern of molecular mark-
ers in the prestreak stage embryos. SSEA-1 is a monoclo-
nal antibody recognizing cells of the inner cell mass
(ICM) and its derivatives (Fox et al. 1981). In wild-type
E6.5 embryos, SSEA-1 stained the embryonic ectoderm
as well as the visceral endoderm, but not the extraem-
bryonic ectoderm (Fig. 4B). In the mutants, SSEA-1
stained the visceral endoderm and clusters of cells sepa-
rated by a mass of nonstained cells (Fig. 4F). These clus-
ters of cells resembled morphologically the epiblast,
whereas the nonstained cells were probably extraembry-
onic ectoderm on the basis of their morphology (Fig.
4E,F). We also examined the staining pattern of Troma-1,
which is a monoclonal antibody recognizing the primi-
tive endoderm and its derivatives including the visceral
endoderm and parietal endoderm in normal postimplan-
tation embryos (Kemler et al. 1981). In E6.5 wild-type
embryos, the staining in the visceral endoderm sur-
rounding the extraembryonic ectoderm was stronger
than that surrounding the embryonic region (Fig. 4C),
whereas in mutant embryos, the staining was strong in
the distal part of the visceral endoderm (Fig. 4G). The
staining pattern of Troma-1 in the mutant embryos in-

Table 1. Genotype of offspring or embryos from
heterozygote crosses

Stage Assay

Genotype

+/+ +/− −/−

Newborn–adult Southern 131 235 0
E9.5 PCR/Southern 9 28 0
E8.5 PCR 16 28 11
E7.5 PCR 9 17 12

Figure 2. Disruption of ActRIB by ho-
mologous recombination results in early
embryonic lethality. (A) (Top) Wild-type
ActRIB locus shows the exon encoding the
kinase subdomain VI (j). (Middle) The
targeting vector contains a 1.8-kb neo cas-
sette (h box), inserted at the NdeI site
inside the kinase subdomain VI of the
ActRIB gene. (Bottom) The mutated
ActRIB locus. The 58 external probe, a 1.6-
kb genomic fragment, for Southern analy-
sis is shown. (S) SalI; (R) EcoRI; (N) NdeI;
(B) BstEII. (B) Genotype analysis of a litter
of newborn mice from heterozygous mat-
ing. Tail genomic DNA was digested with
EcoRI and blotted with the 58 external
probe. The genotypes are marked as +/+
for the wild-type and +/− for the hetero-
zygote. No homozygous live-born mice
were found. Arrowheads indicate the 13-
kb wild-type and 10-kb mutant bands.
(C,D) Gross morphology of normal em-
bryos (left) and ActRIB−/− mutant litter-
mates (right) at E7.5 (C) and late E8.5 (D).
In the wild-type, anterior is marked as A
and posterior as P. In the mutant embryos,
no apparent anterior–posterior polarity
was observed, whereas the parietal endo-
derm (PE) is present. (E). Analysis of T ex-
pression in E7.5 embryos by whole-mount
in situ bybridization. Wild-type embryo
(left); ActRIB−/− littermate (right). (ps)
Primitive streak.
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dicated that the visceral endoderm was present but mor-
phologically abnormal. Immunostaining with an anti-
body against laminin, a basement membrane protein
produced in the parietal endoderm, revealed no signifi-
cant difference between the wild-type and the mutant
embryos (Fig. 4D,H). Taken together, these results con-
firmed histological analysis that the epiblast and the ex-
traembryonic ectoderm were disorganized and the vis-
ceral endoderm failed to form the squamous cell type in
the distal region of the egg cylinder.

ActRIB-deficient ES cells were able to form mesoderm
but not a primitive streak

Because development of ActRIB−/− embryos was arrested
at the egg cylinder stage, the function of ActRIB in me-

soderm formation and gastrulation could not be directly
analyzed in mutant embryos. To circumvent this prob-
lem, we isolated ActRIB-deficient ES cells that were ge-
netically marked with a lacZ transgene from Rosa 26
mice (Friedrich and Soriano 1991). Because the Rosa 26
lacZ transgene is expressed ubiquitously in the early em-
bryo, it serves as a lineage marker for analyzing the con-
tribution and tissue distribution of mutant cells in de-
velopment. The lacZ+ ES cell lines were established by
culturing delayed blastocysts isolated from female
ActRIB+/− mice bred with male ActRIB+/− Rosa-26+/+. Of
12 lines isolated, one was confirmed to be Rosa+/−

ActRIB−/− (expecting 1/4 to be Rosa+/− ActRIB−/−).
ActRIB−/− ES cells were injected into wild-type blasto-
cysts to generate chimeric embryos that were analyzed
at various stages by X-gal staining followed by histologi-
cal analysis of embryo sections.

Figure 3. Histological analysis of ActRIB−/− embryos. Sagittal sections of the wild-type (A,C,I) and mutant embryos (B,D–H, J–M) at
E5.5 (A,B), E6.5 (C–H), E7.5 (I–K) and E8.5 (L,M). In each panel, the ectoplacental cone (or the proximal region) is positioned towards
the top. The distal visceral endoderm in the E5.5 mutant embryo is detached from the epiblast (B). The E6.5 mutant embryos contain
only vacuolated columnar visceral endoderm cells (D–H). Germ layers or cell clusters that are stained darker are identified as epiblast
through analysis of whole series of embryo sections. (M) An enlarged section of an E8.5 mutant embryo shown in L. Cell death of the
epiblast in this mutant is apparent. (al) allantois; (am) amnion; (ch) chorion; (de) dead cells; (ee) embryonic ectoderm; (me) mesoderm;
(pe) parietal endoderm; (ve) visceral endoderm; (xe) extraembryonic ectoderm. Bar, 50 µm.
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When 5–10 cells were injected per blastocyst, the con-
tribution of the mutant cells in most chimeras was 10%–
50%. The majority of chimeric embryos were normal
when examined at stages from E6.0 to E9.5 (Fig. 5A–E;
Table 2). In late E7.5 chimeras, the lacZ-positive
ActRIB−/− cells were found not only in the neural and
surface ectoderm (Fig. 5C,D), but also in mesodermal
tissues such as lateral plate mesoderm and allantois (Fig.
5C,D). ActRIB−/− cells, however, formed small patches

and seemed to contribute preferentially to posterior and
lateral mesoderm. In contrast, examination of several
chimeras at E7.0 revealed that the ActRIB−/− cells did
not contribute to the early mesoderm even when the
epiblast consisted of ∼40% ActRIB−/− mutant cells (Fig.
5E). These results suggest that ActRIB−/− cells might not
be competent to participate in mesoderm formation dur-
ing early gastrulation, although they could contribute to
mesoderm tissues at the late stage. When 15–20 cells

Figure 4. Analysis of expression of lineage-
specific genes in the ActRIB−/− embryos.
Hemotoxylin and eosin (H/E) stained sec-
tions (A,E) and immunostaining with
SSEA-1 (B,F), Troma-1 (C,G) and anti-lami-
nin (D,H) antibodies of the wild-type (A–D)
and mutant (E–H) embryo sections at E6.5.
The section in A is adjacent to that in B; the
section in E is adjacent to that in F. Other
sections are from different embryos. In each
panel, the ectoplacental cone (or the proxi-
mal region) is positioned toward the top.
The two clusters of stained epiblast cells in
E are marked with arrowheads.

Figure 5. Chimeric embryos derived by in-
jection of ActRIB−/− cells into wild-type
blastocysts. The gross morphology of E9.5
embryos with low (A) or moderate (B) con-
tribution of lacZ-labeled homozygous mu-
tant cells appears normal. Sagittal (C) and
transverse (D) sections of late E7.5 embryos
show moderate contribution of mutant
cells in allantois (al), mesoderm at posterior
of the primitive streak (ps), and lateral me-
soderm (lm). (E) An E7.0 chimeric embryo
shows no blue staining of ActRIB−/− cells in
mesoderm layer (me), even though the con-
tribution in the adjacent embryonic ecto-
derm (ee) is relatively high. (F) A late E7.5
chimeric embryo section with very high
contribution of mutant cells. No primitive
streak or embryonic mesodermal cells were
found, although some extraembryonic me-
soderm (xm) cells were observed in an am-
niotic fold-like structure. Anterior and pos-
terior of the embryo in C are marked as A
and P, respectively. Bar, 50 µm.
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were injected per blastocyst, the chimeric embryos with
a high contribution (>80%) of mutant cells failed to un-
dergo gastrulation (Table 2). Histological analysis of
these embryos revealed a common feature that a rela-
tively normal egg cylinder structure was formed, but a
morphologically discernible primitive streak was absent
(Fig. 5F), suggesting a functional requirment of ActRIB in
primitive streak formation. To test whether ActRIB−/−

cells were able to differentiate into mesodermal cells in
a nonorganized structure, we generated teratomas from
ActRIB−/− ES cells and found that the ActRIB−/− cells
could form various types of mesoderm tissues such as
muscle, fat, and cartilage (Fig. 6). Taken together, these
results suggest that ActRIB-deficient cells retain capabil-
ity to form mesoderm but appear to be impaired in their
ability to form the primitive streak.

The defects of ActRIB−/− cells can be rescued
by a human ALK4 transgene

To confirm that the gastrulation defect of chimeric em-
bryos resulted solely from the lack of ActRIB function,
we tested whether expression of the ALK4 gene, the hu-
man homolog of the mouse ActRIB, could rescue the
gastrulation defects. ALK4 tagged with an HA epitope at
the amino terminus was expressed under the control of
the promoter of the human elongation factor-1 a gene
(EF-1a) (Fig. 7A). The EF-1a promoter was found to direct
ubiquitous expression of a lacZ transgene in early mouse
embryos (data not shown). Linearized DNA was trans-
fected into the ActRIB−/− ES cells, and several cell lines
resistant to hygromycin were isolated, among which
four were further characterized. Western blot analysis of
cell extracts by use of anti-HA antibody revealed that the
HA-tagged ALK4 protein was detectable in all four lines
(Fig. 7B), which were termed ActRIB−/− (ALK4+) lines.
Southern blot analysis showed that each cell line con-
tained one (lines 7, 21, and 42) or two (line 20) copies of
the transgene, integrated at different genomic loci (Fig.
7C; data not shown). ES cells from lines 20, 21, and 42
were injected into wild-type blastocysts to generate chi-
meric embryos. Functional rescue of the gastrulation de-

fect was achieved with lines 20 (see below) and 21 but
not with line 42 (data not shown).

Chimeras were generated by injection of ∼15 ES cells
per blastocyst, and the contribution and distribution of
the ActRIB−/− (ALK4+) cells was analyzed by X-gal stain-
ing followed by histological analysis of embryonic sec-
tions. The ES cell contribution in chimeras is summa-
rized in Table 2. In contrast to the chimeric embryos
derived from ActRIB−/− cells, many embryos with a high
contribution of ActRIB−/− (ALK4+) cells showed normal
gross morphology at E8.5 or E9.5 (Fig. 8A,B). Analysis of

Table 2. Summary of chimera analysis

Chimerasa Dev. stage
No. of

chimeras

Contributionb

<80% >80%
(normal) (abnormal) (normal) (abnormal)

I E6.0–6.5 4 4 0 0 0
I E7.0–7.5 34 17 4 2 11
I E8.5 12 7 0 0 5
I E9.5 8 6 0 0 2

II E8.5 6 2 0 4 0
II E9.5 11 7 0 4 0

aGroup I chimeric embryos were derived by injection of lacZ-marked ActRIB−/− cells into wild-type blastocysts (see Fig. 5). Group II
chimeric embryos were derived by injection of ActRIB−/− (ALK-4+) cells into wild-type blastocysts (see Fig. 8).
bNormal refers to embryos that formed normal body axes and differentiated tissues according to their developmental stages; abnormal
refers to embryos that either did not form a primitive streak or mesoderm (E7.0–7.5) or displayed a severely distorted embryonic axis
(E8.5–9.5).

Figure 6. Teratomas derived from ActRIB−/− ES cells. Histol-
ogy sections of teratomas derived from ActRIB−/− ES cells (A–
D). Tissues such as cartilage (ca), fat cells (fc), keratinized epi-
thelium (ke), and smooth muscle (sm) are shown.
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histological sections revealed that the ActRIB−/−

(ALK4+) cells contributed extensively to all the embry-
onic tissues and the mesoderm components of the extra-
embryonic tissues (Fig. 8C–E). In contrast to the chime-
ras derived from ActRIB−/− cells, chimeras containing
>80% of ActRIB−/− (ALK4+) cells were able to form nor-
mal body axes and differentiated tissues at E8.5 and E9.5.
The notochord and somites in some embryos were colo-
nized predominantly by the blue ActRIB−/− (ALK4+) cells
(Fig. 8E,F). In tissues in which both wild-type and
ActRIB−/− (ALK4+) cells were present, the ActRIB−/−

(ALK4+) cells intermingled with the wild-type cells in a
salt and pepper pattern, suggesting that the two types of
cells were equally competent in forming the mesoderm
tissues (Fig. 8F,G). Overall, these results indicated that
the failure of ActRIB−/− cells to participate in primitive
streak formation in chimeras could be rescued by the
expression of human ALK-4.

ActRIB is also required in the extraembryonic cells
for gastrulation

Because ActRIB expression was detected in the extraem-
bryonic ectoderm, the following experiment was con-
ducted to investigate whether its function was required
in the extraembryonic tissues. We generated chimeric
embryos in which the epiblast consisted predominantly
of wild-type cells whereas the extraembryonic ectoderm
and the visceral endoderm were derived from ActRIB−/−

blastocysts on the basis of the observation described pre-
viously (Beddington and Robertson 1989). The prediction
would be that if the ActRIB function was required in
extraembryonic cells, the chimeric embryos would show
defects during early development.

A lacZ-positive wild-type ES cell line R/S4 derived
from Rosa 26 transgenic mice was used to generate chi-
meric embryos. R/S4 cells were competent to form chi-
meras with a high contribution in somatic tissues as
well as in the germ line (Fig. 9C; data not shown). Blas-
tocysts were harvested from ActRIB+/− crosses, in which
one-fourth were expected to be ActRIB−/−. Approxi-
mately 15–20 cells were injected into each blastocyst
and chimeras were dissected out at E9.5. We found that
all 22 embryos dissected out contained well formed vis-
ceral yolk sac, among which, however, five showed little
or no embryonic tissues (Fig. 9A,B). Southern analysis of
DNA isolated from the parietal yolk sac that was derived
entirely from the donor blastocyst, confirmed that these
five abnormal chimeras were all derived from ActRIB−/−

blastocysts (data not shown). Histological analysis
showed that these abnormal chimeras contained a rela-
tively normal yolk sac with extraembryonic mesoderm
and blood cells and a severely retarded or degenerated
embryo (Fig. 9B). Such deformed embryos were also
found in chimeras dissected at E7.5 (Fig. 9D). Taken to-
gether, these results suggest that ActRIB also functions
in the extraembryonic cells during gastrulation to regu-
late the development of the embryo proper.

Discussion

ActRIB is required for egg cylinder organization

Early postimplantation development of the mouse em-
bryo has been well characterized morphologically. Not
until recent years, however, have the molecular mecha-
nisms that control growth, differentiation, and organiza-
tion of the early cell types begun to be uncovered. Tar-
geted gene disruption has revealed essential functions for
several genes in early mouse development. For instance,
FGF4 has been found to be required for the proliferation
of the inner cell mass cells (Feldman et al. 1995); E-cad-
herin and b-catenin are essential for cell adhesion in the
primitive ectoderm (Haegel et al. 1995; Riethmacher et
al. 1995). BMP4 and the type I BMP receptor, Bmpr (also
called ALK-3), play a critical role in regulating prolif-
eration of the epiblast (Mishina et al. 1995; Winnier et
al. 1995). In this study, we showed that inactivation of
ActRIB resulted in the disruption of the egg cylinder
structure prior to gastrulation, indicating that ActRIB

Figure 7. Expression of ALK4 transgene in ActRIB−/− ES cells.
(A) A diagram of ALK4 transgene expression vector. The human
ALK4 cDNA tagged with a triple HA epitope at the 38 end of the
coding sequence was inserted between the EF-1a promoter and
SV40 polyadenylation signal followed by a hygromycin cassette.
(B) Expression of HA–ALK4 protein in the transgenic ES cell
lines was analyzed by immunoblotting the ES cell protein ex-
tracts with 12CA5, the monoclonal antibody against the HA
epitope. The arrow head indicates the HA–ALK4 bands. The
expression is higher in cell lines 20 and 42 than in lines 21 and
7. (C) Genotype of ALK4 transgenic ES cell lines and wild-type
control cells. Genomic DNA from wild-type and the transgenic
cell lines was digested with EcoRI and analyzed by Southern
hybridization by use of a 1.6-kb HindIII–EcoRI ALK4 cDNA
fragment as a probe. Cell lines 7, 21, and 42 each contain one
copy and line 20 contains two copies of the transgene (data not
shown). The bands representing the wild-type allele, the ActRIB
mutant allele, and the ALK4 transgene are marked on the right.
Arrowheads indicate two DNA fragments shared by both wild-
type and ActRIB−/− mutant alleles.
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mediates a cellular function essential for early mor-
phogenesis.

The morphological defects in ActRIB−/− embryos in-
clude the reduction in the number of epiblast cells in
some embryos, the dissociation of the epiblast from the
visceral endoderm layer, the ectopic localization of the
epiblast and the extraembryonic ectoderm, the lack of a
cavity in the extraembryonic ectoderm, and the lack of
the squamous type of visceral endoderm. Some of the
defects in ActRIB−/− are reminiscent of the phenotype of
the nodal-deficient embryos (Conlon et al. 1991; Iannac-
cone et al. 1992). Interestingly, initial cavity formation
occurred in the embryonic region, suggesting that signals
from the visceral endoderm regulating the formation of
proamniotic cavity was not disrupted (Coucouvanis and
Martin 1995). Proliferation of the epiblast cells might be
affected in the mutant embryos. It does not seem to be
the primary defect that leads to other abnormalities,
however, because a number of early mutants such as the
BMP4, Bmpr, and Brca1 knockout mice, which display
defects in epiblast proliferation, are able to form the nor-
mal egg cylinder structure (Mishina et al. 1995; Winnier
et al. 1995; Hakem et al. 1996). Cell–cell or cell matrix
adhesion plays a critical role in maintaining the epithe-
lial structure. ActRIB has been shown to be involved in
regulation of expression of extracellular matrix proteins
that are essential components of the basement mem-
brane (Cárcamo et al. 1994). It is possible that disruption
of the ActRIB signaling pathway may affect expression of
extracellular matrix proteins or cell adhesion molecules,
resulting in disorganization of the epiblast and the ex-

traembryonic ectoderm. So far, no knockout mutations
of single extracellular matrix protein or cell adhesion
molecule show similar defects as the ActRIB−/− em-
bryos. Systematic analysis of expression of genes in-
volved in cell–cell or cell-matrix adhesion in mutant em-
bryos and identification of downstream target genes of
the ActRIB signaling pathway in the future will help to
elucidate the molecular mechanism for egg cylinder
development.

The function of ActRIB in the epiblast is required
for primitive streak formation

Gastrulation of the mouse embryo begins at E6.5 with
the formation of the primitive streak and early meso-
derm cells in the proximal posterior region of the epi-
blast. The primitive streak then elongates toward the
distal tip of the egg cylinder allowing epiblast cells to
ingress through and differentiate into different types of
mesodermal cells (Lawson et al. 1991, 1992; Hogan et al.
1994). Which signaling molecules are involved in meso-
derm induction and primitive streak formation and
which tissue is the source of the inductive signals are
questions that remain largely unsolved. In this study, we
showed that the type I activin receptor ActRIB is not
essential for mesoderm formation but appears to be re-
quired for primitive streak formation in the mouse.

Although T expression was not detected in E7.5
and E8.5 ActRIB−/− embryos (Fig. 2E), we found that
ActRIB−/− cells were capable of forming mesoderm tis-
sues in both chimeras and teratoma (Figs. 5, C and D, and

Figure 8. Rescuing ActRIB−/− ES cell defect with an ALK4 transgene in chimeras. The chimeric embryos were derived by injection
of the ActRIB−/− (ALK4+) cells (line 20) into the wild-type blastocysts. X-gal-stained E8.5 (A) and E9.5 (B) embryos appear normal. (C,D)
Histological sections of an E8.5 embryo (C) and an E9.5 (D) show high contribution of transgenic cells in almost all mesodermal cell
types (C) or a salt and pepper pattern of intermingle of transgenic cells with the wild-type cells derived from the blastocyst (D). (E) An
enlarged part of the embryo in C shows the notochord (nc) and definitive endoderm (de), completely derived from the transgenic cells.
(F,G) Sections from an E9.5 embryo show the mesenchyme (me), neuroepithelium (ne), neural tube (nt), and somite (s). Bar, 67 µm.
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6), suggesting that ActRIB is not absolutely required for
mesoderm formation. The lack of T expression in mu-
tant embryos could be an indirect effect resulting from
the disruption of the egg cylinder structure. Whereas
ActRIB−/− cells could form mesoderm, they contributed
poorly, if at all, to the early mesoderm in E7.0 chimeras
(Fig. 5E,F). This result suggests that ActRIB−/− cells
might not be as competent as the wild-type cells to form
all types of mesoderm. One possibility is that ActRIB−/−

cells might have lost the ability to participate in primi-
tive streak formation. Consistent with this notion, we
showed that most chimeric embryos, in which the con-
tribution of ActRIB−/− ES cells to the epiblast exceeded
80%, failed to form a primitive streak and embryonic
mesoderm cells (Fig. 5F; Table 2).

The defect of ActRIB−/− cells in primitive streak for-
mation could be rescued by human ALK4 gene (Figs.
7,8). We showed that ALK4 transgene was expressed
in ActRIB−/− ES cells (Fig. 7) and presumably also in

the epiblast during gastrulation of the chimeras,
where ActRIB was normally expressed, thus rendering
ActRIB−/− cells responsive to the signal required for
primitive streak formation. This result confirmed that
the defect of ActRIB−/− cells was indeed caused by dis-
ruption of the ActRIB gene and suggested a conserved
function for the human ALK4 gene.

At present, it is not clear how ActRIB−/− cells fail to form
the primitive streak and early mesoderm. Several possibili-
ties are considered. Perhaps, ActRIB−/− epiblast cells were
unable to delaminate; or the primitive streak was formed
initially, but ActRIB−/− cells in the primitive streak failed
to proliferate during elongation of the primitive streak; or
ActRIB−/− cells were incapable of passing through the
primitive streak to form early mesoderm cells. Further
investigations are necessary to elucidate the molecular
and cellular mechanisms by which the ActRIB-mediated
signaling pathway regulates mouse gastrulation.

The function of ActRIB in the extraembryonic tissues
is also required for gastrulation

An intriguing finding is that ActRIB also functions in the
extraembryonic ectoderm or visceral endoderm to regu-
late embryonic development. We showed that, without
exception, chimeric embryos derived by injection of the
wild-type ES cells into the ActRIB−/− blastocysts failed
to form any embryonic structures and were degenerated
by E9.5, whereas the development of the extraembryonic
tissues was relatively normal and the extraembryonic
mesoderm was formed (Fig. 9). The arrest of embryonic
growth suggests that gastrulation was severely impaired.
If the ActRIB function was required solely in the epi-
blast, we would expect that a high contribution of wild-
type ES cells would have rescued the defect of ActRIB−/−

embryos. The failure of the wild-type cells to rescue
ActRIB−/− embryos thus indicates that ActRIB also func-
tions in the extraembryonic tissues during gastrulation,
which is consistent with relatively high levels of ActRIB
expression in the extraembryonic ectoderm during
postimplantation development (Fig. 1).

It is quite peculiar that ActRIB functions in the extra-
embryonic cells, but is involved in regulation of embry-
onic development. Such a noncell autonomous action of
ActRIB suggests that it may regulate expression or secre-
tion of a signaling molecule that can act through a para-
crine mechanism to regulate gastrulation of the embryo.
The presence of the extraembryonic mesoderm in the
chimeras (Fig. 8) suggests that the signal produced by the
extraembryonic tissues is not required for mesoderm for-
mation and migration to the extraembryonic region, but
may play a critical role in maintaining the primitive
streak or proliferation of the embryonic mesoderm,

The possible ligand(s) for ActRIB in early
mouse development

Activin was the first TGFb family molecule shown to
have mesoderm inducing activity. Experiments with
various truncated forms of type I (ALK4) or type II
(ActRIIB) receptors to block mesoderm formation in

Figure 9. Chimeric embryos derived by injection of wild-type
ES cells into the ActRIB−/−/ blastocysts. (A) Two E9.5 embryos
were dissected and their parietal yolk sac DNA was genotyped
as ActRIB−/−. The embryonic tissues (em) in the chimeras were
very small. (B) E9.5 ActRIB−/− chimeric embryo was stained
with X-gal and sectioned to show the visceral yolk sac meso-
derm (ym) and blood cells (bl). The yolk sac mesoderm consists
almost entirely of lacZ-marked wild-type cells; the yolk sac
endoderm (ye) is derived from ActRIB−/− blastocyst. (C) Control
E7.5 embryo generated by injecting the same wild-type ES cells
into a wild-type or heterozygous blastocyst shows normal em-
bryonic structures. (D) Transverse section of a late E7.5 abnor-
mal chimera. Mesodermal cells were formed inside a yolk sac-
like structure, but no obvious embryonic tissues were found.
(bl) Blood cells; (ye) yolk sac endoderm; (ym) yolk sac meso-
derm; (ys) yolk sac. Bar, 67 µm.
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Xenopus further support activin’s role as an endogenous
mesoderm inducer (Hemmati-Brivanlou and Melton
1992; Armes and Smith 1997; Chang et al. 1997; Dyson
and Gurdon 1997). Other TGFb family signaling mol-
ecules such as Vg-1, BMP4, and Xnr also induce meso-
derm formation in Xenopus animal cap assay. The un-
solved problem is which one(s) play a key role in meso-
derm induction and axis formation in normal
development. In contrast to the role of activin in Xeno-
pus early development, mice lacking activins A and B
develop to term with no gross defects in mesoderm for-
mation (Matzuk et al. 1995), indicating zygotic activins
are not involved in mesoderm induction. Although tran-
scripts of maternal activins are present abundantly in the
decidual cells surrounding the egg cylinder (Albano et al.
1994), it is not clear whether they can participate in early
mouse development. In this study, we provide genetic
evidence that the type I activin receptor, ActRIB (ALK4),
is required for egg cylinder organization and primitive
streak formation, indicating that acitivin-like molecules
are also essential for early development in mice.

Nodal and BMP4 have been shown to be essential for
early mouse development. Could one of them be the li-
gand of ActRIB? We think that ActRIB is unlikely a type
I receptor for BMP4 because BMP binds to two other type
I receptors (ALK3 and ALK6) but not ActRIB (ALK4) in
vitro (ten Dijke et al. 1994b), and a truncated ActRIB
receptor does not inhibit BMP4 signaling in frog embryos
(Chang et al. 1997). Moreover, the defects in BMP4-defi-
cient embryos were different from those in ActRIB−/−

embryos, but closely related to those of Bmpr (ALK3)-
deficient mice (Mishina et al. 1995; Winnier et al. 1995).

In nodal-deficient embryos, T was ectopically ex-
pressed but primitive streak formation was disrupted,
suggesting that nodal is probably not required for meso-
derm induction but essential for primitive streak forma-
tion (Conlon et al. 1994). A recent study showed that
chimeric embryos containing nodal-deficient extraem-
bryonic cells were able to form the primitive streak, sug-
gesting that nodal produced by the epiblast cells is re-
quired for primitive streak formation (Varlet et al. 1997).
In this study, we provide strong evidence that ActRIB
functions in the epiblast to regulate primitive streak for-
mation. Whereas the nodal receptor has yet to be iden-
tified through ligand binding analysis, the similar defects
in primitive streak formation in nodal−/− and ActRIB−/−

embryos raises the possibility that ActRIB might func-
tion as the type I receptor for nodal. We have discovered
recently that the type II activin receptors are also re-
quired for primitive streak formation and gastrulation in
mice (S.P. Oh, H. Schrewe, M. Normura, J. Song, H. Lei,
M. Okano, K.A. Goss, T. Gridley, and E. Li, in prep.). We
speculate that nodal may signal via the complex of type
II activin receptors and ActRIB to regulate primitive
streak formation.

Materials and methods

Construction of the gene targeting vector

Mouse genomic DNA corresponding to the ActRIB gene was

cloned by screening a 129/Sv mouse genomic library (Strata-
gene) with a 2.0-kb full-length rat cDNA probe (He et al. 1993).
A 14-kb genomic DNA clone was isolated and subcloned into
pBluescript KS vector. The targeting vector was constructed by
inserting the PGK–neo–poly(A) cassette at the NdeI site in the
exon encoding the conserved kinase subdomain VI. The final
construct contained 3.0 kb of homologous genomic DNA on the
58 side and 11.0-kb genomic DNA on the 38 side of the neo gene
that is in the same transcriptional direction as the ActRIB gene.

Construction of the ALK4 expression vector

The ALK4 transgene expression vector pEF-HGALK4 was con-
structed by inserting a 1.6-kb cDNA fragment, which contains
the entire ALK4 coding sequences, between the HindIII and
XbaI sites of plasmid pEF-BOS (Mizushima and Nagata 1990).
The ALK4 gene was tagged with a triple HA epitope at the
carboxyl terminus and its expression was controlled by the hu-
man EF-1a promoter and an SV40 polyadenylation signal. A
1.8-kb ClaI–XhoI DNA fragment containing a hygromycin cas-
sette was inserted next to the SV40 polyadenylation signal for
drug selection.

Generation of ActRIB mutant mice, ActRIB−/−, and ActRIB−/−

(ALK4+) ES cell lines

To disrupt the ActRIB gene, the J1 ES cell line was electropor-
ated with linearized targeting vector DNA and was selected in
G418-containing medium as described (Li et al. 1992). The ge-
notype of G418R clones was analyzed by Southern blot hybrid-
ization with a 1.6-kb NotI–BstEII genomic DNA fragment as a
probe (See Fig. 1A). Recombinant ES clones were isolated and
injected into C57BL/6 blastocysts to obtain chimeric mice as
described previously (Li et al. 1992). Male chimeras with germ-
line transmission were then bred to either 129/Sv females to
establish an inbred strain or to C57BL/6 females to obtain hy-
brid F1 progeny.

To establish lacZ-marked ActRIB-deficient ES cell lines,
Rosa-26+/+ mice (Friedrich and Soriano 1991; from Jackson
Laboratory) were crossed to ActRIB+/− to obtain ActRIB+/−

Rosa-26+/−, which were then backcrossed to Rosa-26+/+ to ob-
tain ActRIB+/− Rosa-26+/+. Delayed blastocysts were isolated
from ActRIB+/− females bred with ActRIB+/− Rosa-26+/+ males
and ES cell lines were isolated from the inner cell mass grown
in culture as described (Robertson 1987). The genotype of estab-
lished ES cell lines with respect to ActRIB and Rosa 26 loci was
determined by Southern analysis and X-gal staining (data not
shown).

To produce ActRIB−/− (ALK4+) transgenic ES cells, ActRIB−/−

ES cells were electroporated with a linearized transgene expres-
sion vector pEF-HGALK4 and selected in medium containing
100 µg/ml of hygromycin (GIBCO). The genotype of hygromy-
cin-resistant clones was analyzed by Southern blot hybridiza-
tion of EcoRI digested genomic DNA with a 1.6-kb HindII–
EcoRI ALK-4 cDNA fragment. The expression of ALK4–HA fu-
sion protein was analyzed by immunoblotting the ES cell
protein extracts with 12CA5, the monoclonal antibody specific
to the HA epitope (Boehringer Mannheim).

Histological analysis and immunohistochemistry

For histological analysis, embryos in uterus or dissected out of
decidua were fixed in Bouin’s fixative, dehydrated, and embed-
ded in paraffin as described by Kaufman (1992). Serial sections of
6 µm thickness were stained with hematoxylin and eosin.

For immunohistochemistry, decidua at E6.5 were fixed in 4%
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paraformaldehyde for 6 hr, dehydrated, embedded in paraffin,
and cut at 6 µm thickness. Immunostaining was performed ac-
cording to the protocol described by Hogan et al. (1994). The
primary monoclonal or polyclonal antibodies used are Troma-1
(1:100); SSEA-1 (1:100) (from Developmental Studies Hybrid-
oma Bank), and anti-laminin antibody (1: 200) (Sigma). Fluores-
cent-conjugated goat IgG to mouse or to rabbit (1: 500) (Cappel)
was used as the secondary antibody.

In situ hybridization

Two ActRIB probes, one for the extracellular domain and the
other for the 38-untranslated region, were used in detecting
ActRIB transcripts. The extracellular domain fragment span-
ning the region between nucleotides 119 and 389 was PCR am-
plified, inserted into pGEM-T, and transcribed as antisense
RNA from the Sp6 promoter. The 38-untranslated region be-
tween nucleotides 1600 and 1898 in a StuI–BstXI fragment was
inserted into pBluescript II SK in antisense direction and tran-
scribed from the T3 promoter (Verschueren et al. 1995). In situ
hybridization with sectioned embryos was performed basically
as described by Wilkinson (1992). Slides were exposed for 2
weeks and counterstained with hematoxylin.

For analysis of T expression, whole-mount in situ hybridiza-
tion with a digoxigenin-labeled antisense RNA probe tran-
scribed from BamHI-digested plasmid DNA pSK75 was per-
formed as described (Wilkinson 1992).

Generation and analysis of chimeric embryos

ActRIB−/− mutant ES cells were injected into blastocysts from
wild-type donors or ∼15 wild-type R/S4 cells were injected into
blastocysts derived from ActRIB+/− crosses. Injected blastocysts
were then implanted into uteri of pseudopregnant foster moth-
ers. Generally, the development of in vitro manipulated blasto-
cysts is delayed by ∼1 day. Embryos were dissected at different
stages and stained with X-gal as described (Hogan et al. 1994).
Embryos were fixed with Bouin’s solution or 4% paraformalde-
hyde after staining, and dehydrated. Most chimeric embryos
were embedded in paraffin and sectioned as described earlier.
Some were embedded in the acrylic resin JB4 (Polysciences) and
sectioned at 5 µm. Nuclear fast red was used for counterstain-
ing. Ratios of ES cell-derived tissues (blue) to host blastocyst-
derived tissues (pink) were estimated from serial sections of
each embryo.

Generation of ActRIB−/− ES cells derived teratocarcinomas

To produce teratocarcinomas, ∼1 × 106 ES cells were injected
subcutaneously into the flanks of Balb/cBy-nu nude mice (Jack-
son Laboratories). Each mouse was injected with the wild-type
cells on one side and the mutant cells on the other side. Tumors
were dissected between 6 and 8 weeks when they were ∼0.5–1.5
cm in diameter. Teratomas were fixed in Bouin’s fixative. De-
hydration, embedding, and sectioning were performed as de-
scribed above.
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Novel activin receptors: Distinct genes and alternative
mRNA splicing generate a repertoire of serine/threonine ki-
nase receptors. Cell 68: 97–108.

Attisano, L., J. Carcamo, F. Ventura, F.M.B. Weis, J. Massagué,
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