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Abstract
Bone morphogenetic proteins (BMPs) play pleiotropic roles during embryonic development as well as throughout life. Recent genetic

approaches especially using the mouse gene knockout system revealed that BMP signaling is greatly involved in early embryonic patterning,

which is a dynamic event to establish three-dimensional polarities. The purpose of this review is to describe the diverse function of BMPs

through different receptor signaling systems during embryonic patterning including gastrulation and establishment of the left–right asymmetry.
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1. Introduction

Bone morphogenetic proteins (BMPs) were originally

identified by their ability to cause bone differentiation

about 40 years ago [1]. Because this bone inducing activity

was sensitive for protease digestion, the activity was

named as bone morphogenetic protein. Together with

decapentaplegic, 60A, screw (Drosophila), Vg1 (frog),

Dorsalin-1 (chick), Univin (Ser urchin), Daf-7 (Caenor-

habditis elegans), growth and differentiation factors

(GDFs), nodal and lefty, BMPs compose a large subgroup

within the transforming growth factor-b (TGF-b) gene

superfamily [2,3] (Fig. 1). Most of these BMPs are capable

of inducing the formation of bone when subcutaneously

implanted into rodents [2,4]. Bone formation occurs

through a series of endochondral events initiated by

chemotaxis of mesenchymal stem cells into the implanta-

tion site [5,6]. Thus, the BMP family of proteins possesses

potent bone inducing properties. However, recent studies

of several organisms demonstrate that several BMPs have

other roles during embryogenesis, notably in dorsoventral
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and/or anterior–posterior axis formation [7–9]. In Droso-

phila melanogaster, mutations in decapentaplegic (dpp),

which is a homologue of BMP2 and BMP4, cause

dorsoventral patterning abnormalities at the blastoderm

stage [10]. In Xenopus leavis, BMP4 can act as a posterior-

ventralizing factor in animal cap explant and blastocoele

implant assays [11,12]. These findings prompted mouse

geneticists to study the function of BMPs during mouse

development in addition to their function on skeletogen-

esis. In the last decade, functions of many of BMP ligands,

their receptors and signaling molecules were investigated

in the mouse using transgenic and knockout techniques

[3,9]. In this article, we will focus on the function of BMPs

and related molecules that are critical during early mouse

development to determine morphological events of mouse

embryos.
2. BMPs and their signaling

As BMPs are secreted proteins, characterization of their

receptors and signal transduction pathways is an important

step in understanding the role of these proteins in

development. Upon ligand binding, both types I and II

receptors form hetero-multimers [13]. Type II receptors

phosphorylate a short stretch of amino acids called a GS box

in type I receptors to activate their kinase activity, then type I
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Fig. 1. TGF-b superfamily and BMP subfamily. BMPs compose a large

subfamily within the TGF-b superfamily (blue). Signaling mechanisms of

some of the BMPs, particularly these belong to the dpp family (BMP2,

BMP4) and the 60A family (BMP5–8), have been extensively investigated.

Nodal and Lefty (pink), which are distal members of BMP subfamily, utilize

distinct signaling pathways that are similar to these of TGF-b and activins

(see Fig. 2).
receptors phosphorylate downstream targets such as smads

[8,14] (Fig. 2). In vertebrates, seven type I receptors and five

type II receptors have been found so far. Type II receptors are

named by their ligands, i.e., ActRIIA (activin type II A

receptor), BMPRII (BMP type II receptor), whereas type I

receptors frequently referred as ALK (Activin receptor like

kinase), i.e., ALK1, ALK2 [15]. Three type I receptors

(BMP type I A receptor, BMP type I B receptor and ACVRI)

and three type II receptors (BMPRII, ActRIIA and ActRIIB)

behave as receptors for BMPs (Table 1). ACVRI was

originally found as an activin receptor, but it is now believed

to be a receptor for BMPs. The specificity of signaling is

primarily determined by type I receptors [16]. The

specificity of ligand binding is, however, altered by the

combination of types I and II receptors [17]. These

combinations and ligand specificity are summarized in

Table 1.

Activated type I receptor kinases phosphorylate Smads

(R-Smads) and subsequently, phospho-Smads form hetero-

dimers with Smad4 for nuclear translocation to alternate

gene expressions (Fig. 2) [14,18]. Type I receptors for BMPs
phosphorylate Smad1, Smad5 and Smad8, whereas type I

receptors for TGF-b, Activin and Nodal phosphorylate

Smad2, and Smad3 (Table 1). Several proteins including

SARA and Hgs play important roles during formation of

receptor–Smad complex [14,18]. In addition to the Smad

pathway, BMPs are believed to activate several different

kinase pathways including MAPK, PI3 kinase and PKC

[18].

Expression of BMP receptors during early embryogen-

esis is rather broad compared with that of BMP ligands (see

below). Besides expression pattern and levels of BMP

ligands and receptors, there are several other classes of gene

products that could regulate BMP functions as modifiers of

BMP signaling. Cystein-rich extracellullar proteins such as

Noggin and Chordin bind to BMP ligands to prevent their

interaction to the receptors [19,20]. Overexpression studies

in Xenopus embryos revealed that inhibition of BMP

signaling by these proteins caused over proliferation of

neural tissues [21]. Loss of function studies in mouse,

however, showed relatively less dramatic changes especially

during early embryogenesis suggesting that there would be

redundant functions among BMP binding proteins [22–26].

Intensive studies including generation of double/triple

knockout mice of these genes are taking place in order to

address this issue.
3. BMP and gastrulation

3.1. How mouse embryos gastrulate

Shortly after implantation, the mouse embryo shows one

polarity, the initial proximal–distal (P–D) polarity, which

has been established around embryonic day 3.5 (E3.5) [27–

30]. This stage of embryos can be divided in two regions, the

embryonic region consisted with epiblast (embryonic

ectoderm) and the extraembryonic region consisted with

visceral endoderm, parietal endoderm and extraembryonic

ectoderm [31] (Fig. 3). The embryonic region will give rise

to the fetus while the extraembryonic region together with

maternal tissues will give rise to placenta. Recent studies

indicate that the extraembryonic tissues (the visceral

endoderm and the extraembryonic ectoderm) of the mouse

embryo play critical roles during gastrulation. Prior to the

gastrulation (E5.5–E6.0), one group of cells in the distal tip

of the visceral endoderm (distal visceral endoderm, DVE)

starts to move one direction to form a prospective signaling

center called as the anterior visceral endoderm (AVE)

[32–34] (Fig. 3). Gastrulation begins at E6.5, when the

primitive streak, a mesodermal structure, forms in the

posterior epiblast at its junction with extraembryonic

ectoderm. Therefore, the initial P–D polarity converted to

the anterior–posterior (A–P) polarity, and this process is

called as axis rotation [31] (Fig. 3).

As gastrulation progresses, cells are recruited to

intercalate between the proximal and the distal ends of
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Fig. 2. How BMP signaling is regulated. TGF-b superfamily members bind to types I and II receptors that are membrane bound Ser/Thr kinases. Upon ligand

binding, the kinase domain of a type II receptor (blue) phosphorylates the GS box (red) in a type I receptor to activate. BMPs and Nodal use different type I

receptors to send signals to different Smad proteins. Cys-rich extracellullar proteins such as Noggin and Chordin directly bind to BMPs to prevent their receptor

binding. Cerl binds to Nodal, and Lefty 1/2 binds to Nodal and FGF-CFC, which is a co-receptor for Nodal to antagonize Nodal signaling. During early

embryogenesis, the Smad pathway seems to be a major pathway for Nodal whereas alternative pathways such as MAPK pathway seem to be a major pathway for

BMPs.
the primitive streak, and ultimately the primitive streak

extends to the distal tip of the egg cylinder [27,29]. Very

little is known about the mechanisms that regulate

recruitment of epiblast cells to the primitive streak during

gastrulation. Several growth factors including BMPs are

expressed during gastrulation, and based on their expression

studies and genetic studies, some of them are believed to be

essential for initiation of gastrulation and patterning of

mesoderm [9] (Fig. 3).

3.2. Roles of BMPs in the extraembryonic region before

and during gastrulation

Asymmetric cell movement in the extraembryonic region

prior to the gastrulation suggests that early patterning in

the extraembryonic tissues is necessary to allow epiblast
Table 1

Nomenclature of TGF-b superfamily receptors and their signaling properties

Symbol Synonyms Chromosome

Bmpr1a Alk3, Bmpr, TFR11, Brk1 14

Bmpr1b Alk6, CFK-43a, Brk2 3

Acvr1 Alk2, ActRI, ActRIA, Alk8, SKR1, Tsk7L 3

Acvr1b Alk4, ActRIB, SKR2 15

Acvr1c Alk7 2

Acvrl1 Alk1 15

Tgfbr1 Alk5, TbetaRI 5
gastrulation via regional interactions. Indeed, it is shown that

the cells in the anterior visceral endoderm signal to the

epiblast to pattern the anterior neuroectoderm [32]. Recent

studies indicate that BMP ligands and their signaling

molecules expressed in the extraembryonic tissues of the

mouse embryo contribute to the embryonic patterning. For

these studies, two distinct approaches are frequently taken:

one is to generate chimeric embryos using ES cells [35] and

the other is to disrupt gene of interest in an epiblast-specific

manner using a Cre-loxP system [36]. For the former case,

ES cells exclusively contribute to the embryonic region;

therefore, the origin of the extraembryonic region is the host

embryo whereas the origins of the embryonic region are a

combination of the host embryo and ES cells. Chimeric

embryos generated between a wild type embryo and ES cells

that are homozygous mutant for one gene would show less
Type II partners Ligands Smads

Bmpr2, Actr2a, Amhr2 BMP2, 4, GDF6, MIS 1/5/8

Bmpr2, Actr2a, Actr2b BMP2, 4, 7, GDF5, 6 1/5/8

Bmpr2, Actr2a BMP2, 4, 7 1/5

Actr2a, Actr2b Activin, Nodal 2/3

Unknown Nodal 2/3

Tgfbr2 TGF-b 1/5/8

Tgfbr2 TGF-b 2/3
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Fig. 3. Schematic representation of early mouse development, Shortly after implantation, mouse embryos establish the proximal–distal polarity. Epiblast

(purple) is surrounded the visceral endoderm (pale yellow). One group of cells in the distal tip of the visceral endoderm (DVE) starts to move toward the future

anterior part to form the anterior visceral endoderm (AVE). Around E6.5, gastrulation starts on the opposite side of AVE to form the primitive streak (dark blue).

Thus, the initial proximal–distal polarity is converted to the anterior–posterior polarity. This process is called axis rotation. Proximal–distal polarity at E6.5 now

corresponds to the dorsal–ventral polarity. At this stage, there is no overt asymmetry in the left–right axis, and embryos establish the left–right asymmetry by

E8.5. Adopted from [31].
severe phenotype than knockout embryos, if functions of the

gene were critical in the extraembryonic region because the

extraembryonic region is wild type in this combination.

3.2.1. Functions of BMP ligands in the extraembryonic

tissues

Bmp4 is highly expressed in the extraembryonic

ectoderm as well as primitive streak before and during
Fig. 4. Model for BMP function in the extraembryonic and embryonic region prio

region is critical for normal primitive streak formation, presumably signaling throu

signals through ACVRI, then subsequently to Smad1, to trigger unknown signals th

arrows). BMP2 is critical for normal development of the extraembryonic tissues. BM

induces unknown signaling that is critical for epiblast to initiate gastrulation (

development of the anterior visceral endoderm (an orange arrow). The anterior vis

the anterior side of the epiblast to restrict formation of the primitive streak in th
gastrulation [37–40]. The posterior region of the primitive

streak in the Bmp4 mutant embryos shows a ventrally

projected bulge, but this abnormality is rescued in tetraploid

chimeras using Bmp4 mutant ES cells and wild type

embryos [41]. In the tetraploid chimeric embryos, all of the

cells in the embryonic region are derived from ES cells [42],

while cells in the extraembryonic region are wild type.

This result suggests that the expression of Bmp4 in the
r to and during gastrulation. BMP4 that is expressed in the extraembryonic

gh BMPRIA. In the visceral endoderm, BMP4 (and potentially other BMPs)

at is important for completion of gastrulation and PGC formation (light blue

PRIA signaling in the extraembryonic ectoderm and the visceral endoderm

blue arrows). BMPRIA signaling in the epiblast is important for proper

ceral endoderm expresses Cerl and Lefty1 that antagonize Nodal activity in

e posterior side.
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extraembryonic ectoderm, not in the primitive streak, is

required for normal formation of the primitive streak

(Fig. 4).

Bmp2 starts to be expressed at E6.0 in the extraembryonic

region [40], then in the extraembryonic mesodermal cells

lining the chorion and amnion after gastrulation [43]. Bmp2

mutant embryos can gastrulate, but they show abnormal

development in the extraembryonic region such as failure

of the fusion of the preammniotic canal and die by E8.5

[43]. Interestingly, the heart is developed in a presumptive

exocoelomic cavity suggesting that BMP2 is important for

proper development of the extraembryonic tissues to

influence the position of the heart [43]. However, it is still

unclear the importance of the expression domain of BMP2 in

the extraembryonic region. Generation of Bmp2 mutant ES

cells and chimeric analyses using these cells are awaited.

3.2.2. Functions of BMP signaling through BMPRIA

in the extraembryonic tissues

Although it is possible that BMP ligands expressed in the

extraembryonic region interact with receptors in the

embryonic region, disruption of BMP receptors in the

extraembryonic region can directly address the functional

importance of BMP signaling in the extraembryonic region.

Bmpr1a that encodes a type I receptor for BMP2 and 4 is

expressed ubiquitously in the epiblast and the extraem-

bryonic region at the gastrulation stage embryos [44].

Disruption of Bmpr1a causes early embryonic lethality

without mesoderm formation [44]. Unlike Nodal mutant

embryos (see below), no expression of Brachyury and no

migration of DVE were observed [44] (and unpublished

observation).

To rescue the early lethality, a floxed allele for Bmpr1a

was generated [9,45]. The Mox2-Cre (MORE) mouse line is

a Cre transgenic line that expresses Cre recombinase in an

epiblast-specific manner [46]. Breeding of the floxed allele

of Bmpr1a with MORE should generate mosaic embryos of

wild type extraembryonic region and mutant embryonic

region of Bmpr1a. Interestingly, the mutant embryos do not

show overt morphological abnormality up to E7.5 and

initiates gastrulate normally [47]. This suggests that BMP

signaling through BMPRIA plays a critical role in the

extraembryonic region before (and during) gastrulation

(Fig. 4).

Since homozygous mutant ES cells for Bmpr1a could not

be established from homozygous mutant blastocysts [48],

function of BMPRIA signaling in the extraembryonic region

was not investigated until recently. Interestingly, BMP4 is

now shown to be an essential factor to maintain pluripotency

of mouse ES cells [48,49]. More excitingly for the people

in the BMP field, BMP4 signals through BMPRIA to

suppress p38 MAP kinase activity and this is the molecular

mechanism for maintenance of pluripotency in the ES cells

[48]. Based on this insight, homozygous mutant blastocysts

for Bmpr1a were cultured with a MAP kinase inhibitor, and

homozygous mutant ES cells for Bmpr1a were established
[48]. Availability of the mutant ES cells should prompt the

detailed analyses of BMPRIA function during gastrulation

and organogenesis.

3.2.3. Functions of BMP signaling through ACVRI

in the extraembryonic tissues

Unlike Bmpr1a that is expressed ubiquitously in the

gastrulation stage embryos Acvr1 is expressed weakly only

in the visceral endoderm at the stage of gastrulation [50–52],

subsequently expressed in embryonic portions such as node,

midline, head mesenchyme and heart primodia [50,52,53].

Targeted disruption of Acvr1 causes embryonic lethality at

the stage of gastrulation with less severe phenotype than that

of Bmpr1a [50,54]. Gastrulation is initiated and mesodermal

wings are formed, but their development is arrested at mid/

late streak stage. The gastrulation defect is rescued in

chimeric embryos generated by injection of homozygous

mutant ES cells for Acvr1 to wild type blastocysts [50,54].

This indicates that BMP signaling through ACVRI plays

critical roles in the extraembryonic region prior to, and

during gastrulation (Fig. 4).

Recently, it is shown that BMP signaling through ACVRI

in the visceral endoderm is necessary for normal induction

of primordial germ cells (PGCs) in the epiblast [55]. There is

a known absence of PGCs in Bmp4 mutant embryos [38,56]

and reduction of PGCs in Bmp8b or BMP2 mutant embryos

[39,40]. These findings allow hypothesizing that these BMP

ligands expressed in the extraembryonic ectoderm signal

into the visceral endoderm through ACVRI, then the visceral

endoderm sends unidentified signal to the epiblast for

initiation of PGC formation. A conditional allele of Acvr1

that floxed exon 7 has been established recently [57].

Visceral endoderm-specific disruption of Acvr1 should

provide some of the answers for molecular identities of

downstream targets in the visceral endoderm (Fig. 4).

3.2.4. Other BMP related molecules

Bmpr2 encodes the type II BMP receptor that forms

heteromers with BMPRIA, BMPRIB, or ACVRI [17].

Disruption of Bmpr2 causes severe embryonic lethality that

mimics the abnormalities of Bmpr1a mutant embryos [58].

Mutant embryos fail to gastrulate and no signs of mesoderm

formation are observed [58]. Interestingly, the mutant

embryos still express visceral endoderm markers such as

HesX1, but no spatial expression pattern was looked for [58].

These observations suggest that BMPRII and BMRIA form

heteromultimer to transduce BMP signaling at the stage of

gastrulation, presumably in the extraembryonic region.

Detailed analyses including special pattern of gene

expression in the mutant embryos is awaited.

Smad1 is one of the major downstream targets of BMP

receptor complexes. Smad1 is highly expressed in the

visceral endoderm at E6.5, and subsequently expressed in

both embryonic and extraembryonic tissues after gastrula-

tion [59]. Mutant embryos for Smad1 show ruffles in the

visceral endoderm adjacent to the primitive streak [59,60].
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Fig. 5. Model for BMP and Nodal functions on A–P patterning during

gastrulation. At early to mid-streak stage (E6.5–7.0), mainly extraembryo-

nic mesodermal cells are recruited to the primitive streak (yellow). Pre-

cursors of heart mesoderm and cranial mesenchyme are also recruited

during mid-streak stage. At late streak stage, prospective lateral and paraxial

mesoderm cells are recruited to the primitive streak (green and blue). The

node is specified at the distal end of the primitive streak that gives raise axial

mesoderm. BMPs play major roles for differentiation of the extraembryo-

nic, lateral and heart mesoderm whereas Nodal plays critical roles for

differentiation of the axial mesoderm. Genetic studies suggest that FGF

signaling is important for the development of paraxial mesoderm.
Embryos die by E10.5 due to the failure of chorioallantoic

fusion and these abnormalities cannot be rescued by a wild

type epiblast. These abnormalities well support the above

hypothesis that BMP signaling in the extraembryonic region

is indispensable for normal gastrulation.

3.2.5. Function of Nodal during gastrulation

Nodal is a distant member of the BMP subfamily and

utilizes different signaling pathways, ACVRIB (ALK4) or

ACVRIC (ALK7) in combination of ActRIIA or ActRIIB,

and downstream targets, Smad2 and Smad3 [17,61]. Nodal

was originally disrupted by retroviral insertion in ES cells,

and the disrupted gene was then identified as a member of

TGF-b superfamily [62]. Mutant embryos die without overt

gastrulation; however, unlike Bmpr1a mutant embryos, the

embryos form randomly positioned patches that express

Brachyury [63]. Results from detailed analyses of several

different types of targeted mutations of Nodal suggest the

model that Nodal is required for establishing the initial P–D

polarity, which then converted into A–P polarity during

movement of AVE [63–65]. However, expression of Nodal

in the visceral endoderm is not necessary for axis rotation.

Reciprocal signaling interaction between the extraembryo-

nic ectoderm and the epiblast plays a critical role for axial

rotation [65,66]. Since AVE expresses Lefty1 and Cerberus-

like (Cerl) and both antagonize Nodal signaling [67,68], it is

suggested that Lefty1 and Cerl from AVE restrict Nodal

activity to the posterior end of the embryos for primitive

streak formation. Recently, it is suggested that direction of

the migration of DVE (that will be future anterior) is

determined by unequally stimulated proliferation of the cells

in the VE by Nodal signaling [69]. Functions of Nodal are

divergent both in the extraembryonic and embryonic regions

during gastrulation, but several difference in the phenotypes

of mutant embryos suggest that BMP signaling through

BMPRIA may play distinct/parallel roles from that of Nodal,

at least in part.

3.3. Embryonic patterning in germ layer development

during and after gastrulation

After initiation of the formation of primitive streak,

primitive streak elongates to reach the distal tip of the

epiblast. Cell fate mapping studies revealed that timing and

position of cells entering the to the streak is critical for

mesoderm specification; for example, cells enter the most

proximal part of the streak (and at the earliest timing) give

rise the extraembryonic mesoderm (Fig. 5). Recent genetic

studies revealed that divergent and critical role of BMPs and

other TGF-b superfamily members during these processes.

3.3.1. Functions of BMP ligands for germ layer

development

Homozygous mutant embryos for Bmp4 show multiple

defects after gastrulation such as eye and germ cells to die by

E10.5 [37–39,70]. Depending on the genetic background,
mutant embryos develop up to 20 smite stage, but they show

considerable defects in posterior part of the body and fail to

develop allantois [37,38]. Chimeric analysis using tetraploid

embryos revealed that Bmp4 expression in the extraembryonic

mesoderm is not essential for initiation of allantois develop-

ment, but is essential for the differentiation of allantois and

survival of PGCs [71]. The chimeric analyses also reveal that

Bmp4 expression in the extraembryonic ectoderm is essential

for formation of PGCs in the epiblast [71].

As mentioned above, Bmp2 is expressed in the

extraembryonic mesoderm and the homozygous mutant

embryos show abnormal structure in the extraembryonic

region [43]. Like Bmp4 mutant embryos, they show various

phenotypes partly due to the genetic background, but none of

them can survive beyond E9.5. They are small and never

turned, however, can develop somites [43]. Thus, even

though BMP2 and BMP4 share more than 90% of their

identity in their amino acid sequence, the phenotype of

BMP2 homozygous mutant embryos are somewhat different

from that of BMP4 mutant embryos, probably due to the

difference of their expression pattern or utilization of their

receptor complex. Chimeric analyses should address the

importance of BMP2 function during mesodermal pattern-

ing as well as organogenesis.

3.3.2. Functions of BMP receptors for germ layer

development

Homozygous mutant embryos for Bmpr1a die without

mesoderm formation, but as mentioned above, conditional
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mutant embryos using an epiblast-specific Cre transgenic

mouse line can gastrulate to develop mesodermal tissues

[47]. These embryos show interesting A–P patterning

defects such as expansion of anterior neural ectoderm at

the expense of surface ectoderm. Overall A–P and D–V

pattern in neural ectoderm is normal in some extent [47].

Interestingly, the prechordal plate, the rostral-most mesen-

doderm that is derived from the axial mesoderm, is expanded

in the mutant embryos underlying the enlarged portion of the

anterior neural tissue. AVE is also expanded, even though

cells in the visceral endoderm of the mutant embryos are still

wild type for Bmpr1a [47]. These findings suggest that BMP

signaling through BMPRIA in the epiblast negatively

regulates expansion of AVE and that in the anterior

mesendoderm negatively regulates expansion of the

prechordal plate. This idea well fits with the double

assurance model for anterior neural patterning in the mouse

that claims forebrain fate is promoted by the AVE and

reinforced and maintained by the anterior axial mesoderm

[32,72].

As mentioned above, the gastrulation defect of Acvr1 is

rescued in chimeric embryos with wild type extraembryonic

tissues and they can survive several more days in utero

[50,54]. High contribution chimeras (more than 80% of the

cells in the epiblast and its derivatives are homozygous

mutant for Acvr1 while all cells in the extraembryonic

tissues are wild type) show turning defects and smaller

posterior tissues that resembles to the Bmp4 mutant embryos

[50,53,54]. Chimeras less than 80 % of the contribution of

Acvr1 null ES cells develop relatively normal [53]; however,

preliminary studies revealed that the mutant cells were

excluded from several tissues suggesting cell autonomous

function of ACVRI signaling during organogenesis (unpub-

lished results).

Expression of Bmpr1b is firstly observed at E9.5 embryos

[73] and mutant embryos for Bmpr1b show defects in

differentiation and proliferation of chondrocytes around

E13.5 [74,75]. These suggest that there would be minimal

contribution of BMP signaling through BMPRIB during

early stage of mouse development, however, it is still

possible that redundant functions of BMPRIA and/or

ACVRI signaling rescue the loss of BMPRIB signaling

during establishment of body pattern. Generation of double

or triple knockout of these receptor genes should uncover

possible redundant functions during early embryogenesis.

3.3.3. Functions of Nodal for embryo patterning

In chimeric embryos generated by injection of wild type

ES cells to Nodal mutant blastocysts, the gastrulation defect

was rescued if contribution of the ES cells is over 30%, but

embryos show anterior truncations [66]. Mutant embryos

that still express limited amount of Nodal can undergo

gastrulation with anterior–posterior patterning defects [76].

An epiblast-specific disruption of Nodal results morpholo-

gically identical embryos to Nodal null embryos. Based on

the comparison of the phenotype among these embryos, it is
suggested that low levels of Nodal expression in the epiblast

is required for DVE formation, high levels of Nodal are

required for axis rotation and specification of the anterior

mesendoderm [77] (Fig. 5).

The above hypothesis is reinforced by the conditional

disruption of Smad2, one of the major downstream targets of

Nodal signaling. Mutant embryos for Smad2 cause

patterning abnormalities during gastrulation, but unlike

Bmpr1a or Bmpr2 mutants, they can form extraembryonic

mesoderm [78,79]. Chimeric analyses reveal that Nodal

signaling via Smad2 is critical in the VE during gastrulation

[80]. An epiblast-specific disruption of Smad2 does not

cause overt abnormalities during gastrulation, but show

anterior patterning defects [81]. These again suggest that

graded Nodal signaling is critical for A–P patterning in the

epiblast.

Smad3 is another signal transducer for Nodal; however,

homozygous mutant mice for Smad3 develop to term

without overt morphological abnormalities [82–84].

Because expression domains of Smad2 and Smad3 mostly

overlap during early embryogenesis [80], functional

redundancy of these two transducers was investigated.

Some of the compound heterozygous mutants for Smad2 and

Smad3 show craniofacial abnormalities presumably due to

the defects in the prechordal plate [77]. Embryos homo-

zygous mutant for Smad3 and heterozygous for Smad2 show

anterior truncation [85]. Double homozygous mutant

embryos for both Smad2 and Smad3 lack mesoderm and

fail to gastrulate, however, the epiblast-specific Smad2

embryos that are also homozygous mutant for Smad3 can

gastrulate with defects in induction of axial and paraxial

mesoderm [85]. These suggest that dosage of Nodal

signaling is important for A–P patterning during early

embryogenesis presumably affecting to cell fate decision.

3.3.4. Final dilemma—does BMP and Nodal signaling

merge together?

Biochemical studies have been shown that Smad4 is a

common factor for both BMP and Nodal/activin/TGF-b

pathways [18]. Consistent with this idea, homozygous

mutant embryos for Smad4 embryos show no mesoderm

formation that is more severe phenotype than any other

individual Smad mutation [86,87]. Chimeric studies reveal

the importance of Smad4 function in the extraembryonic

tissues [86]. However, an epiblast-specific disruption of

Smad4 brought unexpected outcomes. These embryos

establish the primary A–P axis and gastrulation is initiated

normally [88]. The embryos fail to show the anterior

primitive streak such as node and notochord that lead to

anterior truncation [88]. These phenotypes are very similar

to these of Nodal and Smad2/Smad3 mutant embryos

suggesting that Smad4 is an essential component of the

Nodal signaling pathway during gastrulation. Some, but

limited BMP-dependent developmental processes such as

PCG formation and formation of a functional heart are

affected [88]. These suggested that Smad4 may be a major
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transducer of BMP signaling in the extraembryonic tissues,

but during and after gastrulation, other pathways would play

major roles for BMP signaling [18] (Fig. 2).

In summary, BMP signaling is required in the extra-

embryonic region before and during gastrulation, but the

identity and source of the ligands need to be investigated

further. Nodal signaling in the extraembryonic region by

Nodal expressed in the epiblast is also important for the

initiation of gastrulation. After gastrulation, BMP signaling

plays divergent roles especially for early-induced mesoderm

patterning (extraembryonic mesoderm, heart mesoderm,

lateral mesoderm) (Fig. 5). This is in contrast to the Nodal

function that is important for later induced mesoderm (axial

mesoderm and paraxial mesoderm). The divergent function

of BMP signaling can be explained, at least in part, by the

divergent downstream signaling pathways in addition to the

Smad pathway. Further analyses of these pathways in early

mouse embryos should provide further insight for molecular

understanding of the function of BMPs.
4. BMP function on establishment of left–right

asymmetry

4.1. How the mouse determines the left–right asymmetry

During normal vertebrate development, the asymmetry of

the left–right (L–R) axis is crucial in positioning and

morphogenesis of internal organs. The process of L–R

determination can be divided into four steps: the initial

breaking of the L–R symmetry in/near the node; transfer of

asymmetric signals from the node to the lateral plate

mesoderm (LPM); establishment of L–R asymmetric

expression of signaling molecule in the left LPM; and

transformation of these L–R asymmetric signals into

morphologic asymmetries in the visceral organs [89]. Even

if there are important species differences in the molecular

regulation of L–R patterning [90,91], primary players in L–

R patterning seem to be conserved through vertebrates [91–

93]. Especially, Nodal and Pitx2 are conservatively

expressed in the left-specific manner through evolution

from Ascidians to mammals [93–96]. In addition to several

members of TGF-b superfamily such as Nodal and Lefty

[91,92], the accumulating evidence strongly suggest that

BMP signaling also play crucial roles in L–R patterning in

mammals [9].

In the mouse, breaking symmetry in the L–R axis occurs

in or near the node, which is located in the rostral end of the

primitive streak, at the late neural-fold stage [97]. Each of

the cells on the ventral side of the node has a monocilia

rotating rapidly in a clockwise direction, which generates a

leftward flow, referred to as ‘nodal flow’, of the

extraembryonic fluid in the node [98,99]. This nodal flow

is suggested to directly determine L–R axis potentially by

transporting a L–R determinant, even though its molecular

mechanism is still unknown [100,101].
4.2. Fine-tuning of Nodal signaling and left sidedness

4.2.1. Nodal is the primary factor for left sidedness

Nodal is expressed symmetrically in both sides of the

node around E7.5, but, at the 4–5 somite stage (around

E7.75–8.0), the expression of Nodal becomes transiently

asymmetric, with more Nodal expressing cells on the left

than the right side [102,103]. Later, Nodal is expressed in the

lateral plate mesoderm, but in a left side-specific manner.

Recent genetic evidence indicates Nodal activity in both the

node and LPM is required for normal L–R patterning as a

determinant for left sidedness [81,104–106]. Further, Nodal

activity produced in the node is known to be required for

lateral plate Nodal expression [105,106]. Compound

mutants of Nodal receptors and its downstream target,

Smad2, show right isomerism, demonstrating that Nodal is a

left determinant [78]. Homozygous mutant embryos for

Actr2b show heterotaxia [107], and compound mutants of

Actr2a and Actr2b show various degrees of L–R defects

[108,109]. These combined results suggest that Nodal binds

to ActRIIA or ActRIIB, and ACVRIB (ALK4) to signal

Smad2 during establishment of L–R asymmetry. However,

the mechanism whereby Nodal activity is asymmetrically

propagated from the node to activate gene expression in cells

of LPM remains unclear [110].

4.2.2. Fine-tuning of Nodal activity by other

TGF-b members

GDF1, another TGF-b superfamily member, is required

for the expression of Nodal, Lefty2 and Pitx2 in the LPM

[111,112]. Gdf1 is expressed in the node and the LPM.

Nodal and GDF1 may cooperate to enhance activation of

down stream targets since transduction of both signaling

require the presence of a co-receptor of the EGF-CFC family

like Criptic [113]. These three genes, Nodal, GDF, Cryptic,

share the expression in the node and LPM, and phenotypes

of their mutants [105,111,114,115].

Distal members of the BMP subfamily, Lefty1 and

Lefty2, are also implicated in L–R patterning by

antagonizing Nodal signaling [116,67,117]. Lefty1 is

induced in the notochord and presumptive floor plate

(midline) by Nodal signaling in the LPM [118] and

believed to form a ‘‘midline barrier’’ to prevent overflow

of left-side signals to the right side [116]. The midline

barrier is still conceptual, but it may explain the phenotype

of Lefty1 mutant embryos well, since Lefty1 null embryos

show bilateral expression of Nodal in the LPM [116].

Recently, it is shown that Lefty directly interacts with the

EGF-CFC co-receptor and with Nodal itself, which results

in inhibition of Nodal signaling by preventing the

association of Nodal with the receptor complex [119–

121]. Indeed, wider expression of Nodal is observed in the

Lefty2 mutant embryos [67,122]. Thus, both Lefty1 and

Lefty2 are required for fine-tuning of Nodal activity to

establish proper L–R asymmetry. Involvement of Lefties in

BMP signaling has also been proposed [123–125].
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However, the significance of the crosstalk between BMP

and Lefty for L–R patterning remains unclear.

4.3. Multiple roles of BMP signaling in left–right

patterning

4.3.1. Importance of BMPs for right-sidedness in

chick and frog

Recent studies suggest that BMP signaling is a ‘right

determinant’ in the chick and Xenopus systems [92]. In

Xenopus, truncated ACVRI (ALK2) receptor expression in

the right side of blastula elicits heart reversals and altered

Nodal expression and, on the other hand, constitutively

active ACVRI receptor expression in the left side of blastula

elicits heart reversal [126]. These data define BMP signaling

as important components of a right-sided laterality pathway

that antagonizes the left sided Vg1 pathway in Xenopus.

Interestingly, XLefty and XBMP4 are also shown to interact

both synergistically and antagonistically in a context-

dependent manner to enhance the differences between the

right-sided BMP/ACVRI/Smad pathway and the left-sided

Vg1/Nodal pathway [124]. In the chick, Bmp4 is expressed

in Hensen’s node with the highest levels on the right to

positively regulate Fgf8 expression on the right side of the

node. It also bilaterally expressed in the LPM to prevent

initiation of Nodal expression in the right LPM [127,128].

On the other hand, BMP2 is shown to be a positive regulator

of Nodal signaling in the LPM [129,130]. Thus, BMP

signaling may exert different functions on tissue- and/or

temporal-specific manner probably using different receptors

and transducers during L–R formation. This idea needs to be

investigated further using genetic methods.

4.3.2. Smad5 for right-sidedness

In mammals, until recently little was known about BMP

function in the development of L–R asymmetry, particularly

the identity of the receptor(s) that are involved in L–R

asymmetry [89]. This is primarily due to the fact that null

mutants show embryonic lethality too early to examine their

functions in the L–R patterning. The first evidence of

involvement of BMP signaling in mammals came out in the

study of Smad5 mutant embryos. The Smad5 mutants have

defects in heart-looping and embryonic turning, which are

the first signs of L–R asymmetry in mice. In the absence of

Smad5, Lefty1 is expressed at very low level, while Nodal,

Lefty2 and Pitx2 are expressed bilaterally, suggesting BMP

signaling is required for normal L–R patterning since Smad5

is specific for BMP signaling. However, because Smad5 is

expressed ubiquitously, how directly BMP signaling through

Smad5 affect the process of L–R determination is yet to be

determined [131].

4.3.3. BMP4 as an important factor for left sidedness

Analyses of tetraploid chimeras using Bmp4 null ES cells

as well as Bmp4 mutant embryos revealed that Bmp4

expression is required for node morphogenesis and for L–R
patterning [41]. In Bmp4 null mutant embryos, Nodal

expression in the node is severely reduced and no expression

was observed in the left LPM. Furthermore, the Bmp4

mutants show an abnormal flat shape of the node in contrast

to the concave structure of the node in the wild-type

embryos. In the tetraploid chimeras, wild-type extra-

embryonic ectoderm can supply BMP4, which restores

node morphology. These tetraploid chimeric embryos show

no evidence of heart looping (mesocardia) and reduction of

Nodal expression in the node and LPM. These results

suggest that BMP4 signaling is critical to establish left

sidedness. However, because Bmp4 expression is restricted

in the extraembryonic mesoderm and primitive streak, but

not in the node at presomite stage these defects in the

chimeras seem to be caused indirectly. Application of

Noggin to cultured embryos at the early somite stages

abolishes Nodal expression only in the LPM but not in the

node, suggesting that BMP signaling by BMP4 in the LPM is

required for the induction of Nodal in the LPM [41]. Thus,

BMP4 plays different roles from other BMP signaling

through Smad5 to contribute for establishing left sidedness.

4.3.4. BMP signaling through ACVRI as a critical

factor for right-sidedness

Recently, ACVRI (ALK2), a type I receptor for BMPs, is

also shown to play important roles in L–R patterning in the

mouse. As mentioned above, AcvrI null embryos die during

gastrulation of which severe phenotype is rescued by supply

of wild-type extraembryonic tissue [50,54]. Chimeric

embryos using AcvrI null ES cells show laterality defects

including embryonic turning and heart looping depending

on their contributions [53]. AcvrI expression is highly

confined in the visceral endoderm at E6.5 [51,52] and, later

in the node and its derivatives, notochord at E8.0 [52,53]. In

the chimeras, ES cells have no ability to contribute to the

visceral endoderm. Therefore, the laterality defects of AcvrI

chimeras seem to be caused by the lack of BMP signaling

through ACVRI in the node and notochord. Molecular

marker analysis revealed that, like Smad5 mutant embryos,

AcvrI chimeras show the significant reduction of Lefty1

expression in the notochord and bilateral expression of

Nodal, Lefty2 and Pitx2 in the LPM, indicating that the loss

of ACVRI signaling leads to left-isomerism. However,

distinguishably from Smad5 mutants, asymmetric expres-

sion pattern of Nodal in the node is also perturbed in the

AcvrI chimeras [53]. Although there is no evidence that

asymmetric expression of Nodal is required for L–R

patterning, this finding suggests that BMP signaling through

ACVRI in the node regulates Nodal expression in the node

as an upstream factor. In Xenopus, it is reported that ACVRI

transduces right-sidedness in a manner that is antagonistic to

Vg1-dependent signaling [126]. Together, the requirement

of ACVRI signaling for right-sidedness may be conserved

beyond species.

It is still unclear how BMP signaling is regulated in the

node and which BMPs are ligands for ACVRI in the node. It
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has also been reported that Smad5 can transduce BMP6 and

BMP7 signals through ACVRI in vitro [132,133]. Bmp7 is

the only known BMP member that is expressed in the node

[134], but Bmp7 null embryos do not show defects in L–R

patterning [135,136]. Even if BMP7 is capable of forming

heterodimers with Nodal [113], its actual meaning in vivo

still remains unclear. Interestingly, Noggin and Chordin

double mutant embryos show a randomization of heart

looping [24] suggesting BMP signaling in the node might

need to be well-tuned by these antagonists for L–R

patterning. Identification of BMP ligands for ACVRI is

critical in order to elucidate BMP functions in the node. It is

also interesting to address whether in the mouse BMP

signaling in the node antagonize GDF1/Vg1 signaling as in

Xenopus [126] or HH signaling [90,137,138] by Shh and Ihh

as in the chick [139].

In summary, BMPs are required for normal L–R

development both in the node and LPM (Fig. 6). However,

it seems to be two distinctive types of BMP signaling, which

are opposite for each other. First, BMPs/ACVRI/Smad5 is

required at least for the notochord to prevent left-isomerism.

Second, BMP4 that presumably signals through BMPRIA is

required for the LPM to induce the left-specific genes

including Nodal. Thus, BMP signaling may contribute to L–

R patterning in the tissue- and developmental-stage specific

manner. For further analysis, tissue- and stage-specific gene

disruption for BMP signaling using a Cre/loxP system would

be applied to dissect functions of BMP signaling in each

stage and tissue for L–R patterning.
Fig. 6. Model for BMP functions of L–R patterning in the mouse embryo. In the n

HH signaling. ACVRI signaling in the node may be regulated by BMP antagon

induction via an unknown factor. In the midline, BMP signaling through ACVRI/Sm

signaling acts in parallel with Shh signaling in the midline since both BMP and Shh

Nodal signaling from the node. BMP4 also seems to be essential for normal nodal

Smad5 signaling functions to repress the Nodal expression in the right LPM.
5. Perspective

In this review, we summarized recent achievement in

mouse genetics to uncover divergent functions of BMPs

during embryonic patterning. Despite the huge amount of

new insight gained during last decade, still many questions

need to be answered for molecular understanding of the

functions of BMPs. Downstream pathways of BMP

receptors are more complex than those of other members

of TGF-b superfamily, especially during early embryogen-

esis. Little is know of the target genes of divergent BMP

signaling pathways. Chimeric analyses and conditional gene

knockout studies clearly show that communication between

different tissues and regions play critical BMP-dependent

roles to establish the polarities. These suggest that some of

the target genes of BMPs would be secreting factors or

membrane proteins. Further analyses of these molecules

should be awaited for better understanding of the mechan-

isms how each part of embryos communicates to develop

three-dimensional structures.

BMP signaling also plays divergent and important roles

during organogenesis [3,9]. Intensive studies in human

genetics reveal that mutations in BMP signaling pathways

are involved in the pathogenesis of chondrodysplasia,

hereditary haemorrhagic telangiectasia, primary pulmonary

hypertension, tumorigenesis (Juvenile Polyposis), infertility

and cardiac abnormalities [140–147]. Conditional gene knock

out of BMPs and their signaling molecules in the mouse,

which can escape early lethality, develop similar phenotype as
ode, BMP signaling through ACVRI modifies nodal expression induced by

ists, Noggin and Chordin. BMP4 may also contribute indirectly to nodal

ad5 is required to induce expression of lefty1 in the left side. ACVRI/Smad5

signaling are required for Lefty1 expression. In the LPM, Nodal is induced by

expression in the LPM through BMPRIA. It is still unclear whether ACVRI/
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these of humans [148–163]. Knowledge obtained from the

analyses of the signaling pathways in embryos should also

shed light to the pathogenesis of these human diseases.
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