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Abstract

Sirenomelia, also known as mermaid syndrome, is a developmental malformation of the caudal body characterized by leg
fusion and associated anomalies of pelvic/urogenital organs including bladder, kidney, rectum and external genitalia. Most
affected infants are stillborn, and the few born alive rarely survive beyond the neonatal period. Despite the many clinical
studies of sirenomelia in humans, little is known about the pathogenic developmental mechanisms that cause the complex
array of phenotypes observed. Here, we provide new evidences that reduced BMP (Bone Morphogenetic Protein) signaling
disrupts caudal body formation in mice and phenocopies sirenomelia. Bmp4 is strongly expressed in the developing caudal
body structures including the peri-cloacal region and hindlimb field. In order to address the function of Bmp4 in caudal
body formation, we utilized a conditional Bmp4 mouse allele (Bmp4flox/flox) and the Isl1 (Islet1)-Cre mouse line. Isl1-Cre is
expressed in the peri-cloacal region and the developing hindimb field. Isl1Cre;Bmp4flox/flox conditional mutant mice
displayed sirenomelia phenotypes including hindlimb fusion and pelvic/urogenital organ dysgenesis. Genetic lineage
analyses indicate that Isl1-expressing cells contribute to both the aPCM (anterior Peri-Cloacal Mesenchyme) and the
hindlimb bud. We show Bmp4 is essential for the aPCM formation independently with Shh signaling. Furthermore, we show
Bmp4 is a major BMP ligand for caudal body formation as shown by compound genetic analyses of Bmp4 and Bmp7. Taken
together, this study reveals coordinated development of caudal body structures including pelvic/urogenital organs and
hindlimb orchestrated by BMP signaling in Isl1-expressing cells. Our study offers new insights into the pathogenesis of
sirenomelia.
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Introduction

Sirenomelia, also known as mermaid syndrome, is a develop-

mental malformation characterized by leg fusion [1]. The

incidence of sirenomelia is reported as approximately 1 in

100,000 births [2]. In addition to leg fusion phenotypes,

sirenomelia presents with abnormal pelvic/urogenital organ

development affecting the bladder, kidney, rectum and external

genitalia. This constellation of phenotypes suggests that develop-

ment of the caudal body such as hindlimb and pelvic organs is

coordinated. Due to the striking leg fusion phenotypes in

sirenomelia, most researchers have focused on understanding the

pathogenesis of this feature. Clinical and anatomical studies in

humans have resulted in two hypotheses for the pathogenesis of

sirenomelia: vascular steal and a defect of blastogenesis. The

vascular steal hypothesis posits that hindlimb fusion results from

deficient blood flow and nutrient supply to the caudal mesoderm,

while a primary anomaly in the process of the caudal mesoderm

formation is attributed by defective blastogenesis [1], [3–5].

However, the molecular and developmental bases of the complex

phenotypes have not been elucidated.
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During mouse development, a transient embryonic cavity, the

cloaca, forms at the caudal end of the hindgut and is subsequently

divided into the urogenital sinus and the rectum by the urorectal

septum (URS) [6–10]. The bladder and rectum are pelvic organs

derived from the cloaca. Recently, we showed that the Peri-

Cloacal Mesenchyme (PCM) is another essential tissue for

development of the pelvic organs and external genitalia [11],

[12]. Previous study describes the PCM as infra-umbilical

mesenchyme [13]. PCM region has been originally suggested as

part of the Gli1, an indicator gene of hedgehog (HH) signaling,

positive mesenchyme [11]. Previous lineage analysis suggests that

PCM also includes the anterior part of cloaca [11]. To precisely

define and discuss its role, the anterior part of the PCM region is

hereafter designated as aPCM (anterior Peri-Cloacal Mesen-

chyme).

Shh, a major ligand of HH signaling for the aPCM formation, is

expressed also in the anterior part of cloaca. Shh KO mice show

the abnormal development of the aPCM-derived tissues such as

external genitalia [14]. In addition to the roles of Shh in aPCM-

derived tissue formation, the significance of the aPCM region to

coordinate caudal organ formation is unknown.

Bone Morphogenetic Protein (BMP) signaling regulates a range

of cellular processes and plays essential roles regulating the

morphogenesis of many organs [15–19]. BMPs are members of

the evolutionarily conserved Transforming growth factor-b (TGF-

b) superfamily that signals via type I and type II receptors. Bmp7

KO mice die shortly after birth and display defects of kidney

development [20], [21]. Although Bmp7 KO mice do not have

defective caudal body formation, ablation of both Bmp7 and Twsg1

(which encodes a modulator of BMP signaling) results in hindlimb

fusion [22]. Due to the functional redundancy of BMP genes, little

is known about the role of individual BMPs in caudal body

development. Therefore, it is necessary to address the role of BMP

signaling using compound genetic analyses of Bmp mutant alleles.

Intriguingly, Bmp4 is expressed in the caudal body region including

the anterior cloacal mesenchyme (anterior mesenchyme adjacent

to the cloaca before the formation of aPCM) and hindlimb field.

However, Bmp4-null embryos die between embryonic day (E) 6.5

and E9.5, prior to caudal body formation [23]. Thus, determining

the function of Bmp4 in the caudal body requires a conditional

gene ablation approach.

A subset of hindlimb progenitors have been identified by fate

mapping studies with an Isl1 (Islet1)-Cre mouse line generated by a

knock-in of the Cre gene into the endogenous Isl1 locus [24]. Isl1,

a LIM-homeodomain-transcription factor regulates the process of

hindlimb initiation [25]. Isl1-Cre is expressed not only in the

hindlimb field, but also in the cloacal regions [24]. We observed

that Isl1-expressing cells contribute to the aPCM and subsequently

to the caudal body structures including the bladder, rectum and

external genitalia. To investigate the role of Bmp4 during caudal

body formation, we analyzed the Bmp4 conditional KO mice

utilizing Isl1-Cre driver strain. These Bmp4 conditional KO mice

showed sirenomelia phenotypes including hindlimb fusion and also

hitherto undescribed lethal pelvic/urogenital organ dysplasia. We

show that Bmp4 is required to form the aPCM and to adjust

hindlimb positioning during caudal body formation. Our study

revealed a novel requirement of Bmp4 function and an essential

population of progenitor cells for caudal body formation.

Results

Disruption of Bmp4 function leads to the sirenomelia
We found that Bmp4 is strongly expressed in the caudal tissues

including the base of the umbilical cord and anterior cloacal

mesenchyme (hereafter designated as peri-cloacal regions) and the

hindlimb field at early staged embryo of E9.5 (Fig. 1 A, B and C,

square). In order to address the function of Bmp4 in caudal body

development, we utilized a conditional Bmp4 null allele (Bmp4flox/flox)

and the Isl1-Cre mouse line [24]. Isl1-Cre is expressed in the caudal

body regions, including the peri-cloacal regions and the mesen-

chyme of the developing hindimb field at E9.5 (Fig. 1 D, yellow

circle, E) [24]. Isl1Cre;Bmp4flox/flox (hereafter designated as Bmp4

cKO) mutants possess hindlimb fusion similar to sirenomelia in

humans (Fig. 1 G). Stocker and Heifetz classified sirenomelia into

types I-VII, based on which skeletal elements are present and their

relationship within the malformed extremity [26]. We therefore

analyzed hindlimb skeletons of 22 mutant mice (Fig. 1 H–J). Based

on the variants described by Stocker and Heifetz, 59% and 36% of

the mutants had defects consistent with type III: loss of the fibula,

and type I: abnormal medial location of fibula, respectively. The

other 5% had type V sirenomelia limb phenotypes: loss of the fibula

and fusion of the femur (Fig. 1 H–J, red arrowheads indicate the

position of the ossified fibula).

Anomalies in the pelvic/urogenital organs are the major cause

of lethality in human sirenomelia patients. Thus, we analyzed the

pelvic/urogenital organs of Bmp4 cKO mice. Bmp4 cKO mice had

bladder aplasia, hypoplastic kidney, hypoplasia of external

genitalia and anal stenosis (Fig. 2 B, D, F). These results suggest

that disruption of Bmp4 function in caudal body regions

phenocopies all prominent phenotypes of sirenomelia observed

in humans.

Genetic analysis for tissue contribution of Isl1-expressing
cells to the embryonic caudal body
The above results prompted us to genetically analyze tissues

contributing to caudal body formation with regard to Isl1 and

Bmp4 expression domains. Isl1 mRNA was observed in the lateral

plate mesoderm adjacent to the future hindlimb bud and at the

base of the allantois at E8.5 (Fig. 3 A, E, bracket). Its expression

was detected in the peri-cloacal regions (the base of the umbilical

cord and anterior cloacal mesenchyme) and the hindlimb field at

E9.5 (Fig. 3 B, F, square). Isl1 was expressed in the cloacal

mesenchyme including aPCM, and URS (urorectal septum) at

E10.5 (Fig. 3 C, arrow, G, square and arrowhead). Its expression

in the hindlimb bud was decreased after E10.5, but maintained in

the developing genital tubercle, an anlage of external genitalia,

(hereafter designated as GT) at E11.5 (Fig. 3 D, arrow, H).

Previous fate mapping with Isl1-Cre and a R26R-lacZ reporter

mouse strain (R26R) [27], revealed that Isl1-expressing progenitors

contribute to the hindlimb field [24]. In order to address the

contribution of Isl1-expressing cells during caudal body formation,

we used the Isl1-mER-Cre-mER allele in which sequences

encoding a tamoxifen-dependent Cre recombinase were inserted

into the Isl1 locus [28]. In order to identify Isl1-expressing cells at

each embryonic stage, tamoxifen (hereafter designated as TM) was

administered between E8.5 and E11.5 and the resulting b-

galactosidase labeled cells in Isl1-mER-Cre-mER;R26R embryos

were analyzed at E15.5 (Fig. 3 I–P). The TM-inducible labeling

system marks cells within approximately less than a half day of TM

administration [29], [30]. We observed that the majority of Isl1-

expressing cells contribute to the posterior hindlimb (Fig. 3 I, J),

dorsal GT (Fig. 3 I, J, inset) and the bladder (Fig. 3 M, N, arrow)

with TM induction at E8.5 and E9.5. Induction at E10.5 and

E11.5 resulted in labeled cells in both dorsal and ventral GT (Fig. 3

K, L, inset), bladder (Fig. 3 O, P, arrow), and in a restricted

portion of the hindlimb (Fig. 3 K, L). TM induction at E11.5

labeled only some cells in the apical region of the bladder (Fig. 3

P). Previously, we reported that aPCM (anterior Peri-Cloacal

A New Mouse Model of Sirenomelia
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Mesenchyme) contributes to the dorsal GT and the mesenchyme

of bladder [11]. The aPCM region has been originally described as

part of PCM, which is located in the mesenchyme surrounding the

anterior part of cloaca [11]. These observations prompted us to

examine whether Isl1-expressing cells contribute to the aPCM

formation. Thus we induced with TM at E8.5 and E9.5 and

analyzed the LacZ labeled cells in Isl1-mER-Cre-mER;R26R

embryos at E10.5. Predictably, Isl1-expressing cells were located in

the aPCM at E10.5 (Fig. 4 B, C). Furthermore, we detected the

labeled cells in the URS (urorectal septum) (Fig. 4 B, C, arrow).

These results suggest that Isl1-expressing cells (between E8.5 and

E9.5) contribute to the pelvic/urogenital organs, external genita-

lia, and hindlimb formations. Taken together, coordinated

formation of caudal body may be orchestrated by Isl1-expressing

cells.

Abnormal aPCM formation of Bmp4 cKO mice
We observed that Bmp4 was expressed in the peri-cloacal

regions at E9.5 and thereafter in the aPCM at E10.5 (Fig. 1 C,

Fig. 5 A). We also observed active BMP signaling in the aPCM

based on anti-pSMAD immunohistochemical analysis (Fig. 5 B).

This led us to investigate whether Bmp4 regulates the aPCM

formation and to analyze expression of cloacal and aPCM marker

genes (Shh, Gli1, Tbx4 and Tbx5) in Bmp4 cKO mice. HH

(Hedgehog)-responding cells contribute to both the dorsal GT and

the mesenchyme of bladder [11]. Of note, the expression of Shh, a

critical ligand of HH signaling for the aPCM formation, was not

altered in the cloacal endoderm of Bmp4 cKO mice (Fig. 5 C, D).

Gli1 is an indicator of HH signaling and is expressed in the aPCM

and mesenchyme of the URS (Fig. 5 E) [11]. Gli1 was expressed in

these regions of Bmp4 cKO mice (Fig. 5 F). Tbx4 and Tbx5 are

developmental genes for limb initiation and outgrowth. They were

normally expressed in the aPCM of wild type (Fig. 5 G, I), but such

expression was dramatically reduced in Bmp4 cKO mice (Fig. 5 H,

J). In contrast, these expression remained in Shh KO mice (Fig.

S1). Contrary to the case of aPCM, the Bmp4 cKO mice showed

sustained expression of Tbx4 and Tbx5 in the limb bud (data not

shown). BMP signaling was reduced in the mutant aPCM region

based on pSMAD immunoreactivity (Fig. 5 K–N).

It has been shown that Isl1 is essential for hindlimb initiation

[25]. Although Isl1 is expressed in the aPCM and URS at E10.5

(Fig. 3 G), the function of Isl1 in the development of pelvic/

Figure 1. Hindlimb fusion of Bmp4 cKO mice. (A) Diagram of peri-cloacal regions. Peri-cloacal regions (PC-regions) including the base of the
umbilical cord and anterior cloacal mesenchyme. hl, hindlimb field. (B, C) In situ hybridization (ISH) analysis reveals Bmp4 expression in the peri-
cloacal regions (square in C) and hindlimb field at E9.5. (D, E) The R26R-lacZ Cre reporter shows that the Isl1-Cre expressing cells are present in the
peri-cloacal regions and the developing hindimb field at E9.5 (D, yellow circle, E). (F–J) Hindlimb fusion shown by gross appearance and by skeletal
preparations of Bmp4 cKO mice. The fibulae are aberrantly located medially (I) or are absent (J) in the mutants. Red arrowheads indicate the ossified
fibula.
doi:10.1371/journal.pone.0043453.g001
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urogenital organs has not been examined. Therefore, we analyzed

the Isl1 conditional KO mice during caudal body formation. We

utilized Hoxa3-Cre, which is expressed broadly in the caudal body

region from E8.5 [31]. The mutant embryos showed hypoplastic

aPCM and defective hindlimb initiation, but the expression of Gli1

and Bmp4 persisted in the aPCM (data not shown). Taken

together, these results show that BMP4 signaling in the caudal Isl1

expression domains is required for the aPCM formation and loss

of this signal (rather than decreased Isl1 function) causes the

profound phenotypes of Isl1Cre;Bmp4flox/flox mutants.

Functional redundancy of BMP genes has been shown in

multiple developing organ systems [32–35]. Bmp4 cKO mice

have both hindlimb fusion and defective pelvic/urogenital organs

indicating that BMP4 is the critical ligand for caudal body

development. Bmp7 KO mice do not show sirenomelia pheno-

types (Fig. 6 B, F), but display kidney hypoplasia [20], [21];

implying possible functional redundancy of BMP signaling.

Indeed, loss of a single copy of Bmp4 and both copies of Bmp7

in Bmp4flox/+Bmp7flox/flox compound mutant mice (Hoxa3-

Cre;Bmp4flox/+Bmp7flox/flox) resulted in hindlimb fusion (Fig. 6 D)

as well as loss of the bladder and anal stenosis, essential diagnotic

features of sirenomelia (n = 3) (Fig. 6 H). The same phenotypes

were also observed in such double compound mutant mice.

These results indicate that Bmp4 compensates for the loss of Bmp7

during caudal body development.

Developmental patterning of hindlimb bud in Bmp4 cKO
mice
Sirenomelia patients possess characteristic leg phenotypes

including the fusion, abnormal medial rotation and defective

skeletal formation of fibula [26]. Pattern formation is an essential

process for hindlimb development. Limb patterning is established

along three axes: proximal-distal (P-D: hip to toe), anterior–

posterior (A–P: 1st to 5th digit; tibia to fibula) and dorsal–ventral

(D–V: top versus plantar foot). To analyze the patterning of

hindlimb in Bmp4 cKO mice, we performed gene marker analyses

of the hindlimb bud. P-D limb development depends on a

specialized epithelium at the distal tip of the limb bud, the apical

ectodermal ridge (AER) [36–39]. Although Fgf8, the essential AER

marker, was expressed normally in the AER, the location of

hindlimb bud was closely apposed to one another in the Bmp4

cKO mice (Fig. 7 A, B). Wnt5a is expressed in the distal

mesenchyme and essential for the proximo-distal limb outgrowth

[40] (Fig. 7 C). Wnt5a expression was detected in the mutant mice

in a bowl-shaped pattern at the ventral-caudal midline of the body

(Fig. 7 D). The findings on Fgf8 andWnt5a expression indicate that

the P-D axis of the hindlimb bud is maintained in Bmp4 cKO

mice. Shh is expressed in the posterior limb bud regulating the A-P

patterning of the limb [41–43]. Shh was expressed in the

mesenchyme of posterior limb bud of wild type (Fig. 7 E). Bmp4

cKO mice showed shifted location of Shh expression in the midline

of the caudal body (Fig. 7 F, red arrow). These observations

suggest that posterior hindlimb buds are fused in the Bmp4 cKO

mice. However, there were some phenotype variations of Shh

expression in the mutants. Some mutants showed the prominent

reduction of its expression in the hindlimb bud (data not shown).

In accordance with such variable expression pattern, digit

phenotype was also variable (data not shown). In fact, several

papers suggest various digit phenotypes in human patients of

sirenomelia [44], [45]. The transcription factor Lmx1b is expressed

in the dorsal mesenchyme of the limb bud and is a primary

regulator of dorsal limb identity [46], [47]. Its expression was

detected in the mesenchyme of mutant mice at the ventral caudal

midline of the body (Fig. 7 H, yellow arrow and inset). These

results suggest that the hindlimb patterning is basically maintained

in Bmp4 cKO mice. Taken together, these results suggest early

hindlimb bud grows out normally but rather the midline tissue is

missing. Thus the hindlimbs may be fused and abnormally rotated.

Abnormalities in the aPCM of Bmp4 cKO mice may lead to such

loss of midline structure in the mutant mice subsequently leading

to the approximation of hindlimb to the midline with change of

the Lmx1b expression. Recent reports indicate that Tbx4 regulates

the formation of hindlimb skeletal elements such as fibula [48],

[49]. Expression of Tbx4 was reduced in Bmp4 cKO mice (Fig. 7 I,

J). These results suggest a possibility that the defective patterning

of Tbx4 expression may cause the abnormal fibula formation in the

mutant embryos.

Discussion

Bmp4 cKO mice as mouse model of sirenomelia with
hindlimb fusion and lethal pelvic/urogenital organ
aplasia
We have identified Bmp4 cKO mice as a new mouse model for

sirenomelia. Unlike previous mouse models, the current model

displays all the key phenotypes of sirenomelia including hindlimb

fusion, dysgenesis of pelvic/urogenital organs and hypoplasia of

external genitalia. The kidneys and upper urinary tract are retro-

peritoneal organs whereas the bladder and urethra are caudal

intra-peritoneal organs derived from the cloaca. Our study has

Figure 2. Defective formation of the pelvic/urogenital organs
in Bmp4 cKO mice. (A–F) Bmp4 cKO mice have bladder aplasia (red
arrow in B) and hypoplastic kidney (yellow arrowheads in B), hypoplasia
of external genitalia (arrow in D) and anal stenosis (arrowhead in F). red
arrow, bladder; yellow arrowhead, kidney; arrow, genital tubercle;
arrowhead, ano-rectal region.
doi:10.1371/journal.pone.0043453.g002
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revealed a surprisingly wide range of abnormalities affecting the

external genitalia as well as intra-pelvic organs and retro-

peritoneal organs.

Current tissue lineage analyses suggest that Isl1-expressing cells

are essential population of cells for the caudal body formation

including pelvic/urogenital organs and hindlimb. We found Isl1-

expressing cells contribute to the aPCM formation. Tbx4 and Tbx5

are expressed in the aPCM region. Tbx4 is expressed in the

umbilical cord, aPCM and also hindlimb bud. On the other hand,

Tbx5 is not expressed in the hindlimb bud and its expression is

more restricted in the aPCM. Thus, Tbx5 would be a one of the

appropriate markers for the aPCM. Bmp4 cKO mice show

defective tissue formation such as bladder agenesis and GT

hypoplasia, which are derived from the aPCM with reduced Tbx4

and Tbx5 expression. Tbx4-expressing cells contribute to the

mesenchyme of the bladder and GT by lineage analysis with Tbx4-

Cre R26R mice [50]. These results suggest that the aPCM is not

formed in Bmp4 cKO mice. Hence, current observations indicate

that the aPCM contains essential progenitors for pelvic/urogenital

tissues. Normally, Bmp4 is expressed and BMP signaling is active in

the aPCM during caudal body formation. Loss of pSMAD

immunoreactivity in the aPCM region of Bmp4 cKO mice

indicates that autocrine BMP4 action is required to form the

aPCM. To investigate the role of BMP4 in the aPCM formation,

we assessed apoptosis and cell proliferation by Tunel and EdU

assay, respectively. Both conditions were not altered in Bmp4 cKO

Figure 3. Tissue contribution of Isl1-expressing cells to the caudal body. (A–H) Expression pattern of Isl1 mRNA during caudal body
development. (A, E) Isl1 is expressed in the lateral plate mesoderm adjacent to the future hindlimb bud and the base of the allantois at E8.5 (bracket
in A and E). (B, F) Isl1 is expressed in the caudal body region and hindlimb bud at E9.5 (square in B). Its expression is detected in the peri-cloacal
regions (square in F). (C, G) Isl1 expression is detected in the cloacal region at E10.5 (arrow in C). It is expressed in the URS (arrowhead in G) and
cloacal mesenchyme including aPCM (square in G). Isl1 expression in the hindlimb bud is reduced at E10.5. (D, H) Its expression is maintained in the
developing GT at E11.5 (arrow in D). Its expression is detected in GT mesenchyme and URS (arrowhead in H). Asterisk indicates cloaca. (I–P) The R26R-
lacZ Cre reporter shows LacZ staining of caudal body regions in Isl1-mER-Cre-mER embryos at E15.5 after administration of tamoxifen at E8.5–E11.5.
Whole-mount view of stained embryos of hindlimb and external genitalia (I–L) and pelvic organs (M–P). Isl1-expressing cells contribute to the
hindlimb, external genitalia and bladder. Insets in I–L are high magnification of GT. Ventral GT is located at the bottom. t, tail; hl, hindlimb bud.
doi:10.1371/journal.pone.0043453.g003

Figure 4. Isl1-expressing cells contribute to the aPCM. (A–C) Mid-
sagittal sections of cloacal region at E10.5. The square indicates the
aPCM (A). The Isl1-expressing cells contribute to the aPCM and URS (B,
C). Arrows indicate the URS. u, URS; c,cloaca.
doi:10.1371/journal.pone.0043453.g004
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mice (data not shown). It has been shown that BMP signaling

regulates the supply of mesenchymal cells during gastrulation [51].

Elucidation of another signaling crosstalks with BMP in the

developing caudal body will greatly facilitate our understanding of

molecular pathogenesis of sirenomelia. Further analysis is neces-

sary to understand the function of BMP4 for the formation of the

aPCM.

The current study indicates Bmp4 in the Isl1-expressing cells

contribute not only to the aPCM but also in the URS formation.

Cloacal septation by the URS is an essential process for the

anorectal formation [9]. Previous study shows that Shh signaling is

also essential for the anorectal formation. The expression of Shh in

the endoderm was remained in Bmp4 cKO mice. These results

indicate that BMP signaling is involved for the aPCM formation

independently with Shh signaling.

An essentially important pathological feature of sirenomelia is

leg fusion. The leg locates in the lateral body wall, which is

supported by pelvic skeletons. Previous studies suggest abnormal

formation of the leg is derived from the defective midline

formation [52], [53]. The current phenotypes are associated with

the aplasia of midline structure which is derived from the aPCM

region. Although Shh KO mice show defective pelvic/urogenital

formation, their mutants do not show the hindlimb fusion [14],

[54]. Of note, the expression of the aPCM marker genes such as

Tbx4 and Tbx5 remained in Shh KO mice. These observations

suggest that proper formation of the aPCM is an essential process

for regulating the location of hindlimb development. Although

hindlimb bud was located at the ventral caudal midline of the

body, the early pattern formation of hindlimb bud was basically

not affected in the Bmp4 cKO mice. Taken together, the current

results suggest that proper formation of the aPCM by BMP

Figure 5. Defective aPCM formation of Bmp4 cKO mice. (A) Bmp4 is expressed in the aPCM at E10.5. (B) Immunohistochemical analysis of
pSMAD in the aPCM at E10.5. (C–J) Section in situ hybridization analysis with the aPCM and cloacal marker genes for wild type (C, E, G, I) and mutant
embryos (D, F, H, J) at E10.5. (K–N) Immunohistochemical analysis of pSMAD in the aPCM of wild types (K) and mutant embryos (L) at E10.5. (M, N)
High magnification images of square region in K and L. The squares in A–L indicate the aPCM.
doi:10.1371/journal.pone.0043453.g005

Figure 6. Genetic interaction between Bmp4 and Bmp7 during the caudal body formation. (A–D) Whole-mount view of wild type and
mutant embryonic hindlimb. Red arrowheads indicate the hindlimb position. (E–H) Mid-sagittal sections of wild type and mutant embryos. Bmp7 KO
mice do not show hindlimb fusion and prominent bladder defects at E13.5 (B, F). Hoxa3-Cre;Bmp4flox/+Bmp7flox/flox double compound mutant mice
show the hindlimb fusion at E14.5 (D). The compound mutant mice also show bladder aplasia (H) and anal stenosis (arrow in H). dGT, dorsal GT; b,
bladder; r, rectum.
doi:10.1371/journal.pone.0043453.g006
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signaling may be an essential process not only for the formation of

pelvic/urogenital organs but also for the determination/allocation

of hindlimbs bilaterally in the caudal embryos. In this aspect, the

ventral midline of the lower body region between bilateral

hindlimb bud develops coordinately with hindlimbs.

It has been reported that Isl1 is expressed in the caudal lateral

plate mesoderm during the caudal body development [55]. Isl1-

expressing cells contribute not only to the pelvic/urogenital organs

but also to hindlimb. One of the classifications of sirenomelia is the

defect of skeletal elements in the leg such as fibula [26]. The limb

is derived from two tissues sources, the lateral plate mesoderm and

somatic cells. The lateral plate mesoderm of the hindlimb field

gives rise to the cartilage, bone, perichondrium, tendons,

ligaments, and connective tissues. In contrast, muscle and blood

vessels arise from somatic cells that migrate into the limb [56].

Tbx4-expressing cells contribute to the lateral plate-derived tissues,

particularly to the bone, tendon, and perichondrium [50]. Tbx4

plays a role in formation of the skeletal elements of the limb such

as fibula [48]. In the current study, Bmp4 cKO mice display the

defective fibula formation with reduced Tbx4 expression. The

decrease of Tbx4 expression in the hindlimb bud by defective

BMP4 signaling could be a one of the causative factors for the

defective skeletal elements in sirenomelia.

Bmp4 is a major BMP ligand for the caudal body
formation
BMP genes are broadly expressed during embryonic develop-

ment in a redundant manner [32], [33]. Furthermore, different

degree of BMP signaling is required to regulate distinct

developmental programs. The current compound genetic analyses

of Bmp4 and Bmp7 have suggested a redundancy between BMP

genes during caudal development. Bmp7 single KO mice do not

show the sirenomelia phenotypes. However, Bmp7/Twsg1 double

compound mutants display the hindlimb fusion like a sirenomelia

[22]. Twsg1 is a one of the modulators of BMP signaling and can

act both to promote and inhibit BMP activities. Such observations

imply that other BMPs play major roles for the caudal body

formation. In the current study, Bmp4 heterozygous and Bmp7

homozygous double compound mutant mice, Hoxa3-Cre;Bmp4flox/+

Bmp7flox/flox, showed not only the hindlimb fusion but also a loss of

bladder and anorectal malformations similar to the case of Bmp4

cKO mice. Thus the current series of compound genetic studies

suggest that Bmp4 is a major gene and the presence of genetic

interaction between Bmp4 and Bmp7 for the caudal body formation.

Taken together, Bmp4 cKOmouse is a useful model to elucidate not

only pathogenesis of sirenomelia but also to understand the

developmental mechanisms of coordinated caudal embryonic

formation.

Materials and Methods

Embryo collections of conditional mutant mice
The Bmp4flox/flox and Bmp7flox/flox conditional mutant alleles

employed in this study were described previously [57], [58]. The

Is1l-Cre, Isl1-mER-Cre-mER and Hoxa3-Cre, R26R-LacZ indica-

tor mice strains were generated as described previously [24], [27],

[28], [31]. For embryonic sampling, pregnant females were

sacrificed between E8.5 to E18.5 and the embryos were examined.

All animal experiments were approved by the animal study

committee of Wakayama Medical University and Kumamoto

University School of Medicine (Permit Number: 519 in Wakayama

Medical University and A23-066, A23-069 and A23-073 in

Kumamoto University). The tamoxifen (TM)-inducible Cre

recombinase system removes the floxed sequence from the target

genome [59]. TM (Sigma, St Louis, MO, USA) was dissolved in

sesame oil at 10 mg/ml. 4 mg or 2 mg of TM per 40 g body

weight was used to treat the pregnant mice. Under these

conditions, no overt teratologic effects are observed in the

hindlimb and pelvic/urogenital organs [11].

Histology, immunohistochemistry and X-gal staining
analysis and skeletal preparation
The embryonic specimens were fixed overnight in 4%

paraformaldehyde (PFA)/PBS, dehydrated in methanol and

embedded in paraffin. 6 mm serial sections were prepared for

Hematoxylin and Eosin (HE) staining and immunohistochemistry.

The tissue sections were stained with primary antibodies to

pSMAD1/5/8 (Cell signaling) [60]. Immunostaining was visual-

Figure 7. Developmental patterning of hindlimb bud in Bmp4
cKO mice. (A–J) ISH analysis with the limb patterning genes for wild
type and mutant embryos. Marker genes are indicated in the left of the
panels.
doi:10.1371/journal.pone.0043453.g007
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ized using DAB against primary antibodies (WAKO). X-gal

staining for the detection of Isl1-expressing cells was performed as

previously described [11]. Bones and cartilage of E18.5 fetuses

were stained with alizarin red and alcian blue as previously

described [61].

In situ hybridization for gene expression analysis
Section in situ hybridization analysis was performed on 8 mm

paraffin sections as previously described [62]. Whole-mount in situ

hybridization was performed by standard procedures. For in situ

hybridization, the following riboprobe templates were used: Bmp4,

Shh, Gli1, Isl1, Tbx4, Tbx5, Fgf8,Wnt5a and Lmx1b (kindly provided

by B.L. Hogan, N. Ueno, C. Shukunami, C.C. Hui, S. Evans, T.

Ogura, TP. Yamaguchi, and RL. Johnson).

Supporting Information

Figure S1 Expression of Tbx4 and Tbx5 in Shh KO mice.

(A) SEM (scanning electron microscopy) image of the mouse

cloacal region at E10.5. The square indicates the aPCM region.

(B, C) Whole-mount ventral view of LacZ-stained embryos of

caudal body region. Isl1-expressing cells between E8.5 and E9.5

are located in the posterior mesenchyme of the hindlimb bud and

in the aPCM region (B, C). The brackets indicate the aPCM

region. (D–G) ISH for the expression of the aPCM marker genes

such as Tbx4 and Tbx5. The expression of these genes remains in

Shh KO mice at E10.5 (arrow in E and G). c,cloaca; t, tail; hl,

hindlimb bud.

(TIF)
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