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Abstract
Digit and interdigit (D/ID) development is one of the important research fields in molecular
developmental biology. Interdigital cell death (ICD) is a morphogenetic event which has been
considered as an essential process for D/ID formation. Although, some growth factors including Bmp
and Fgf signaling can modulate ICD, growth factor crosstalk regulating ICD is poorly understood.
Wnt canonical pathway and Bmp signal crosstalk has been considered as the essential growth factor
crosstalk in organogenesis. To elucidate the crosstalk to regulate the D/ID formation, we analyzed
conditional mutant mice with limb bud ectoderm expressing constitutively activated β-catenin
signaling. We showed that modulation of Wnt/β–catenin signal in the limb ectoderm including the
AER regulates ID apoptosis. We also demonstrated that Wnt/β–catenin signaling in the ectoderm
can positively regulate Fgf8 possibly antagonizing the epithelial derived Bmp signaling. Human birth
defects for digit abnormalities have been known to be affected by multiple parameters. Elucidation
of the potential mechanisms underlying such D/ID development is an urgent medical issue to be
solved. This work would be one of the first studies showing essential growth factor cascades in the
D/ID formation.
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Introduction
Studies on digit and interdigit (D/ID) development is one of the important research fields in
molecular developmental biology and medicine. Interdigital cell death (ICD) is a
morphogenetic event that leads to the individualization of digits necessary for proper limb
development. Regulation of ICD has been considered as an important developmental process
for several decades [1]. The involvement of growth factors for its regulation has been suggested
in the case of Bone morphogenetic protein (Bmp) [2]. Growth factor crosstalk is one of the
frequently studied growth factor cascades during organogenesis including limb development
[3;4]. However, the involvement of growth factor crosstalk for organogenesis including the
Bmp signal has been only recently shown by utilizing conditional compound genetics [5;6].
This is because of the recent innovation of modulating growth factor responses by conditional
loss or gain of function mutations [7]. In fact, the development of several Cre driver mice lines
has opened a way for such conditional compound genetics applied for organogenesis [8;9].
Bmp signaling can modulate ICD by modulating the Fgf signals [5]. Several studies have shown
that Fgf signaling is necessary for cell survival and outgrowth during organogenesis [10;11].
Studies on compound mutants revealed the crosstalk between Fgf/Bmp signaling. However,
multiple signal cascades remain unelucidated for the regulation of D/ID formation. Wnt
canonical pathway and Bmp signal crosstalk has been considered as one of the essential growth
factor crosstalk in other organogenesis. The involvement of such crosstalk to regulate the D/
ID formation has been unexplored and thus investigated by the current study.

Developmental abnormalities for D/ID formation have been well recognized as human birth
defects among young infants [12]. Numerous phenotypes including polydactyly, syndactyly
have been described [13]. Human birth defects for digit abnormalities have been known to be
affected by multiple parameters. However, the majority of those mechanisms as underlying
such defects are still unelucidated. Analyzing the variety of human digit abnormalities based
on the pathogenetic process of ICD would be an essential strategy to understand human birth
defects. Hence, elucidation of the potential mechanisms underlying such D/ID development is
an urgent medical issue to be solved. In the current study, we utilized a constitutively activated
β–catenin mouse model by utilizing a conditional Cre driver mouse line. We asked a question
whether the modulation of Wnt/β–catenin signal in the limb ectoderm including the AER
(Apical Ectodermal Ridge) regulates Fgf's signaling and ID apoptosis. We also found that
K5Cre-Catnb(ex3)fl/+BmprIAfl/fl (with additional mutation of Bmp signaling) mutant embryos
display more severe defects of ID regression. Our data utilizing a compound mutant suggests
that Wnt/β–catenin signaling in ectoderm can positively regulate Fgf8 possibly antagonizing
the Bmp signaling within AER. This work would be one of the first studies showing essential
growth factor crosstalk in the D/ID formation. These results provide solid mass of data to
understand the mechanisms underlying the D/ID abnormalities.

Materials and Methods
Mice

The mutant alleles used herein were Catnb(ex3)fl/+ [14], BmprIA [15], K5Cre [16], R26R
[17] and BATLacZ [18]. Experimental procedures and protocols for mouse studies were
approved by the Committee on the Animal Research of the Kumamoto University. Embryos
for each experiment were collected from more than three independent pregnant females. The
day on which a vaginal plug was detected was designated as E0.5.
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Histology, LacZ, LysoTracker staining, and Whole mount in situ hybridization for gene
expression analysis

Hematoxylin and eosin staining and LacZ staining were performed by standard procedures as
previously described [19]. LysoTracker Red staining was done as suggested by the
manufacturer's protocol (Molecular Probes). RNA expression analysis by whole mount in
situ hybridization was performed as previously described [20]. Riboprobes were synthesized
using the DIG RNA labeling kit (Roche) according to the manufacturer's recommendations.
The probes used were Fgf8 and Bmp2 (provided by Dr. B. L. Hogan), Bmp4 [21], Bmp7
(provided by Dr. M. Yoshida), and Msx2 (provided by Dr. Y. Liu).

Results
Dynamic activation of Wnt/β–catenin signaling during limb development

Dynamic activation of Wnt/β–catenin signaling during limb formation has been reported [22;
23]. In order to elucidate the activation status of Wnt/β–catenin signaling, we utilized canonical
Wnt/β–catenin signaling indicator mice to monitor the activities during D/ID formation (Fig.
1). BATLacZ is the mouse strain to monitor Wnt/β–catenin signaling [6;18]. LacZ activity
detected by the BATLacZ monitoring mouse line indicated the presence of Wnt/β–catenin
signaling in the AER during E10.5 and E12.5 (Fig. 1A,B). At E13.5, Wnt/β–catenin signaling
in the AER adjacent to the ID region (AER /ID) was reduced (red arrows; Fig.1C). Later,
prominent LacZ staining was still detected in the distal digit tip at E14.5 (black arrows; Fig.
1D).

Digit and interdigit abnormalities induced by β–catenin stabilization by the conditional
mutation of K5Cre-Catnb(ex3)fl/+

In order to examine the function and phenotype of altered Wnt/β–catenin signaling in D/ID
formation, we examined the phenotype of Wnt/β–catenin gain of function (GOF) mutant
embryos using constitutively activated β-catenin signal allele (Catnb(ex3)fl/+) [14]. To perform
such conditional gene mutation, we utilized Keratin 5 (K5) Cre mouse line to achieve epithelial
specific target gene recombination [16]. Cre activities were detected in the limb AER and in
the limb surface ectoderm during E10.5-E14.5 (Fig. 2A-D). We then next examined the
resultant phenotype of K5Cre-Catnb(ex3)fl/+ embryos (Fig. 2F). Intriguingly, prominent digit
fusion and abnormal ID phenotype was observed in such conditional mutants both in the
forelimbs (FL) (Fig. 2F) and hindlimbs (HL; data not shown) at E18.5. The overall phenotype
of such digital fusion was more severe in the case of forelimb rather than in the case of hindlimb.

Dynamic change of Wnt/β–catenin activities and alteration of cell death in the K5Cre-
Catnb(ex3)fl/+ mutant limb buds

We next examined the kinetics of Wnt/β–catenin activities during the limb development in the
control and K5Cre-Catnb(ex3)fl/+ mutant embryos. In the control embryos, the LacZ activity
for the Wnt/β–catenin signaling in the AER/ID was reduced at E13.0 (yellow arrows; Fig. 3A).
In contrast, the Wnt/β–catenin signaling in the AER/ID in the mutant limb was still activated
at E13.0 and its activity was sustained at E14.5 (yellow arrows; Fig. 3B,D). In order to further
investigate the mechanisms underlying the digit abnormality of the conditional mutants, we
examined the status of apoptosis in the mutant mice limb buds. The conditional mutant mice
displayed reduced rate of interdigital mesenchymal apoptosis adjacent to the AER at E13.0
(white arrows; Fig. 3F). The control embryos displayed already complete loss of ID region at
E14.5. In contrast, the K5Cre-Catnb(ex3)fl/+ mutant limb buds displayed still prominent
apoptosis at E14.5 in the ID region (data not shown). These results indicate that the elevated
epithelial Wnt/β–catenin signaling affect the interdigital apoptosis.
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Alteration of Fgf8 and other marker genes upon dysregulated Wnt/β–catenin signaling
It has been suggested that several growth factors and marker genes can be regulated by the net
readout of growth factor signaling. In order to analyze the consequences of altered Wnt/β–
catenin signaling, we examined the expression of several marker genes during D/ID
development (Fig. 4A-J). Bmp signaling is one of the essential growth factors for ID apoptosis.
It has been known that several Bmp genes' expression is affected by the altered Wnt/β–catenin
signaling [22]. Bmps 2, 4 and 7 are upregulated during ID regression, suggesting that these are
candidate ligands for activating Bmp signaling [2; 5]. Therefore, we examined these
expressions in the mutant limb buds. We found no significant differences between control and
mutant ID region (Fig. 4A-F). The expression of Msx2, a downstream target of Bmp signaling
was not changed in the mutant ID (Fig. 4G,H). Several Fgf genes have been suggested as
playing major roles for the D/ID formation [24]. Among such Fgfs, Fgf8 expression status is
examined in the GOF Wnt/β–catenin signaling. Intriguingly, sustained Fgf8 expression is still
detected in the mutant ID region of the developing AER compared with the control embryos
(black arrows; Fig. 4J). The functional interaction between Bmp and Wnt/β–catenin signaling
is integrated in developmental processes [25]. To further analyze the signal crosstalk between
Bmp and Wnt/β–catenin signaling within AER, we investigated the double mutant, K5Cre-
Catnb(ex3)fl/+BmprIAfl/fl limbs. We found that the K5Cre-Catnb(ex3)fl/+BmprIAfl/fl limb
displays more severe phenotype in the ID region as compared with the K5Cre-Catnb(ex3)fl/+

limbs (Fig. 4K,L).

Discussion
D/ID development has been one of the central issues of modern developmental biology [26;
27]. Numerous growth factors as well as other developmental regulators have been studied for
such developmental processes [4;23]. Of interest is the growth factor crosstalk for such
morphogenesis. One of the fundamental regulations for D/ID morphogenesis is the regulation
of apoptosis [24;28]. Proper apoptosis in the developing ID region is the prerequisite for normal
D/ID development. It has been shown that the adequate amount of Bmp signaling plays a vital
role for such regulation [2;5]. More recently, growth factor crosstalks involving Bmp signaling
have been suggested by utilizing compound conditional mutant [5;29]. In addition to such
regulation of apoptosis, developmental regulation by the neighboring ectoderm, AER, has been
suggested as important for limb and digit development [30]. However, the effect of such
neighboring ectoderm (AER) on ICD has been still unelucidated. Ectodermally (dorsally)
regulated Wnt/β–catenin signaling has been playing an important role for the regulation of
AER formation during limb development. In the current study, we found dynamic change of
Wnt/β–catenin activity during D/ID formation. The ectodermal influence, particularly the
influence of ectodermal Wnt/β–catenin signaling on the ICD has been unelucidated. During
normal D/ID developmental processes, regulation of Fgf8 is suggested as an important process
in addition to its functions during early limb bud outgrowth. The role of Fgf8 in ID region
including apoptotic regulation is a complex event [5;28]. It has been known that Fgf8 is
negatively regulating or antagonizing Bmp signaling in the developing ID region, which is
considered as a result of the growth factor relay of Bmp/Fgf. It has been also suggested that
context dependent Fgf signal input is also necessary and prerequisite for the proper ID apoptosis
[5]. In the current study, we have performed compound conditional genetic mutant analyses
modulating ectoderm specific GOF mutation for Wnt/β-catenin signaling. The results clearly
show that upregulated Wnt/β-catenin signaling leads to the sustained Fgf8 expression in the
corresponding ectodermal (AER) region. This result indicates the role of Fgf8 and
corresponding AER region adjacent to the ID mesenchyme. It suggests that a concerted
interaction between epithelia and mesenchyme is necessary for the development of AER region
adjacent to ID mesencyhme and apoptotic ID mesenchyme itself. The mechanism underlying
such sustained Fgf8 expression remains unelucidated. The regulatory mechanism of Fgf8
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expression in the AER has been under investigation [7;31]. ID phenotype of K5Cre-
Catnb(ex3)fl/+BmprIAfl/fl double mutant was more severe than that of the K5Cre-
Catnb(ex3)fl/+ mutant limbs. It is possible that the combination of Bmp and Wnt/β-catenin
signaling exerts synergistic regulation for the ectodermal regulation of Fgf8 adjacent to the
developing D/ID. Further studies are necessary to elucidate such molecular mechanisms of ID
regression and the associated Fgf8 regulation.

Digit abnormalities in the affected human newborn infants have been extensively studied
genetically [12]. Several classes of genes have been identified as underlying such
abnormalities. Among such birth defects, digit abnormalities due to the dysregulated ICD have
been well studied thus drawing very much attention of researchers. Such dysregulation of the
ID apoptosis often leads to polydactyly or syndactyly. It is becoming clear that developmental
genes which possess vital functions during early embryonic development and other
organogenesis can also affect such digit and ID region development such as the case of Bmp
or Wnt/β-catenin signaling. Hence, due to the essential function of such genes during early
organogenesis, null mutations of such genes are expected to lead to early embryonic lethality.
Therefore, analysis of such developmental key regulators including Wnt/β-catenin or Bmp
signaling is vital by utilizing compound conditional genetics. In the current study, integration
of the above pathways contributes to develop the D/ID region (Fig. 4M). It will be also
intriguing to examine the genetic interaction and crosstalk between Wnt/β-catenin and other
regulators. Hox genes have been often analyzed and described as regulating and affecting limb
and digit formation [32]. In fact, possible regulations of several Hox genes have been suggested
as regulated by several key growth factor systems [33]. Bmp and Wnt/β-catenin have been also
suggested as regulating Hox genes [29;34;35]. It would be intriguing to check the effect of
signal crosstalk of the above genes for ID development.
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Figure 1. Dynamic expression of Wnt/β-catenin signaling during limb development
LacZ activity is detected by BATLacZ monitoring mouse line in the AER of the limb buds.
(A-D) BATLacZ activity is detected in the AER and posterior limb surface ectoderm from
E10.5 to E14.5. (C) At E13.5, BATLacZ activity in the limb bud is reduced in the AER (red
arrows). (D) At E14.5, BATLacZ activity is detected in the distal digit tip of the limb bud
(black arrows).
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Figure 2. Limb phenotypes of K5Cre-Catnb(ex3)fl/+ embryos
(A) K5Cre LacZ activity at E10.5 is observed in the AER. (B-D) At E11.5 to E14.5, K5Cre
activity is broadly detected in the limb surface ectoderm. (E,F) At E18.5, forelimb phenotypes
of K5Cre-Catnb(ex3)fl/+ embryos show prominent digit fusion and failure of ID regression.
Digital fusion is more prominent in the forelimb as compared to the hindlimb at E18.5 (data
not shown).
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Figure 3. Dynamic change of Wnt/β-catenin activities and alteration of cell death in the K5Cre-
Catnb(ex3)fl/+ mutant limb buds
(A) BATLacZ activity in the control is slightly reduced in the ID region (yellow arrows). (B)
In contrast, its activity is still activated in the mutant AER and limb surface ectoderm at E13.0
(yellow arrows). (C, D) At E14.5, ID region is formed in the control limb but BATLacZ activity
is sustained in the AER and its ectopic activation in the mutant limb is detected (yellow arrows).
(E-H) At E13.0, apoptotic signal is observed in the ID region of the control and mutant limbs.
(F-H) Apoptotic signal in the mutant AER is reduced as compared to the control (white arrows).
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Figure 4. Alteration of Fgf8 and other marker expression in K5Cre Catnb(ex3)fl/+ limbs
Whole mount In situ hybridization of Bmp ligands, Msx2 and Fgf8 genes in the forelimbs at
E13.5. (A-H) Bmps 2, 4 and 7 expressions in the mutant AER and ID regions do not show
significant differences with those of the control limbs. (I) In control limb, Fgf8 expression is
already lost in the ID region. (J) While in mutant limb, Fgf8 expression is sustained in the ID
region (black arrows). (K, L) Double conditional mutant, K5Cre-Catnb(ex3)fl/+BmprIAf/f

limbs, show more severe phenotype of ID compared with that of K5Cre-Catnb(ex3)fl/+ mutant
limbs. (M) An illustration showing the possible interaction of Wnt/β-catenin, Bmp and Fgf
signaling in the AER to regulate apoptosis in the ID.
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