[Frontiersin Bioscience 8, s805-812, September 1, 2003]

BMP SIGNALING AND HOX TRANSCRIPTION FACTORSIN LIMB DEVELOPMENT

Xuelin Li and Xu Cao

Department of Pathology, Division of Molecular and Cellular Pathology, University of Alabama, 1670 University Blvd. VH

G002, Birmingham, AL
TABLE OF CONTENTS

1. Abstract

2. Introduction

3. BMPs and limb patterning

4. BMPs and chondrogenesis

5. Transcription factors in chondrogenesis and skeletogenesis
6. BMPs and programmed cell death

7. Hox and limb devel opment

8. Conclusion

9. References

1. ABSTRACT

Limb development, a complicated biological
event that includes diverse processes such as three-
dimensional patterning, cartilage and bone differentiation
and programmed cell death, or apoptosis, is regulated by a
network of signal molecules that work in concert to ensure
proper morphogenesis.  Bone Morphogenetic Proteins
(BMPs), members of the TGFb superfamily, play a pivotal
role in the signaling network and are involved in nearly all
processes associated with limb development. While the
canonical BMP/Smad signaling cascade has been clarified,
the pathway by itself does not explain how BMPs exert
such diverse functions. The answer may lie in the crosstalk
between BMPs and other signaling pathways, as well asthe
diverse transcription factors used by BMPs. The major
objective of this review is to summarize the main functions
of BMP signaling during limb development and to describe
the crosstalk between BMPs and other signaling molecules
such as Wnts, FGFs and Shh. In addition, distinct
transcription factors downstream of BMP signaling will be
discussed. Among the various transcription factors, we will
focus on the Hox family of proteins, which play an
important role in limb patterning.

2. INTRODUCTION

Bone Morphogenetic Proteins (BMPs) are
members of the TGFb superfamily of signaling molecules
that regulate diverse biologica events including cell
growth, differentiation and apoptosis. Thus far, more than
20 members have been identified as belonging to the BMP
family. The original three family members — BMPL,
BMP2A and BMP3 — were first identified as the active
components in bovine bone preparations that induced
ectopic cartilage and bone formation in adult rats (1).
Growing evidence during the past decade supports the
notion that BMPs have many more functions in addition to
bone induction. For example, these signaling molecules
play essentia roles in many morphogenetic events during
embryogenesis, including limb patterning, neura
development and the development of many other organs
such asliver, kidney and teeth (2).
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BMPs mediate cell responses through the Smad
signaling pathway. Briefly, BMP ligands bind and activate
the type Il cell surface receptors, which in turn recruit the
type | receptors. The type | receptors are then
phosphorylated, following which they recruit and activate
intracytoplasmic Receptor-regulated Smads (R-Smads,
Smadl, 5 and 8). The activated R-Smads form
heterodimers with the Common partner Smad (Co-Smad,
Smad4), which then translocate into the nucleus. Within
the nucleus, the Smad complexes recruit distinct
transcription cofactors and mediate gene transcription in a
cell type-specific manner (3;4).

Hox transcription factors represent a family of
homeodomain-containing proteins whose activities are
essential for norma development. In mice and humans
there are 39 members within the hox gene family. The
homeobox sequence is highly conserved among the
members. The 39 genes are arranged into four clusters,
HOXA, HOXB, HOXC and HOXD, with each cluster
located on a different chromosome. Based on the sequence
similarity and position on the chromosomes, genes in the
four clusters are divided into 13 paralogs (5-7). Hox
transcription factors play essential roles in body
organization during embryonic development, including
trunk patterning and appendicular skeleton patterning (8;9).

In this review, we will discuss the various roles
of BMPs during limb development, including limb spatial
patterning, chondrogenesis and apoptosis, and the potential
involvement of Hox proteins in BMP-mediated biological
processes. We will aso overview how BMP signaling
interacts with other signals such as Wnt, Shh and FGFs to
mediate proper limb morphogenesis.

3.BMPSAND LIMB PATTERNING

Limb development is an intricate process. Limb
spatial patterning is specified in a three-dimensional
manner along the proximal-distal (PD), dorsal-ventral (DV)
and anterior-posterior (AP) axes. Each axisis controlled by
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distinct signal centers (10;11): the PD axis is controlled by

the apical ectodermal ridge (AER), composed of epithelial-

like cells located at the distal DV border; the DV axis is

controlled by dorsal and ventral ectoderm; and the AP axis

is specified by a zone of polarizing activity (ZPA), whichis

located in the posterior mesenchyme. The key molecules

secreted by these three signal centers are FGFs, Wnt7a and

Shh, respectively (12-17). It is now well known that a
network of these molecules, as well as other signaling
molecules, function in concert to ensure proper

morphological development. BMPs are the crucia proteins
involved in this network and participate in nearly al of the
processes during the limb patterning.

According to dorsa-ventra (DV) patterning,
BMP-2, 4 and 7 are expressed in the ventral ectoderm of
early limb buds, in a pattern similar to that of Engrailed 1
(EN1) (18), the homeodomain transcription factor that is
essential for ventral patterning (19). These BMPs act
upstream of Engrailed 1 (Enl) to restrict the expression of
Whnt7a to dorsal ectoderm, since loss of BMP signaling
results in absence of EN1 and ectopic Wnt7a in ventra
ectoderm (18). BMPs and Wnt7a are expressed in
complementary patterns and thus cooperate with each other
to specify the DV axis. BMPs control proximal-distal (PD)

patterning by inducing AER formation and FGF8
expression. Misexpression of either Noggin or

congdtitutively  activated (ca) BMPR leads to AER
disruption. BMP-induced AER formation is through Msx
and is Enl-independent (18). On the other hand, BMPs
mediate AER regression at later stages to ensure the proper
length of the limb (20). Consistently, conditional knockout
of BMP receptor-1A in limb ectoderm leads to AER
disruption and loss of FGF8 expression (21). BMPs are
also involved in AP patterning. BMP-2 expression is

limited in the posterior mesenchyme during early
development, with the expression domain largely

overlapping with that of Hoxdl3 (22). Hoxdl3 is the
homeodomain-containing transcription factor that acts as a
downstream component of polarizing signaling to control
AP patterning (23). Shh is the key molecule secreted by
ZPA to mediate AP patterning. ZPA implantation (22) or
Shh overexpression (24;25) can induce ectopic BMP-2
expression. However, introducing BMP-2 aone into
anterior mesenchyme does disrupt the AP axis (22),
indicating that BMP-2 acts as a downstream component of
Shh signaling rather than as a polarizing signal itself. Thus,
BMPs are involved in al three axes of patterning via their
interaction with other signaling pathways.

4. BMPS AND CHONDROGENESIS

BMPs were first identified by their ability to
induce ectopic cartilage and bone formation in adult rats.
Loss- or gain-of-function studies suggest that BMPs also
play crucid roles in chondrogenesis and skeletogenesis
during embryoic development. Individual BMPs exhibit
distinct expression patterns. BMP-2 is expressed in areas
surrounding the initial cartilage condensation, while BMP-
4 is expressed in perichondrium. (26). BMP-2 is aso
expressed in periosteal and osteogenic zones (27). BMP-5
is expressed in initial cartilage condensation as well as in
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perichondrium and periosteum at
development (28). BMP-6 is expressed in hypertrophic
chondrocytes (27). BMP-7 is highly expressed in the
perichondrium, but and its expression is absent in the zones
of joint formation (29). Distinct temporal and spatial
expression patterns of individua BMPs indicate that
different members mediate specific events  of
chondrogenesis.  For example, BMP-2 recruits the
mesenchymal cells surrounding the initial cartilage
condensation into chondrogenic fate, while BMP-4 recruits
perichondrial cells (26). BMP-6 may be essentia for
terminal differentiation of chondrocytes (27). In contrast to
BMP-2 (29), which plays a positive role in joint formation,
the absence of BMP-7 expression in the zone of joint
formation indicates its negative role in joint formation.

later stages of

Mutation studies have provided direct evidence
for specific functions of distinct BMPs in cartilage and
bone formation. These studies have been reviewed
elsewhere (30). Briefly, the Short ear mice phenotype has
been attributed to a BMP5 mutation (28;31). A BMP7
mutation results in defects in multiple skeletal elements
(32;33), while BMP6 mutants show only minor defects
(34). Interestingly, a BMP3 mutation causes increased
bone formation instead of bone loss (35). It has been
suggested that BMP3 may activate the TGFb pathway and
antagonize the BMP pathway (35;36). Unfortunately, there
is very little genetic evidence regarding the role of BMP2
and BMP4 in skeletogenesis. Both BMP2 and BMP4
knockout mice die during early development because of the
fallure of mesoderm induction (37-39). Generation of
conditional knockout mice for BMP2 and BMP4 may
provide important clues for their functiona roles in
skeletogenesis (40).

BMPs are potent inducers of cartilage and bone
formation in vitro. BMP2 induces cartilage nodule
formation in chick limb bud mesenchyme cultures (41).
BMP-6 accelerates hypertrophic chondrocyte
differentiation and mineral accretion (42). In multipotential
mesenchymal cells (MMCs) isolated from human bone
marrow, BMP2 and BMP9 promote chondrogenic
differentiation, possibly through activation of Sox9, a
chondrogenic-related transcription factor. BMP9 appears
to have stronger effects than BMP2 (43). BMP2 and
BMP7 have been shown to induce both chondrocyte and
osteoblast differentiation in C3H10T1/2 cells (44,45).
Although the mechanisms are not fully understood, it has
been proposed that BMPs can induce both undifferentiated
stem cells and more differentiated multipotent cells into
chondrogenic or osteogenic pathways (2;41;46-48).

Two types of BMP type | receptors are found in
mammals, BMPR-1A and BMPR-IB. They are aso known
as ALK3 and ALKS6, respectively (49). These two
receptors exhibit different expression patterns during limb
development and, thus, play distinct roles in cartilage
differentiation (25;50). BMPR-IB is expressed in
prechondrogenic cells and is required to initiate cartilage

formation. After the initiation of chondrocyte
differentiation, its expression decreases. In contrast,

BMPR-IA is expressed at a later stage and regulates
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chondrocyte differentiation. Dominant-negative BMPR-IB
blocks cartilage formation in vitro while dominant-negative
BMPR-IA does not (25;50). In addition, BM PR-IB" mice
show appendicular skeletal defects (51). Thus, BMPR-IB
seems to play a mgor role in mediating BMP-induced
chondrogenesis.

It has been shown that BMP signaling
coordinates with other signaling pathways to regulate
cartilage differentiation, one of which is Ihh/PTHrP
signaling. It has been proposed that Indian hedgehog
(Ihh) and parathyroid hormone-related peptide (PTHrP)
interact in a negative feedback loop to regulate the onset
of hypertrophy. Ihh is expressed in prehypertrophic
chondrocytes and signals to induce PTHrP expression in
the periarticular region. PTHrP in turn prevents
hypertrophic differentiation (52). Expression of various
BMPs, including BMP2/4 and BMP7, is induced in the
perichondrium by overexpression of Ihh (53;54).
However, BMPs seem not to act as downstream
regulators of Ihh since blocking BMP signaling by
Noggin has no effect on Ihh-mediated onset of
hypertrophic differentiation and induction of PTHrP
expression (54). Other studies, however, showed that
overexpression of constitutively active BMPR-IA in
limb buds during early development results in
upregulation of PTHrP and blocking of hypertrophic
differentiation (50). This could be due to a different
role of BMP signaling during early stages of
development. These results suggest that BMPs and |hh
induce their expression reciprocally and that the two
separate pathways act in parallel to regulate different
steps of chondrocyte differentiation (54).

FGFs are another group of molecules that play
arole in chondrogenesis (55). In chick limb buds, FGF-
4 antagonizes BMP-4-induced chondrocyte
differentiation, resulting in reduced bone size (56).
Further studies show that FGF-2 inhibits Ihh expression,
promotes hypertrophic differentiation and reduces
chondrocyte proliferation. Therefore, FGFs and BMPs
mediate the same stages of cartilage differentiation, but
with opposite effects (57). The balance between BMP
and FGF signals is crucial for norma cartilage
differentiation.

The signaling molecules of Wnt family have been
shown to be involved in cartilage formation. Wnt-3A acts
as a chondro-enhancing factor (58-60), while Wnt-7A has
chondro-inhibitory effects (60-62). In vitro studies indicate
that Wnt-3A and Wnt-7A participate in BMP signaling. In
C3H10T1/2 cells, treatment with BMP-2 results in up-
regulation of Wnt-3A and down-regulation of Wnt-7A.
Treatment with lithium, a Wnt-7A mimetic, inhibits BMP-
2-induced chondrogenesis. Overexpression of Wnt-3A
accelerates the BMP-2-induced chondrogenesis. In the
absence of BMP-2, Wnt-3A overexpression alone has no
effect on chondrogenesis. At the molecular level, BMP-2
induces the nuclear trandlocation of b-catenin, the major
transduction molecule in canonica Wnt pathway, and
enhances its interaction with Smad4 (60;63). Further
studies in embryo limb buds will be necessary to confirm
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the crosstalk between the Wnt and BMP pathways in
regulating chondrogenesis.

5. TRANSCRIPTION FACTORS IN
CHONDROGENESISAND SKELETOGENESIS

While the BMP/TGFb pathway mediates diverse
cellular responses by regulating gene transcription, the
number of Smads is quite limited. In addition, athough
Smads aone can bind to specific DNA elements, the
binding affinity seems to be too weak for effective
mediation of transcriptional activity (64). One of the
possible mechanisms responsible for BMP/TGFo-mediated
cellular responses is the recruitment of various transcription
factors by Smads and regulation of gene transcription by
Smad-transcription factor complexes. FAST, AP-1, SP-1,
TFE3, Mixer, Runx2, LEFI/TCF and Mizl have been
described as DNA binding partners in the TGFb pathway
(65-68). While less is known about the partners involved
in BMP signaling, Hox proteins, Sox9, Runx2/Cbfal and
APl are the magjor transcription factors involved in
cartilage and bone formation. The roles of Runx2/Chfal
and APl in BMP-mediated cartilage and osteoblast
differentiation have been described elsewhere (69). Here
we will focus on Hox and Sox transcription factors.

The homeodomain (Hox) proteins are among the
major factors that control vertebrate skeletal element
patterning. 13 Hox proteins are expressed in osteoblast-
like cell lines (70), indicating their roles beyond skeleton
pattern information. Hoxc8 has been shown to regulate
cartilage and bone differentiation. Hoxc8 transgenic mice
show cartilage defects with an accumulation of
proliferating chondrocytes and reduced maturation (71).
Consistent with this observation, the direct interactions
between Hox and Smads provide a novel mechanism for
osteopontin  (OPN) and osteoprotegerin  (OPG) gene
activation induced by BMP (72-74). The model
demonstrates that Hoxc8 binds to the DNA elements
upstream of OPN and OPG genes, thereby repressing their
transcription. Upon BMP stimulation, Smadl and Smad4
trandocate into the nucleus where they interact with Hoxc8
a the homeodomain and remove it from the DNA
elements. This results in activation of OPN and OPG
transcription. As a negative regulation mechanism, Smad6,
the inhibitory Smad, forms a heterodimer with Hoxc8
within the DNA elements and prevents Smadl and Smad4
from binding to Hoxc8, thereby repressing BMP-induced
gene transcription (75). Overexpression of the interaction
domain of Smadl with Hoxc8 in osteoblast precursors
stimulates osteoblast differentiation-related gene expression
and results in mineralized bone matrix formation. Smadl
and Smad4 have aso been shown to interact with Hoxa9
(76). Since the domain of Hox interacting with Smads is
the homeodomain, which is highly conserved within the
Hox family, it will be interesting to determine whether
Smads interact with other Hox proteins that are normally
expressed in chondrocytes and osteoblasts.

Sox9, a member of Sox family of transcription
factors, has been proposed to have two major functions
during chondrocyte differentiation. Initidly, it is required
for mesenchymal condensation. At later stage it inhibits
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hypertrophic chondrocyte differentiation (55). Recent
studies have demonstrated that Sox9 is an important
downstream component involved in mediation of the BMP
pathway. In C3H10TL1/2 cells, BMP-2 upregulates Sox9
expression in a dose-dependent manner, which in turn
increases the expression level of Col2al, the marker gene
for chondrocyte differentiation.  Treatment of Sox9
antisense oligonucleotides blocks the up-regulation of
Col2al by BMP-2, confirming the role of Sox9 in BMP-
induced chondrogenesis (77). Similar results were obtained
in other studies (43;78). In vivo studies revealed that Sox9
is normally expressed in chondrogenic areas of the
developing limb. BMP-2 induces ectopic Sox9 expression,
while overexpression of Noggin leads to severe reduction
of Sox9 expression and cartilage defects. These results
suggest that Sox9 expression during limb development is
BMP-dependent (79). Studies on the interactions between
Sox9 and Smads may reved detailed mechanisms for the
role of Sox9 in BMP-mediated cartilage and bone
formation.

6. BMPS AND PROGRAMMED CELL DEATH

It is now well established that BMPs mediate
programmed cell death (PCD) during limb development, a
process essential for elimination of unnecessary tissue and
proper morphogenesis. BMP-2 and BMP-4 are expressed
in the anterior necrotic zone (ANZ), the posterior necrotic
zone (PNZ) and the interdigital necrotic zone (INZ) before
PCD occurs, and their expression continues throughout the
process. The expression domains are closely related with
the distribution of apoptotic cells. The level of BMP-4
expression is higher than that of BMP-2, indicating that
BMP-4 is the primary factor in this process (80).
Overexpression of either dominant-negative BMPR-1A (80)
or dnBMPR-IB (81) suppresses apoptosis in limb buds,
leading to the webbing phenotype. Conversely,
congtitutively active BMPR-IB overexpression increases
apoptosis (50). BMP-2 and BMP-4 aso induce apoptosis
in mesenchymal cdlls isolated from the interdigital region
of chick limb buds, while TGF-b1 and activin do not have
this effect (80). In Noggin transgenic mice, the interdigital
tissue shows incomplete regression (82). Thus, BMPs play
crucial rolesin apoptosis during limb devel opment.

Several lines of evidence suggest that Msx2 and
Dickkopf-1 (DKK-1) are the downstream factors that
mediate BMP-induced apoptosis in limb buds. DnBMPR-
IB overexpression leads to downregulation of Msx2 and
suppression of apoptosis in vivo (81). In P19 cells, an
embryonal carcinoma cell line that gives rise to ectoderm
and mesoderm, Msx2 expression is induced by BMP-4, and
the expression pattern is similar to the distribution of
apoptosis. Ectopic Msx2 expression results in increased
apoptosis (83). Dickkopf-1 (Dkk-1), a potent inhibitor of
the Wnt/b-catenin pathway, has recently been shown to be
another factor that mediates BMP-induced apoptosis (84).
In the developing limb, the expression domain of Dkk-1
overlaps largely with the sites of apoptosis. Its expression
is upregulated by BMP-4. Overexpression of Dkk-1
enhances BMP-induced apoptosis in developing limbs.
More importantly, the mouse mutant Fused toes (Ft)
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embryo, which has ectopic BMP signaling activation,
shows similar ectopic Dkk-1 expression, giving
physiological evidence for a correlation between BMP
signaling and Dkk-1 expression (84). It has been proposed
that BMPs mediate cellular responses through two
alternative pathways, the Smad pathway and the MAPK
pathway (3). It appears that BMP-mediated Dkk-1
activation is mainly via the MAPK pathway since BMP-4
fails to upregulate Dkk-1 expression in c-jun’ embryonic
fibroblasts, which aready show a lowered basal level of
Dkk-1 when compared to wild type fibroblasts. In
addition, Dkk-1 transcripts cannot be detected in Jnk™
fibroblasts (84). In view of the complicated events
associated with programmed cell death, it is not surprising
that additional factors that mediate this process will be
discovered.

7.HOX AND LIMB DEVELOPMENT

As mentioned above, a network of signaling
pathways work in concert to specify three-dimensional
limb patterning. To accomplish this task, the signals must
use specific transcription factors. Strong evidence indicates
that the 5 HOXA and HOXD transcription factors (paralog
9-13) are the crucial molecules involved in this process. A
comparison of the expression patterns of Hoxd9-13 genes
during limb development reveds spatiotempora
colinearity, i.e., the Hox genes are activated sequentialy
according to their physical positions along the Hox cluster.
The more 5 Hox genes are expressed later and more
distally during limb development. In addition, each Hox
gene exhibits a graded expression aong the anterior-
posterior axis, with maximum levels at the posterior margin
(85). The 5° Hoxa gene expression patterns show similar
colinearity except that individua Hoxa genes have unique
expression domains and rarely overlap with one another. In
addition, Hoxa genes are initially expressed at the posterior
end portion but extend towards the anterior end during later
stages of development (86;87). Based on the characteristic
expression patterns and evidence from mutation studies, it
has been proposed that HoxA and HoxD genes from
paralog9 and 10 specify stylopodium (upper arm),
paralogl0-12 specifies zeugopodium (lower arm) and
paralogl1-13 specifies autopodium (digits) (9).

Due to the lack of natural mutations, most
evidence for Hox gene function in limb patterning comes
from experiments with targeted gene disruption. These
studies demonstrate that each Hox gene acts to identify
distinct regions along the limb, and that the genetic
interactions between paralogous and nonparalogous genes
are necessary for this process. Hoxd9” mice exhibited
mild defects in forelimb development at the stylopodal
level, with a dlight shortening of the humerus and
malformation of the deltoid crest. No hindlimb defect was
found in these knockout mice. Hoxa9” mice had no limb
defect. However, inactivation of both Hoxa9 and Hoxd9 led
to a severe reduction in humeral length and deltoid crest
ateration as compared to Hoxd9" mice. These results
indicate that Hoxa9 and Hoxd9 act together to mediate
stylopod patterning (88). HoxalO disruption results in
proximal hindlimb defects, while forelimb development is
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normal. Hindlimb defects include enlargement of the third
trochanter, reduction in size of the medial sesamoid bone,
and malformation of the lateral sesamoid bone (89).
Hoxd10” mice aso showed hindlimb alteration at the
proximal level, with a shift in the position of the patellaand
occasional production of ectopic sesamoid bone. Alteration
was also detected in articulation between femur and tibia
(90). A HoxalO and Hoxd10 double mutation resulted in
stronger defects in hindlimbs, indicating a synergistic
functional relationship between HoxalO and Hoxd10 (91).
Hoxd11 inactivation mainly affected autopod and distal
zeugopod of the forelimb. Metacarpal length reduction,
fusion of carpal bones and a gap between radius and ulna at
the distal end were the obvious defects seen in mutant mice
(92;93). Hoxall’ mice had both forelimb and hindlimb
malformations. In forelimbs, fusion of carpa bones and
misshaped radii and ulnas were observed. In hindlimbs,
fibula and tibia were fused incompletedly and were
malformed at their distal ends (94). When compared to
Hoxall” and Hoxd11” knockouts, disruption of both
Hoxall and Hoxd11 genes resulted in a much more severe
phenotype. In Hoxall” /Hoxd11" double mutant mice, the
radius and ulna were almost missing. Hoxall*"/Hoxd11™
and Hoxall”/Hoxd11"™ mice had an intermediate
phenotype with reduced length of radii and ulnas. This
phenotype demonstrates a dose-dependent synergy between
Hoxall and Hoxdl1l in specifying forelimb zeugopod.
Hoxall”/Hoxd11” double mutants aso exhibited
hindlimb defects that were not observed in single mutants,
such as the absence of proxima tarsal bones (95). Thereis
aso evidence for genetic interaction  between
nonparalogous genes.  HoxalO”/Hoxd11” mice had
truncated radii and ulnas, which was not seen in either
Hoxal0™ or Hoxd1l™ single mutants. In addition, the
carpal and digital defects seen in Hoxd11” mutants were
exacerbated in double mutants (89).

Consistent with their position along the gene
cluster, Hoxd12 and Hoxdl13 gene disruption affects
autopod patterning. Hoxd12” mice have mild defects in
digit Il and V. The metacarpals and phalanges of the digits
are shortened (96). When compared with the Hoxd12
mutation, Hoxd13" mice have -more severe defects. All
five digits are affected. Many metacarpal and phalangeal
bones are strongly shortened. Some phalanges are absent.
Extra rudimentary digits were detected in some mice
(96;97). In extreme cases, mice were generated with
simultaneous inactivation of Hoxd11, Hoxd12 and Hoxd13.
This multiple deficiency in Hox function resulted in a
dramatic size reduction (ectrodactyly), extra digits
(polydactyly), and improper digit fusion (98). Other studies
(99;100) provide evidence for involvement of Hoxal3 in
the genetic interactions that mediate autopod patterning. In
addition to the experimental loss-of-function studies, there
are naturally occurring Hox mutations. For example,
Hypodactyly (Hd) in mice has a deletion mutation of
Hoxal3 (101), and human Synpolydactyly (SPD) is due to
an in-frame insertion mutation of HOXD13 (102).

Taken together, the 5 HoxA and HoxD genes
play crucial roles during limb patterning, with the more 3'
Hox genes specifying proximal parts and the more 5 Hox
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genes specifying distal parts. Asthe number of Hox genes
is limited, the interactions between paralogous as well as
nonparalogous genes are important for the tissue diversity
seen in vertebrate limb devel opment.

8. CONCLUSION

BMPs are among the signal molecules that play crucia
roles in a wide range of biological processes including
patterning, cartilage differentiation and programmed cell
death during limb development. At different stages of
embryonic development, BMP members show distinct
expression patterns that are tightly regulated. Therefore,
BMP-mediated tissue responses vary according to different
biological contexts. Due to the limited number of receptors
and Smads within the BMP pathway, the crosstalk between
BMP and other signaling pathways appears to be very
important for the diverse functions associated with BMPs.
Although the detailed mechanisms are not fully understood,
interactions between different signaling pathways have
been demonstrated to be essentia for proper
morphogenesis. The recruitment of distinct intracellular
factors adds another level of specificity and diversity.
Among these factors are the Hox proteins, which have
distinct functions during limb development. Further studies
on Hox involvement in the BMP signaling pathway will
provide additional information on mechanisms governing
limb development.

9. REFERENCES

1. Wozney JM, V. Rosen, A.J. Celeste, L.M. Mitsock, M.J.
Whitters, R.W. Kriz, R.M. Hewick & E.A. Wang: Novel
regulators of bone formation: molecular clones and
activities. Science 242, 1528-1534 (1988)

2. Hogan BL: Bone morphogenetic proteins:
multifunctional regulators of vertebrate development.
Genes Dev. 10, 1580-1594 (1996)

3. Massague J, SW. Blain & R.S. Lo: TGFbeta signaling in
growth control, cancer, and heritable disorders. Cell 103,
295-309 (2000)

4. von Bubnoff A & K.W. Cho: Intracellular BMP
signaling regulation in vertebrates: pathway or network?
Dev. Bial. 239, 1-14 (2001)

5. Scott MP: Vertebrate homeobox gene nomenclature. Cell
71, 551-553 (1992)

6. Krumlauf R: Hox genes in vertebrate development. Cell
78, 191-201 (1994)

7. Cillo C, M. Cantile, A. Faella & E. Boncinelli:
Homeobox genes in norma and malignant cells. J.Cell
Physiol 188, 161-169 (2001)

8. Duboule D: The vertebrate limb: a model system to
study the Hox/HOM gene network during development and
evolution. Bioessays 14, 375-384 (1992)

9. Zakany J & D. Duboule: Hox genesin digit development
and evolution. Cell Tissue Res. 296, 19-25 (1999)

10. Johnson RL & C.J. Tabin: Molecular models for
vertebrate limb development. Cell 90, 979-990 (1997)

11. Martin GR: Theroles of FGFsin the early development
of vertebrate limbs. Genes Dev. 12, 1571-1586 (1998)

12. Crossley PH, G. Minowada, C.A. MacArthur & G.R.
Martin: Roles for FGF8 in the induction, initiation, and



Hox and BMP signaling

maintenance of chick limb development. Cell 84, 127-136
(1996)

13. Niswander L, C. Tickle, A. Vogel, |I. Booth & G.R.
Martin: FGF-4 replaces the apica ectoderma ridge and
directs outgrowth and patterning of the limb. Cell 75, 579-
587 (1993)

14. Falon JF, A. Lopez, M.A. Ros, M.P. Savage, B.B.
Olwin & B.K. Simandl: FGF-2: apica ectodermal ridge
growth signal for chick limb development. Science 264,
104-107 (1994)

15. Vogel A, C. Rodriguez & J.C. lzpisua-Belmonte:
Involvement of FGF-8 in initiation, outgrowth and
patterning of the vertebrate limb. Development 122, 1737-
1750 (1996)

16. Parr BA & A.P. McMahon: Dorsdlizing signal Wnt-7a
required for normal polarity of D-V and A-P axes of mouse
limb. Nature 374, 350-353 (1995)

17. Riddle RD, R.L. Johnson, E. Laufer & C. Tabin: Sonic
hedgehog mediates the polarizing activity of the ZPA. Cdll
75, 1401-1416 (1993)

18. Pizette S, C. Abate-Shen & L. Niswander: BMP
controls proximodistal outgrowth, via induction of the
apical ectodermal ridge, and dorsoventra patterning in the
vertebrate limb. Development 128, 4463-4474 (2001)

19. Loomis CA, E. Harris, J. Michaud, W. Wurst, M.
Hanks & A.L. Joyner: The mouse Engrailed-1 gene and
ventral limb patterning. Nature 382, 360-363 (1996)

20. Pizette S & L. Niswander: BMPs negatively regulate
structure and function of the limb apical ectodermal ridge.
Development 126, 883-894 (1999)

21. Ahn K, Y. Mishina, M.C. Hanks, R.R. Behringer &
E.B. Crenshaw, III: BMPR-IA signding is required for the
formation of the apical ectodermal ridge and dorsd-ventra
patterning of the limb. Development 128, 4449-4461 (2001)
22. Francis PH, M.K. Richardson, P.M. Brickdl & C. Tickle:
Bone morphogenetic proteins and a signalling pathway that
controls patterning in the developing chick limb. Development
120, 209-218 (1994)

23. Izpisua-Belmonte JC, C. Tickle, P. Dolle, L. Wolpert & D.
Duboule: Expression of the homeobox Hox-4 genes and the
specification of position in chick wing development. Nature
350, 585-589 (1991)

24. Laufer E, C.E. Nedlson, R.L. Johnson, B.A. Morgan & C.
Tabin: Sonic hedgehog and Fgf-4 act through a signaing
cascade and feedback loop to integrate growth and patterning
of the developing limb bud. Cell 79, 993-1003 (1994)

25. Kawakami Y, T. Ishikawa, M. Shimabara, N. Tanda, M.
Enomoto-lwamoto, M. lwamoto, T. Kuwana, A. Ueki, S. Noji
& T. Nohno: BMP signaling during bone pattern determination
in the developing limb. Development 122, 3557-3566 (1996)
26. Duprez D, E.J. Bell, M.K. Richardson, CW. Archer, L.
Wolpert, P.M. Brickell & P.H. FrancisWest: Overexpression
of BMP-2 and BMP-4 dters the size and shape of developing
skeletd elements in the chick limb. Mech.Dev. 57, 145-157
(1996)

27. Lyons KM, RW. Pdton & B.L. Hogan: Patterns of
expresson of murine Vgr-1 and BMP-2a RNA suggest that
transforming growth factor-betalike genes coordinately
regulate aspects of embryonic development. Genes Dev. 3,
1657-1668 (1989)

810

28. King JA, P.C. Marker, K.J. Seung & D.M. Kingdey:
BMP5 and the molecular, skeletal, and soft-tissue
alterations in short ear mice. Dev.Biol. 166, 112-122 (1994)

29. Macias D, Y. Ganan, T.K. Sampath, M.E. Piedra, M.A.
Ros & JM. Hurle: Role of BMP-2 and OP-1 (BMP-7) in
programmed cell death and skeletogenesis during chick
limb development. Development 124, 1109-1117 (1997)

30. Zhao GQ: Consequences of knocking out BMP
signaling in the mouse. Genesis. 35, 43-56 (2003)

31. Kingsley DM: What do BMPs do in mammals? Clues
from the mouse short-ear mutation. Trends Genet. 10, 16-
21 (1994)

32. Dudley AT, K.M. Lyons & E.J. Robertson: A
requirement for bone morphogenetic protein-7 during
development of the mammalian kidney and eye. Genes
Dev. 9, 2795-2807 (1995)

33. Luo G, C. Hofmann, A.L. Bronckers, M. Sohocki, A.
Bradley & G. Karsenty: BMP-7 is an inducer of
nephrogenesis, and is aso required for eye development
and skeletal patterning. Genes Dev. 9, 2808-2820 (1995)

34. Solloway MJ, A.T. Dudley, E.K. Bikoff, K.M. Lyons,
B.L. Hogan & E.J. Robertson: Mice lacking Bmp6
function. Dev.Genet. 22, 321-339 (1998)

35. Daluiski A, T. Engstrand, M.E. Bahamonde, L.W.
Gamer, E. Agius, SL. Stevenson, K. Cox, V. Rosen &
K.M. Lyons: Bone morphogenetic protein-3 is a negative
regulator of bone density. Nat.Genet. 27, 84-88 (2001)

36. Bahamonde ME & K.M. Lyons: BMP3: to be or not to
be a BMP. J.Bone Joint Surg.Am. 83-A Suppl 1, S56-S62
(2001)

37. Winnier G, M. Blessing, P.A. Labosky & B.L. Hogan:
Bone morphogenetic protein-4 is required for mesoderm
formation and patterning in the mouse. Genes Dev. 9, 2105-
2116 (1995)

38. Zhang H & A. Bradley: Mice deficient for BMP2 are
nonviable and have defects in amnion/chorion and cardiac
development. Development 122, 2977-2986 (1996)

39. Lawson KA, N.R. Dunn, B.A. Roelen, L.M. Zeinstra,
A.M. Davis, C.V. Wright, JP. Korving & B.L. Hogan:
Bmp4 is required for the generation of primordial germ
cellsin the mouse embryo. Genes Dev. 13, 424-436 (1999)

40. Yamaguchi A, T. Komori & T. Suda: Regulation of
osteoblast differentiation mediated by bone morphogenetic
proteins, hedgehogs, and Cbfal. Endocr.Rev. 21, 393-411
(2000)

41. Duprez DM, M. Coltey, H. Amthor, P.M. Brickell & C.
Tickle: Bone morphogenetic protein-2 (BMP-2) inhibits
muscle development and promotes cartilage formation in
chick limb bud cultures. Dev.Biol. 174, 448-452 (1996)

42. Boskey AL, E.P. Paschalis, I. Binderman & S.B. Doty:
BMP-6 accelerates both chondrogenesis and minera
maturation in differentiating chick limb-bud mesenchymal
cell cultures. J.Cell Biochem. 84, 509-519 (2002)

43. Majumdar MK, E. Wang & E.A. Morris: BMP-2 and
BMP-9 promotes chondrogenic differentiation of human
multipotential  mesenchymal cells and overcomes the
inhibitory effect of IL-1. J.Cell Physol 189, 275-284
(2001)

44. Wang EA, D.l. Isradl, S. Kelly & D.P. Luxenberg:
Bone morphogenetic protein-2 causes commitment and
differentiation in C3H10T1/2 and 3T3 cells. Growth
Factors 9, 57-71 (1993)



Hox and BMP signaling

45. Asshina I, T.K. Sampath & P.V. Hauschka: Human
osteogenic protein-1 induces chondroblastic, osteoblastic,
and/or adipocytic differentiation of clonal murine target
cdls. Exp.Cell Res. 222, 38-47 (1996)

46. Yamaguchi A, T. Katagiri, T. Ikeda, JM. Wozney, V.
Rosen, EAA. Wang, A.J. Kahn, T. Suda & S. Yoshiki:
Recombinant human bone morphogenetic protein-2
stimulates osteoblastic maturation and inhibits myogenic
differentiation in vitro. J.Cell Biol. 113, 681-687 (1991)

47. Gimble JM, C. Morgan, K. Kdly, X. Wu, V.
Dandapani, C.S. Wang & V. Rosen: Bone morphogenetic
proteins inhibit adipocyte differentiation by bone marrow
stromal cells. J.Cell Biochem. 58, 393-402 (1995)

48. Katagiri T, A. Yamaguchi, M. Komaki, E. Abe, N.
Takahashi, T. Ikeda, V. Rosen, JM. Wozney, A. Fujisawa-
Sehara & T. Suda: Bone morphogenetic protein-2 converts
the differentiation pathway of C2C12 myablasts into the
osteoblast lineage. J.Cell Biol. 127, 1755-1766 (1994)

49. ten Dijke P, H. Yamashita, T.K. Sampath, A.H. Reddi,
M. Estevez, D.L. Riddle, H. Ichijo, C.H. Heldin & K.
Miyazono: |dentification of type | receptors for osteogenic
protein-1 and bone morphogenetic protein-4. J.Biol.Chem.
269, 16985-16988 (1994)

50. Zou H, R. Wieser, J. Massague & L. Niswander:
Digtinct roles of type | bone morphogenetic protein
receptors in the formation and differentiation of cartilage.
Genes Dev. 11, 2191-2203 (1997)

51. Yi SE, A. Daluiski, R. Pederson, V. Rosen & K.M.
Lyons: The type | BMP receptor BMPRIB is required for
chondrogenesis in the mouse limb. Development 127, 621-
630 (2000)

52. Vortkamp A, K. Lee, B. Lanske, G.V. Segre, H.M.
Kronenberg & C.J. Tabin: Regulation of rate of cartilage
differentiation by Indian hedgehog and PTH-related
protein. Science 273, 613-622 (1996)

53. Pathi S, J.B. Rutenberg, R.L. Johnson & A. Vortkamp:
Interaction of |hh and BMP/Noggin signaling during
cartilage differentiation. Dev. Biol. 209, 239-253 (1999)

54. Minina E, H.M. Wenzel, C. Kreschel, S. Karp, W.
Gaffield, A.P. McMahon & A. Vortkamp: BMP and
Ihh/PTHrP signaling interact to coordinate chondrocyte
proliferation and differentiation. Development 128, 4523-
4534 (2001)

55. de Crombrugghe B, V. Lefebvre & K. Nakashima:
Regulatory mechanisms in the pathways of cartilage and
bone formation. Curr.Opin.Cell Biol. 13, 721-727 (2001)
56. Buckland RA, JM. Collinson, E. Graham, D.R.
Davidson & R.E. Hill: Antagonistic effects of FGF4 on
BMP induction of apoptosis and chondrogenesis in the
chick limb bud. Mech.Dev. 71, 143-150 (1998)

57. Minina E, C. Kreschel, M.C. Naski, D.M. Ornitz & A.
Vortkamp: Interaction of FGF, Ihh/Pthlh, and BMP
signaling integrates chondrocyte proliferation and
hypertrophic differentiation. Dev.Cell 3, 439-449 (2002)

58. Galceran J, I. Farinas, M.J. Depew, H. Clevers & R.
Grosschedl: Wnt3a-/--like phenotype and limb deficiency
in Lef1(-/-)Tcf1(-/-) mice. Genes Dev. 13, 709-717 (1999)
59. Shibamoto S, K. Higano, R. Takada, F. Ito, M. Takeichi
& S. Takada: Cytoskeletal reorganization by soluble Wnt-
3aprotein signalling. Genes Cells 3, 659-670 (1998)

60. Fischer L, G. Boland & R.S. Tuan: Wnt-3A enhances
bone morphogenetic protein-2-mediated chondrogenesis of

811

murine C3H10T1/2 mesenchymal cells. J.Biol.Chem. 277,

30870-30878 (2002)

61. Kengaku M, J. Capdevila, C. Rodriguez-Esteban, P.J.

DelLa, R.L. Johnson, J.C. Belmonte & C.J. Tahin: Distinct

WNT pathways regulating AER formation and dorsoventral

polarity in the chick limb bud. Science 280, 1274-1277
(1998)

62. Rudnicki JA & A.M. Brown: Inhibition of

chondrogenesis by Wnt gene expression in vivo and in
vitro. Dev.Biol. 185, 104-118 (1997)

63. Fischer L, G. Boland & R.S. Tuan: Wnt signaling
during BMP-2 stimulation of mesenchymal

chondrogenesis. J.Cell Biochem. 84, 816-831 (2002)

64. Shi Y, Y.F. Wang, L. Jayaraman, H. Yang, J. Massague
& N.P. Pavletich: Crystal structure of a Smad MH1 domain
bound to DNA: insights on DNA binding in TGF-beta
signaling. Cell 94, 585-594 (1998)

65. Wrana JL: Crossing Smads. Sci.STKE. 2000, RE1
(2000)

66. Attisano L & S. Tuen Lee-Hoeflich: The Smads.

Genome Biol. 2, REVIEWS3010 (2001)

67. Massague J & D. Wotton: Transcriptional control by

the TGF-beta/Smad signaling system. EMBO J. 19, 1745-

1754 (2000)

68. Zimmerman CM & R.W. Padgett: Transforming growth
factor beta signaling mediators and modulators. Gene 249,

17-30 (2000)

69. Wan M, X. Shi & X. Cao: TGF-b/BMP signaling in

cartilage and bone cells. Current Opinion in Orthopaedics

13, 368-374 (2002)

70. Kloen P, M.H. Visker, W. Olijve, E.J. van Zoelen &
C.J. Boersma: Cell-type-specific modulation of Hox gene
expression by members of the TGF-beta superfamily: a
comparison  between human  osteosarcoma  and

neuroblastoma cell lines. Biochem.Biophys.Res.Commun.

233, 365-369 (1997)

71. Yueh YG, D.P. Gardner & C. Kappen: Evidence for

regulation of cartilage differentiation by the homeobox
gene Hoxc-8. Proc.Natl.Acad.&ci.U.SA 95, 9956-9961

(1998)

72. Shi X, X. Yang, D. Chen, Z. Chang & X. Cao: Smadl

interacts with homeobox DNA-binding proteins in bone
morphogenetic protein signaling. J.Biol.Chem. 274, 13711-

13717 (1999)

73. Wan M, X. Shi, X. Feng & X. Cao: Transcriptional

mechanisms of bone morphogenetic protein-induced

osteoprotegrin gene expression. J.Biol.Chem. 276, 10119-

10125 (2001)

74. Yang X, X. Ji, X. Shi & X. Cao: Smadl domains
interacting with Hoxc-8 induce osteoblast differentiation.

J.Biol.Chem. 275, 1065-1072 (2000)

75. Ba S, X. Shi, X. Yang & X. Cao: Smad6 as a
transcriptional corepressor. J.Biol.Chem. 275, 8267-8270

(2000)

76. Shi X, S. Bai, L. Li & X. Cao: Hoxa9 represses

transforming growth factor-beta-induced osteopontin gene
transcription. J.Biol.Chem. 276, 850-855 (2001)

77. Zehentner BK, C. Dony & H. Burtscher: The
transcription factor Sox9 is involved in BMP-2 signaling.

J.Bone Miner.Res. 14, 1734-1741 (1999)

78. Uusitalo H, A. Hiltunen, M. Ahonen, T.J. Gao, V.

Lefebvre, V. Haley, V.M. Kahari & E. Vuorio:



Hox and BMP signaling

Accelerated up-regulation of L-Sox5, Sox6, and Sox9 by
BMP-2 gene transfer during murine fracture healing .
J.Bone Miner.Res. 16, 1837-1845 (2001)

79. Healy C, D. Uwanogho & P.T. Sharpe: Regulation and
role of Sox9 in cartilage formation. Dev.Dyn. 215, 69-78
(1999)

80. Yokouchi Y, J. Sakiyama, T. Kameda, H. lba, A.
Suzuki, N. Ueno & A. Kuroiwa BMP-2/-4 mediate
programmed cell death in chicken limb buds. Development
122, 3725-3734 (1996)

8l. Zou H & L. Niswander: Requirement for BMP
signaling in interdigital apoptosis and scale formation.
Science 272, 738-741 (1996)

82. Guha U, W.A. Gomes, T. Kobayashi, R.G. Pestell &
JA. Kesder: In vivo evidence that BMP signding is
necessary for apoptosis in the mouse limb. Dev. Biol. 249,
108-120 (2002)

83. Marazzi G, Y. Wang & D. Sassoon: Msx2 is a
transcriptional  regulator in the BMP4-mediated
programmed cell desth pathway. Dev.Biol. 186, 127-138
(1997)

84. Grotewold L & U. Ruther: The Wnt antagonist
Dickkopf-1 is regulated by Bmp signaling and c¢-Jun and
modulates programmed cell death. EMBO J. 21, 966-975
(2002)

85. Dolle P, J.C. Izpisua-Belmonte, H. Falkenstein, A.
Renucci & D. Duboule: Coordinate expression of the
murine Hox-5 complex homoeobox-containing genes
during limb pattern formation. Nature 342, 767-772 (1989)
86. Yokouchi Y, H. Sasaki & A. Kuroiwa: Homeobox gene
expression correlated with the bifurcation process of limb
cartilage development. Nature 353, 443-445 (1991)

87. Haack H & P. Gruss: The establishment of murine Hox-
1 expresson domains during patterning of the limb.
Dev.Biol. 157, 410-422 (1993)

88. Fromental-Ramain C, X. Warot, S. Lakkaraju, B.
Favier, H. Haack, C. Birling, A. Dierich, P. Dolle & P.
Chambon: Specific and redundant functions of the
paralogous Hoxa-9 and Hoxd-9 genes in forelimb and axial
skeleton patterning. Devel opment 122, 461-472 (1996)

89. Favier B, F.M. Rijli, C. Fromental-Ramain, V. Fraulob,
P. Chambon & P. Dolle: Functional cooperation between
the non-paralogous genes Hoxa-10 and Hoxd-11 in the
developing forelimb and axia skeleton. Development
122,449-460 (1996)

90. Carpenter EM, J.M. Goddard, A.P. Davis, T.P. Nguyen
& M.R. Capecchi: Targeted disruption of Hoxd-10 affects
mouse hindlimb development. Development 124, 4505-
4514 (1997)

91. Wahba GM, S.L. Hostikka & E.M. Carpenter: The
paralogous Hox genes HoxalO0 and HoxdlO interact to
pattern the mouse hindlimb periphera nervous system and
skeleton. Dev.Biol. 231, 87-102 (2001)

92. Davis AP & M.R. Capecchi: Axial homeosis and
appendicular skeleton defects in mice with a targeted
disruption of hoxd-11. Development 120, 2187-2198 (1994)
93. Favier B, M. Le Meur, P. Chambon & P. Dolle: Axial
skeleton homeosis and forelimb malformations in Hoxd-11
mutant mice. Proc.Natl.Acad.Sci.USA 92, 310-314 (1995)
94. Small KM & S.S. Potter: Homeotic transformations and
limb defectsin Hox A11 mutant mice. Genes Dev. 7, 2318-
2328 (1993)

812

95. Davis AP, D.P. Witte, H.M. Hsieh-Li, S.S. Potter &
M.R. Capecchi: Absence of radius and ulnain mice lacking
hoxa-11 and hoxd-11. Nature 375, 791-795 (1995)

96. Davis AP & M.R. Capecchi: A mutational analysis of
the 5' HoxD genes: dissection of genetic interactions during
limb development in the mouse. Development 122, 1175-
1185 (1996)

97. Dolle P, A. Dierich, M. LeMeur, T. Schimmang, B.
Schuhbaur, P. Chambon & D. Duboule: Disruption of the
Hoxd-13 gene induces localized heterochrony leading to
mice with neotenic limbs. Cell 75, 431-441 (1993)

98. Zakany J& D. Duboule: Synpolydactyly in mice with a
targeted deficiency in the HoxD complex. Nature 384, 69-
71 (1996)

99. Fromental-Ramain C, X. Warot, N. Messadecq, M.
LeMeur, P. Dolle & P. Chambon: Hoxa-13 and Hoxd-13
play a crucial role in the patterning of the limb autopod.
Development 122, 2997-3011 (1996)

100. Zakany J, C. Fromenta-Ramain, X. Warot & D.
Duboule: Regulation of number and size of digits by
posterior Hox genes: a dose- dependent mechanism with
potential evolutionary implications.
Proc.Natl.Acad.Sci.USA 94, 13695-13700 (1997)

101. Mortlock DP, L.C. Post & J.W. Innis; The molecular
basis of hypodactyly (Hd): a deletion in Hoxa 13 leads to
arrest of digital arch formation. Nat.Genet. 13, 284-289
(1996)

102. Muragaki Y, S. Mundlos, J. Upton & B.R. Olsen:
Altered growth and branching patterns in synpolydactyly
caused by mutations in HOXD13. Science 272, 548-551
(1996)

Key Words: Gene, Cytokine, BMPs, Hox, Limb
Development, Chondrogenesis, Apoptosis, Review

Send correspondence to: Xu Cao, PhD, Department of
Pathology, Division of Molecular and Cellular Pathology,
University of Alabama, 1670 University Blvd. VH G002,
Birmingham, AL 35294, Tel: 205-934-0162, Fax: 205-934-
1775, E-mail: cao@path.uab.edu



