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Abstract

The purpose of this study is to gain insight into the role of BMP signaling in the diversification of the embryonic limb
mesodermal progenitors destined to form cartilage, joints, and tendons. Given the importance of extracellular BMP
modulators in in vivo systems, we performed a systematic search of those expressed in the developing autopod during the
formation of the digits. Here, we monitored the expression of extracellular BMP modulators including: Noggin, Chordin,
Chordin-like 1, Chordin-like 2, Twisted gastrulation, Dan, BMPER, Sost, Sostdc1, Follistatin, Follistatin-like 1, Follistatin-like 5 and
Tolloid. These factors show differential expression domains in cartilage, joints and tendons. Furthermore, they are induced in
specific temporal patterns during the formation of an ectopic extra digit, preceding the appearance of changes that are
identifiable by conventional histology. The analysis of gene regulation, cell proliferation and cell death that are induced by
these factors in high density cultures of digit progenitors provides evidence of functional specialization in the control of
mesodermal differentiation but not in cell proliferation or apoptosis. We further show that the expression of these factors is
differentially controlled by the distinct signaling pathways acting in the developing limb at the stages covered by this study.
In addition, our results provide evidence suggesting that TWISTED GASTRULATION cooperates with CHORDINS, BMPER, and
NOGGIN in the establishment of tendons or cartilage in a fashion that is dependent on the presence or absence of TOLLOID.
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Introduction

In living organisms chondrogenesis occurs in the context of
complex morphogenetic processes associated with the formation of
other connective tissues [1]. The formation of digits in the
developing vertebrate limb illustrates this phenomenon. In the
embryonic limb autopod, mesodermal cells that share a unique
origin from the lateral mesoderm, form phalangeal cartilages and
the associated perichondrium, interphalangeal joints and tendons.
Hence, in terms of tissue differentiation, the formation of a digit,
includes the following: formation of and subsequent differentiation
of prechondrogenic condensations; differentiation of the perichon-
drium; the formation and subsequent differentiation of tendon
blastemas, including the establishment of the entheses (i.e., the
zone where the tendon attaches to the bone primordia); and the
formation of joints (hyaline articular cartilage, synovium, and
fibrous capsule). Different BMP genes exhibit regulated expression
patterns in the undifferentiated and interdigital mesoderm, joints
and tendon blastemas [2,3]. There is compelling evidence that
BMP signaling plays a key role in each of the aforementioned
morphogenetic events [4-11]. However, the mechanism by which
BMPs function to establish divergent cell fates during develop-
mental processes such as chondrogenesis, joint differentiation or
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tenogenesis while using the same population of cell progenitors
remains to be clarified [5]. In avian limbs, the overexpression of
BMPs results in a dramatic increase in chondrogenesis [12-14],
and loss-of-function experiments cause severe skeletal truncations
[14]. In mammals, the alterations observed in naturally occurring
or experimentally induced genetic mutations of members of the
BMP signaling pathway, confirmed its role in skeletogenesis
[4,5,7,15-20]. However, digit phenotypes are not very informa-
tive, which is most likely due to the functional redundancy of these
molecules [16,21].

In the canonical signaling pathway, active BMPs are released in
the extracellular space and subsequently bind to transmembrane
type I and type II serine-threonine kinase receptors, triggering an
intracellular cascade that results in the phosphorylation and
nuclear translocation of Smad 1/5/8 proteins, which in conjunc-
tion with Smad 4 and other transcription factors, regulate target
gene expression. In addition, BMPs activate non-Smad pathways
that involve signaling via mitogen-activated protein kinases
(MAPK; see [22]). Taking into account that the signaling cascade
activated by the different BMPs is constant, it is believed that the
differences in the response of BMP target cells may reside largely
on the intensity of the signal. Hence, gradients of BMP signaling
play a key role during vertebrate development to establish the
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dorso-ventral axis of the gastrula, and most likely, function in other
embryonic models [23,24]. The morphogenetic gradient relies
largely on the functional interactions between BMPs and secreted
BMP-binding molecules, often called “‘extracellular BMP antag-
onists” (see: [25,26]).

Several BMP antagonists are expressed at advanced stages of
limb skeletogenesis [27-29]. In the course of digit development,
Noggin [14], Chordin [30], Chordin-like 1 [31,32], BMPER [33],
Sost [34], Sostdcl [35,36], Dan [37,38], Follistatin [39,40], and
Follistatin-like 1 [41] have been detected; however, except for
Noggin [4] and Follistatin-like 1 [42], mice that are mutant for
these factors lack a digit phenotype. This lack of a phenotype is
indicative of intense functional redundancy. Therefore, an
appropriate understanding of the role of BMP antagonists in digit
morphogenesis requires a comprehensive analysis of the BMP
modulators that are expressed in the course of digit formation. The
goal of this study was to analyze the involvement of extracellular
modulators of BMP signaling during the early differentiation of the
structural components of the embryonic digits. In an initial
systematic gene expression study we identified 13 different BMP
antagonists with dynamic expression patterns associated with the
differentiation of the phalanges, interphalangeal joints and
tendons. The role of these factors and their regulation by major
signaling pathways that are involved in limb morphogenesis was
next explored through gain-off-function experiments in high-
density cultures of digit mesodermal progenitors. Our findings
provide new insights that clarify the role of BMPs in the divergent
differentiation of the connective tissue progenitors into cartilage,
tendon, and joint tissues, which is a process of major importance in
regenerative medicine of the locomotor apparatus.

Materials and Methods

In this work, we employed Rhode Island chicken embryos from
day 4,5 to day 8 of incubation (id) equivalent to stages 24 to
32 HH. This study was approved by the Cantabria University
Institutional Laboratory Animal Care and Use Committee and
carried out in accordance with the Declaration of Helsinki and the
European Communities Council Directive (86/609/EEC).

In situ Hybridization

In situ hybridization was performed in 100 um vibratome
sectioned specimens. Samples (a minimum of 5 sectioned limbs of
each stage) were treated with 10 pg/ml of proteinase K for 20
minutes at 20°C. Hybridization with digoxigenin labeled antisense
RNA probes was performed at 68°C. Alkaline phosphatase-
conjugated anti-digoxigenin antibody (dilution 1:2000) was used
(Roche). Reactions were developed with BM Purple AP Substrate
precipitating (Roche). No variability among the samples was
appreciated in the expression pattern of the analyzed genes was
constant in all the samples analyzed.

The probes for Noggin, Chordin (Chd), Chordin-like 1 (Chdl-I;
ventroptin), Chordin-like 2 (Chdl-2); Twisted gastrulation (Tsg;, Twsg 1);
DAN  (differential  screening-selected gene aberrative in  neuroblastoma);
BMPER (BMP binding endothelial regulator; crossveinless 2), Sost
(Sclerostin), Sostdcl (Sclerostin domain containing-1; Uterine sensitization
associated gene-1; Wise; Ectoidin), Follistatin (Fst), Follistatin-like 1 (Fstl-1;
Flick), Follistatin-like 5 (Fsil-5), Tolloid (TN1; Colloid, Tolloid-like 1)
and AlkI were obtained by PCR using the following primers: for
Noggin, 5'- aaggatggatcattcccagt-3" and 5'-ctagcaggageacttgcact-3';
for Chd, 5'-acctgctcttetecatcage-3" and 5'- ccatagtgatgttggeatgg -
3'; for Chdl-1, 5'-ggaattccgatgagaagaaagtggagatcg-3', and 5'-
gctctagageagattcaccgtgggagtat -3'; for Chdl-2, 5'- ggeaccactgtgaa-
gatcg -3’ and 5'- tgtagttctgegettettge -3'; for Tsg, 5'- gtcag-
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caagtgectcatee -3' y 5'- cttgeactgatgtattgacatge -3'; for Dan, 5'-
tgcgagtccaagtecatce -3' and 5'- ggctettetacctectgttgg -3'; for
BMPER, 5'- aagcgagatgacctgattgg -3" and 5'- cgctgaggacatag-
gactgg -3'; for Sost, 5'- ctetgtetgegtecteatee -3' and 5'- taccgagtg-
tagegettge -3'; for Sostdel, 5'- ctecgecatteacttctacg -3" and 5'-
tgtgctgectggtgtateg -3'; for Fst, 5'- ccgtgtgtggcttagatgg -3’ and 5'-
gagttgcaagatccagagtge -3'; for Fistl-1, 5'- gaatgtgcagtgactgagaagg -
3" and 5'- tgagcagcttgttggtetee -3'; for Fstl-5, 5'- tcagccactcataa-
gattacgc -3" and 5'- tcattggtgtccacaagtce -3'; for TUI, 5'-
gaagatggagcctggagagg -3 and 5'- acggaactcaatccacatec -3'; and
for Alkl, 5'- agcgactacctggacattgg -3' and 5'-ccttcttcatgtectcgaage
-3'. Chicken probes for Bmpria and Bmprlb were kindly provided
by Lee Niswander and for Alk2 by Joan Massague.

The above mentioned BMP antagonists have been identified in
the genome of most the analyzed vertebrates (Homo sapiens, Pan
troglodytes, Macaca mulatta, Mus musculus, Rattus novergicus, Gallus gallus,
Xenopus laevis) except for the zebrafish (Danio rerio) where there is
only a Chordin-like [43], which is thought to represent Chordin-like 1
and Chordin-like 2 of mammals.

Phospho Smad 1/5/8 and p-c-Jun Immunolabeling

Limb buds between 6 and 8 days of incubation were fixed in
4% PFA O/N at 4°C, washed in PBS and sectioned with a
vibratome. Sections were incubated O/N at 4°C with the primary
antibody. Specimens were next washed in PBS, incubated O/N in
the secondary antibody washed for 2 h in TBS, dehydrated,
cleared and examined with the confocal microscope (LEICA LSM
510). Polyclonal antibodies against phospho-SMAD1/SMADS5/
SMADS (Ser463/465; Cell Signaling) and p-c-Jun (Sc-822, Santa
Cruz Biotechnology) were employed. For double labeling purpose,
we employed actin staining using 1% Phalloidin-TRITC (Sigma).

Experimental Induction of Ectopic Digits

In vivo analysis of gene regulation preceding the formation of an
ectopic digit was performed in samples of interdigital tissue 10, 14,
and 20 hr after implantation at 5.5 id of heparin beads (Sigma)
incubated for 1 hr in 2 pgr/ml TGFB1 (R&D Systems). This
treatment leads to the formation of ectopic digits detectable by
alcian blue staining 20 hr or later after bead implantation [44].
The contralateral left limb or limbs treated with beads incubated
in PBS, were employed as controls.

Micromass Mesodermal Cultures

Progenitor mesodermal cells of the digit tissues were obtained
from the progress zone region located under the apical ectodermal
ridge of chick leg buds of embryos at 4.5 id (25 HH). Cells were
dissociated and suspended in medium DMEM (Dulbecco’s
modified Eagle’s medium) with 10% fetal bovine serum, 100
units/ml penicillin and 100 pg/ml streptomycin. Cultures were
made by pipetting 10-ul drops of cell suspension at a density of
2.0x10” cells/ml into each well of a 24-well plate. The cells were
left to attach for 2 hr and then 200 ul serum-free medium was
added. In gene overexpression experiments (see below) cultures
were performed with DMEM medium containing 10% fetal
bovine serum and 50 pgr/ml of ascorbic acid. We employed these
cultures for analyzing the effects of adding BMP modulators on
gene regulation, cell proliferation and cell death and to study the
regulation of BMP modulators by major signaling pathways acting
in the autopod.

The effect of BMP modulators and BMP2 were analyzed by
adding recombinant protein to the medium in 24 hr cultures.
Treatments were maintained for another 24 hr period. After
testing different protein concentrations we selected the following:
human recombinant BMP2 200 ngr/ml (Peprotech); human
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recombinant NOGGIN, 200 ngr/ml (R&D Systems); human
recombinant CHDL-1, 2400 ngr/ml (R&D Systems); mouse
recombinant CHDL-2 1200 ngr/ml (R & D Systems); human
recombinant TSG 1000 ngr/ml (R & D Systems); mouse
recombinant DAN 3000 ngr/ml (R & D Systems); Follistatin
800 ngr/ml (Peprotech). After these treatments we analyzed by Q-
PCR changes in the expression of cartilage markers (Sox9, type 2
Collagen; and Bmprlb), fibrogenic markers (Scleraxis, type 1 Collagen
and 7TgfB2), and joint markers (Activinfo, Gdf5, and FJaws). The
selected genes are well known markers of the corresponding
morpho-developmental processes. Only Faws has not been used
very often as joint marker, but it has been shown that it is essential
for the formation of interphalangeal joints [45].

To study the effect of autopodial signaling pathways in the
expression of BMP modulators we performed 6 hr treatments to
48 hr Micromass cultures. We employed: FGF2 66 ngr/ml
(Peprotech), ACTIVIN A 200 ngr/ml (Peprotech), all-trans-
retinoic acid (RA) 50 ngr/ml (Sigma); BMP2, 200 ngr/ml
(Peprotech); TGFbeta2, 10 ngr/ml (R&D Systems); and WNT5a
100 ngr/ml (R & D Systems).

Cell Transfections

Gain-of-function experiments for 7sg, and BMPER were
performed by overexpression constructs containing the mouse
coding sequences. We employed “Addgene plasmid 25778 for
Tsg and “Addgene plasmid 25776 for BMPER (both made by
Dr Edward De Robertis). For Fstl-1 overexpression we used a
construct based on the coding sequence of the human gene
cloned into the pCMV6-XL5 vector (Origene, MD, USA). For
Dan overexpression we used a construct based on the coding
sequence of the mouse gene cloned into the pCMV6-ENTRY
vector (Origene, MD, USA) Control samples were transfected
with empty plasmids. Limb mesodermal cells were electropo-
rated employing the Multiporator System (Eppendorf) and
cultured in high-density conditions as indicated above. After
48 hr of cultured the level of gene overexpression and the
expression of cartilage, joint, and tendon markers were

evaluated by Q-PCR.

Flow Cytometry

Cell proliferation and cell death was deduced from measure-
ment of DNA content by flow cytometry in control Micro-
masses and in Micromasses treated with CHDL-1, TSG, or
both CHDL-1 and TSG. For this purpose cultures were
dissociated to single-cell level by treatment with Trypsin EDTA
(Lonza). 1 million cells (5 Micromasses) were used in each test.
For propidium iodide (PI) staining the cells were washed twice
in PBS and centrifuged at 405 g, 5 min at 4°C. The samples
were then incubated overnight at 4°C with 0.1% sodium citrate,
0.01% TritonX-100 and 0.1 mg/ml PI. Cell suspension was
subjected to flow cytometry analysis in a Becton Dickinson
FacsCanto cytometer and analyzed with Cell Quest software.
This technique allows the titration of apoptotic (hipodiploid) and
proliferating (hiperdiploid) cells according to their DNA content
deduced from PI staining [46].

Real time Quantitative PCR (Q-PCR) for Gene Expression
Analysis

In each experiment total RNA was extracted and cleaned from
specimens using the RNeasy Mini Kit (Qiagen). RNA samples
were quantified using a spectrophotometer (Nanodrop Technol-
ogies ND-1000). First-strand cDNA was synthesized by RT-PCR
using random hexamers and M-MulV reverse transcriptase
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(Fermentas). The c¢DNA concentration was measured In a
spectrophotometer (Nanodrop Technologies ND-1000) and ad-
justed to 0.5 ug/ul. Q-PCR was performed using the Mx3005P
system (Agilent) with automation attachment. In this work, we
have used SYBRGreen (Agilent) based Q-PCR. Gapdh had no
significant variation in expression across the sample set and
therefore was chosen as the normalizer in our experiments. Mean
values for fold changes were calculated for each gene. Each value
in this work represents the mean * SEM of at least three
independent samples obtained under the same conditions.
Samples consisted of 4 Micromass cultures or 15 interdigital
spaces. Data were analyzed using one-way analysis of variance
followed by Bonferroni tests for post-hoc comparisons or Student’s
¢ test, for gene expression levels in overexpression experiments.
Statistical significance was set at p<0.03. All the analyses were
done using SPSS for Windows version 18.0. Primers for Q-PCR
are included as Supplementary Table 1.

Results

Extracellular BMP Modulators

In an initial PCR expression screening, we identified 13
different extracelular modulators of BMP signaling that were
expressed at high levels in mesodermal tissues of the developing
chick autopod at day 6 of incubation, including: Noggin, Chordin
(Chd), Chordin-like 1 (Chdl-1; ventroptin), Chordin-like 2 (Chdl-2); Twisted
gastrulation (Tsg;, Twsg 1); DAN (differential ~screening-selected ~ gene
aberrative in neuroblastoma); BMPER (BMP binding endothelial regulator;
Crossveinless 2), Sost (Sclerostin), Sostdcl (Sclerostin domain containing-1;
Uterine sensitization associated gene-1; Wise; Ectoidin), Follistatin (Fst),
Follistatin-like 1 (Fstl-1; Flick), Follistatin-like 5 (Fstl-5), and Tolloid
(TN1;Colloid;  Tolloid-like I). Although Tolloid is not a BMP
antagonist but rather is a protease, it was included here because
it is responsible for the release of the BMP ligands that are
bounded to BMP antagonists into the target tissues [26]. Although
the presence of some of these factors was known from previous

Table 1. Regulation of BMP modulators.

10 h 14 h 20 h
Noggin 1,00+0,1 1,93%0,2%* 3,98+0,9*
Chd 1,36+0,3 1,11%0,1 1,23+04
Chdl-1 3,64+1,0% 3,83+0,7*% 8,09+1,7%
Chdl-2 1,90+0,2% 2,33+£0,4*% 2,94+1,0%*
Tsg 1,27%0,2 1,27+0,4 1,24+0,1
Dan 1,01+0,0 1,16x0,0 3,40*0,9*
Bmper 1,30+0,1 1,85+0,3* 1,85+0,2*
Sost 1,02+0,2 0,94+0,0 1,00+0,0
Sostdc1 0,92+0,1 1,13£0,1 1,12%0,0
Follistatin 9,09+1,3%** 5,14£0,4*** 8,16+1,7*
Fstl-1 0,86+0,0 1,15%+0,0 1,12+0,0
Fstl-5 0,47£0,1* 1,38+0,2 0,99+0,1
TN 1,33%0,1 2,55+0,6% 2,23+0,1**
Regulation of BMP modulators at 10, 14, and 20 hr after interdigital
implantation of a bead bearing TGF-B1. In all experiments an ectopic digit was
present in at least 3 out of 4 limbs allowed to develop for 4 days.
*p<0.05;
**p<0.01;
***p<0.001.
doi:10.1371/journal.pone.0060423.t001
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studies, we next performed a systematic study of all of them using
in situ hybridization to demonstrate a complete picture of their
spatial distribution within the developing autopod (Fig. 1). We
excluded the members of the CCN secreted factors and the
members of the HtrA serine proteases from the study because they
have been analyzed in detail elsewhere [44,47].

Noggin and Chdl-1, are prominently expressed in the central
region of the differentiating phalanges, excluding the peripheral
subperichondrial region and the zones of joint formation (Fig. I A
and C). Noggin is also expressed in the proximal region of the
tendons at advanced stages of differentiation (Fig. 2A).

Chdl-2, is expressed in the hyaline articular cartilage of mouse
embryonic and in human adult osteoarthritic joints [29]. Here we
found a wide and well-defined expression domain for this BMP
antagonist in the digit blastemas that precede the identification of
interphalangeal joints (Fig. 1D). The expression of Chdl-2 is also

Chdl-1

BMP Antagonists and Connective Tissues

noted in the diaphysis of metatarsals preceding the ossification of
hypertrophic cartilage forming a collar under the perichondrium
(Fig. 2E).

At the beginning of digit formation, Chd is expressed at low
levels in the digit rays (Fig. 1B), with a slight intensification in the
zones of joint formation. Small Chd expression domains are also
prominent in the zone of the tendons located close to the foot
muscles (Fig. 2C). Chd transcripts are also present in the diaphysis
of the digit cartilages preceding the ossification of hypertrophic
cartilage forming a collar under the perichondrium (Fig. 2C).

Tsg is expressed in zones of cartilage and tendon differentiation
(Fig. 1 E and I). In the chondrogenic regions 7sg forms a tenuous
expression domain in the cartilage subjacent to the perichondrium
of the digit rays. This peripheral digit expression domain is
intensified in the digit tip marking the zone of recruitment of
cartilage progenitors, the previously termed, “digit crescent” [48],

Chdl-2

; ,:'!.. e
e M=
Sostdcl

Figure 1. In situ hybridizations in longitudinal (A-G, M-P) and transverse (H-L; Q-T) vibratome sections of the autopod showing
the expression of Noggin (A), Chd (B), ChdlI-1(C), ChdI-2 (D), Tsg (E and 1), Dan (F and J), BMPER (G and K), Sost (H), Sostdc1 (L), TIIT (M
and Q), Fst (N and R), Fst/-7 (O and S), and Fst/-5 (P and T). All the specimens are at day 6,5 of incubation (stage 30HH) except H, which is at 7,5

days of incubation (stage 32HH).
doi:10.1371/journal.pone.0060423.g001
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G

Figure 2. In situ hybridization on transverse sections of the proximal segment of the autopod of embryos after 7 and 7,5 days of
incubation, to show the expression domains of BMP modulators in the zone of hypertrophic differentiation of the metatarsal and
in the maturing tendons at the zone close to the myotendinous junction. Noggin (A), Fstl- 5 (B), Chd (C), BMPER (D), Chdl-2 (E), Sost (F), Tll1
(G), and Tsg (H). Note that at this stage of differentiation TII7 transcripts are present in the tendon blastemas (arrow heads in G). Note also that the
expression domains in the diaphysis of the metatarsal are specifically located in the inner cellular layer of the perichondrium in the interface with the

hypertrophic cartilage.
doi:10.1371/journal.pone.0060423.g002

and also in the developing joints. Additionally, its expression is
remarkable in the subectodermal mesenchyme with zones of high
intensity marking the tendon blastemas.

Dan forms a continuous expression domain in the mesenchyme
subjacent to the dorsal and ventral ectoderm with zones of
increased expression marking the tendon blastemas (Fig. 1 I and
J)- BMPER is expressed in small but intense domains located in the
most proximal zone of the interdigits and along the lateral margins
of the extensor and flexor tendons (Fig. 1, G and K). It is also
strongly expressed in the lateral margins of the autopod at the
borderline with the zeugopod. BMPER is also expressed in the
diaphysis preceding the ossification of hypertrophic cartilage
forming a collar under the perichondrium (Fig. 2D).

Sost expression has been studied in early stages of limb
development [34]. Here we show that at advanced stages of digit
development, Sost is expressed in the maturing tendons (Iig. 1H)
and in the subperichondral region of the diaphysis, which is
undergoing hypertrophic differentiation (Fig. 2F).

Sostdc] 1s expressed mainly in the ectoderm with the highest
transcript levels in the interdigit region (Fig. 1 L). Transcripts are
also observed in the mesenchymal peridigital tissue in a fashion
resembling that of BMPER (Fig. 1L).
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TllI is expressed in the contour of the immature phalanges,
including the early developing joints and the tip of the digit (Fig. 1,
M and Q). In this distal digit region, the transcripts form a cap
encompassing the condensing mesenchyme. 7{// transcripts are
also present in the mesoderm subjacent to the dorsal and ventral
ectoderm of the interdigital and digital regions excluding the zone
of tendon formation (Fig. 1Q). However, in the proximal regions
where tendon maturation is advanced, including the zone of
myotendinous junction, #/I transcripts are also detected in the
tendon tissue (Fig. 2G).

Fst shows restricted expression domains in the tendon blastemas
(Fig. 1 N and R). Fsti-1 is highly expressed in the interdigital
mesoderm with additional domains in the developing joints (Fig. 1
O and S), while Fstl-5, is expressed at low levels in the core of the
differentiating digit cartilages (Fig. 1 P and T). However, in
proximal regions where tendon maturations is advanced, Fst-5
transcripts are also detected in the tendon tissue and in the
subperichondral region of the diaphysis undergoing hypertrophic
differentiation (Fig. 2B).
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BMP Signaling Domains in the Developing Digits

The zones of active BMP signaling were monitored by BMP
effectors immunolabeling (Fig. 3). Active BMP signaling
domains that were marked by phospho-smad 1/5/8 are present
in the interdigital mesenchyme and in the core of the
developing cartilages, with greater intensity in the tip of the
growing digit (Fig. 3 A and D). The perichondrium shows poor
labeling and the interface between the cartilage and the
perichondrium is relatively devoid of signaling (Fig. 3 B). In
the course of digit differentiation, the labeling in the cartilage is
reduced while it increases in the outer layer of the perichon-
drium (Fig. 3C). The tendon formation zones are almost
negative, but are encompassed at both sides by zones of intense
signal in a pattern closely paralleling the expression of BMPER,
including stronger expression in the dorsal than in the ventral
regions of the autopod (compare Fig. 1K and Fig. 3A).
However, a weak positive stain is observed in the tendons at
advanced maturation stages and in the zone of myotendinous
junction (Fig. 3C). As expected from previous studies [22], the
zones of joint formation appear as bands of low phospho-Smad
1/5/8 positivity (Fig. 3D), but exhibit intense labeling by
phospho-c-Jun, which is activated by the JNK MAP kinase
(Fig. 3E).

As shown in Figure 3 (F-M), all the structures of the autopod
exhibited transcripts of at least one of the four type 1 receptors of
this signaling pathway, including Bmpr1b (Alk6), Bmprila (Alk3), Alk2
(ACVRI), and Alk1 (ACVRLI; see [49]), supporting the function of
BMP antagonists in the establishment of the zones of active
signaling.

The Expression Sequence of Extracellular Bmp
Modulators during the Formation of an Ectopic Digit
(Table 1)

To gain insight into the significance of BMP modulators during
digit morphogenesis we monitored the temporal sequence of
activation of BMP antagonist genes when an ectopic digit is
induced in the interdigital regions by implantation of a Tgf § bead
[32]. An analysis of expression was performed using Q-PCR at 10,
14 and 20 hr after interdigital implantation of a TgfP-bead
(Table 1). We selected these time points because 10 hr marks the
stage at which genes encoding for the cartilage matrix become
upregulated, and 20 hr corresponds with the period when the
extra digit condensation become identifiable by specific histolog-
ical dyes (i.e., Alcian Blue; [44]). At this period the connective
tissues located around the ectopic cartilage; including the
perichondrium and the pretendinous aggregates, initiates differ-
entiation. Chdl-1, Chdl-2 and Fst genes were upregulated at 10 hr
after bead implantation, coincident with the upregulation of the
most precocious extracellular matrix markers of cartilage differ-
entiation [44]. Byl4 hr after bead implantation Noggin, BMPER,
and 7//1 were up-regulated. Dan was the last of the examined BMP
antagonists to be up-regulated during the formation of the ectopic
digit (20 hr after bead implantation), consistent with a function in
the differentiation of tendons. In the period covered by our study,
Tsg appeared moderately upregulated from 10 hr, but without
reaching levels of statistical significance. Fstl-5 was transiently
downregulated at 10 hr after bead implantation. There were no
changes in the expression of Fstl-1, Sost and Sostdc1. Transcripts of
those three genes are present in the interdigital mesoderm from
the beginning of the experiment, and the formation of an ectopic
digit may not generate detectable changes in their levels of
expression.
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Gene Regulation after Administration of Extracellular
BMP Modulators

The structure and functional properties of the BMP modulators
are not uniform. Antagonism of BMP signaling may be variable
due to differential affinity for distinct ligands. Hence, to gain
insight about their role in the developing digits, we monitored the
effects on the regulation of most of BMP modulators by the
addition of recombinant proteins to Micromass cultures of digit
progenitors. In some cases, protein-addition based experiments
were complemented or substituted by overexpression approaches,
employing vectors containing the full gene coding region. Several
preliminary experiments were performed to adjust the dose of
BMP regulators to obtain clear and reproducible effects on the
genes explored. Tables 2 to 4 summarize the changes in the
expression of the cartilage (Table 2), joint (Table 3), and tendon
(Table 4) markers selected in this study. The effects of BMP2 on
the expression of the mentioned markers were also analyzed to
allow a clear distinction between effects that were dependent or
independent of the inhibition of BMP signaling (data are shown at
the bottom of each table). The following aspects can be
emphasized from results:

1)  The overexpression of the mouse 7sg gene induced down-
regulation of chondrogenic markers (Sox9, Collagen2 ol,
Bmprlb), Gdf> and Jaws. In addition, the tenogenic master
gene TgfB2, which was not regulated by BMP2, was strongly
downregulated following 7sg overexpression.

2) At the highest doses tested (up to 1000 ng/ml) rhTSG, was
much less effective than gene overexpression experiments.
Treatments caused only a mild downregulation of 7g/f2 and
Gdf5. However, the gene regulation that was induced by
CHDL-1, CHDL-2, or NOGGIN was strongly potentiated
when they were administered in combination with thTSG
(1000 ng/ml). This effect supports the functional association
between TSG and CHD that has been observed in other
systems [50] and supports also the interaction of TSG with
NOGGIN, which to our knowledge, has not been reported
in previous studies. This interplay potentiated the BMP
antagonistic effect of CHDL-1 and NOGGIN, and also
caused modifications in the regulation of genes not induced
by BMP2 (see below), and even regulations not observed in
separate treatments of T'SG and CHDL-1, or NOGGIN (i.c.
the regulation of Activin fla in combined treatments with
CHDLI-TSG, Table 3; and see below for interactions
NOGGIN-TSG).

3)  NOGGIN, was the most intense antagonist of gene
regulation induced by BMPs in Micromass cultures (see
tables 2—4); however, treatments also induced the upregula-
tion of Scleraxis, type 1 Collagen, and TgfB2 which are not
regulated by BMP2. As mentioned above, the effects of
NOGGIN were intensified when administered in combina-
tion with T'SG. Intensification was appreciated even for the
effects like the up-regulation of Scleraxis, type 1 Collagen, or
Tg/B2 which are not induced by BMP2. In addition,
NOGGIN in combination with TSG down-regulate the
expression of jaws. A detailed analysis of the molecular bases
for the interplay between TSG and NOGGIN is out of the
scope of this study. However, considering the roles of TSG
in other systems (see discussion for references), a tentative
explanation is that the addition of TSG may protect
sequestering and/or degradation of NOGGIN in the
extracellular matrix.
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Figure 3. Immunolabeling for p-Smad 1/5/8 (green, A-D) and p-c-Jun (green, E), to show the zones of active BMP signaling in the
course of digit formation. Note in A, the absence of labeling in the tendon blastema (tb) at 7,5 days of incubation. In addition, zones of intense
labeling paralleling the expression of BMPER of are observed, (arrows, compared with Fig. 1K). B is a higher magnification image of A to show the
labeling in the differentiating cartilage except in the most peripheral region subjacent to the perichondrium (p). C shows positive labeling in a
proximal region of the tendons corresponding with the myotendinous junction (day 8 of incubation). D is a longitudinal section of digit 3 at day 6 of
incubation showing intense labeling in the growing tip (dt) and reduced labeling in the zones of joint formation (arrow heads). E, is a longitudinal
section of digit 3, showing intense labeling for p-c-Jun in the joint forming region (arrow heads). In A and B the actin cytoskeleton was labeled in red
with Phalloidin-TRITC. F-M, are longitudinal (F, G, |, K, and M) and transverse (H, J, and L) sections through digit 3 showing the expression of type 1
BMP receptors in the autopod. Bmpr1b (F-H) is highly expressed at RNA (F-H) and protein (G) levels in the early chondrogenic digit ray with zones of
reduced expression in the joint forming region. In the non-chondrogenic domains of the autopod, the expression of Bmpr1b is predominant in the
subectodermal mesenchyme and interdigital regions. Expression of Bmpria (I-J) and Alk2 (K-L) is poor in the chondrogenic rays, but transcripts are
abundant in the tissues around the digit cartilage including the perichondrium, the interdigital mesenchyme. Transcripts of Alk2, are also appreciated
in the developing joints (arrow in K). Alk 7 was only appreciated in the peridigital blood vessels (M).

doi:10.1371/journal.pone.0060423.g003

4)  CHDL-1, was ineffective at doses ranging between 400 and CHDL-2 was administered in combination with rhTSG,
2500 ng/ml; however, as previously mentioned, CHDL-1 in Sox9, type 2 Collagen and Bmprlb were downregulated.
combination with rhTSG exhibited BMP antagonism  at 6)  Previous analysis in different systems has provided contro-
remarkable levels. versial information concerning the targets of DAN

5)  CHDL-2 administered alone (up to 1200 ng/ml), caused a [38,51,52]. It has been proposed that the production of

moderate upregulation of Scleraxis, Tgff2 and Gdf5 and had

no effect on most chondrogenic markers; however, when
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bioactive DAN protein is cell-specific [52]. In our analysis
the BMP targets analyzed here were not significantly
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regulated by mouse recombinant DAN even at doses up to
3000 ng/ml. However, overexpression of the mouse Dan
gene down-regulated chondrogenic markers (Sox9, type 2
Collagen, and Bmprlb) and up-regulated the expression of
Scleraxis more than twofold.

7)  BMPER gain-of-function experiments were done by over-
expressing the mouse BMPER gene and the effects on the
chondrogenic markers corresponded largely with those of a
typical BMP antagonist. However, Scleraxis, and Activin fa,
which are not regulated in treatments with BMP2, were also
up-regulated by this factor.

8)  FST exhibited an intense inhibitory effect on Sox9 gene
expression, but the expression of other genes up-regulated
by BMPs was not down-regulated. Remarkably, no effects of
FST were recognized in tendon markers in spite of its
restricted expression in the tendon blastemas.

9) The overexpression of Fsil-1 had similar, but less intense,
effects than the addition of rh-NOGGIN, except for a
negative influence in the expression of Activin ffa which did
not occur with NOGGIN.

Cell Proliferation and Cell Death in Micromass Cultures
following Treatments with BMP Antagonists

The low anti-BMP influence on gene regulation in rh-CHDL-1
alone treatments prompted us to check whether it has an effect
promoting cell proliferation as reported in cultures of human
mesenchymal stem cells [53]. However, no changes in cell
proliferation or apoptosis were observed in cultures treated with
different doses of CHDL-1 (Fig. supplementary 1).

In view of the functional potentiation of the effects of CHDL-1
when administered in combination with T'SG, we further analyzed
the effects of the combined treatments of CHDL-1 and TSG.

BMP Antagonists and Connective Tissues

Table 3. Regulation of Joint Markers.

JOINT Gdf5 Activin BA Jaws
TSG 0,79+0,0* 0,79+0,0 1,22+0,1
TSG o/e 0,39+0,0%* 0,91£0,1 0,57+0,0%
NOGGIN 2,23+0,5% 1,09%0,1 1,38+0,1
NOGGIN+TSG 1,820,0%* 0,80+0,1 0,33+0,0%*
CHRDL1 1,16%0,1 0,92+0,0 1,01%0,0
CHRDL1+ TSG 0,99+0,0 0,44£0,0%** 0,85*0,1
CHRDL2 1,41£0,2* 0,60+0,0* 0,95%+0,1
CHRDL2+ TSG 1,45+0,1* 0,83%+0,1 1,11x0,1
DAN 1,25+0,0 1,11%£0,0 0,78+0,0
DAN o/e 0,67+0,2 1,18%0,1 0,97+0,2
BMPER o/e 1,07%0,1 1,48%0,0%** 1,10%0,2
FST 1,28+0,1 0,97+0,1 1,31£0,1
FSTL1 o/e 1,39+0,0* 0,63+0,0* 1,12%0,1
BMP2 0,02+0,0** 12,05+1,2%* 1,07%+0,2

Regulation of 3 selected markers of fibrous and tendon tissue in 2 days
Micromass cultures of digit progenitors treated for 24 hr with recombinant
proteins. As indicated in the table (o/e), in the cases of TSG, DAN and BMPER
gain-of-function experiments were also performed by transfection of
mesodermal cells with expression vectors.

*p<0.05;

**p<0.01;

***p<0.001.

doi:10.1371/journal.pone.0060423.t003

Table 4. Regulation of Tendon Markers.

Table 2. Regulation of Cartilage Markers.

TENDON Scleraxis Collal Tofp2
TSG 1,15£0,2 1,12%0,0 0,73%0,0%*
TSG o/e 0,83*+0,0 0,83%+0,1 0,52+0,0%**
NOGGIN 1,98+0,3* 1,50%0,1** 2,97+0,4**
NOGGIN+TSG 2,15+0,0%* 1,72+0,1** 4,79+0,3**
CHRDL1 0,99+0,0 0,98+0,0 0,98+0,1
CHRDL1+ TSG 0,60+0,1 0,90+0,1 0,66+0,0*
CHRDL2 1,53%0,0% 1,13%0,1 1,59%0,1*
CHRDL2+ TSG 1,81£0,3% 1,20%+0,2 1,21%0,2
DAN 1,28*0,3 1,01%0,0 1,02%0,0
DAN o/e 2,64+0,6* 0,94+0,0 0,83+0,0
BMPER o/e 2,38+0,2* 1,08+0,0 1,36%0,2
FST 0,97*0,1 1,05%0,1 0,93%0,1
FSTL1 o/e 1,81£0,1** 1,40*0,0** 1,44+0,0%*
BMP2 0,13£0,0%* 0,69+0,0 0,79+0,0

CARTILAGE Sox9 Col2al BmpR1b
TSG 0,99+0,2 1,06+0,1 0,85+0,0
TSG o/e 0,38+0,0%* 0,46+0,0% 0,58+0,0%
NOGGIN 0,27+0,0%** 0,11%0,0%** 0,16+0,0%**
NOGGIN+TSG 0,14+0,0** 0,06+0,0%** 0,06+0,0%**
CHRDL1 0,73+0,0 0,96+0,0 1,01+0,0
CHRDL1+ TSG 0,37+0,1** 0,44+0,0%* 0,23%0,1**
CHRDL2 0,77+0,0 0,80+0,0 0,96+0,1
CHRDL2+ TSG 0,62+0,0* 0,45+0,0%* 0,44%0,0%*
DAN 1,00£0,1 0,99+0,0 0,96+0,0
DAN o/e 0,54+0,0% 0,45+0,0%* 0,35+0,0%*
BMPER o/e 0,56+0,0% 0,45+0,0% 0,80+0,1
FST 0,58+0,1%** 1,67+0,3* 1,02+0,0
FSTL1 o/e 0,35+0,0* 0,39+0,0* 0,73+0,0*
BMP2 5,58+0,9* 12,2%2,6* 4,15+0,1*

Regulation of 3 selected markers of cartilage in 2 days Micromass cultures of
digit progenitors treated for 24 hr with recombinant proteins. As indicated in
the table (o/e), in the cases of TSG, DAN, and BMPER gain-of-function
experiments were also performed by transfection of mesodermal cells with
expression vectors.

*p<0.05;

**p<0.01;

***p<<0.001.

doi:10.1371/journal.pone.0060423.t002
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Regulation of 3 selected genes responsible for joint formation in 2 days
Micromass cultures of digit progenitors treated for 24 hr with recombinant
proteins. As indicated in the table (o/e), in the cases of TSG, DAN and BMPER
gain-of-function experiments were also performed by transfection of
mesodermal cells with expression vectors.

*p<0.05;

**p<0.01;

#*%p<0.001.

doi:10.1371/journal.pone.0060423.t004

Neither cell proliferation or cell death was modified by this
treatment (Fig. supplementary 1).
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Transcriptional Regulation of BMP Modulators by Major
Signaling Pathways Operating in the Developing

Autopod

To the light of the regulated expression patterns of BMP
antagonists and their distinct effects on mesodermal tissue
differentiation, we sought to known if; as reported in other models
[54], there is an interactive signaling network which establishes the
level of expression of the different regulatory components of the
pathway, or if additional signaling pathways regulate their
expression.

The regulation of BMP modulators was studied in 2 days old
Micromass cultures after 6 hr treatments with the signaling
molecules that are responsible for growth and differentiation of
the autopod mesoderm, including the following: FGFs which are
implicated initially in the maintenance of the undifferentiated state
of the mesoderm in the distal margin of the bud and in inhibiting
the chondrogenic differentiation of digit progenitors [14], and they
are involved later in tendon differentiation [55]; all-trans-Retinoic
Acid which, similar to FGF signaling, is a primary inhibitor of
mesodermal differentiation [56] and later regulates the differen-
tiation of tendons [57]; ACTIVIN A, which is an early signal for
the formation of digit chondrogenic aggregates and next a
prominent joint marker [40]; TGF s, which are responsible for
the formation of tendons but also promote the formation of
prechondrogenic aggregates [58,59]; BMP2, which together with
other BMPs are responsible for cartilage differentiation [8]; and
WNT ba, which together with other members of the family are
involved in cartilage and joint differentiation [60].

The following data can be stressed from our results (Table 5):

1) In the FGF treated cultures, the expression of BMP
modulators including Noggin, Chordins and Fstl-1 was
inhibited. The inhibition was also strong for Dan and TI/1.
In contrast, BMPER, Fistl-5, and Sost were highly upregulated
by FGF treatments. Other antagonists (Sostdc1, Fst, and Tsg)
were not regulated at significant levels by FGFs.

2)  Consistent with the functional similarity between retinoic
acid and FGF signaling in cartilage and tendon differenti-
ation at the stages studied here, the addition of all-trans-
Retinoic Acid (RA) to the culture medium was followed by a
downregulation of Noggin, Chordins, TIlI and Dan. In contrast
with findings obtained by FGF treatments, Sostdc! was the
only antagonist upregulated by RA. The expression of the
remaining studied antagonists was not modified by RA
treatments.

3)  Treatments with ACTIVIN A resulted in a strong
upregulation of Fst expression. There was also an increase
in the expression of the BMP modulators Noggin, Chordins,
Tsg and Fistl-1. In contrast the BMP modulators that are

expressed in or around the tendon blastemas, including Dan,
and BMPER were downregulated.

4)  TgfPl treatments upregulated Noggin, Sostdc! and Fst while
Chordins, Tl1 and BMPER were downregulated. The
expression levels of the other studied antagonists were not
modified.

5)  BMP2 treatments induced a strong up-regulation of Noggin,
Chdl-1, and Fst while all the remaining antagonists were
downregulated. It is remarkable from these findings that
BMP2 was the only treatment which downregulated the
expression of Tsg

6)  WNTb)a treatments induced up-regulation of BMPER and
Sost. Expression of other BMP modulators was not modified.

PLOS ONE | www.plosone.org
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Discussion

We show that 9 representatives of the three recognized
subfamilies of BMP antagonists [61] together with 71, Fst, Fstl-
1 and Fistl-5 are expressed in a regulated fashion during the early
histogenesis of the digit tissues. These factors are precociously
induced during the formation of an extra digit, preceding the
appearance of changes identifiable by conventional histological
procedures, such as the establishment of phalanges, joints and
tendons. These findings support the role of BMP modulators in
digit morphogenesis. However, except for Noggin [4], Fstl-1 [42],
and Sost [62], mice with genetic alterations in these factors,
including BMPER [63], Tsg [63,64], Chd [65], Dan [38], Fst [66],
Sostdcl [67], and TI/1 [68] lack a digit phenotype. The lack of a
phenotype in these mutants is likely explained by functional
redundancy [42,69]. In line with this interpretation, we show
overlapping expression of Noggin/Chdl-1 in the developing
cartilage, Chdl-2/Fstl-1 in the developing joints, 7sg/Dan/Fst in
the tendon blastemas, BMPER/Sostdc1/Fstl-1 in the peritendinous
mesenchyme, and Chd/Chdl-2/Fstl-5/BMPER/Sost under the
perichondrium of the diaphysis that is undergoing hypertrophic
differentiation and subsequent ossification.

The functional properties of the different BMP antagonists often
includes crosstalk or the inhibition of other signaling pathways
which results in tissue- and developmental-context dependent
responses to their local administration [70,71]. Consistent with the
occurrence of functional specializations, the analyzed antagonists
downregulated the expression of BMP target genes during
skeletogenesis at different levels and their expression was
differentially controlled by the distinct signaling pathways acting
in the developing limb at the stages covered by this study (see
Table 5). Together these findings favor the view considering that
morpho-histogenesis of cartilage/bone, joints, and tendons in the
embryonic limb is generated by a cascade of autoactivation and
lateral inhibition signals resulting from local interactions of
mesenchymal  progenitors  (“reactor—diffusion” model, see
[72,73], and references therein). The formation of the prechon-
drogenic aggregate constitutes the first step of this process and is
followed not only by the inhibition of chondrogenesis in the
adjacent tissue, but also by signals which regulate its divergent
differentiation to form joints and tendons.

Considering the pattern of expression in the autopod (Table 6),
the different BMP modulators can be grouped as follows: 1)
cartilage associated, which include: Noggin, Chdl-1, and Fstl-5; 2)
joint associated, represented by Chdl-2 and Fstl-1, although the
later is also expressed in the undifferentiated interdigital mesen-
chyme, and MNoggin is expressed in the cartilage encompassing the
developing joints; 3) tendon or associated peridigital connective
tissue, which include the following: Dan, BMPER, Sost, Sostdc1, Fst,
and at stages of advanced differentiation, also Noggin, and Fstl-5;
and, 4) a group which can be termed “mixed distributed”, is
represented by 7sg, TllI, and Chd which may function in concert
with the other antagonists.

TSG, Chd, and TII1 and the Differentiation of Cartilage
and Tendons

Due to their association with other BMP modulators in
developing cartilage, joints and tendons, the functional signifi-
cance of TSG, CHD, and TLLI, merits individual discussion.
TSG is a multifunctional BMP modulator, which interacts with
other antagonists to potentiate or inhibit their function depending
on the proteolytic activity of TLLI (reviewed in [74]). TSG forms
heterotrimeric complexes with BMPs and CHD which potentiates
the antagonistic effect of CHD and facilitates the diffusion of BMP
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ligands through the extracellular space to reach the appropriate
targets [28,75]. In addition, when the complex is subjected to the
action of TOLLOID metalloprotease, CHD is cleaved, delivering
active BMPs [76]. TSG also forms trimolecular complexes with
BMPER and BMP4 [69] but in this case the complex does not
promote BMP diffusion [26].

We show that the contour of the phalanges at the stages of initial
differentiation express 7sg, Tll1 and Chd. Taking into account that
BMP ligands are predominantly expressed outside the cartilage
rods in the undifferentiated interdigital mesoderm [3], this
expression pattern is consistent with a function of the complex
TSG/CHD in the transport and subsequent delivery of BMPs into

Table 6. Semi-quantitative association of gene expression
intensity in the autopodial tissues.
Early Peri-

Cartilage Joint Tendon Late Tendon tendinous
Noggin +H+ - - + -
Chordin + + - -
Chdl-1 ++ - - - -
Chdl-2 - +H+ - - -
Tsg + ++ +H+ + +
Dan - - +++ ++ ++
Bmper - - - - +++
Sost - - - ++ -
Sostdc1 - - - - ++
Follistatin - - ++ ++ -
Fstl-1 - + + + ++
Fstl-5 + - - ++ -
T + ++ - + ++
Table summarizing the expression intensity of the BMP modulators in the
autopodial tissues.
doi:10.1371/journal.pone.0060423.t006
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Table 5. Regulation of BMP modulators.

FGF2 RA Activin A TGFp1 BMP2 Wnt5a
Noggin 0,40+0,0* 0,51%0,0%** 2,15£0,3* 1,76£0,2* 33,86£2,5** 1,14£0,1
Chordin 0,72+0,0 0,12+0,0%** 1,35%0,2 0,59+0,0* 0,17 £0,0%** 0,96+0,1
Chdl-1 0,12%+0,0** 0,66+0,0%* 2,29+0,3* 0,52+0,0* 3,75£0,1%** 1,21£0,2
Chdl-2 0,05%+0,0%** 0,01+0,0%* 1,90*0,1** 0,67+0,0 0,65+0,2 0,98+0,0
Tsg 1,35%0,1 1,04+0,0 2,09£0,1* 0,91%+0,0 0,53£0,0%** 1,24x0,1
Dan 0,15%+0,0** 0,54+0,0%* 0,46+0,0* 0,83*+0,0 0,14£0,0%** 1,09+0,3
Sost 2,64+0,4* 0,80*0,0 0,63+0,2 0,92*0,1 0,38+0,0* 1,98£0,1*
Sostdc1 0,88+0,0 2,66+0,3%* 1,18%0,2 3,40£0,2* 0,50£0,0*** 1,02*0,2
Follistatin 0,98+0,0 0,81+0,0 9,06+0,7** 4,95+0,6* 7,48+0,8** 1,04£0,1
Fstl-1 0,33+0,0%** 0,90%+0,0 1,56+0,0* 1,18%0,3 0,45+0,0* 0,80+0,0
Fstl-5 2,37+0,2* 0,83+0,0 0,75+0,1 0,94+0,2 0,66+0,1 1,09£0,2
T 0,21%+0,0%* 0,26+0,0%* 0,73£0,0 0,47+0,0* 0,21£0,0%** 0,86+0,0
Bmper 8,29+0,3** 0,90%0,1 0,32+0,0* 0,40£0,0* 0,34+0,0%* 4,57 £0,1%**
Regulation of BMP modulators in 48 hr Micromass cultures of digit progenitors treated for 6 hr with BMP2, FGF2, all-trans-retinoic acid, TGF31, ACTIVIN A, and WNT 5A.
*p<0.05;
**p<0.01;
*4%0.<0,001.
doi:10.1371/journal.pone.0060423.t005

the differentiating cartilages, which are positive for phospho Smad
1/5/8 immunolabeling. In our culture model, the overexpression
of Tsg down-regulates markers that are activated by BMPs. In
addition, consistent with previous studies [64,77,78], we also noted
the occurrence of pro-BMP responses, such as the intense down-
regulation of Gdf), which is an effect that is also induced by BMP2
treatments.

The distribution of “mixed distributed”” BMP modulators in the
zones of tendon formation is more complex. We show that the
core of the tendon blastemas expresses high levels of Tig
accompanied, in a stage-dependent manner, with other BMP
antagonists (see discussion below). Remarkably, at initial stages of
formation, the tendon blastemas lack 77// transcripts, suggesting
that in this tissue TSG exerts only an anti-BMP function. This
Interpretation is consistent with the poor labeling of the tendon
blastemas with phospho Smad 1/5/8. Taking into account that
overexpression of TSG in mesoderm progenitor cultures results in
the inhibition of chondrogenic markers without a positive
influence on tendon markers, the expression of 7sg could preclude
chondrogenic differentiation of the pretendinous mesenchymal
aggregates, which is the default fate of the undifferentiated limb
mesoderm. Mice deficient in TSG lack a digit or tendon
phenotype [64], but this could be explained by the overlapping
expression of additional antagonists (see below).

During the differentiation of the tendon blastemas, in the
subectodermal mesenchyme of the proximal region of the
interdigit intercalated between two neighbor tendons, there are
intense expression domains of 7//1 overlapping with low levels of
Tsg and high levels of BMPER. This gene expression pattern
correlates with strong immunolabeling for phospho Smad 1/5/8,
suggesting that the presence of TOLLOID reverses the influence
of TGS on BMP signaling from negative to positive. Furthermore,
the negative regulation of 7//1 by FGFs, TGF fs, and RA which
are all key signals in the differentiation of tendons [55,57-59]
reinforces the idea that TSG functions in the initial differentiation
of the tendon blastemas requires the absence of TOLLOID. At
more advanced stages of differentiation and coinciding with the
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appearance of 77/ transcripts, immunolabeling for phospho-Smad
1/5/8 becomes visible in the tendon primordia.

BMP Antagonists and the Formation of Phalanges and
Joints

Digits develop as cartilage rods, which become segmented into
jointed structures by local de-differentiation of cartilage. Hence,
the zones of joint formation appear as strips of fibrous-like
connective tissue, which constitute the substrate for subsequent
cavitation and differentiation of the joint tissues (fibrous capsule
and synovium). It has been shown that Jaws exerts a central role in
the formation of joints, although lack specific expression domains
in these regions [45]. The formation of phalanges is a direct effect
of BMP signaling via Smad 1/5/8 [48]. Differentiation of the
joints is also controlled by BMP signaling [5,79], but it is directed
by the activation of MAP kinases [22]. Furthermore, the reduced
phalangeal size and loss of interphalangeal joints that is observed
in humans and mice deficient in NOGGIN [4,17], indicates that
regulation of BMP signaling is a central function in the formation
of phalanges and joints.

Our findings reveal that the outer layer of the developing
phalanges expressing Tsg/ Til1/ Chd encompass a core of differen-
tiating chondrocytes expressing Chdl-1 and Noggin in the body of
the phalanx, and Chdl-2 in the zones of joint formation. We show
that CHDLI alone, or even in combination with TSG, does not
modify proliferation, at difference of studies in other systems [53].
The effect of NOGGIN and both CHDL-1 and CHDL-2 on
cultures of digit progenitors, concerns tissue differentiation, and
becomes intensely potentiated by TSG. Together these findings
suggest that, in addition to the previously discussed role of TSG/
CHD complexes in the transport of BMP ligands, TSG also
functions in a concerted fashion with NOGGIN and CHORDINS
to modulate the intensity of BMP signaling in the differentiating
cartilage.

We further show that cartilage-expressed (Noggin and Chdl-1)
and joint-expressed antagonists (Chdl-2 and Fstl-1) are regulated in
an opposite fashion by BMP2. The positive regulation of Noggin
and Chdl-1 by BMP2 is consistent with the occurrence of a
negative feed-back loop tuning the level of BMP signaling in the
differentiating cartilage as observed in different systems [80].
Conversely, the negative regulation of Chdl-2 by BMP2, suggest
that joints are formed in zones of the digit cartilage templates with
the lowest BMP signal.

BMP Antagonists and the Establishment of Tendons and
Intertendinous Mesoderm

Tendon blastemas are formed in the mesoderm subjacent to the
dorsal or ventral ectoderm. We have previous shown that all the
subectodermal tissue of the autopod has the potential to
differentiate into tendons, but that in normal conditions, tendons
differentiated only in the digit regions [40,81]. The present study
shows a regionalization of the mesoderm subjacent to the
ectoderm into digit and interdigit regions characterized by distinct
distribution of BMP antagonists accompanied, at the beginning of
tendon formation, by differences in Smad 1/5/8 phosphorylation.
Tendon blastemas are formed in zones expressing high levels of
Dan, Fst, and Tsg, which recruit Chd, Noggin and Sost at advanced
stages of differentiation. During the differentiation of these tendon-
forming regions, the subectodermal mesenchyme intercalated
between the tendon blastemas shows intense domains of BMPER
expression accompanied by reduced expression of Dan, TSG, Tll1,
and Sostdc]. As mentioned above, the different patterns of gene
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expressions correlate with a dramatic change in the intensity of
BMP signaling. This finding might be of interest in regenerative
medicine to direct the differentiation of connective tissue
progenitors. However, there is no tendon phenotype in mice
deficient for these factors [38,63,66,67]. The difference in the
intensity of phospho Smad 1/5/8 immunolabeling might be due
to the antichondrogenic and profibrogenic action of DAN in
conjunction with and the functional interplay between BMPER
with TSG and TLL1. BMPER has been characterized as a CHD
related BMP modulator with context-dependent pro-BMP or anti-
BMP activities [63,69,82-84]. Our findings show that its
expression marks zones of very high BMP activity. In previous
studies the expression of BMPER in the autopod has been
functionally related with interdigital cell death [33]. However, the
spatial distribution of BMPER transcripts and their maintenance
after the period of interdigital cell death, support the involvement
of this BMP modulator in the formation of the peridigital
connective tissues.

Conclusion

In conclusion our findings reinforce the morphogenetic
importance of BMP antagonists in the establishment of a
molecular signaling scaffold that is responsible for the allocation
of the cell fate of digit mesodermal progenitors. The information
drawn from this study provides a basic view of this functional
signaling network but further work is required to unravel the
exquisite extracellular regulation of BMP signaling during the
histotypic differentiation of digit precursor mesoderm. A subject to
be addressed in future studies is that the function of the different
BMP modulators in tendon development may result from a
combination BMP and Wnt modulation, as several factors such as
Sost [34,85], Noggin [86], Chd [87], and Sostdcl [85,88], have

been shown to exert both functions.

Supporting Information

Figure S1 Representative flow cytometry plots of disso-
ciated mesodermal cells propidium iodide stained,
obtained from 2 day Micromass in control (A and B),
CHDL-1 treated (A’ and B’), and CHDL-1 plus TSG
treated cultures of digit progenitors. Upper panels (A-A")
represent the cell cycle distribution of cells expressed in a linear
scale. In lower panels (B-B") the intensity of propidium iodide
label is plotted on a logarithmic scale to show the presence of cell
death (sub-G1 region). The percentage of dying cells is indicated.
(TTF)

Table S1 Primers for Q-PCR. Note that except indicated,
the primers are for Gallus gallus.

(DOC)

Acknowledgments

Thanks are due to Susana Dawalibi, Montse Fernandez-Calderon and
Sonia Perez-Mantecon for excellent technical assistance. Thanks are also
given to Dr. Jose Maria Perez Pomares for sharing with us reactives and
discussion.

Author Contributions

Conceived and designed the experiments: CILD JAM JRL JAGP JMH.
Performed the experiments: CILD JAM JRL. Analyzed the data: CILD
JAM JRL JAGP JMH. Contributed reagents/materials/analysis tools:
CILD JAM JRL JAGP JMH. Wrote the paper: CILD JAM JMH.

April 2013 | Volume 8 | Issue 4 | 60423



References

1.

20.

21.

22.

Montero JA, Lorda-Diez CI, Hurle JM (2012) Regenerative Medicine and
Connective Tissues: Cartilage Versus Tendon. J. Tissue Eng. Regen. Med. 6:
337-347.

. Zuzarte-Luis V, Montero JA, Rodriguez-Leon J, Merino R, Rodriguez-Rey JC,

ct al. (2004) A New Role for BMP5 during Limb Development Acting through
the Synergic Activation of Smad and MAPK Pathways. Dev. Biol. 272: 39-52.

. Geetha-Loganathan P, Nimmagadda S, Huang R, Scaal M, Christ B (2006)

Expression Pattern of BMPs during Chick Limb Development. Anat. Embryol.
(Berl) 211 Suppl 1: 87-93.

. Brunet L], McMahon JA, McMahon AP, Harland RM (1998) Noggin, Cartilage

Morphogenesis, and Joint Formation in the Mammalian Skeleton. Science 280:
1455-1457.

Storm EE, Kingsley DM (1999) GDF5 Coordinates Bone and Joint Formation
during Digit Development. Dev. Biol. 209: 11-27.

. Pizette S, Niswander L (2000) BMPs are Required at Two Steps of Limb

Chondrogenesis: Formation of Prechondrogenic Condensations and their
Differentiation into Chondrocytes. Dev. Biol. 219: 237-249.

. Yi SE, Daluiski A, Pederson R, Rosen V, Lyons KM (2000) The Type I BMP

Receptor BMPRIB is Required for Chondrogenesis in the Mouse Limb.
Development 127: 621-630.

. Tsumaki N, Nakase T, Miyaji T, Kakiuchi M, Kimura T, et al. (2002) Bone

Morphogenetic Protein Signals are Required for Cartilage Formation and
Differently Regulate Joint Development during Skeletogenesis. J. Bone Miner.
Res. 17: 898-906.

. Wan M, Cao X (2005) BMP Signaling in Skeletal Development. Biochem.

Biophys. Res. Commun. 328: 651-657.

. Blitz E, Viukov S, Sharir A, Shwartz Y, Galloway JL, et al. (2009) Bone Ridge

Patterning during Musculoskeletal Assembly is Mediated through SCX
Regulation of Bmp#4 at the Tendon-Skeleton Junction. Dev. Cell. 17: 861-873.

. Benazet JD, Pignatti E, Nugent A, Unal E, Laurent F, et al. (2012) Smad4 is

Required to Induce Digit Ray Primordia and to Initiate the Aggregation and
Differentiation of Chondrogenic Progenitors in Mouse Limb Buds. Development
139: 4250-4260.

. Duprez D, Bell EJ, Richardson MK, Archer CW, Wolpert L, et al. (1996)

Opverexpression of BMP-2 and BMP-4 Alters the Size and Shape of Developing
Skeletal Elements in the Chick Limb. Mech. Dev. 57: 145-157.

. Zou H, Wieser R, Massague J, Niswander L (1997) Distinct Roles of Type I

Bone Morphogenetic Protein Receptors in the Formation and Differentiation of

Cartilage. Genes Dev. 11: 2191-2203.

. Merino R, Ganan Y, Macias D, Economides AN, Sampath KT, et al. (1998)

Morphogenesis of Digits in the Avian Limb is Controlled by FGFs, TGFbetas,
and Noggin through BMP Signaling. Dev. Biol. 200: 35-45.

. Luo G, Hofmann C, Bronckers AL, Sohocki M, Bradley A, et al. (1995) BMP-7

is an Inducer of Nephrogenesis, and is also Required for Eye Development and
Skeletal Patterning. Genes Dev. 9: 2808-2820.

. Katagiri T, Boorla S, Frendo JL, Hogan BL, Karsenty G (1998) Skeletal

Abnormalities in Doubly Heterozygous Bmp4 and Bmp7 Mice. Dev. Genet. 22:
340-348.

. Marcelino J, Sciortino CM, Romero MF, Ulatowski LM, Ballock RT, et al.

(2001) Human Disease-Causing NOG Missense Mutations: Effects on Noggin
Secretion, Dimer Formation, and Bone Morphogenetic Protein Binding. Proc.
Natl. Acad. Sci. U. S. A. 98: 11353-11358.

Settle SHJr, Rountree RB, Sinha A, Thacker A, Higgins K, et al. (2003)
Multiple Joint and Skeletal Patterning Defects Caused by Single and Double
Mutations in the Mouse Gdf6 and Gdf5 Genes. Dev. Biol. 254: 116-130.

. Lehmann K, Seemann P, Stricker S, Sammar M, Meyer B, et al. (2003)

Mutations in Bone Morphogenetic Protein Receptor 1B Cause Brachydactyly
Type A2. Proc. Natl. Acad. Sci. U. S. A. 100: 12277-12282.

Bandyopadhyay A, Tsuji K, Cox K, Harfe BD, Rosen V, et al. (2006) Genetic
Analysis of the Roles of BMP2, BMP4, and BMP7 in Limb Patterning and
Skeletogenesis. PLoS Genet. 2: €216.

Solloway MJ, Dudley AT, Bikoff EK, Lyons KM, Hogan BL, et al. (1998) Mice
Lacking Bmp6 Function. Dev. Genet. 22: 321-339.

Gunnell LM, Jonason JH, Loiselle AE, Kohn A, Schwarz EM, et al. (2010)
TAKI1 Regulates Cartilage and Joint Development Via the MAPK and BMP
Signaling Pathways. J. Bone Miner. Res. 25: 1784-1797.

. Zakin L, Chang EY, Plouhinec JL, De Robertis EM (2010) Crossveinless-2 is

Required for the Relocalization of Chordin Protein within the Vertebral Field in
Mouse Embryos. Dev. Biol. 347: 204-215.

. Plouhinec JL, Zakin L, De Robertis EM (2011) Systems Control of BMP

Morphogen Flow in Vertebrate Embryos. Curr. Opin. Genet. Dev. 21: 696
703.

Umulis D, O’Connor MB, Blair SS (2009) The Extracellular Regulation of Bone
Morphogenetic Protein Signaling. Development 136: 3715-3728.

5. Zakin L, De Robertis EM (2010) Extracellular Regulation of BMP Signaling.

Curr. Biol. 20: R89-92.

Scott IC, Blitz IL, Pappano WN, Imamura Y, Clark TG, et al. (1999)
Mammalian BMP-1/Tolloid-Related Metalloproteinases, Including Novel
Family Member Mammalian Tolloid-Like 2, have Differential Enzymatic
Activities and Distributions of Expression Relevant to Patterning and

Skeletogenesis. Dev. Biol. 213: 283-300.

PLOS ONE | www.plosone.org

28.

30.

31.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44,

46.

47.

48.

51.

53.

BMP Antagonists and Connective Tissues

Scott IC, Blitz IL, Pappano WN, Maas SA, Cho KW, et al. (2001) Homologues
of Twisted Gastrulation are Extracellular Cofactors in Antagonism of BMP
Signalling. Nature 410: 475-478.

. Nakayama N, Han CY, Cam L, Lee JI, Pretorius J, et al. (2004) A Novel

Chordin-Like BMP Inhibitor, CHL2, Expressed Preferentially in Chondrocytes
of Developing Cartilage and Osteoarthritic Joint Cartilage. Development 131:
229-240.

Zhang D, Ferguson CM, O’Keefe R], Puzas JE, Rosier RN, et al. (2002) A Role
for the BMP Antagonist Chordin in Endochondral Ossification. J. Bone Miner.
Res. 17: 293-300.

Nakayama N, Han CE, Scully S, Nishinakamura R, He C, et al. (2001) A Novel
Chordin-Like Protein Inhibitor for Bone Morphogenetic Proteins Expressed
Preferentially in Mesenchymal Cell Lineages. Dev. Biol. 232: 372-387.

. Chimal-Monroy J, Rodriguez-Leon J, Montero JA, Ganan Y, Macias D, et al.

(2003) Analysis of the Molecular Cascade Responsible for Mesodermal Limb
Chondrogenesis: Sox Genes and BMP Signaling. Dev. Biol. 257: 292-301.
Kamimura M, Matsumoto K, Koshiba-Takeuchi K, Ogura T (2004) Vertebrate
Crossveinless 2 is Secreted and Acts as an Extracellular Modulator of the BMP
Signaling Cascade. Dev. Dyn. 230: 434-445.

Collette NM, Genetos DC, Murugesh D, Harland RM, Loots GG (2010)
Genetic Evidence that SOST Inhibits WNT Signaling in the Limb. Dev. Biol.
342: 169-179.

Knosp WM, Saneyoshi C, Shou S, Bachinger HP, Stadler HS (2007)
Elucidation, Quantitative Refinement, and in Vivo Ultilization of the HOXA13
DNA Binding Site. J. Biol. Chem. 282: 6843-6853.

Shigetani Y, Itasaki N (2007) Expression of Wise in Chick Embryos. Dev. Dyn.
236: 2277-2284.

Pearce JJ, Penny G, Rossant J (1999) A Mouse cerberus/Dan-Related Gene
Family. Dev. Biol. 209: 98-110.

. Dionne MS, Skarnes WC, Harland RM (2001) Mutation and Analysis of Dan,

the Founding Member of the Dan Family of Transforming Growth Factor Beta
Antagonists. Mol. Cell. Biol. 21: 636-643.

D’Souza D, Patel K (1999) Involvement of Long- and Short-Range Signalling
during Early Tendon Development. Anat. Embryol. (Berl) 200: 367-375.
Merino R, Macias D, Ganan Y, Rodriguez-Leon J, Economides AN, et al.
(1999) Control of Digit Formation by Activin Signalling. Development 126:
2161-2170.

Adams D, Larman B, Oxburgh L (2007) Developmental Expression of Mouse
Follistatin-Like 1 (Fstll): Dynamic Regulation during Organogenesis of the
Kidney and Lung. Gene Expr. Patterns 7: 491-500.

Sylva M, Li VS, Buffing AA, van Es JH, van den Born M, et al. (2011) The BMP
Antagonist Follistatin-Like 1 is Required for Skeletal and Lung Organogenesis.
PLoS One 6: ¢22616.

Branam AM, Hoffman GG, Pelegri F, Greenspan DS (2010) Zebrafish Chordin-
Like and Chordin are Functionally Redundant in Regulating Patterning of the
Dorsoventral Axis. Dev. Biol. 341: 444-458.

Lorda-Diez CI, Montero JA, Diaz-Mendoza M], Garcia-Porrero JA, Hurle JM
(2011) Defining the Earliest Transcriptional Steps of Chondrogenic Progenitor
Specification during the Formation of the Digits in the Embryonic Limb. PLoS
One 6: €24546.

Sohaskey ML, Yu J, Diaz MA, Plaas AH, Harland RM (2008) JAWS
Coordinates Chondrogenesis and Synovial Joint Positioning. Development
135: 2215-2220.

Ormerod MG (2002) Investigating the Relationship between the Cell Cycle and
Apoptosis using Flow Cytometry. J. Immunol. Methods 265: 73-80.

Oka C, Tsujimoto R, Kajikawa M, Koshiba-Takeuchi K, Ina J, et al. (2004)
HtrAl Serine Protease Inhibits Signaling Mediated by Tgfbeta Family Proteins.
Development 131: 1041-1053.

Montero JA, Lorda-Diez CI, Ganan Y, Macias D, Hurle JM (2008) Activin/
TGFbeta and BMP Crosstalk Determines Digit Chondrogenesis. Dev. Biol. 321:
343-356.

9. Balemans W, Van Hul W (2002) Extracellular Regulation of BMP Signaling in

Vertebrates: A Cocktail of Modulators. Dev. Biol. 250: 231-250.

. Wills A, Harland RM, Khokha MK (2006) Twisted Gastrulation is Required for

Forebrain Specification and Cooperates with Chordin to Inhibit BMP Signaling
during X. Tropicalis Gastrulation. Dev. Biol. 289: 166-178.

Katsu K, Tokumori D, Tatsumi N, Suzuki A, Yokouchi Y (2012) BMP
Inhibition by DAN in Hensen’s Node is a Critical Step for the Establishment of
Left-Right Asymmetry in the Chick Embryo. Dev. Biol. 363: 15-26.

. Hung WT, Wu EJ, Wang CJ, Luo CW (2012) DAN (NBLI) Specifically

Antagonizes BMP2 and BMP4 and Modulates the Actions of GDF9, BMP2, and
BMP4 in the Rat Ovary. Biol. Reprod. 86: 158, 1-9.

Fernandes H, Dechering K, van Someren E, Steeghs I, Apotheker M, et al.
(2010) Effect of Chordin-Like 1 on MC3T3-El and Human Mesenchymal Stem
Cells. Cells Tissues Organs 191: 443-452.

. De Robertis EM (2009) Spemann’s Organizer and the Self-Regulation of

Embryonic Fields. Mech. Dev. 126: 925-941.

. Lejard V, Blais F, Guerquin MJ, Bonnet A, Bonnin MA, et al. (2011) EGR1 and

EGR2 Involvement in Vertebrate Tendon Differentiation. J. Biol. Chem. 286:
5855-5867.

April 2013 | Volume 8 | Issue 4 | 60423



56.

57.

58.

59.

60.

61.

62.

63.

66.

67.

68.

69.

70.

71.

72.

Dranse HJ, Sampaio AV, Petkovich M, Underhill TM (2011) Genetic Deletion
of Cyp26bl Negatively Impacts Limb Skeletogenesis by Inhibiting Chondro-
genesis. J. Cell. Sci. 124: 2723-2734.

Rodriguez-Guzman M, Montero JA, Santesteban E, Ganan Y, Macias D, et al.
(2007) Tendon-Muscle Crosstalk Controls Muscle Bellies Morphogenesis, which
is Mediated by Cell Death and Retinoic Acid Signaling. Dev. Biol. 302: 267
280.

Lorda-Diez CI, Montero JA, Martinez-Cue C, Garcia-Porrero JA, Hurle JM
(2009) Transforming Growth Factors Beta Coordinate Cartilage and Tendon
Differentiation in the Developing Limb Mesenchyme. J. Biol. Chem. 284:
29988-29996.

Pryce BA, Watson SS, Murchison ND, Staverosky JA, Dunker N, et al. (2009)
Recruitment and Maintenance of Tendon Progenitors by TGFbeta Signaling
are Essential for Tendon Formation. Development 136: 1351-1361.

Staines KA, Macrae VE, Farquharson C (2012) Cartilage Development and
Degeneration: A Wnt Wnt Situation. Cell Biochem. Funct.

Avsian-Kretchmer O, Hsueh AJ (2004) Comparative Genomic Analysis of the
Eight-Membered Ring Cystine Knot-Containing Bone Morphogenetic Protein
Antagonists. Mol. Endocrinol. 18: 1-12.

Loots GG, Kneissel M, Keller H, Baptist M, Chang J, et al. (2005) Genomic
Deletion of a Long-Range Bone Enhancer Misregulates Sclerostin in Van
Buchem Disease. Genome Res. 15: 928-935.

Tkeya M, Kawada M, Kiyonari H, Sasai N, Nakao K, et al. (2006) Essential Pro-
Bmp Roles of Crossveinless 2 in Mouse Organogenesis. Development 133:
4463-4473.

. Nosaka T, Morita S, Kitamura H, Nakajima H, Shibata F, et al. (2003)

Mammalian Twisted Gastrulation is Essential for Skeleto-Lymphogenesis. Mol.
Cell. Biol. 23: 2969-2980.

. Bachiller D, Klingensmith J, Shneyder N, Tran U, Anderson R, et al. (2003)

The Role of chordin/Bmp Signals in Mammalian Pharyngeal Development and
DiGeorge Syndrome. Development 130: 3567-3578.

Matzuk MM, Lu N, Vogel H, Sellheyer K, Roop DR, et al. (1995) Multiple
Defects and Perinatal Death in Mice Deficient in Follistatin. Nature 374: 360~
363.

Kassai Y, Munne P, Hotta Y, Penttila E, Kavanagh K, et al. (2005) Regulation
of Mammalian Tooth Cusp Patterning by Ectodin. Science 309: 2067-2070.
Clark TG, Conway SJ, Scott IC, Labosky PA, Winnier G, et al. (1999) The
Mammalian Tolloid-Like 1 Gene, TIl1, is Necessary for Normal Septation and
Positioning of the Heart. Development 126: 2631-2642.

Ambrosio AL, Taelman VF, Lee HX, Metzinger CA, Coffinier C, et al. (2008)
Crossveinless-2 is a BMP Feedback Inhibitor that Binds Chordin/BMP to
Regulate Xenopus Embryonic Patterning. Dev. Cell. 15: 248-260.

Walsh DW, Godson C, Brazil DP, Martin F (2010) Extracellular BMP-
Antagonist Regulation in Development and Disease: Tied Up in Knots. Trends
Cell Biol. 20: 244-256.

Stafford DA, Brunet IJ, Khokha MK, Economides AN, Harland RM (2011)
Cooperative Activity of Noggin and Gremlin 1 in Axial Skeleton Development.
Development 138: 1005-1014.

Zhu J, Zhang YT, Alber MS, Newman SA (2010) Bare Bones Pattern
Formation: A Core Regulatory Network in Varying Geometries Reproduces

PLOS ONE | www.plosone.org

13

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

BMP Antagonists and Connective Tissues

Major Features of Vertebrate Limb Development and Evolution. PLoS One 5:
¢10892.

Hentschel HG, Glimm T, Glazier JA, Newman SA (2004) Dynamical
Mechanisms for Skeletal Pattern Formation in the Vertebrate Limb. Proc. Biol.
Sci. 271: 1713-1722.

Yamamoto Y, Oeclgeschlager M (2004) Regulation of Bone Morphogenetic
Proteins in Early Embryonic Development. Naturwissenschaften 91: 519-534.

. Peluso CE, Umulis D, Kim Y]J, O’Connor MB, Serpe M (2011) Shaping BMP

Morphogen Gradients through Enzyme-Substrate Interactions. Dev. Cell. 21:
375-383.

Larrain J, Oelgeschlager M, Ketpura NI, Reversade B, Zakin L, et al. (2001)
Proteolytic Cleavage of Chordin as a Switch for the Dual Activities of Twisted
Gastrulation in BMP Signaling. Development 128: 4439-4447.

Xie J, Fisher S (2005) Twisted Gastrulation Enhances BMP Signaling through
Chordin Dependent and Independent Mechanisms. Development 132: 383—
391.

Gazzerro E, Deregowski V, Stadmeyer L, Gale NW, Economides AN, et al.
(2006) Twisted Gastrulation, a Bone Morphogenetic Protein agonist/antagonist,
is Not Required for Post-Natal Skeletal Function. Bone 39: 1252-1260.
Seemann P, Schwappacher R, Kjaer KW, Krakow D, Lehmann K, et al. (2005)
Activating and Deactivating Mutations in the Receptor Interaction Site of GDF5
Cause Symphalangism Or Brachydactyly Type A2. J. Clin. Invest. 115: 2373
2381.

Gazzerro E, Gangji V, Canalis E (1998) Bone Morphogenetic Proteins Induce
the Expression of Noggin, which Limits their Activity in Cultured Rat
Osteoblasts. J. Clin. Invest. 102: 2106-2114.

Hurle JM, Ros MA, Ganan Y, Macias D, Critchlow M, et al. (1990)
Experimental Analysis of the Role of ECM in the Patterning of the Distal
Tendons of the Developing Limb Bud. Cell Differ. Dev. 30: 97-108.

Binnerts ME, Wen X, Cante-Barrett K, Bright J, Chen HT, et al. (2004) Human
_rossveinless-2 is a Novel Inhibitor of Bone Morphogenetic Proteins. Biochem.
Biophys. Res. Commun. 315: 272-280.

Ikeya M, Nosaka T, Fukushima K, Kawada M, Furuta Y, et al. (2008) Twisted
Gastrulation Mutation Suppresses Skeletal Defect Phenotypes in Crossveinless 2
Mutant Mice. Mech. Dev. 125: 832-842.

Serpe M, Umulis D, Ralston A, Chen J, Olson DJ, et al. (2008) The BMP-
Binding Protein Crossveinless 2 is a Short-Range, Concentration-Dependent,
Biphasic Modulator of BMP Signaling in Drosophila. Dev. Cell. 14: 940-953.

. Krause C, Korchynskyi O, de Rooij K, Weidauer SE, de Gorter DJ, et al. (2010)

Distinct Modes of Inhibition by Sclerostin on Bone Morphogenetic Protein and
Wnt Signaling Pathways. J. Biol. Chem. 285: 41614-41626.

Sharov AA, Mardaryev AN, Sharova TY, Grachtchouk M, Atoyan R, et al.
(2009) Bone Morphogenetic Protein Antagonist Noggin Promotes Skin
Tumorigenesis Via Stimulation of the Wnt and Shh Signaling Pathways. Am.
J. Pathol. 175: 1303-1314.

Ploper D, Lee HX, De Robertis EM (2011) Dorsal-Ventral Patterning: Crescent
is a Dorsally Secreted Frizzled-Related Protein that Competitively Inhibits
Tolloid Proteases. Dev. Biol. 352: 317-328.

Itasaki N, Jones CM, Mercurio S, Rowe A, Domingos PM, et al. (2003) Wise, a
Context-Dependent Activator and Inhibitor of Wnt Signalling. Development
130: 4295-4305.

April 2013 | Volume 8 | Issue 4 | 60423



