Developmental Biology 347 (2010) 204-215

journal homepage: www.elsevier.com/developmentalbiology

Contents lists available at ScienceDirect

Developmental Biology

Crossveinless-2 is required for the relocalization of Chordin protein within the
vertebral field in mouse embryos

Lise Zakin !, Ellen Y. Chang !, Jean-Louis Plouhinec, E.M. De Robertis *

Howard Hughes Medical Institute and Department of Biological Chemistry, University of California, Los Angeles, CA 90095-1662, USA

ARTICLE INFO

Article history:

Received for publication 25 March 2010

Revised 21 August 2010
Accepted 23 August 2010

Available online 31 August 2010

Keywords:

BMP signaling

cv2

Chd

Chdl-1

Chdl-2

Long-range signaling
Morphogenetic field
Vertebral development
Tolloid

Twisted gastrulation

ABSTRACT

Bone morphogenetic proteins (BMPs), as well as the BMP-binding molecules Chordin (Chd), Crossveinless-2
(CV2) and Twisted Gastrulation (Tsg), are essential for axial skeletal development in the mouse embryo. We
previously reported a strong genetic interaction between CV2 and Tsg and proposed a role for this
interaction in the shaping of the BMP morphogenetic field during vertebral development. In the present
study we investigated the roles of CV2 and Chd in the formation of the vertebral morphogenetic field. We
performed immunostainings for CV2 and Chd protein on wild-type, CV2~/~ or Chd~/~ mouse embryo
sections at the stage of onset of the vertebral phenotypes. By comparing mRNA and protein localizations we
found that CV2 does not diffuse away from its place of synthesis, the vertebral body. The most interesting
finding of this study was that Chd synthesized in the intervertebral disc accumulates in the vertebral body.
This relocalization does not take place in CV2~/~ mutants. Instead, Chd was found to accumulate at its site of
synthesis in CV2~/~ embryos. These results indicate a CV2-dependent flow of Chd protein from the
intervertebral disc to the vertebral body. Smad1/5/8 phosphorylation was decreased in CV2~/~vertebral
bodies. This impaired BMP signaling may result from the decreased levels of Chd/BMP complexes diffusing
from the intervertebral region. The data indicate a role for CV2 and Chd in the establishment of the vertebral
morphogenetic field through the long-range relocalization of Chd/BMP complexes. The results may have

general implications for the formation of embryonic organ-forming morphogenetic fields.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Cells do not exist in isolation but rather develop in fields of
hundreds or thousands of cells in which interactions with their
neighbors determines differentiation, cell division or death. This is
illustrated by the primary embryonic field of the Xenopus gastrula,
which can be cut in half, so that each half can regenerate and form an
identical twin (Spemann, 1938; De Robertis, 2009). This ability to self-
regulate indicates that cells within the field must be in communica-
tion with each other over considerable distances. The early embryonic
field is called the primary field. Later in development, secondary
morphogenetic fields, such as eye, lens or the limb fields are formed
(Huxley and De Beer, 1934; Eivers et al., 2008). This principle was
discovered by Ross Harrison (1918), who transplanted half of the
mesodermal forelimb field into the flank of a host salamander embryo
and obtained the formation of a complete limb. Understanding how
fields of cells communicate over long distances is a crucial question in
developmental biology.

Positional information is provided to cells by the action of
extracellular molecules designated morphogens by Tiiring (1952),
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which can form spatial gradients in tissues. The formation of a gradient
and the local concentration and activity of the morphogen is regulated
by a plethora of extracellular factors, which have been best studied in
the Drosophila, Xenopus and zebrafish dorso-ventral (D-V) BMP primary
embryonic field (Little and Mullins, 2006; O'Connor et al., 2006; De
Robertis, 2009; Umulis et al, 2009). BMPs constitute a family of
morphogens essential during embryogenesis and organogenesis, which
are regulated by interactions with secreted BMP-binding molecules
such as Chd, Chd-like-1 (Chdl-1), Chd-like-2 (Chdl-2), Noggin, Tsg and
CV2 (Zakin and De Robertis, 2010).

It has been recently demonstrated that in the frog gastrula BMPs can
flow from the dorsal Spemann'’s organizer to the ventral-most regions
of the embryo and that, importantly, this flux of BMPs requires Chd
(Ben-Zvi et al., 2008; Plouhinec and De Robertis, 2009). Chd is a secreted
protein containing four cysteine-rich (CR) domains, which mediate BMP
binding and prevent interaction with BMP receptors (BMPRs) (Piccolo
et al., 1996; Larrain et al., 2000), which mediate the anti-BMP activity of
Chd. Chd itself is regulated by the Tolloid family of extracellular zinc
metalloproteinases which can degrade Chd through cleavage at two
specific sites (Piccolo et al, 1997). Chdl-1 (Coffinier et al., 2001;
Nakayama et al,, 2001; Sakuta et al., 2001) and Chdl-2 (Nakayama et al.,
2004; Zhang et al., 2007) are structurally and functionally similar to Chd,
but contain three CR BMP-binding domains instead of four. Tsg is a
secreted protein that binds to BMP as well as to Chd, Chdl-1 and Chdl-2,
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acting as a BMP agonist or antagonist depending on the presence of
Tolloid protease (Oelgeschldger et al., 2000; Larrain et al., 2001; Scott
et al,, 2001; Nosaka et al., 2003; Little and Mullins, 2004; Nakayama
et al,, 2004; Petryk et al,, 2004; Zakin and De Robertis, 2004). Upon
cleavage of Chd by Tolloid, BMPs are released from ternary BMP/Tsg/
Chd complexes, allowing previously sequestered BMPs to signal (Piccolo
et al,, 1997; Larrain et al., 2001).

Another important player in the BMP network is CV2, which was
first identified in Drosophila to be required for the formation of wing
crossveins (Conley et al., 2000). These structures require high BMP
levels (Blair, 2007), suggesting that CV2 functions to enhance BMP
signaling. Homologs of CV2 have since been isolated in vertebrates
(Coffinier et al., 2002) and both pro and anti-BMP effects have been
described (Binnerts et al., 2004; Coles et al., 2004; Ikeya et al., 2006;
O'Connor et al., 2006; Zhang et al., 2008). CV2 is a secreted molecule
that contains five Chordin-like CR modules that bind BMPs, inhibiting
signaling (Zhang et al., 2008). CV2 also displays a carboxy-terminal
von Willebrand Factor type D (VWFd) domain containing a heparin
binding site which binds to cell surface heparan sulfate proteoglycans,
greatly limiting CV2 diffusion (Rentzsch et al., 2006; Serpe et al.,
2008). Vertebrate CV2 is not degraded by Tolloid metalloproteinases
(Ambrosio et al., 2008). Serpe et al. (2008) proposed a model to
explain the dual activities of CV2. CV2 binds to BMPR Thickveins
(Tkv), acting as a co-receptor, so that at high concentrations CV2
inhibits BMP signaling while at low concentrations it acts to facilitate
BMP signaling (Umulis et al., 2009). CV2 is able to clear BMP4 from the
extracellular space by triggering endocytosis (Kelley et al., 2009).

In the fly pupal wing, genetic mosaic studies have shown that CV2
is expressed in the crossvein where it serves to increase signaling by
Dpp, a protein homologous to vertebrate BMP2/4, which is expressed
in the longitudinal veins. In the intervein regions, pupal wing cells
express large amounts of Short gastrulation (Sog), the homolog of
Chd. Ralston and Blair (2005) have proposed that a signaling system
based on extracellular flow of BMP, analogous to that of the early
Drosophila embryo, may exist during pupal wing patterning. Other
mutations that cause crossveinless phenotypes identical to CV2
include Tolloid-related metalloproteinase (TIr, also known as Tolkin)
(Ralston and Blair, 2005) and the Drosophila Twisted gastrulation 2
(Tsg-2) protein (Shimmi et al., 2005a; Vilmos et al., 2005), which was
the first crossveinless mutation discovered (Bridges, 1920), and is
called cv or cv-1. The hypothesis is that complexes of Dpp/dTsg-2/Sog
could become concentrated in the crossvein region, in which active
Dpp made in distant vein regions would be released by cleavage by TIr
(Blair, 2007).

We have proposed a molecular mechanism for the pro-BMP effects
of CV2 in which this protein acts as a sink for the flow of Chd/Tsg/BMP
complexes towards the ventral side of the Xenopus gastrula (Ambrosio
etal., 2008). CV2 is expressed in the ventral side, where BMP signaling
is highest. Biochemical studies showed that CV2 binds with high
affinity (dissociation constant, Kp, of 1 to 2 nM) to Chd, and with even
higher affinity to Chd/BMP complexes or Chd fragments generated
after cleavage by Tolloid (Ambrosio et al., 2008). In this model, CV2
concentrates Chd/Tsg/BMP complexes in the ventral side, where BMP
can be released for signaling by Tolloid cleavage of Chd to achieve
peak signaling levels (De Robertis, 2009, Lee et al., 2009).

Inactivation of CV2 in the mouse is lethal at birth and CV2~/~
neonates present skeletal abnormalities, in particular the loss of
cartilage and bone in the vertebral bodies (Ikeya et al., 2006; Zakin
et al., 2008; Kelley et al., 2009). Chd~/~ mice also have reduced
vertebral bodies (Bachiller et al., 2003; Supplementary Fig. 1). CV2
mRNA is expressed in prospective vertebral body cartilage, while Tsg,
Chd, Chdl-1, Chdl-2, Bmp4 and Tolloid-like1 (TIl-1/BMP1) mRNAs are
transcribed in the prospective intervertebral discs (Zakin et al., 2008).
An intriguing observation was that in CV2 mutants the C-terminal
phosphorylation of Smad1/5/8, a measure of BMP signaling activity,
was decreased in the intervertebral disc at a considerable distance

from the prospective vertebral body in which CV2 is expressed (Zakin
et al., 2008). Since CV2 was expected to have mostly local effects
(Serpe et al., 2008), this long-range effect prompted us to investigate
this phenomenon further.

In the present study, we analyzed the distribution of CV2 and Chd
proteins, and compared them with that of their respective mRNAs.
CV2 protein remained localized to the prospective vertebral body,
where its mRNA is expressed. Surprisingly, Chd mRNA was tran-
scribed in the prospective intervertebral disc, yet its protein
accumulated in the prospective vertebral body. Knowing from
biochemical studies that CV2 binds Chd (Ambrosio et al., 2008), we
examined the distribution of Chd protein in CV2 mutant mice. We
found that CV2 is required for the relocalization of Chd from the
prospective intervertebral disc to the prospective vertebral body
cartilage. We propose that the flow of growth factors and their
antagonists may be a general feature of the organ-forming secondary
morphogenetic fields described in the embryological literature.

Materials and methods
CV2 and Chd mutant mice and crosses

The CV2 and Chd mutant strains were previously described
(Bachiller et al., 2000; Zakin et al., 2008) and maintained in the
B6SJLF1/] hybrid background (Jackson Laboratories). The Chd strain
used was the original isolate, which lacks the recently described
secondary mutation in Thx1 (Choi and Klingensmith, 2009) utilized in
other studies (Bachiller et al., 2003; Delot et al., 2007). The CV2 and
Chd mutant strains are publicly available from Jackson Laboratories
through an agreement made possible by the Howard Hughes Medical
Institute (http://jaxmice.jax.org; stock numbers are 007552 for Chd
and 007554 for CV2). We generated wild-type, CV2~/~, and Chd~/~
homozygous embryos by crossing CV2*/~ and Chd*/~ heterozygous
animals. The embryos were collected at 12.5 d.p.c., fixed in 4%
paraformaldehyde in PBS, dehydrated, embedded in paraffin, and
serially sectioned at either 5 um or 10 pm.

Genotyping

Genotyping of the CV2 mutant strain was performed by PCR using the
following primers: pGN1 (5'ACC CTC TGT GTC CTC CTG TTA A3"),
3'CV2down (5'AGT CTC CTC CTATGT TTC TTG C3'), CV2wtup (5'GCC AAG
CCT GTG AGT CTT TC3'), and CV2wtdown (5'ACT TAC AGG GGT GGA TGC
AG3"), as previously described (Zakin et al., 2008). Genotyping of the Chd
mutant strain was performed by PCR using the following primers: Neo2
(5'GTT CCA CAT ACA CTT CAT TCT CAG3"), Null Low (5'GGT AGG AGA CAG
AGA AGC GTA AACT3'), Null Up (5'GAG TTA GGA GGT GGA GCT CTA CAC
T3"), as previously described (Bachiller et al., 2000).

In situ hybridization and histology

Procedures for in situ hybridization on paraffin sections were as
described (http://www.hhmi.ucla.edu/derobertis/), using the following
probes: CV2 (Coffinier et al., 2002), Chd (Bachiller et al., 2000) and BMP4
(Winnier et al,, 1995) on 10 um sections. Hematoxylin and eosin (H&E)
stainings were as described (Zakin and De Robertis, 2004) and performed
on either 5 um (Figs. 1 and 2) or 10 pm sections (Figs. 3 and 6). For H&E
staining of previously immunostained sections, slides were placed
obliquely in a Coplin jar containing Xylene to allow the coverslip to fall
off. Subsequent procedures are as for standard H&E stainings.

Immunohistochemistry
Commercial anti-CV2 (R&D AF2299), anti-Chd (R&D AF758) and

anti-BMP4 (Chemicon Millipore MAB1049) antibodies were used at a
1:50 dilution and anti-pSmad1 (Cell Signaling 9511 L) was used at
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Fig. 1. Chd protein concentrates in the prospective vertebral bodies. (A) Sagittal section of a Wild-type 12.5 d.p.c. mouse embryo stained with Chd antibody and then counterstained
with H&E. (B) Sagittal section of a 12.5 d.p.c. Chd~/~ mouse embryo similarly stained. (C) Chd antibody staining on wild-type embryo, showing Chd protein localized in prospective
vertebral body. (D) No signal is detected on Chd~/~ mouse embryo section, using Chd antibody thus showing that the Chd antibody is specific (n =2 Chd~/~ embryos, with similar
results). (E) Magnified view of boxed area in (C) showing Chd staining in vertebral bodies C2 through C4. (F) Same section as in (E) counterstained with H&E. C2-C4, cervical

vertebrae; ivd, prospective intervertebral disc; vb, prospective vertebral body.

1:100 dilution. For antigen unmasking, slides were placed in a coplin
jar containing boiling (i.e., previously brought to a boil in a microwave
oven) 10 mM sodium citrate, pH 6 for a total of 40 min at room
temperature. For Chd antibody staining, a reducing step was included
to improve protein denaturation (sections are reduced with 4 mM
DTT for 1 h at room temperature, followed by 500 mM iodoacetate for
30 min at 37 °C to block sulfhydryl groups). After incubation with
biotinylated secondary antibody, two amplification steps were added
to improve detection threshold using the ABC reagent (Vector Labs
PK4001) and the TSA biotin system (Perkin Elmer NEL700A). A
detailed protocol of this improved immunostaining procedure is
available at http://www.hhmi.ucla.edu/derobertis.

Western blot analyses

Cos7 cells were transfected with 2 pg per 6-well plate of full-length
mouse CV2 cDNA cloned into pCS2, or pCS2 empty vector using
Fugene HD (Roche). Samples were solubilized in RIPA lysis buffer
(50 mM Tris pH 7.5, 150 mM NacCl, 1 mM EDTA, 1% Triton X100, 0.5%

Na Deoxycholate, 0.1% SDS) containing protease inhibitors (Complete
tablets, Roche) or directly in electrophoresis loading buffer. Recom-
binant mouse Chd (R&D systems #758-CN-050) was diluted to 5 nM
in serum-free medium. Anti-aTubulin (1:1000, Calbiochem #CP06),
anti-mChd (1:250, R&D systems #AF758) and secondary antibodies
anti-mouse IRDye 680CW (1:1000 Licor) and anti-goat IRDye 800CW
(1:1000, Licor) were used for Western blot analyses, and signals
detected using a Licor Odyssey infrared imager.

Quantification of pSmad1/5/8 signal in vertebral bodies

Images of immunostained sections were acquired using a Zeiss
microscope and Axiovision software under identical exposure condi-
tions. The brown pSmad1/5/8 signal was extracted using a deconvolu-
tion algorithm (Ruifrok and Johnston, 2001; http://www.dentistry.
bham.ac.uk/landinig/software/cdeconv/cdeconv.html) with the Ima-
ge] software (http://rsbweb.nih.gov/ij/). For image histograms, back-
ground levels from sections immunostained with secondary antibody
only were subtracted, and the region corresponding to the vertebral
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Fig. 2. CV2 mRNA is transcribed in the prospective vertebral bodies, while Chd and BMP4 mRNAs are expressed in the prospective intervertebral discs. In situ hybridizations and H&E
staining were performed on adjacent sagittal sections of the same 12.5 d.p.c. wild-type mouse embryo. (A) CV2 in situ hybridization, showing CV2 mRNA localized in the prospective
vertebral bodies. (B) Magnified view of area boxed in (A) showing CV2 staining in thoracic vertebrae (T) 2 through 4. (C) Chd in situ hybridization showing Chd mRNA expressed in
prospective intervertebral disc. (D) Magnified view of area boxed in (C) showing Chd mRNA expression. (E) BMP4 in situ hybridization showing BMP4 mRNA expression in prospective
intervertebral discs. (F) Magnified view of area boxed in (E) showing BMP4 mRNA staining. (G) H&E staining on a section adjacent to the one shown in (E). (H) Magnified view of area boxed
in (G) showing regions of low and high tissue density corresponding to the prospective vertebral body and intervertebral disc, respectively. The bars in B, D and F indicate the distance in um

between the intervertebral disc and the center of the vertebral body.

body was identified on an adjacent section stained with H&E. Pixels
inside this area were selected as corresponding to pSmad1 signal when
their values exceeded background levels. The normalized amount of
pSmad1 signal was considered to be the number of these pixels divided

by the number of nuclei in the selected region as counted on H&E
sections. Calculations were performed on three vertebrae per histolog-
ical section in two independent experiments. The result is presented as
the ratio of nuclear pSmad1/5/8 in CV2~/~ compared to wild-type.
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Fig. 3. Chd mRNA is synthesized in the prospective intervertebral disc while Chd protein accumulates in the prospective vertebral bodies, in which CV2 mRNA and protein are also
found. In situ hybridizations and immunostainings were performed on adjacent sagittal sections of a 12.5 d.p.c. wild-type mouse embryo. (A) Chd antibody staining showing Chd
protein localized to the prospective lumbar (L) vertebral bodies. (B) Chd in situ hybridization in adjoining section showing Chd mRNA expressed in prospective intervertebral discs.
(C) Merged image of panels (A) and (B), showing that Chd mRNA and Chd protein are localized in complementary regions. Chd protein accumulates at a considerable distance from
where it is synthesized. Note also that Chd accumulates predominantly in the posterior half of the vertebral body at this lumbar level. (D) CV2 antibody staining showing CV2 protein
localized in the prospective vertebral body. (E) CV2 in situ hybridization showing CV2 mRNA localized in the prospective vertebral body. (F) Merged images showing that CV2 mRNA
and CV2 protein co-localize. The secreted CV2 protein does not diffuse far from its site of synthesis. n, notochord.

Results
CV2 and Chd proteins are localized in the prospective vertebral bodies

Because both CV2 and Chd mutants had phenotypes in the axial
skeleton, we decided to study the localization of CV2 and Chd proteins on
sagittal paraffin sections of 12.5 d.p.c. wild-type embryos. At this stage,
vertebral maturation is easily observed in a cranio-caudal sequence, and is
the stage at which mutant phenotypes are first observed. Antibody
specificity was assessed through staining of CV2 and Chd homozygous
mutant embryo sections with anti-CV2 and anti-Chd antibodies,
respectively. As expected, the anti-Chd (Fig. 1A-D) and anti-CV2
(Supplementary Fig. 2) antibodies did not show any cross-reaction on
their respective mutants. Sections were counterstained with H&E to
reveal morphology; the prospective vertebral body can be recognized by
its lower cellular density compared to the prospective intervertebral disc.

Immunostaining with anti-CV2 antibody on wild-type embryo
sections showed that CV2 protein is localized to the prospective

vertebral body (Supplementary Fig. 2). To our surprise, anti-Chd
antibody staining on wild-type embryo sections was also mainly
localized in the prospective vertebral body (Fig. 1E, F).

The localization of CV2 protein to the prospective vertebral body is
consistent with work in Drosophila (Serpe et al., 2008) showing that
CV2 does not diffuse further than two cell diameters, as it is tethered
to the cell membrane by the glypican Dally. In the mouse, it has been
shown that BMP signaling is required in the prospective vertebral
body cartilage (Yoon et al., 2005; Retting et al., 2009) for vertebral
cartilage development. The observation that was unexpected was the
detection of Chd protein accumulation in the prospective vertebral
body. This is because Chd mRNA had been described to be transcribed
in the intervertebral disc (Zakin et al., 2008). This finding was
consistent with the idea that Chd protein facilitates the flow of BMPs
to distant sites where their signaling is required (Piccolo et al., 1997;
Eldar et al., 2002; Shimmi et al., 2005a,b; Wang and Ferguson, 2005;
Ben-Zvi et al., 2008), which in the case of the mouse vertebral column
would correspond to the prospective vertebral body.
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Localization of CV2, Chd, and BMP4 mRNA: a flow of Chd protein
towards regions of high CV2 expression?

We first re-examined the localization of CV2, Chd and BMP4
mRNAs by in situ hybridization on adjacent serial paraffin sections of
wild-type 12.5 d.p.c. embryos. We found CV2 mRNA was expressed in
the prospective vertebral body (Fig. 2A, B), while Chd (Fig. 2C, D) and
BMP4 (Fig. 2E, F) mRNAs were transcribed in the prospective
intervertebral region of the developing vertebral column. Although
the expression of all BMPs was not analyzed here, BMP2 and BMP7
mRNAs are also expressed in the prospective intervertebral region
(Lyons et al., 1995, and data not shown). Within the detection levels of
in situ hybridization, Chd and BMP4 were not found to be expressed in
prospective vertebral bodies. Staining of an adjacent section with H&E
(Fig. 2G, H), which better reveals the morphology of the vertebral
column with the vertebral segments divided into condensed
(intervertebral disc) and uncondensed regions (vertebral body),
helped to unambiguously identify the regions where the mRNAs
were expressed.

Because the differentiation of the vertebral column is dynamic, it was
important to study the proteins compared to their mRNAs within the
same embryo. Therefore, we compared the localization of Chd and CV2
proteins to that of their mRNAs in adjoining sections. As before, Chd
protein was present in the prospective vertebral body, but we also noted
a higher concentration of the protein in the posterior half of each
prospective vertebral body (Fig. 3A), particularly in more immature
lumbar vertebrae (see also posterior segments in Fig. 1C). In situ
hybridization using a Chd probe on the same embryo showed the Chd
mRNA localized to the prospective intervertebral disc (Fig. 3B). The
merging of the two images clearly showed that Chd protein and Chd
mRNA are found mainly in complementary regions (Fig. 3C). This
finding is consistent with the proposed flow of Chd protein from the
prospective intervertebral region, where it is synthesized, to the future
vertebral body, where the Chd protein accumulates (Fig. 3C). Because
Chd was found to be more concentrated in the posterior half of the
vertebral body, this suggested that Chd may flow towards the vertebral
body in a posterior to anterior direction, although this remains to be
demonstrated. This preferential accumulation of Chd in the posterior

1 a CV2 |

I Chd-/- embryo I wf embryo

CV2-/- embryo

Fig. 4. The localization of CV2 is independent of Chd. Immunostainings with a CV2 antibody performed on sagittal sections of 12.5 d.p.c. wild-type, Chd ™/~ and CV2~/~ mouse
embryos. (A) CV2 antibody staining on a wild-type section, showing the presence of CV2 in the prospective vertebral body. (B) Magnified view of area boxed in (A) showing staining
in the prospective vertebral bodies of cervical vertebrae C1 through C6. (C) CV2 antibody staining is normal in Chd~/~ embryos. The basioccipital bone is also stained anterior to the
vertebral column. (D) Higher-power view of area boxed area in (C) showing staining of CV2 in C1 through C6 similar to that of the wild-type embryo in panel (B). In this Chd =/~
animal, CV2 staining was stronger than wild-type (compare panels A and C); however, this difference was not observed in two other mutants analyzed. (E) CV2 antibody staining
was undetectable on a CV2~/~ section, demonstrating the specificity of the antibody. (F) Magnified view of boxed area in (E).
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vertebral body is seen mostly at lumbar levels at 12.5 d.p.c., but is not as
marked at thoracic levels (Fig. 5B below).

CV2 protein was found in the prospective vertebral body (Fig. 3D).
In situ hybridization on an adjacent section of the same embryo
indicated co-localization of CV2 mRNA and protein (Fig. 3E). Merged
images confirmed that CV2 protein does not diffuse from its site of
synthesis (Fig. 3F). Since physical binding between CV2 and Chd had
been detected biochemically (Ambrosio et al., 2008), these results
prompted the next question: does CV2 play a role in determining the
localization of Chd protein in vivo?

CV2 is required for the localization of Chd in the prospective vertebral
body

To test whether a possible interaction between CV2 and Chd was
responsible for the relocalization of Chd from its site of synthesis in
the prospective intervertebral disc towards the prospective vertebral
body, we performed immunohistochemistry on paraffin sections of
wild-type, CV2~/~, and Chd~/~ mouse embryos. CV2 protein was
found in the prospective vertebral body of wild-type (Fig. 4A, B) and
Chd™’~ mutant sections (Fig. 4C, D) but not in control CV2~/~
sections (Fig. 4E, F). This control experiment demonstrated that CV2
does not require Chd for its proper localization.

Chd protein was localized to the prospective vertebral body in wild-
type embryos (Fig. 5A, B). When sections of CV2~/~ embryos were
stained in parallel, no accumulation of Chd was found in the vertebral
body region (Fig. 5C, D). Instead, Chd protein was detectable only in the
intervertebral disc of CV2 mutants, where it accumulated at higher
levels than in the wild-type (compare Fig. 5B to D, see arrows). The total
levels of Chd accumulated did not reach the levels found in vertebral
bodies in the wild-type, presumably because of degradation of Chd by
Tolloid metalloproteinases. In situ hybridization experiments showed
that Chd mRNA is synthesized in the intervertebral discs, but not in
vertebral bodies, of both wild-type and CV2~/~ mice (Supplementary
Fig. 3). In wild-type embryos, Chd protein accumulates in the
extracellular matrix of developing vertebral bodies (compare Figs. 1E
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and 5B to the histological images in Figs. 1F and 6A). Similarly, CV2
protein was found in the extracellular matrix, rather than on the surface
of vertebral body cells (Supplementary Figs. 2F, H). We conclude that
the accumulation of Chd protein in vertebral bodies has an essential
requirement for CV2 protein, presumably due to the binding of Chd to
CV2 (Ambrosio et al., 2008).

It could be argued that the accumulation of Chd protein in the
prospective vertebral body might be due to low level transcription of
Chd in this region (which would have to be below detection levels in
the in situ hybridization experiments in Figs. 2D and 3B). However,
because Chd protein is no longer detected in CV2~/~ vertebral bodies
(Fig. 5B, D), implicit in this argument is that the presence of CV2
should have the ability to stabilize low levels of Chd protein. At least in
tissue, culture this is not the case. In Fig. 5E, we tested whether CV2
stabilized Chd in Cos7 cells transfected with a full-length CV2
construct (cloned in pCS2) or empty vector. Chd protein was added
to the cells (together with fresh culture medium) and samples
(containing both the culture medium and the cells) analyzed by
western blot at different time points. We found that CV2 over-
expression did not affect Chd stability (Fig. 5E). Although the situation
in tissue culture may differ from that in the vertebral body (since the
translation and proteolysis rates might be different in Cos7 cells), this
result does not support the hypothesis that low levels of Chd
synthesized locally in the prospective vertebral body are stabilized
by CV2. Instead, this experiment is consistent with the model that CV2
acts as a sink for the flux of Chd from the prospective intervertebral
disc to the prospective vertebral body, in which it accumulates.

The results favor an enhanced sequestration model for the
accumulation of Chd in prospective vertebral body cartilage. To confirm
this, an in vitro experiment using Cos7 cells transfected with a full-
length CV2 construct was carried out (Fig. 5F). Cells transfected with
pCS2 vector or pCS2-CV2 were allowed to secrete CV2 overnight. The
next day, the supernatant was replaced by serum-free medium
containing commercial mouse Chd protein. The amount of Chd bound
by the cell fraction (which included both cells and extracellular matrix),
or remaining in the supernatant, was determined after 1, 2 or 4 h of
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Fig. 5. In the mouse embryo, Chd protein requires CV2 for its accumulation in the prospective vertebral bodies, and in cultured cells CV2 serves as a sink for Chd. Inmunostainings
with a Chd antibody and H&E staining performed on sagittal sections of 12.5 d.p.c. wild-type and CV2~/~ embryos. (A) Chd antibody staining on a wild-type embryo, showing the
accumulation of Chd in prospective vertebral bodies (vb). (B) Magnified view of area boxed in (A). (C) Chd antibody staining on CV2~/~ embryo, showing that Chd protein
accumulation is not detectable in vertebral bodies in the absence of CV2. (D) Magnified views of area boxed in (C). Note that mutation of CV2 prevents Chd accumulation in the
prospective vertebral bodies; this result was observed in 4 different CV2 mutant embryos (8 independent experiments). (E) Western blot using an anti-Chd antibody showing that
overexpression of a full-length CV2 construct in Cos7 cells does not stabilize added recombinant Chd over the course of 24 h. Samples containing culture medium and cell extracts
were collected at different time points; a-tubulin was used as a loading control. Note that CV2 does not affect Chd stability. (F) Western blot analysis of the cell fraction (containing
cells and extracellular matrix) or culture medium from Cos7 cells minus or plus CV2 overexpression and treated with recombinant mouse Chd. Note that already after 1 h of addition

of recombinant Chd protein, CV2 is able to sequester Chd.
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Fig. 6. Localization and quantification of Smad1/5/8 phosphorylation and BMP4 expression in the vertebral column of wild-type and CV2~/~ embryos. H&E staining, a-pSmad1/5/
8 and o-BMP4 immunostainings were performed on sagittal sections of 12.5 d.p.c. mouse embryos. (A, D) H&E staining showing a similar cell density in the vertebral bodies (vb) of wild-
type and CV2~/~ embryos, even though the size of the vertebral bodies appears reduced and the intervertebral disc (ivd) domain is expanded in the mutant. (B, E) pSmad1/5/8 signal is
nuclear in the vertebral bodies of wild-type and CV2~/~ embryos. (C, F) Quantification of the nuclear pSmad1/5/8 signal. Pixels above background level in the outlined vertebral bodies are
shown in red. Quantifications of 6 vertebral bodies indicated that CV2~/~ cartilage precursors were less stained than in wild-type. (G) Quantification showing that the average ratio of
pSmad1/5/8 signal between CV2~/~ and wild-type was 60%. The error bar corresponds to the standard deviation of the ratio of pSmad1/5/8 signal between different individual vertebral
bodies. The wild-type value is 1 as indicated. (H, ]) BMP4 antibody staining on wild-type and CV2~/~ embryos showing the presence of BMP4 protein in prospective intervertebral discs
(ivd). (I, K) Higher power view of thoracic vertebrae 4 (T4) and 5 (T5) from sections shown in (H) and (J), respectively, showing a broadening of the BMP4 expression domain in the mutant

reflecting the widening of the intervertebral disc region.

incubation. As shown in Fig. 5F, more Chd bound to cells in the presence
of CV2, becoming partially depleted from the culture medium already
after 1 h of incubation (compare lanes 4 and 5). These results support
the view that CV2 can sequester Chd, at least in cell culture.

Does the lack of CV2 cause a change in BMP signaling? Histological
sections of wild-type and CV2 mutants were stained with a phospho-
specific Smad1/5/8 antibody, which provides a measure of BMP
signaling levels. As shown in Figs. 6B and E, the size of the vertebral
body of CV2 mutants was decreased, although the amount of
extracellular matrix and the cellular density was not affected
(Figs. 6A, D). Upon close inspection, phospho-Smad1 levels appeared
lower in CV2 mutants. To quantify this, we used the image] software

and a deconvolution algorithm (Ruifrok and Johnston, 2001) to
determine the average pSmad1/5/8 signal per cell nucleus in three
vertebral bodies, in two different experiments (Figs. 6C, F). Using these
methods, we estimate that the average ratio of pSmad1/5/8 signal
between CV2~/~ and wild-type vertebral bodies was 60%, indicating
a 40% decrease in CV2~/~ mutants (Fig. 6G). These analyses suggest
that loss of CV2 causes a decrease in BMP signaling in prospective
cartilage, as it does in the Drosophila wing (Ralston and Blair 2005).
We also examined the localization of BMP4 protein. Immunostain-
ing for BMP4 showed that this growth factor was expressed in CV2
mutants (Fig. 6E-H). BMP4 protein was detected in the intervertebral
disc, even though phospho-Smad1/5/8 signaling takes place in the
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vertebral body. BMP4 could be relocalized to the vertebral body, but at
levels below detection limits of histochemistry. Interestingly, BMP4
signaling levels are low in the intervertebral discs at this stage,
perhaps because in this tissue BMP4 is coexpressed with its
antagonists Chd, Chdl-1 and Chdl-2 (Fig. 6B, D). The region of BMP4
expression is somewhat wider (Fig. 6H), reflecting an expansion of
the intervertebral disc domain in CV2~/~ embryos (Fig. 6A, C). These
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results suggest that in the wild-type situation Chd/BMP4 complexes
produced in the prospective intervertebral disc are relocalized to the
vertebral body, presumably bound to Chd. Similar complexes could
also be formed between Chd and BMP2 or Chd and BMP7, since BMP2
and BMP7 also bind Chd and their mRNAs are expressed in the
prospective intervertebral region (Lyons et al., 1995). In this model,
Chd/BMP inhibitory complexes would accumulate in the vertebral

PG

Intervertebral Vertebral
Body Disc Body

Fig. 7. The CV2~/~ phenotype in vertebral body cartilage and model of the role of CV2 in the proper localization of Chd in the mouse vertebral field. (A-B') Skeletal preparations of wild-type
(top panels) and CV2~/~ (bottom panels) neonates stained with Alcian Blue (cartilage) and Alizarin Red (bone). Tail area is shown at low (left panels) and high (right panels) power
magnifications. Note in the vertebral body cartilage of CV2~/~ the reduction in size and loss of the spool-like shape compared to the wild-type. We propose that this phenotype is explained
in part by the lack of facilitated diffusion of Chd/Tsg/BMP4 complexes from the intervertebral disc to the vertebral body. (C) Model depicting the localization of Chd, CV2 and BMP4 in wild-
type and CV2~/~ developing vertebrae. In the wild-type CV2 is retained in the vertebral body through its interaction with heparin sulfate proteoglycans (HSPGs), which are very abundant
in developing cartilage matrix. (D) Chd/BMP4 complexes diffuse from the intervertebral disc, where they are synthesized, to the vertebral body where they bind to CV2. Once in the
vertebral body, Chd is cleaved by a member of the Tolloid metalloproteinase family (Tld) allowing the release of BMP4 in the vertebral bodies so that the high BMP signaling levels required
for cartilage development are reached. (E) In CV2~/~ vertebrae, Chd/BMP4 complexes do not flow from the intervertebral disc to the vertebral body but instead remain in the
intervertebral disc, where they are degraded by the action of Tolloid metalloproteinases on Chd. A, anterior; P, posterior; t5-t11, numbered tail vertebrae.
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body extracellular matrix, from which complexed BMPs would be
released for signaling by Tolloid proteolytic digestion of Chd. In the
absence of CV2, Chd/BMP complexes would fail to concentrate in the
vertebral bodies, resulting in the lowered BMP signaling. This flow of
Chd/BMP complexes in the developing vertebral field could provide
an explanation for the defects in vertebral body cartilage formation
observed in CV2 mutant mice (Figs. 7A-B’; Zakin et al., 2008).

The results indicate that in the absence of CV2, Chd fails to relocate
from its site of synthesis in the prospective intervertebral disc to the
prospective vertebral body, helping explain the decrease in BMP
signaling through a reduction in the accumulation of BMP4/Chd
complexes. The accumulation of Chd protein at a distance requires the
presence of CV2.

Discussion

In this study, we showed that both the CV2 and Chd proteins
accumulate in the prospective vertebral body. In situ hybridizations
revealed that the CV2 mRNA is expressed in this region, while BMP4
and Chd mRNAs are expressed in the prospective intervertebral disc.
These results suggest that there is a flow of Chd from its site of
synthesis in the intervertebral disc to the vertebral body, where the
Chd protein accumulates (Figs. 7C, D).

CV2 is required for the accumulation of Chd protein at a distance from its
site of synthesis

CV2 protein is localized in the region where it is synthesized, the
prospective vertebral body (Figs. 3D-F and 7C). This is in agreement
with results in Drosophila in which, although CV2 is a secreted protein,
it has been observed not to diffuse more than two cell diameters from
its site of synthesis, remaining bound to the cell surface via its
interaction with the glypican surface protein Dally (Serpe et al., 2008).
In the mouse, CV2 was shown to be associated with the extracellular
matrix of cap condensates and collecting ducts of the developing
kidney (Ikeya et al., 2010). In zebrafish, it has also been shown that
CV2 has a heparan sulfate proteoglycan binding site within its VWFd
domain that limits diffusion (Rentzsch et al., 2006). This is particularly
relevant in our case because the extracellular matrix of developing
cartilage tissue, in which CV2 protein accumulates, contains large
amounts of heparan sulfate proteoglycans.

The most remarkable finding reported in this paper is that Chd
protein accumulates at a considerable distance from its site of
synthesis. Indeed, at 12.5 d.p.c., the embryonic stage chosen for this
study, the distance between the center of the intervertebral disc and
the center of the vertebral body measured between 85.5 pm and
87.9 um (Fig. 2). This suggests that a flow of Chd over considerable
distances and many cell diameters takes place in vivo (Fig. 3). The
molecular mechanism of this flow was not investigated here.

Because Chd binds to BMPs via its CR domains (Larrain et al.,
2000), and the prospective intervertebral region co-expresses Chd,
BMP4 and Tsg mRNAs (Fig. 2 and Zakin et al., 2008), one expects that
the flow will be comprised not only of Chd but rather of the ternary
complex formed by Chd/Tsg/BMP. The cartilage of the vertebral body,
is the tissue in the vertebral column that requires the highest levels of
BMP signaling in order to develop (Yoon et al., 2005; Retting et al.,
2009). It remains to be determined which BMP member is responsible
for BMP signaling in the vertebral body. We investigated the
localization of BMP4 protein directly, and found that it is detected
mostly in the intervertebral disc. Presumably the levels of BMP4
ligand required for BMP signaling are too low to be detectable by
immunohistochemistry in the vertebral body. However, nuclear
phospho-Smad1/5/8 signaling was detected mainly in the vertebral
body at this stage, rather than the intervertebral disc where BMP4 was
located. Presumably BMP4 was prevented from signaling because it
was complexed to antagonists such as Chd, Chdl-1 and Chdl-2 (Zakin

et al.,, 2008). In the absence of CV2, BMP4 was still expressed, but
Smad1/5/8 signaling levels were reduced in the vertebral body
(Fig. 6).

We propose that in vivo BMP signaling is enhanced by the flux of
Chd/Tsg/BMP4 complexes from intervertebral regions into the
developing vertebral cartilage where BMP4 would be released from
Chd by the action of Tolloid enzymes (Figs. 7C, D). In order for this
mechanism to work, at 12.5 d.p.c., preferential cleavage of Chd/BMP
complexes should take place within the vertebral body, where the
phospho-Smad1/5/8 signal is detected. Of the three Tolloid enzymes
in the mouse, only TIl-1/BMP1, which is expressed in the interverte-
bral disc (Zakin et al., 2008), has a known expression pattern. The
enzyme responsible for cleaving Chd in the future vertebral body
might be one of the other two Tolloids, while TII-1/BMP1 might be
involved in the BMP signaling that takes place in the intervertebral
body at earlier stages of development (Zakin et al., 2008). Alterna-
tively, Tll-1/BMP1, a secreted protein, may diffuse together with Chd
perhaps in an inactive state. Tolloids provide the rate limiting step in
the Chd pathway, and their activity can be regulated by feedback
inhibitors (Lee et al., 2009).

CV2 is required for the concentration of Chd in the vertebral body
(Figs. 7D, E). Previously, we had determined biochemically that
mouse CV2 can bind Chd and Chd/BMP4 complexes in vitro
(Ambrosio et al., 2008). CV2 is required to trap Chd and Chd/Tsg/
BMP4 complexes flowing towards the vertebral bodies in mouse
embryos. As shown in Fig. 5, in the absence of CV2, Chd and Chd
complexes are no longer detected in the vertebral bodies, and remain
at their site of synthesis These results show that CV2 is required for
the localization of Chd protein in vivo during vertebral
morphogenesis.

Flow of growth factor during patterning

During Drosophila D-V patterning, the diffusion of BMPs from lateral
regions towards the dorsal amnioserosa in order to achieve peak BMP
signaling has been very well documented. The flow of Sog carrying Dpp
towards the dorsal midline was initially proposed by Holley et al.
(1996). Since then, the flux of Sog/Dpp in Drosophila embryos has been
directly demonstrated. Sog diffuses dorsally from the lateral neuroecto-
derm in which it is produced during gastrulation (Srinivasan et al.,
2002). Later, it was directly demonstrated that Dpp itself can diffuse, in a
Sog and Tsg dependent way, from ventral regions towards the dorsal
side (Wang and Ferguson, 2005; Shimmi et al., 2005b). Mathematical
modeling has shown that this flow of Sog/BMP makes the dorsal-
ventral morphogen gradient much more robust in its response to
perturbations (Eldar et al., 2002; Shimmi et al., 2005b).

The concept of morphogens was proposed by English mathema-
tician Alan Tiring (1952), who suggested that chemical substances
diffusing through a tissue would be able to generate a pattern (Umulis
et al., 2009; Plouhinec and De Robertis, 2007, 2009). The key element
is that morphogens must diffuse in vivo. Examples of morphogens
include the Transforming Growth Factor-3 family members (TGF-{3)
Activin and Nodal (Gurdon et al., 1994), and ligands of the Epidermal
Growth Factor Receptor in Drosophila (Shilo, 2005). The physical flow
of endogenous morphogens has been directly demonstrated for the
Drosophila Sog/BMP patterning system in early embryos. Even though
existing CV2 loss-of-function mutations are so far compatible with
normal development in Drosophila, CV2 may play an auxiliary role in
the formation of the Drosophila D-V gradient as CV2 is expressed in the
dorsal side of the Drosophila early embryo (O'Connor et al., 2006;
Serpe et al., 2008).

Flow of growth factors in vertebral column development

We have now demonstrated the accumulation of Chd at a distance
from its site of transcription during the formation of a much later
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structure, the vertebral bodies. Vertebrate segmentation starts with
the formation of somites, which then form sclerotomes, which in turn
undergo resegmentation, so that the anterior half of one sclerotome
fuses to the posterior half of the one preceding it to form a vertebral
body (Bagnall et al., 1988). This elaborate developmental mechanism
ensures that the tendons and muscles generated by each somite span
adjoining vertebrae. The accumulation of Chd at a distance that has
been reported here at embryonic day 12.5 takes place after somite
resegmentation and is therefore a relatively late occurring event. This
flow of Chd presumably has developmental consequences, since both
the knockout of CV2 and Chd present vertebral column phenotypes
(Bachiller et al., 2000; Zakin et al., 2008). Interestingly, Chd diffusion
appears to be directional, as its accumulation is maximal in the
posterior half of the vertebral body (Fig. 3C).

In the absence of CV2, Chd does not accumulate in vertebral body
cartilage, remaining in the intervertebral disc region where it inhibits
BMP signaling. CV2 and Chd mouse mutants do not have significant
genetic interactions (Zakin et al., 2008). We proposed that this may
be due to the expression in the same prospective intervertebral disc,
of Chdl-1 (Nakayamaetal.,2001) and ChdI-2 (Nakayama et al., 2004)
in addition to Chd. These proteins are biochemically similar to Chd
and may compensate for its loss. Furthermore, this redundancy could
also explain why the vertebral column phenotypes are different in
(V2 and Chd mutants. The defects are stronger in CV2~/~ embryos
than in Chd—/~ embryos; the absence of CV2 may affect the localization
of Chd, Chdl-1 and Chdl-2, while only the function of Chordin is affected
in Chd mutants. It remains to be demonstrated whether Chdl-1 and
Chdl-2 also bind CV2 and relocate to the vertebral body. In addition, Chd,
Chdl-1, and Chdl-2 all require Tsg in order to form efficient complexes
with BMP (Zhang et al., 2007). This may explain why Tsg~/ ~ is epistatic
over the CV2 mutant phenotype (Ikeya et al., 2008, 2010; Zakin et al.,
2008), as the function of all BMP antagonists of the Chd family would be
impaired coordinately. In future, it would be interesting to determine
the localization of Chd, Chdl-1, Chdl-2 and BMP4 in Tsg~/~ and CV2~/~;
Tsg~/~ mutants. In the meantime, we would predict that the long-range
inhibition of BMP signaling in early stage intervertebral discs observed
previously in CV2 mutants (Zakin et al., 2008) is caused by the
accumulation of all three Chd inhibitors which cannot relocalize to the
vertebral body in the absence of CV2.

Morphogenetic fields

Since the discovery of morphogenetic fields by Ross Harrison
(1918), understanding how groups of hundreds or thousands of cells
communicate with each other to form complex anatomical structures
has been a focus of interest for developmental biologists. The
molecular mechanism of long-range communication of the primary
D-V embryonic field requires the diffusion of BMPs complexed with
Chd/Sog and Tsg (reviewed in Umulis et al., 2009; Zakin and De
Robertis 2010). Both in Drosophila and Xenopus, this long-range flow
has been directly demonstrated in early embryos (Srinivasan et al.,
2002; Wang and Ferguson 2005; Shimmi et al., 2005a,b; Ben-Zvi et al.,
2008).

During organogenesis stages, many “secondary” cell differentia-
tion fields are formed, but the molecular mechanism of their
regulation is unclear. Current thinking is that pattern formation in
diverse regenerating systems is mediated through “polar coordinate
positional values” that can be explained in terms of strictly local cell-
cell interactions (e.g., Bryant et al., 1981). However, in this study we
showed that Chordin protein accumulates at a distance from its site of
synthesis suggesting that Chordin diffuses extracellularly over
considerable distances during the differentiation of vertebral carti-
lages. This tissue requires high BMP levels to develop, which are
presumably relocalized as Chd/Tsg/BMP complexes from the inter-
vertebral disc, where they are synthesized, to the vertebral body, in
which they accumulate and are cleaved by Tolloid metalloproteinases.

The Chd-binding protein CV2 is required for the accumulation of Chd
in the extracellular matrix of developing vertebral body cartilage. Chd
emanating from the intervertebral disc does not form a standard
gradient with a high point in the site of origin. Instead, Chd antigen
levels are highest at a distance, indicating that the concentration of
CV2 in cartilage is high enough to act as a sink for Chd complexes. In
future, it will be interesting to investigate whether other secondary
organ-forming morphogenetic fields also involve the regulated flow
of BMP growth factors and their antagonists across long distances.

Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2010.08.025.
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