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Abstract

Type II collagen is the major fibrillar collagen in cartilage. It is synthesized in the form of precursors (pro-
collagens) containing N- and C-terminal propeptides. The two main isoforms of type II procollagen protein
are type IIA and type IIB procollagens, generated in a developmentally regulated manner by differential
splicing of the primary gene transcript. Isoform IIA contains exon 2 and is produced mainly by chondropro-
genitor cells while isoform IIB lacks exon 2 and is produced by differentiated chondrocytes. Thus, expres-
sion of IIA and IIB isoforms are reliable markers for identifying the differentiation status of chondrocytes
but their biological function in the context of skeletal development is still not yet fully understood. Specific
antibodies against IIA and IIB procollagen isoforms are already available. In this study, a synthetic peptide
spanning the junction between exon 1 and exon 3 of the murine sequence was used as an immunogen to
generate a novel rabbit polyclonal antibody directed against procollagen IIB. Characterization of this anti-
body by Western-blotting analysis of murine cartilage extracts and ELISA tests demonstrated its speci-
ficity to the type IIB isoform. Furthermore, by immunohistochemical studies, this antibody allowed the
detection of procollagen IIB in embryonic cartilage as well as in articular cartilage and growth plate of
young adult mice. Interestingly, this is the first antibody that has allowed the detection of procollagen
IIB at both the intra- and extracellular level. This antibody therefore represents an interesting new tool
for monitoring the spatial and temporal distribution of IIB isoforms in skeletal tissues of mouse models
and for tracking the trafficking and processing of type IIB procollagen.

� 2023 The Author(s). Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Type II collagen is a major component of the
collagen fibrils in cartilage, providing the tissue
with its tensile strength while the proteoglycans
offer compressive properties. It is composed of
three identical a1(II) chains synthesized as
precursor forms (procollagens containing N- and
C-terminal propeptides) by the chondrocytes. The
gene coding for type II collagen (Col2a1)
(s). Published by Elsevier B.V.This is an open a
undergoes alternative splicing of exon 2, which
encodes a 69/70 amino acid long cysteine-rich
(CR) domain that is present in the N-terminal part
of procollagen IIA/IID isoforms but is absent in the
procollagen IIB protein (Fig. 1A). In mouse, the IID
isoform corresponds to an extra residue (an
arginine) at the end of exon 2, when compared to
the IIA isoform. Interestingly, an initial series of
studies showed that the switch in expression of
procollagen IIA to IIB mRNA is a sign of
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Fig. 1. Diagram to show the structure of type II procollagens A/D and B splice variants and amino acid sequences of
their N-terminal parts. (A) Illustration of the IIA/D and IIB splice forms of Col2a1 mRNA. Exons 1, 2 and 3 are shown.
The type IIA isoform contains exon 2 while type IIB isoform is devoid of exon 2. The IID splice form contains an
additional 3 nucleotides at the end of exon 2 (down arrow), resulting in the insertion of an additional codon (arginine)
at the end of translated exon 2. (B) Schematic illustration showing the different structural domains. The green square
indicates the position of the immunizing peptide used to produce the S13G antibody. Sp represents the signal peptide.
(C) Comparison between murine IIA/D and IIB N-terminal propeptides (NCBI Accession numbers NP_112440.2 and
NP_001106987.2, respectively). The 25 first amino acids corresponding to the signal peptides are omitted together
with the additional residues common to both propeptides at their C-terminal ends (. . .). The dashes (-) represent the
CR domain missing in the IIB isoform. The small down arrow indicates the location of the extra arginine residue (R)
present at the end of the exon 2 encoded domain of type IID procollagen. The sequence underlined in blue
corresponds to the peptide used for boosting immunizations and affinity chromatography purification of the S13G
antiserum. The sequence in red corresponds to the IIA-like peptide used in ELISA assays. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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engagement in chondrogenesis, or cartilage
formation [1–5]. The IID isoform is expressed in
human mesenchymal stem cells and ATDC5 cells
undergoing chondrogenesis [6] but has not been
detected in mouse cartilage [7]. While the indis-
pensable role of type II collagen in cartilage was ini-
tially clearly demonstrated [8], the relative
0022-2836/� 2023 The Author(s). Published by Elsevier B.V.This is an open ac
licenses/by-nc-nd/4.0/).

2

contributions of IIA/D and IIB procollagen isoforms
in cartilage biology are not yet completely under-
stood, despite extensive research. In vitro studies
have shown that recombinant IIA CR domain binds
TGF-b1 and BMP-2 [9] and injection of full-length
procollagen IIA mRNA in Xenopus embryos results
in dorsalization, a sign of BMP inactivation [10].
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However, a study using mouse mutant lacking exon
2 shows that there is no relationship between loss of
IIA and BMP signaling activity [11]. Another mouse
model was engineered to exclusively express exon
2 (Col2a1+ex2) and mice appeared healthy with no
overt skeletal phenotype [12], although electron
microscopy analysis revealed that cartilage con-
tains collagen fibrils of smaller diameter compared
to those seen in wild-type cartilage matrix, suggest-
ing that the exon 2-encoded protein may regulate
collagen fibrillogenesis [13].
At the protein level, the detection of procollagen

IIA and IIB in cartilage has been made possible by
the use of polyclonal antibodies. An antibody to
the IIA exon 2-encoded extra-domain allowed
detection of the IIA/D N-propeptides in various
normal or pathological situations [4,14]. Of note,
the IID N-propeptide has never been visualized on
its own due to the lack of specific antibodies, and
translation of the IID mRNA remains hypothetical
to this day. We previously reported the characteri-
zation of an antibody capable of specifically detect-
ing human type IIB procollagen [15] while another
study reported the characterization of an antibody
specific for murine type IIB procollagen [16]. This
antibody was used to investigate the distribution of
type IIB procollagen in developing mouse cartilage
by immunostaining and the positive signals were
seen as small intracellular clusters, restricted to
hypertrophic chondrocytes [16]. This observation
was interpreted as a possible sign of rapid process-
ing mechanism of procollagen IIB [16]. Here we
report the characterization of a novel antibody
specific for murine procollagen IIB, termed S13G,
which reveals by immunostaining the presence of
procollagen IIB in resting, proliferating and hyper-
trophic chondrocyte areas of embryonic cartilage,
as well as in articular cartilage and growth plate of
young adult mice. Of note, abundant type IIB procol-
lagen was revealed with S13G in the cytoplasm of
hypertrophic chondrocytes. These results suggest
that S13G could be used to gain new insights into
the dynamics of type II procollagen trafficking and
processing in chondrocytes.
Results

The domain architecture of the IIA/D and IIB
isoforms of procollagen II is represented in
Fig. 1B. Procollagens IIA and IID differ from
procollagen IIB by the presence of a CR domain
encoded by exon 2. In order to obtain an antibody
specific for procollagen IIB, the peptides used for
immunization had to match to the sequence
encoded by the exon 1/3 junction. This junction is
very close to the N-terminal region of procollagen
IIB (NCBI accession number NP_001106987.2)
and, after removal of the signal peptide, the
starting sequence of procollagen IIB is QDA
(Fig. 1C). Therefore, the sequence of the peptide
chosen for the first injections (called the
3

immunizing peptide) was QDARKLGPKGQK,
where QDA is specific for exon 1 and KLGPKGQK
for exon 3, with R forming at the splice junction
from DNA sequences contributed by the two
exons; the sequence of the peptide chosen for the
booster injections (called the booster peptide) was
QDARKLGPK and this very short peptide was
also used for affinity purification of the S13G
antibody from rabbit antiserum. A third peptide,
SGKLGPK, corresponding to the junction of exons
2–3 of procollagen IIA (referred to as IIA-like
peptide) was used in ELISAs to ensure that the
S13G antibody did not cross-react with
procollagen IIA (Fig. 1C and Fig. 2 D, E). All these
controls were necessary owing to electrophoretic
SDS-PAGE migrations too close to clearly
discriminate between isoforms.
In Western blots of embryonic rib cage extracts, a

major band (approximately 190 kDa) migrating as
expected for procollagen IIB (and procollagens
IIA/D as well) was revealed using the S13G
antibody, [band indicated as proa1(II)] (Fig. 2A).
The other band observed with a smaller molecular
weight originates from a partial processing of
procollagen IIB at its C-terminal part [band
indicated as pNa1(II)]. In comparison, staining of
the membrane with a polyclonal antibody directed
to the triple helical part of collagen II revealed, in
addition to the band corresponding to the total
unprocessed forms of procollagen II, lower and
higher migrating bands corresponding to mature
collagen II [band indicated as a1(II)] and
crosslinked mature forms [band indicated as b).
These clear stainings prompted us to further
characterizations to exploit this antibody. In
Western blots of chondrocyte extracts from mouse
embryos, a single band (also about 190 kDa) was
revealed using the S13G antibody whereas no
band was observed if S13G was blocked by the
booster peptide (Fig. 2B), attesting that the band
revealed by S13G recognition concerns type IIB
procollagen. The major other fibrillar collagen in its
proform that could interfere with accurate
analyses is collagen I (a marker of
dedifferentiation of chondrocytes), whose
electrophoretic migrations are very close to their
collagen II counterparts). We took advantage of
the fact that partially dedifferentiated chondrocytes
produce both collagen I and collagen II, to
examine a possible cross-reaction of the S13G
antibody with procollagen I. Western-blotting
analysis confirmed the production of type I and
type II collagen. More precisely, extensive
migration allowed a clear electrophoretic
separation of procollagen IIB and procollagen I,
indicating that the band revealed by S13G does
not correspond to procollagen I.
Experiments were performed, with always in mind

to rule out a recognition of the S13G antibody
towards IIA. ELISA tests showed its
immunoreactivity towards the booster peptide but



Fig. 2. Characterization of the S13G antibody by Western-blot and ELISA assays. (A) An extract of mouse
embryonic E17.5 rib cage was run in two different lanes on a 6% acrylamide gel and after transfer the membrane was
cut in 2 pieces. On the left, the membrane was probed with a commercial polyclonal antibody directed against mature
molecules of mouse type II collagen (COLII), recognizing the triple helix domain and in consequence unprocessed
and processed forms. Dimers of type II collagen molecules are also indicated (b). On the right, the membrane was
probed with the S13G antibody. (B) Blocking of the S13G antibody with the booster peptide. P1 E17.5 mouse
chondrocytes were treated for 3 days with BMP-2. Cell layer extracts were loaded in duplicate on a 6%
polyacrylamide gel and after transfer the membrane was cut in 2 pieces. Before contact with the membrane and
revelation, the S13G antibody was incubated alone (-) or in the presence of the booster peptide (+). (C) Western-
blotting analysis of type II and type I collagen production by P1 E17.5 mouse chondrocytes treated for 3 days with
BMP-2. Collagens in the cell culture medium were precipitated with 4.5 M NaCl and were loaded in triplicate on
different lanes of a 6% acrylamide gel. After extensive migration (to allow discrimination between proteins of very
similar apparent molecular masses, as described previously [15]) and transfer, the membrane was cut in 3 pieces,
allowing analysis of the collagens with the S13G antibody or commercial antibodies recognizing type II (COLII) or type
I (COLI) collagen, as indicated. As the anti-COLII antibody, the anti-COLI antibody is directed against mature
molecules and thus allows detection of unprocessed and processed forms. The band indicated by an asterisk (*) most
likely corresponds to pCa1(II) chains. For (A,B,C), the apparent molecular masses according to colored markers are
indicated in the left. (D) ELISA assays showing S13G immunoreactivity towards the booster and IIA-like peptides.
300 ng of each peptide was used for coating and serial dilutions of S13G were performed, as indicated. (E)
Competitive ELISA assays where 25 ng of the booster peptide was used for coating and incubated with a mixture of
S13G antibody used at 1/750 dilution (70 ng/mL) and booster or IIA-like peptides, present at the indicated
concentrations.
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not towards the IIA-like peptide (Fig. 2D). Further, a
competitive ELISA assay showed that the S13G
signal was displaced by increasing the
concentration of booster peptide but not by IIA-like
4

peptide (Fig. 2E). This lack of signal silencing by
the IIA-like peptide indicates that the exon 3
specific KLGPK sequence common to the IIA/D
and IIB procollagen is not involved, on its own, in



E. Perrier-Groult, Shérine Moustaghfir, M. Pasdeloup, et al. Matrix Biology Plus 18 (2023) 100130
the recognition by the S13G antibody and that,
consequently, it is the exon 1–3 junction, specific
to procollagen IIB, that is targeted by S13G.
In parallel, we studied the immunohistochemical

reactivity of S13G. The developing cartilage
rudiments of E17.5 hind limb were intensely
stained by the antibody (Fig. 3A). Specifically,
staining was observed in areas of resting,
proliferating and hypertrophic chondrocytes and
excluded non-chondrogenic tissues such as
perichondrium, loose connective tissue, and
epidermis (Fig. 3A). Instead, those tissues were
immunostained with an anti-collagen type I
antibody (Fig. 3B). We then analyzed the
distribution of type II collagen with the S13G
antibody in the knee joint of 12-week-old mice. A
panoramic view of the joint showed that S13G
Fig. 3. Immunohistological localization of type IIB procolla
distal part of a E17.5 hind limb (showing the prospective ta
S13G. Type IIB procollagen protein is detected in all cartilag
perichondrium is not stained with S13G. (B) Section para
antibody showing the presence of type I collagen in nonch
highlights the staining of the perichondrium with anti-collagen
the primary antibody was replaced with 2.5% horse serum in
of a knee joint from a 12-week-old mouse showing the fem
S13G shows the presence of type IIB procollagen in t
magnifications of the areas surrounded by dotted lines in (D
was replaced with 2.5% horse serum in PBS as a neg
observation of the tibial head from a histological section
magnification of the boxed region and shows columns of preh
plate (M: meniscus, GP: growth plate). (I, J, K) Double-labe
(H), with S13G and 6B3 antibodies. Colors representing antib
collagen triple helical domain) and red for S13G (detecting th
blue color corresponds to Hoechst-stained nuclei. (I) Imm
Immunofluorescence signals obtained from S13G only. (K) C
500 lm, inset: 100 lm; Bar (D): 200 lm; Bar (E, F): 50 lm; B
K): 10 lm). (For interpretation of the references to color in th
of this article.)
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staining was localized to the articular cartilage and
growth plate (Fig. 3 D-F). Of note, S13G did not
react with bone (Fig. 3D), confirming the
specificity of S13G to cartilage. Next, we tested
S13G in immunofluorescence applications, using
the knee joint of 12-week-old mice (Fig. 3 H-K).
We compared S13G signals with those observed
with another antibody (6B3) recognizing an
epitope localized in the triple helix of type II
collagen (fibrillar domain), in double-labeling
immunofluorescence experiments. High-
magnification analysis of the growth plate showed
the presence of 6B3 signals in the ECM (Fig. 3I)
and S13G signals not only in the ECM but also in
abundance within chondrocytes arranged in
columns (Fig. 3J). All these data indicate that
gen in mouse hind limbs. (A) Longitudinal section of the
rsal, metatarsal and digital bones) immunostained with
e regions. High magnification of the inset shows that the
llel to (A) and immunostained with anti-collagen type I
ondrogenic tissues. The high magnification in the inset
type I antibody. (C) Parallel section to (A) and (B) where
PBS as a negative staining control. (D) Sagittal section
oral (left) and tibial (right) heads. Immunostaining with
he growth plate and articular cartilage. (E, F) High
). (G) Parallel section to (D) where the primary antibody
ative staining control. (H) Phase contrast microscopy
parallel to (D) and (G). The inset corresponds to the
ypertrophic and hypertrophic chondrocytes in the growth
led immunofluorescence analyses of the region boxed in
ody localizations are green for 6B3 (detecting the type II
e exon 1–3 protein junction of type IIB procollagen). The
unofluorescence signals obtained from 6B3 only. (J)
omposite Image with 6B3 and S13G signals. Bar (A-C):
ar (G): 200 lm; Bar (H): 200 lm, inset: 10 lm; Bar (I, J,
is figure legend, the reader is referred to the web version
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S13G can serve as an immunohistological probe for
detecting procollagen IIB.
Discussion

Wedeveloped a newmurine type IIB procollagen-
specific antibody, designated S13G, which allows a
very sensitive and specific detection of procollagen
IIB by Western-blotting and immunohistochemistry.
As expected from the nature of type IIB procollagen
processing, S13G is specific to the unprocessed
procollagen forms proa1(IIB) and pNa1(IIB) which
contain the amino-propeptide, but does not
recognize the fully processed form a1(IIB)
(Fig. 2A). Of note, immunoblot analysis of mouse
embryonic rib cage with S13G revealed no false-
positive bands on full sized blotted gel (Fig. 2A),
even after prolonged exposure times (data not
shown). Moreover, in P1 chondrocytes, the band
stained by S13G could be blocked by the booster
peptide (Fig. 2B), implying that this band does
correspond to type IIB procollagen. Additional
evidence that S13G is specific for procollagen IIB
isoform was provided by our ELISA tests. The
S13G antibody was found to be highly specific for
the selection (booster) peptide and, when tested
in a competitive ELISA, there was no indication of
cross-reactivity with the synthetically generated
form of the epitope corresponding to procollagen
IIA/IID. Besides, our Western blots indicated that
S13G does not recognize procollagen I (Fig. 2C),
which is consistent with our immunohistochemical
analyses showing a lack of staining with S13G for
various tissues containing collagen I and other
fibrillar collagen types (collagens III and V).
While our Western blots clearly demonstrated the

presence of type IIB procollagen in embryonic rib
cage, our immunohistochemical analysis of
embryonic limb sections revealed the presence
of type IIB procollagen in the cartilaginous anlagen
of the future long bones, encompassing areas of
resting/proliferating and hypertrophic chondro-
cytes. Moreover, analysis of knee joint of young
adult mice, stained with S13G, clearly revealed
the presence of procollagen IIB in the articular
cartilage and growth plate. Our results also
indicate that S13G can be used in
immunofluorescence studies. Interestingly, the
simultaneous use of 6B3 and S13G antibodies in
immunofluorescence studies reveals that 6B3
readily detects the mature form of collagen II in
the ECM and S13G is particularly effective in
detecting the intracellular presence of procollagen
IIB. As an example, close examination by confocal
microscopy of the growth plate revealed abundant
procollagen IIB in the cytoplasm of hypertrophic
chondrocytes, as well as in the ECM where the
mature fibrillar domain of type II collagen was
easily detected. Strikingly, the distribution of
procollagen IIB observed with S13G appears
different from the one reported with another
6

murine procollagen IIB polyclonal antibody (called
IIBN) generated in a previous study [16]. In the latter
study, immunofluorescence signals were detected
in the hypertrophic zone of E17.5 femur, but not in
the resting or proliferative zone [16]. Moreover,
these signals were limited to small intracellular clus-
ters of type IIB procollagen in hypertrophic chondro-
cytes and no IIBN signal was detected in the ECM
[16]. Because type X collagen is produced primarily
by hypertrophic chondrocytes [17], Patra et al. [16]
proposed that the absence of intracellular IIBN
staining in areas of resting and proliferative chon-
drocytes may be explained by rapid trafficking of
procollagen IIB in these chondrocytes, whereas this
trafficking would be slowed by a mechanism of
excessive secretion of type X collagen in hyper-
trophic chondrocytes, thus allowing the detection
of procollagen IIB. The general immunoperoxidase
staining we observed with S13G in embryonic carti-
lage zones containing hypertrophic and non-
hypertrophic chondrocytes, rather argues for a pro-
duction of procollagen IIB that is not particularly
influenced by that of type X collagen. This is also
supported by the presence of procollagen IIB
revealed by S13G in the growth plate and articular
cartilage (tibia-femoral joint) of 12 week-old-mice,
where type X collagen was detected with similar
immunostaining patterns in the same regions at this
age [18]. In addition, abundant procollagen IIB con-
tent was unequivocally visualized at the intracellular
level using S13G and confocal fluorescence micro-
scopy. We think that the discrepancy between our
immunohistochemical data presented with S13G
and those obtained with IIBN [16] results from the
difference in peptide sequence chosen to raise the
antibodies. As a matter of fact, it should be noted
that the signal peptidase cleavage site was included
at the N-terminus of the peptide sequence used to
generate IIBN [16] whereas we were careful to
exclude it from the peptide sequence used to gener-
ate S13G. It is therefore highly possible that the epi-
tope recognized by IIBN encompasses this
cleavage site and is rapidly removed during transla-
tion of procollagen IIB, as signal sequences are
generally cleaved rapidly during translation. This
would explain the extremely restricted IIBN signals
observed at the intracellular level [16]. It was also
suggested that the absence of IIBN signals in the
ECM is due to rapid removal of the IIB-derived N-
propeptide from the matrix or its masking by other
ECM components [16]. Instead, our immunohisto-
chemical and immunofluorescence analyses show-
ing the presence of S13G signals in the ECM
indicate that N-propeptide IIB is not removed as
rapidly from the procollagen molecule and the
ECM as originally thought. We can even add that
by using another antibody (called anti-pNIIB52)
specific to human/bovine N-propeptide IIB, we had
also detected by immunostaining the presence of
N-propeptide IIB in bovine articular cartilage ECM.
It has been shown that ADAMTS-3 is the major pro-
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collagen II N-propeptidase [19], but the exact loca-
tion of the type II procollagen N-propeptide process-
ing is still unknown to date. Thus, it remains to be
determined whether the N-propeptide IIB detected
in the ECM correspond to a free form of the N-
propeptide or to an unprocessed form of procolla-
gen IIB.
In conclusion, our study allowed the

characterization of a novel murine procollagen
type IIB-specific antibody, S13G.
Immunohistochemical and immunofluorescence
images of cartilage sections obtained with S13G
showing not only intracellular but also extracellular
matrix staining indicate that post-translational
modifications do not prevent the detection of N-
propeptide IIB in tissues. We therefore believe
that this antibody represents a valuable new tool
to study, and probably re-examine, the trafficking
and processing of type IIB procollagen from the
endoplasmic reticulum to the cartilage ECM using
the mouse model.
Experimental procedures

Preparation and purification of antibodies
specific for the N-propeptide of procollagen IIB

Partial design of peptide sequences, peptide
synthesis, immunization of rabbits, ELISA assays
and purification of the antiserum on immobilized
boosting peptide (see Results for sequences)
were performed by Covalab, France. For all the
peptides, a C-terminal cysteine was added for
conjugation purposes. The purified antibody
(53 lg/mL) was designated as S13G and used at
a dilution of 1:4000 for Western blot analyses or
1:100 for immunohistochemistry and
immunofluorescence studies. ELISA assays using
S13G as primary antibody followed standard
protocols with peroxydase-linked secondary
antibody and 2,20-azino-bis(3-ethylbenzothiazo
line-6-sulphonic acid), ABTS, as chromogenic
susbstrate.
Cell culture

Embryonic mouse chondrocytes were isolated
from the costal cartilage of day 17.5 post-coitum
mice. These chondrocytes were seeded on
90 mm Corning dishes with 1 � 106 cells/dish and
cells at this stage were designated P0. P0
chondrocytes were cultivated with 1:1 Dulbecco’s
modified Eagle’s medium/F-12 with GlutaMAX-I
containing 10% fetal bovine serum (FBS) and
supplemented with 100 U/ml penicillin and 100 lg/
ml streptomycin (all products from Invitrogen), at
37 �C in 5% CO2. Confluent cells were detached
using 0.05% trypsin–EDTA, seeded in 6-well
culture dishes with 1.5 � 105 cells/well and at this
stage these cells were designated P1. P1
chondrocytes were cultivated for 3 days in
medium containing 1% FBS supplemented with
7

50 ng/ml BMP-2 (Dibotermine-a, drug form of
BMP-2 contained in InductOs kit, Wyeth),
condition previously shown to allow type I and
type II procollagen synthesis [20].
SDS-PAGE and Western blot analysis

For cell culture analysis, after several washings
with phosphate buffered saline, cell layers were
scraped in Laemmli sample buffer containing b-
mercaptoethanol. For tissue analysis, embryonic
rib cages were harvested from day 17.5 post-
coitum mice, frozen and crushed with a mostar
and pestle then were mixed with Laemmli sample
buffer containing b-mercaptoethanol. Proteins
were resolved in 6% polyacrylamide minigels and
transferred to PVDF membranes (Millipore). After
transfer, the membranes were probed with the
appropriate primary antibodies and incubated with
horseradish peroxidase (HRP)-linked antibodies.
Commercial polyclonal rabbit antibodies to mouse
collagen I and II were from Novotec, France (cat.
20,151 and 20251, respectively; used at 1:5000).
Anti-rabbit IgG horseradish peroxidase (HRP)-
linked antibodies were purchased from Cell
Signaling Technology (#7074: used at 1:1000).
Detection on X-ray films was performed using
Clarity ECL Western Blotting Substrates (Bio-Rad).
Immunohistochemistry and
immunofluorescence

Hind limbs from embryonic (E) 17.5 and 12 week-
old C57Bl/6 mice were fixed with 4% neutral
buffered formalin, then demineralized, dehydrated,
embedded in paraffin and cut in 5 lm sections.
Deparaffinized and rehydrated tissue sections
were digested with pepsin reagent (Sigma Aldrich)
at 37 �C for 17 min, rinsed with phosphate
buffered saline (PBS), and processed for
immunohistochemistry or immunofluorescence
studies.
For immunohistochemistry, incubation with S13G

antibody or anti-collagen type I antibody (Novotec,
cat. 20151, used at 1: 50) was performed using
the ImmPress staining kit (Vector Laboratories)
and the sections were counterstained with
hematoxylin.
For double-labeled immunofluorescence

experiments, tissue sections were blocked for
45 min with 10% donkey serum (Sigma) in PBS
and then incubated overnight with the primary
antibodies. S13G and a monoclonal antibody,
clone 6B3 (Merck-Millipore) recognizing an
epitope localized in the triple helix of type II
collagen (diluted 1:100 in 10% donkey serum)
were used. The next day, the sections were rinsed
with PBS and then incubated for 1 h with
secondary antibodies. Alexa Fluor 647-Donkey
anti-rabbit IgG (BioLegend) and CF555 Donkey
anti-mouse IgG (Biotium) secondary antibodies
diluted 1:500 in 10% donkey serum were used.
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After washing in PBS, nuclei were stained for 5 min
with 1 � Hoechst (Fluka). Sections were then
mounted in 50% glycerol solution for observation.
Images were captured using an ECLIPSE TI-E

microscope (Nikon) coupled to a color (DS-Fi2) or
monochrome (DSQ12-ND) camera using NIS-
Elements imaging software (Nikon) or with an
inverted confocal microscope (Zeiss LSM980 Airy
scan2).

ELISA assays

A synthetic peptide (here called IIA-like peptide)
SGKLGPKC was obtained from ProteoGenix.
ELISA assays were performed using standard
protocols with Nunc MaxiSorp 96-well plates.
Coating of peptides was performed overnight at
4 �C. Blocking reaction was done with 1% bovine
serum albumin (BSA) in phosphate buffer saline
(PBS) with 0.05% Tween-20 (PBST). For titration
experiments, serial dilutions of S13G antibody
were performed in 3% BSA in PBST and added
for 1 hr in the wells coated with the booster or the
IIA-like peptide, as indicated in Fig. 2D. For
competition studies, increasing concentrations of
booster or IIA-like peptides were mixed with the
S13G antibody and were incubated in the wells
coated with the booster peptide, as indicated in
Fig. 2E.
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