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Introduction
Osteocalcin, also known as bone Gla protein (BGP), is 
synthesized mainly by osteoblasts as the most abun-
dant non-collagenous bone protein. It undergoes vita-
min K-dependent post-translational modification, 
where three glutamic acid (Glu) residues undergo 
γ-carboxylation to form γ-glutamic acid residues (Gla). 
Vitamin K is essential for gamma-carboxylation by acting 
as a cofactor for the enzyme gamma-glutamyl carboxyl-
ase (GCCX), which catalyzes this reaction [1–5]. Newly 
carboxylated osteocalcin binds with high affinity to cal-
cium ions in the bone hydroxyapatite, the major mineral 
crystal in the bone extracellular matrix (ECM) [6, 7]. 
Although osteocalcin is widely used as a marker for bone 
turnover [8–10], its role in bone mineralization remains 
unclear. Osteocalcin is used as marker to assess bone 
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Abstract
Background Osteocalcin is a small protein abundant in the bone extracellular-matrix, that serves as a marker 
for mature osteoblasts. To become activated, osteocalcin undergoes a specific post-translational carboxylation. 
Osteocalcin is expressed at advanced stages of embryogenesis and after birth, when bone formation takes place. 
Neural crest cells (NCCs) are a unique cell population that evolves during early stages of development. While 
initially NCCs populate the dorsal neural-tube, later they undergo epithelial-to-mesenchymal-transition and migrate 
throughout the embryo in highly-regulated manner. NCCs give rise to multiple cell types including neurons and glia 
of the peripheral nervous system, chromaffin cells and skin melanocytes. Remarkably, in the head region, NCCs give 
rise to cartilage and bone.

Finding: Here we report that osteocalcin is detected in cranial NCCs. Analysis of chick embryos at stages of cranial 
NCC migration revealed that osteocalcin mRNA and protein is expressed in pre-migratory and migratory NCCs in-vivo 
and ex-vivo. Addition of warfarin, an inhibitor of osteocalcin carboxylation, onto neural-tube explants, reduced the 
amount of NCC migration. These results provide the first evidence of osteocalcin presence in cranial NCCs, much 
before they give rise to craniofacial skeleton, and propose its possible involvement in the regulation of NCC migration.
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formation before and after birth [11, 12]. However, its 
expression and role during early stages of development, 
before bones are formed, is unexplored.

Neural crest cells (NCCs) are a unique population of 
vertebrate embryos. While initially located at the dorsal 
neural tube as an integral part of the neural ectoderm, 
later they detach as mesenchymal cells, migrate through-
out the embryo and differentiate into a plethora of deriv-
atives, including peripheral neurons and Schwan cells, 
skin melanocytes, adrenal medulla chromaffin cells, etc 
[13–16]. Remarkably, NCCs from the head region also 
give rise to also contribute to the formation of craniofa-
cial bones and cartilage [17–24].

NCC development is governed by a complex gene 
regulatory network, including signaling pathways, tran-
scription factors and downstream effector genes, which 
mediate their timely specification, migration and differ-
entiation [25–32]. Interestingly, several molecules that 
participate in early stages of cranial NCC development, 
also control skeletal formation at later prenatal and post-
natal stages. For instance, Sox9 and collagen type 2a1, 
two main regulators of chondrogenesis, and various 
matrix-metalloproteases (MMPs), which control carti-
lage/bone ECM remodeling, regulate NCC migration in 
young embryos [33–44].

Here we report that osteocalcin is expressed in cranial 
NCCs when detaching from the neural tube and raise 
the possibility that impairing with its carboxylation may 
interfere with this process.

Materials and methods
Embryos
Lohman chick eggs were incubated at 38⁰C. Embryos of 
the desired stages were washed in PBS and either col-
lected for RNA preparation (snap frozen in liquid nitro-
gen), fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich, 
Israel) for immunofluorescence, in 50:50 acetone: metha-
nol (Sigma-Aldrich, Israel) for 10 min at -80⁰C for immu-
nohistochemistry, dehydrated in 100% methanol and 
stored at -20⁰C for in-situ hybridization, or proceeded for 
explant preparation.

Ex-vivo explants
Neural tubes from the hindbrain level of 5–8 somite-
old embryos, which consist promigratory NCCs, were 
isolated from the adjacent tissues with 2% pancreatin in 
PBS (Sigma-Aldrich, Israel), transferred to PBS supple-
mented with 5% newborn calf serum (Biological indus-
tries, Israel) to stop enzymatic activity, and washed in 
serum-free CHO-S-SFM II media (Gibco BRL, MD 
USA) [41, 43, 45, 46]. Neural primordia were placed onto 
50 µg/ml fibronectin-coated 3 mm plates (Sigma-Aldrich, 
Israel) and incubated for overnight in CHO-S-SFM II 
media (Gibco BRL, MD USA) supplemented with 50µM 

or 100µM Warfarin. As a control, DMSO was added to 
the medium at equivalent concentrations to those used 
to dissolve Warfarin (0.062% or 0.125%). Explants were 
fixed in 4% PFA and preceded for immunofluorescence. 
Alternatively, neural tubes and migrating NCCs were 
separately collected for RNA extraction. Each experi-
ment was performed at least three times in quadruplicate 
cultures.

In-situ hybridization
In-situ hybridization (ISH) was performed on whole 
embryos or paraffin sections as described elsewhere [43], 
using DIG-labeled mRNA antisense probes against chick 
collagen type 2a (Col2a) [44], foxd3 [40], or osteocalcin 
(OST) (NM_205387; primers: Left:  C T G C T C A C A T T C A 
G C C T C T G; Right:  C C T C C T G G A A G C C G A T C T; probe 
size 232). Staining was detected using alkaline phospha-
tase (AP)-coupled anti-DIG antibody and NBT/BCIP 
substrate (Roche, Switzerland).

Immunofluorescence and immunohistochemistry
For immunofluorescent staining fixated embryos or neu-
ral tube explants were washed with PBST (PBS + 0.1% 
Triton X-100) and put in blocking buffer (3% BSA/PBS) 
for 1 h or 10 min, respectively, at room temperature (RT). 
Samples were then incubated with mouse-anti osteocal-
cin (OST) (1:100, Abcam, CA, USA), rabbit-anti Sox10 
(1:200, Abcam, USA) or mouse-anti-HNK-1 (1:300, 
BD Pharmingen, USA), at 4⁰C for overnight. Second-
ary anti-mouse/rabbit Alexa 488/594 (1:500, Molecular 
Probes, CA, USA) were added at RT for 2  h. Following 
PBS washes, embryos/explants were incubated for 5 min 
at room temperature in PBS with DAPI (1:400; Sigma-
Aldrich), washed in PBS and mounted with fluoro-gel 
mounting medium (Bar-Naor, Israel) for microscope 
evaluation. For immunohistochemistry staining, fix-
ated embryos were washed in PBS-T (PBS-0.5% Triton) 
for 5 min, incubated in 6% H2O2 for 2 h at RT, blocked 
with PBS-T + 10% goat serum for 2 h at RT and incubated 
with rabbit-anti OST (1:100, (1:100, Santa Cruz Biotech-
nology, CA, USA) overnight at 4⁰C. Following PBS-T 
washes, goat anti rabbit HRP secondary antibody (1:300, 
Sigma MO, USA) was added for 40 min at RT and after 
further washes, embryos were stained with AEC sub-
strate to reveal HRP activity.

RT-PCR
Total RNA was purified from isolated neural-tubes at 
the level of midbrain and hindbrain, either before their 
culturing, from neural-tube explants after overnight 
incubation, from NCCs that migrated after overnight 
incubation, or from whole embryos. RNA was extracted 
using RNeasy Plus Micro kit (QIAGEN, Hilden, Ger-
many). Samples were prepared from 6–8 neural-tubes/
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NCC explants or from 5–8 embryos. 300ng or 1µg RNA 
was reversed-transcribed using High-Capacity cDNA 
reverse transcription kit (Applied Biosystems, CA, USA). 
cDNA was amplified with goTaq polymerase Ready Mix 
(Promega, WI, USA) using chick OST primers (Forward 
5’ A T G G T G C G C A G G C A G A A G-3’; Reverse 5’ G G G G 
C T C A G C T C A C A C A C C T C-3’). cDNA from chicken 
growth-plate was used as a positive control. PCR pro-
gram was: 5 min at 95ºC, followed by 35 cycles of 30 s at 
95ºC, 30 s at 60ºC, 20 s at 72ºC and finally 10 min at 72ºC.

Data analysis
Quantification of NCC migration was conducted using 
ImageJ 1.410 software [41]. Values were normalized rela-
tively to control averaged values. Areas of NCC migra-
tion were calculated as a mean of 5 explants/treatment, 
using the following formula: total area occupied by 
migrating NCCs, divided by the area of the neural-tube 
explant. The average ratio of treated versus control sam-
ples was tested for significance using unpaired student’s 
t-test using JMP software (SAS Institute, USA).

Microscopy
Samples were imaged using SZX17 stereomicroscope 
(Olympus), CTR 4000 confocal microscope (Leica), or 
Eclipse E400 upright microscope (Nikon) with DP70 
CCD camera (Olympus) or DFC300FXR2 camera (Leica).

Results
Osteocalcin is expressed in cranial NCCs
As NCCs give rise to the craniofacial skeleton, we exam-
ined whether the skeletal marker osteocalcin is expressed 
in chick embryonic NCCs. First, expression of osteocal-
cin mRNA was analyzed by RT-PCR at various stages 
(Fig. 1A, Supp. Figure 1). RNA was extracted from whole 
embryos at the following stages: 2–6 somite staged (ss), 
when cranial NCCs are specified and before they start 
migrating; 8-12ss, when cranial NCCs are extensively 
migrating; 13-16ss, when cervical and upper-trunk NCCs 
also start migrating; and 18ss and 25ss, when trunk 
NCCs are mainly migrating. Chicken growth plate cDNA 
served as positive control [12]. Osteocalcin mRNA was 
detected in all examined embryos, indicating that this 
bone-marker is expressed at early stages, much before 
skeletal development initiates. Although this type of anal-
ysis could not determine the specific cell types express-
ing osteocalcin, cranial NCCs were candidates as the first 
cells to be fated to skeletal lineages during development 
[14–21]. Hence, we next examined osteocalcin mRNA in 
isolated NCCs, by using hindbrain explants from 5-8ss 
embryos. This procedure is based on the isolation of neu-
ral tube primordia at stages when NCCs have already 
been specified but are still in their pre-migratory phase. 
Following the seeding of the neural primordia, NCCs 

begin to detach from the neural tube and migrate as mes-
enchymal cells around the explant [41, 45, 46]. Osteo-
calcin was found to be expressed in isolated hindbrains, 
before or after their culturing ex-vivo, as well as in puri-
fied NCCs that migrated in the dish (Fig. 1A), suggesting 
its expression pre-migratory and migratory hindbrain 
NCCs.

To determine the spatiotemporal expression pattern of 
osteocalcin in cranial and cervical NCCs before and dur-
ing their migration, ISH was utilized on embryos of 6ss 
to18ss (Fig. 1B). In embryos of 6ss, osteocalcin expression 
was detected in the rostral neural tube folds, suggesting 
its presence in pre-migratory NCC (Fig.  1Ba, arrows). 
In embryos of 10-18ss, when cranial NCCs undergo 
migration, osteocalcin was found in typical NCC migra-
tory domains (Fig.  1Bb-e arrows). Transverse sections 
confirmed osteocalcin expression in pre-migratory and 
migratory cranial NCCs (Fig.  1Bf, g, arrows). Notably, 
osteocalcin was also expressed in the neural-tube basal 
plate, indicating for possible other roles of osteocalcin in 
neural development. Evaluating the expression patterns 
of two well-known NCC markers, foxd3 and collagen-2a, 
revealed their comparable patterns to that of osteocalcin 
in cranial NCCs (Fig. 1Bh-k, arrows).

To further validate these results, protein expression of 
osteocalcin was examined together with that of Sox10, 
an additional typical marker for migratory NCCs [35, 41, 
47]. Co-immunofluorescence staining was performed on 
embryos of 10ss and 18ss, when cranial NCC migration 
initiates and proceeds, respectively (Fig.  1C). Osteocal-
cin was detected in typical NCC migratory domains in 
the vicinity of the cranial neural tube with large over-
lapping to Sox10 expressing cells (Fig.  1Ca-f, arrows). 
Osteocalcin, but not Sox10, was also detected in rostral 
neural tube, concomitantly with the ISH data. Punctu-
ated osteocalcin expression was also shown in the dor-
sal neural tube at vagal and upper-trunk axial levels 
(Fig. 1Ca, c,e asterisks), possibly in pre-migratory NCCs 
that are about to initiate migration. To further confirm 
the staining specificity, immunohistochemistry staining 
was conducted in 14ss embryos, using a different osteo-
calcin antibody (Fig. 1D). Expression of osteocalcin was 
shown in migratory streams of midbrain and hindbrain-
derived NCCs (Fig.  1Da, c, arrows). Control embryos 
labeled only with secondary antibody presented a back-
ground staining without expression in NCCs (Fig. 1Db). 
Additional embryos were also stained for HNK1, a widely 
used marker for migratory NCCs [41], revealing typi-
cal patterns of migratory NCCs which resemble those 
of osteocalcin-expression NCCs (Fig.  1Dd, arrows), fur-
ther validating that migrating NCCs express osteocal-
cin. Altogether, these findings indicate that osteocalcin 
mRNA and protein is expressed in early stages of cranial 
NCC migration.
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Based on the presence of osteocalcin transcripts in 
NCC explants (Fig.  1), we next determined whether 
osteocalcin is also found in isolated NCCs. Explants 
obtained from the hindbrain level of 5–8 somite-old 
embryos, stages where pre-migratory NCCs reside in the 
neural primordia, were cultured overnight before under-
going co-immunofluorescence staining for osteocalcin 
and Sox10 proteins and for the nuclei dye DAPI (Fig. 2). 
A bright-field view of a typical explant demonstrates the 
neural tube surrounded by migratory NCCs (Fig.  2k). 
Co-labeling for Sox10 and osteocalcin was evident in all 
migrating NCCs (Fig.  2a-e’, see also Fig.  2f-J for confir-
mation of osteocalcin-staining specificity). As expected 
from a transcription factor, Sox10 was expressed in the 

DAPI-stained nuclei (Fig. 2b’’, e’, asterisks) whereas osteo-
calcin, a secreted protein, was detected in the cytoplasm, 
(Fig.  2a’’,e’, asterisks). Notably, as explants contain solely 
neural primordia without any additional tissue, this ex-
vivo staining further validates that osteocalcin is specifi-
cally expressed in migrating NCCs.

Warfarin inhibits NCC migration in explants
Warfarin (4-hydroxy-3-(3-oxo-1-phenylbutyl)-2  H-chro-
men-2-one, CAS RN 81-81-2), is a vitamin K-antagonist 
which has a well-documented activity to prevent gamma-
carboxylation in numerous biological contexts, resulting 
in the accumulation of vitamin K-dependent proteins 
in their undercarboxylated inactive form [48, 49]. As 

Fig. 1 Osteocalcin is expressed in cranial NCCs. (A) RT-PCR analysis on RNA purified from whole embryos at different somite stages from neural tube 
explants obtained from hindbrains of 5-8ss, either before (Exp) or after culturing (NT), and from NCCs that migrated around the NT explant (NCCs). Primer 
pairs were directed against 100 bp sequences of chick osteocalcin. Negative control did not contain cDNA (Neg). Positive control was obtained from 
chicken growth plate. Original gels are shown in Sup. Figure 1. (B) In-situ hybridization analysis on embryos or sections from different stages labelled with 
RNA probes against osteocalcin (a-g), foxd3 (h, j) or Col2a (i, k). Broken lines in (c. d, h, i) represent location of transverse sections shown in (f, g, j, k). Red 
arrows indicate pre-migratory or migratory NCCs. Bar = 100 μm. (C) Immunofluorescence analysis on whole embryos at different stages stained for osteo-
calcin (a-c’, e, e’), Sox10 (d-e’) or DAPI (b, b’, f ). Merged images of OST + DAPI are shown in (b, b’). Merged images of OST + Sox2 are shown in (e, e’). Higher 
magnifications of boxed areas in (a-e) are presented in (a’-e’, respectively). White arrows indicate migratory NCCs, Asterisks represent pre-migratory NCCs. 
(D) Immunohistochemical analysis of whole-mounted embryo at 14ss stained for osteocalcin (a, c), HNK1 (d), or secondary antibody only (b). Detection 
was made using HRP (a-c) or Alexa-488 (d)-conjugated antibodies. Higher magnifications of cranial area in (a) is presented in (c). Black and white arrows 
indicate OST or HNK1 expressing NCCs, respectively. Abbreviations: ss, somite stage; NT, neural tube; NCC, neural crest cells; Exp, explant; Neg, negative; 
Pos, positive; OST, osteocalcin; Col2a, collagen type 2a; MHB, midbrain-hindbrain boundary; r, rhombomere.
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Fig. 2 Osteocalcin is expressed in explanted NCCs. (a-j) Immunostaining views of neural tube explants obtained from hindbrains of 5-8ss and stained 
for osteocalcin (a-a’’), Sox10 (b-b’’,g, g’), DAPI (d, d’), or secondary antibody without anti-osteocalcin antibody (f, f ’). Merged image of (a, b) is shown in (c), 
of (a’,b’) is shown in (c’), of (a’,b,‘d) is shown in (e), of (a’’,b’’,d’) is shown in (e’), of (f, g) is shown in (h) and of (f ’,g’) is shown in (h’). Magnifications of the boxed 
areas in (a-d, f-h) are represented in (a’-d’,f ’-h’, respectively). Magnification of boxed areas in (a’,b’,e’,g’,h’) and shown in (a’’,b’’,e’’, i, j, respectively). (k) Bright-field 
view of a typical explant. White asterisks indicate a single NCC with nuclear staining (DAPI+), nuclear expression of Sox2 and cytoplasmic expression of 
osteocalcin. In all images, broken yellow line marks the neural tube. Broken while line in (k) marks the area of NCC migration. Abbreviations: OST, osteo-
calcin; NT, neural tube; w/o, without; Ab, antibody. Bar = 200 μm
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osteocalcin undergoes this post-translational modifica-
tion to become active [1–5], treatment with Warfarin is 
a commonly strategy used to prevent osteocalcin activa-
tion, leading to its remaining in its uncarboxylated form 
[11, 50–53]. To test the effect of Warfarin on NCC migra-
tion, hindbrain-derived explants were cultured in control 
media or in media containing 50µM or 100µM warfa-
rin. These concentrations were selected based on pub-
lished studies which have used similar doses in embryos, 
embryonic stem cells, neuronal cells, and in vivo [11, 
54–57]. Migration of NCCs was evaluated by staining for 
the classical markers HNK1 and Sox10. Control explants 
revealed typical distribution of NCCs around the neural 
tube (Fig.  3a, c). Warfarin treatment caused a marked 
decrease in NCCs that dispersed around the explant 
(Fig.  3b, d). Quantification of these results revealed a 
dose-dependent effect of Warfarin on NCC migration, 
which led to 30–50% reduction upon addition of 50µM 
or 100µM Warfarin, respectively (Fig. 3e, f ). Notably, no 
cell toxicity was evident in the Warfarin-treated explants, 
concomitantly with previous studies using similar or 
higher Warfarin concentrations [11, 54–56, 58]. These 
data support the possibility that carboxylated osteocalcin 

plays a role in NCC migration ex-vivo, as its presumed 
inhibition by Warfarin results in decreased migration. 
Yet, the effect of Warfarin may also be attributed to 
inhibiting gamma- carboxylation in other proteins that 
regulate NC migration, rather than-, or in addition to-, 
osteocalcin, which are yet to be identified.

Discussion
Our demonstration of osteocalcin expression in cranial 
NCCs is one of the first documentations of this bone-
related factor in early development. As the emergence of 
craniofacial skeleton relies on the cranial NCC migration, 
which if perturbed, leads to major craniofacial defects 
[59–62], identifying new NCC molecules may help to 
better understand NCC’s ontogeny in health and disease.

Several regulators of cartilage/bone formation have 
been reported to hold central functions in early NCC 
development; Sox9, the key chondrogenesis-inducing 
factor, is an important factor driving specification and 
delamination of NCCs [38, 63–65]. Col2a1, one of the 
earliest chondrogenic markers, is expressed in migrat-
ing cranial NCCs and mediates their differentiation to 
skeletogenic lineage [33, 34, 37, 39]. Similarly, we have 

Fig. 3 Warfarin reduces NCC migration ex-vivo. (a-d) Views of HNK1 (red) and Sox10 (green)-immunolabelled explants that were isolated from the hind-
brain level and 5–8 ss and grown for 16 h in control media added with two concentrations of DMSO (a, c; n = 11 for each), or with Warfarin-added media in 
different concentrations (b, d; n = 13 for b, n = 10 for d). Dashed yellow/white lines represent borders of the area occupied by migrating NCCs/NT-explant 
area. (e, f) Quantification of NCC migration in explants added with Warfarin versus control. Error bars represent mean and standard deviation. P values are 
indicated. Abbreviations: NCC, neural crest cells; NT, neural tube
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previously uncovered that MMP2/9/16, central ECM 
modulators which govern chondrogenesis and bone for-
mation, are expressed in cranial NCCs and promote their 
migration through degradation of the neural-tube basal 
lamina [36, 40–42, 44, 66–69]. As our data supports the 
involvement of yet another bone-regulatory factor in 
NCCs, it is likely that the embryo utilizes similar set of 
genes to regulate early NCC development of as well as 
their later differentiation [70]. Interestingly, osteocalcin 
has also been reported in several slightly more advanced 
NCC-derived structures, such as dorsal root ganglia, 
mandibular and maxillary processes of mice embryos, 
and branchial arche cells of fish [71–73]. These studies 
reinforce our finding that osteocalcin, which is seminal 
for bone development/homeostasis, is present during 
early development of craniofacial skeletal progenitors.

Addition of Warfarin led to a reduction in NCC migra-
tion. Since Warfarin prevents posttranslational carboxyl-
ation of osteocalcin, a perquisite process for osteocalcin 
activation in bone [11, 50, 51], our data raises the hypoth-
esis that osteocalcin has to undergo carboxylation in 
order to promote NCC migration. As osteocalcin is a 
migration-promoting factor in cultured osteoclasts, 
tumorigenic cell lines and malignant skeletal tumors [74, 
75], comparable activities of osteocalcin in different cell 
types are suggested. Although the mechanism through 
which osteocalcin may act on NCCs is unknown, one 
possibility is that it controls their metabolic state, akin to 
the metabolic alteration reported in osteocalcin knock-
out mice [76]. Alternatively, osteocalcin was shown to 
increase cytosolic calcium levels [74]. As calcium is an 
important cofactor for cadherins [77], the fundamental 
regulators of NCC EMT [32, 36, 40, 78, 79], it is pos-
sible that osteocalcin regulates calcium levels in NCCs, 
which in turn modulate cadherin function. Nevertheless, 
as Warfarin prevents vitamin K-dependent carboxyl-
ation in several types of proteins [49], future studies are 
required to directly determine the role of osteocalcin, 
and/or or other gamma-carboxylated proteins, in NCCs 
and the mechanism by which they regulate cranial NCC 
migration. Interestingly, extended exposure of zebrafish 
embryos to Warfarin was found to result in craniofacial 
malformations and alterations in expression of NCC-
related genes [54, 57]. In humans, Warfarin adminis-
tration during gestation has also been related to fetal 
skeletal malformations, at both cranial and trunk levels 
[80–82]. Since osteocalcin is a main bone protein, it is 
possible that the observed Warfarin-related malforma-
tions in fish and mammals are linked, at least partially, to 
the accumulation of inactive osteocalcin in NCC-related 
processes. Yet, it remains to be investigated whether 
osteocalcin expression and/or activity is evident in fish 
and mammalian NCCs, or whether other Warfarin- 
affected proteins mediate these phenotypes.

Limitations
The mechanism through which Warfarin inhibits NCC 
migration remained unknown. Analyzing the expression 
levels/patterns of key genes that regulate NCC migra-
tion in control and Warfarin-treated explants will help in 
clarifying the downstream pathways affected by Warfa-
rin. Moreover, the use of loss-of function techniques to 
specifically eliminate osteocalcin in NCCs will be needed 
for demonstrating its direct role in this process. Finally, 
unraveling whether osteocalcin is also involved in the 
regulation of trunk NCC migration will provide a more 
comprehensive understanding on its general or region-
specific role.

Supplementary Information
The online version contains supplementary material available at  h t t  p s : /  / d o  i .  o r 
g / 1 0 . 1 1 8 6 / s 1 3 1 0 4 - 0 2 4 - 0 6 9 9 0 - 7     .  

Supplementary Material 1

Author contributions
RKA, VFR, EMO and DSD conceptualized the study and designed the 
methodology, RKA and VFR conducted the experiments and prepared the 
figures, RKA, VFR, EMO and DSD analyzed the data, RKA and DSD led the 
writing of the manuscript, VFR and EMO reviewed and edited the drafts. All 
authors read and approved the final manuscript.

Funding
The study was supported by The Israel Science Foundation (grant number 
1252/19 for A.M-O, and grant number 1341/21 for D.S-D), and by the Einstein 
Kaye Foundation (fellowship R.K-A).

Data availability
The datasets used and/or analysed during the current study are provided 
within the manuscript or will be available from the corresponding author on 
reasonable.

Declarations

Ethics and consent to participate:
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 June 2024 / Accepted: 28 October 2024

References
1. Hauschka PV. Osteocalcin: the vitamin K-Dependent Ca2+-Binding protein. 

Bone Matrix. 1986:258–72.
2. Robins SP. Biochemical markers for assessing skeletal growth. Eur J Clin Nutr. 

1994;48(Suppl 1):S199–209.
3. Wei J, Karsenty G. An overview of the metabolic functions of osteocalcin. Curr 

Osteoporos Rep. 2015;13:180–5. https:/ /doi.or g/10.10 07/s 11914-015-0267-y
4. Hauschka PV, Lian JB, Cole DE, Gundberg CM. Osteocalcin and matrix Gla pro-

tein: vitamin K-dependent proteins in bone. Physiol Rev. 1989;69:990–1047. 
https:/ /doi.or g/10.11 52/p hysrev.1989.69.3.990

5. Zoch ML, Clemens TL, Riddle RC. New insights into the biology of osteocalcin. 
Bone. 2016;82:42–9. https:/ /doi.or g/10.10 16/j .bone.2015.05.046

https://doi.org/10.1186/s13104-024-06990-7
https://doi.org/10.1186/s13104-024-06990-7
https://doi.org/10.1007/s11914-015-0267-y
https://doi.org/10.1152/physrev.1989.69.3.990
https://doi.org/10.1016/j.bone.2015.05.046


Page 8 of 9Kalev-Altman et al. BMC Research Notes          (2024) 17:329 

6. Hauschka PV, Wians FH. Osteocalcin a-hydroxyapatite interaction in the 
extracellular organic matrix of bone. Anat Rec. 1989;224:180–8.  h t t  p s : /  / d o  i .  o r 
g / 1 0 . 1 0 0 2 / a r . 1 0 9 2 2 4 0 2 0 8       

7. Nakao M, Nishiuchi Y, Nakata M, Kimura T, Sakakibara S. Synthesis of human 
osteocalcins: gamma-carboxyglutamic acid at position 17 is essential for a 
calcium-dependent conformational transition. Pept Res. 1994;7:171–4.

8. Ducy P, Desbois C, Boyce B, Pinero G, Story B, Dunstan C, et al. Increased bone 
formation in osteocalcin-deficient mice. Nature. 1996;382:448–52.  h t t  p s : /  / d o  i .  
o r g / 1 0 . 1 0 3 8 / 3 8 2 4 4 8 a 0       

9. Ducy P. The role of osteocalcin in the endocrine cross-talk between bone 
remodelling and energy metabolism. Diabetologia. 2011;54:1291–7.  h t t  p s : /  / d 
o  i .  o r g / 1 0 . 1 0 0 7 / s 0 0 1 2 5 - 0 1 1 - 2 1 5 5 - z       

10. Kavukcuoglu NB, Patterson-Buckendahl P, Mann a B. Effect of osteocalcin 
deficiency on the nanomechanics and chemistry of mouse bones. J Mech 
Behav Biomed Mater. 2009;2:348–54.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . j m b b m . 2 0 0 8 . 1 
0 . 0 1 0       

11. Idelevich A, Rais Y, Monsonego-Ornan E. Bone gla protein increases HIF-1??-
dependent glucose metabolism and induces cartilage and vascular calcifica-
tion. Arterioscler Thromb Vasc Biol. 2011;31:e55–71.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 6 1 / A 
T V B A H A . 1 1 1 . 2 3 0 9 0 4       

12. Dan H, Simsa-Maziel S, Reich A, Sela-Donenfeld D, Monsonego-Ornan E. The 
role of matrix Gla protein in ossification and recovery of the avian growth 
plate. Front Endocrinol (Lausanne). 2012;3:1–10.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 3 8 9 / f e n d 
o . 2 0 1 2 . 0 0 0 7 9       

13. Gammill LS, Bronner-Fraser M. Neural crest specification: migrating into 
genomics. Nat Rev Neurosci. 2003;4:795–805.

14. Le Douarin N, Kalcheim C. The Neural Crest, 1999.
15. Simões-Costa M, Bronner ME. Establishing neural crest identity: a gene regu-

latory recipe. Development. 2015;142:242–57.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 2 4 2 / d e v . 1 0 
5 4 4 5       

16. Kalcheim C. Neural crest emigration: from start to stop. Genesis. 2018;56:1–9. 
https:/ /doi.or g/10.10 02/d vg.23090

17. Gross JB, Hanken J. Review of fate-mapping studies of osteogenic cranial 
neural crest in vertebrates. Dev Biol. 2008;317:389–400.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 
6 / j . y d b i o . 2 0 0 8 . 0 2 . 0 4 6       

18. Noden DM. The role of the neural crest in patterning of avian cranial skeletal, 
connective, and muscle tissues. Dev Biol. 1983;96:144–65.  h t t  p s : /  / d o  i .  o r g / 1 0 . 
1 0 1 6 / 0 0 1 2 - 1 6 0 6 ( 8 3 ) 9 0 3 1 8 - 4       

19. Le Lièvre CS, Le Douarin NM. Mesenchymal derivatives of the neural crest: 
analysis of chimaeric quail and chick embryos. J Embryol Exp Morphol. 
1975;34:125–54.

20. Martik ML, Bronner ME. Riding the crest to get a head: neural crest evolution 
in vertebrates. Nat Rev Neurosci. 2023;22:616–26.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 8 / s 4 1 
5 8 3 - 0 2 1 - 0 0 5 0 3 - 2 . R i d i n g       

21. Dash S, Trainor PA. The development, patterning and evolution of neural crest 
cell differentiation into cartilage and bone. Bone. 2020;137:115409.  h t t  p s : /  / d o  
i .  o r g / 1 0 . 1 0 1 6 / j . b o n e . 2 0 2 0 . 1 1 5 4 0 9       

22. Kulesa PM, Bailey CM, Kasemeier-Kulesa JC, McLennan R. Cranial neural crest 
migration: new rules for an old road. Dev Biol. 2010.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . 
y d b i o . 2 0 1 0 . 0 4 . 0 1 0 S 0 0 1 2 - 1 6 0 6 ( 1 0 ) 0 0 2 4 0 - X     . [pii].

23. Weston JA, Thiery JP, Pentimento. Neural crest and the origin of mesecto-
derm. Dev Biol. 2015;401:37–61. https:/ /doi.or g/10.10 16/j .ydbio.2014.12.035

24. Morriss-Kay G. A journey in the world of craniofacial development: from 1968 
to the future. J Anat. 2024;1–13. https:/ /doi.or g/10.11 11/j oa.14057

25. Ventriglia S, Kalcheim C. From neural tube to spinal cord: the dynamic jour-
ney of the dorsal neuroepithelium. Dev Biol. 2024;511:26–38.  h t t  p s : /  / d o  i .  o r g / 
1 0 . 1 0 1 6 / j . y d b i o . 2 0 2 4 . 0 4 . 0 0 1       

26. Wawersik S, Evola C, Whitman M. Conditional BMP inhibition in Xenopus 
reveals stage-specific roles for BMPs in neural and neural crest induction. Dev 
Biol. 2005;277:425–42. https:/ /doi.or g/10.10 16/j .ydbio.2004.10.002

27. Martik ML, Bronner ME. Regulatory Logic underlying diversification of the 
neural crest. Trends Genet. 2017;33:715–27.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . t i g . 2 0 1 7 . 
0 7 . 0 1 5       

28. Leonard CE, Taneyhill LA. The road best traveled: neural crest migration upon 
the extracellular matrix. Semin Cell Dev Biol. 2019;100:177–85.  h t t  p s : /  / d o  i .  o r g 
/ 1 0 . 1 0 1 6 / j . s e m c d b . 2 0 1 9 . 1 0 . 0 1 3       

29. Milet C, Monsoro-Burq AH. Neural crest induction at the neural plate border 
in vertebrates. Dev Biol. 2012;366:22–33.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . y d b i o . 2 0 1 2 . 
0 1 . 0 1 3       

30. Burstyn-Cohen T, Stanleigh J, Sela-Donenfeld D, Kalcheim C. Canonical wnt 
activity regulates trunk neural crest delamination linking BMP/noggin signal-
ing with G1/S transition. Development. 2004;131:5327–39.

31. Ulmer B, Hagenlocher C, Schmalholz S, Kurz S, Schweickert A, Kohl A, et al. 
Calponin 2 acts as an Effector of Noncanonical wnt-mediated cell polariza-
tion during neural Crest Cell Migration. Cell Rep. 2013;3:615–21.  h t t  p s : /  / d o  i .  o r 
g / 1 0 . 1 0 1 6 / j . c e l r e p . 2 0 1 3 . 0 2 . 0 1 5       

32. Alfandari D, Taneyhill La. Cut loose and run: the complex role of ADAM prote-
ases during neural crest cell development. Genesis. 2018;e23095:1–13. https:/ 
/doi.or g/10.10 02/d vg.23095

33. Perris R, Krotoski D, Bronner-Fraser M. Collagens in avian neural crest develop-
ment: distribution in vivo and migration-promoting ability in vitro. Develop-
ment. 1991;113:969–84.

34. Thorogood P, Bee J, Mark K, Von Der. Transient expression of collagen type II 
at Epitheliomesenchymal interfaces during morphosgenesis of the cartilagi-
nous neurocranium. Dev Biol. 1985;116:497–509.

35. Nagoshi N, Sato M, Inoue T, Shibata S, Okano H, Akazawa C, et al. Sox10-
Venus mice: a new tool for real-time labeling of neural crest lineage cells 
and oligodendrocytes. Mol Brain. 2010;3:1–14. https:/ /doi.or g/10.11 86/1 
756-6606-3-31

36. Monsonego-Ornan E, Kosonovsky J, Bar A, Roth L, Fraggi-Rankis V, Simsa S, 
et al. Matrix metalloproteinase 9/gelatinase B is required for neural crest cell 
migration. Dev Biol. 2012;364:162–77.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . y d b i o . 2 0 1 2 . 0 1 . 
0 2 8       

37. Seufert DW, Hanken J, Klymkowsky MW. Type II collagen distribution during 
cranial development in Xenopus laevis. Anat Embryol (Berl). 1994;189:81–9. 
https:/ /doi.or g/10.10 07/B F00193131

38. Mori-Akiyama Y, Akiyama H, Rowitch DH, de Crombrugghe B. Sox9 is required 
for determination of the chondrogenic cell lineage in the cranial neural crest. 
Proc Natl Acad Sci. 2003;100:9360–5.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 7 3 / p n a s . 1 6 3 1 2 8 8 1 0 
0       

39. Takashi S, Daisuke S, Noriko O, Hiroshi W, Yoshio W. Sox genes regulate 
type 2 collagen expression in avian neural crest cells. Dev Growth Differ. 
2006;48:477–86.

40. Roth L, Kalev-Altman R, Monsonego-Ornan E, Sela-Donenfeld D. A new role 
of the membrane-type matrix metalloproteinase 16 (MMP16/MT3-MMP) in 
neural crest cell migration. Int J Dev Biol. 2017;61:245–56.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 
3 8 7 / i j d b . 1 6 0 2 8 6 d s       

41. Kalev-Altman R, Hanael E, Zelinger E, Blum M, Monsonego-Ornan E, Sela-
Donenfeld D. Conserved role of matrix metalloproteases 2 and 9 in promot-
ing the migration of neural crest cells in avian and mammalian embryos. 
FASEB J. 2020;34:5240–61. https:/ /doi.or g/10.10 96/f .201901217RR

42. Kalev-Altman R, Monsonego-Ornan E, Sela-Donenfeld D. The role of matrix 
metalloproteinase-2 and metalloproteinase-9 in embryonic neural crest cells 
and their derivatives. 2017. https:/ /doi.or g/10.10 07/9 78-981-10-2513-6_2

43. Sela-Donenfeld D, Kalcheim C. Regulation of the onset of neural crest migra-
tion by coordinated activity of BMP4 and noggin in the dorsal neural tube. 
Development. 1999;126:4749–62.

44. Tong a, Reich A, Genin O, Pines M. Expression of Chicken 75-kDa gelatinase 
B-like enzyme in Perivascular Chondrocytes suggests its role in vasculariza-
tion of the growth plate. J Bone Min Res. 2003;18:1443–52.  h t t  p s : /  / d o  i .  o r g / 1 0 . 
1 3 5 9 / j b m r . 2 0 0 3 . 1 8 . 8 . 1 4 4 3       

45. de Bellard ME, Bronner-Fraser M. In: Guan J-L, editor. Neural Crest Migration 
methods in the Chicken embryo BT - Cell Migration: Developmental meth-
ods and protocols. Totowa, NJ: Humana; 2005. pp. 247–67.  h t t  p s : /  / d o  i .  o r g / 1 0 . 
1 3 8 5 / 1 - 5 9 2 5 9 - 8 6 0 - 9 : 2 4 7       

46. Newgreen DF, Ritterman M, Peters EA. Morphology and behaviour of neural 
crest cells of chick embryo in vitro. Cell Tissue Res. 1979;203:115–40.  h t t  p s : /  / d 
o  i .  o r g / 1 0 . 1 0 0 7 / B F 0 0 2 3 4 3 3 3       

47. Kelsh RN. Sorting out Sox10 functions in neural crest development. BioEssays. 
2006;28:788–98. https:/ /doi.or g/10.10 02/b ies.20445

48. Pineo G, Hull RD. Coumarin therapy in thrombosis. Hematol Oncol Clin North 
Am. 2003;17:201–16. https:/ /doi.or g/10.10 16/S 0889-8588(02)00087-4

49. Popov Aleksandrov A, Mirkov I, Ninkov M, Mileusnic D, Demenesku J, Subota 
V, et al. Effects of warfarin on biological processes other than haemostasis: a 
review. Food Chem Toxicol. 2018;113:19–32.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . f c t . 2 0 1 8 
. 0 1 . 0 1 9       

50. Menon RK, Gill DS, Thomas M, Kernoff PBA, Dandona P. Impaired carboxyl-
ation of osteocalcin in warfarin-treated patients. J Clin Endocrinol Metab. 
1987;64:59–61. https:/ /doi.or g/10.12 10/j cem-64-1-59

51. Usman N, Qaseem A, Jayaraj JS, Fathima N, Janapala RN. Drug-induced reduc-
tion of Gamma Carboxylation in osteocalcin: what is the fallback? Cureus 
2019;11. https:/ /doi.or g/10.77 59/c ureus.5504

52. Haffa a, Krueger D, Bruner J, Engelke J, Gundberg C, Akhter M, et al. 
Diet- or warfarin-induced vitamin K insufficiency elevates circulating 

https://doi.org/10.1002/ar.1092240208
https://doi.org/10.1002/ar.1092240208
https://doi.org/10.1038/382448a0
https://doi.org/10.1038/382448a0
https://doi.org/10.1007/s00125-011-2155-z
https://doi.org/10.1007/s00125-011-2155-z
https://doi.org/10.1016/j.jmbbm.2008.10.010
https://doi.org/10.1016/j.jmbbm.2008.10.010
https://doi.org/10.1161/ATVBAHA.111.230904
https://doi.org/10.1161/ATVBAHA.111.230904
https://doi.org/10.3389/fendo.2012.00079
https://doi.org/10.3389/fendo.2012.00079
https://doi.org/10.1242/dev.105445
https://doi.org/10.1242/dev.105445
https://doi.org/10.1002/dvg.23090
https://doi.org/10.1016/j.ydbio.2008.02.046
https://doi.org/10.1016/j.ydbio.2008.02.046
https://doi.org/10.1016/0012-1606(83)90318-4
https://doi.org/10.1016/0012-1606(83)90318-4
https://doi.org/10.1038/s41583-021-00503-2.Riding
https://doi.org/10.1038/s41583-021-00503-2.Riding
https://doi.org/10.1016/j.bone.2020.115409
https://doi.org/10.1016/j.bone.2020.115409
https://doi.org/10.1016/j.ydbio.2010.04.010S0012-1606(10)00240-X
https://doi.org/10.1016/j.ydbio.2010.04.010S0012-1606(10)00240-X
https://doi.org/10.1016/j.ydbio.2014.12.035
https://doi.org/10.1111/joa.14057
https://doi.org/10.1016/j.ydbio.2024.04.001
https://doi.org/10.1016/j.ydbio.2024.04.001
https://doi.org/10.1016/j.ydbio.2004.10.002
https://doi.org/10.1016/j.tig.2017.07.015
https://doi.org/10.1016/j.tig.2017.07.015
https://doi.org/10.1016/j.semcdb.2019.10.013
https://doi.org/10.1016/j.semcdb.2019.10.013
https://doi.org/10.1016/j.ydbio.2012.01.013
https://doi.org/10.1016/j.ydbio.2012.01.013
https://doi.org/10.1016/j.celrep.2013.02.015
https://doi.org/10.1016/j.celrep.2013.02.015
https://doi.org/10.1002/dvg.23095
https://doi.org/10.1002/dvg.23095
https://doi.org/10.1186/1756-6606-3-31
https://doi.org/10.1186/1756-6606-3-31
https://doi.org/10.1016/j.ydbio.2012.01.028
https://doi.org/10.1016/j.ydbio.2012.01.028
https://doi.org/10.1007/BF00193131
https://doi.org/10.1073/pnas.1631288100
https://doi.org/10.1073/pnas.1631288100
https://doi.org/10.1387/ijdb.160286ds
https://doi.org/10.1387/ijdb.160286ds
https://doi.org/10.1096/fj.201901217RR
https://doi.org/10.1007/978-981-10-2513-6_2
https://doi.org/10.1359/jbmr.2003.18.8.1443
https://doi.org/10.1359/jbmr.2003.18.8.1443
https://doi.org/10.1385/1-59259-860-9:247
https://doi.org/10.1385/1-59259-860-9:247
https://doi.org/10.1007/BF00234333
https://doi.org/10.1007/BF00234333
https://doi.org/10.1002/bies.20445
https://doi.org/10.1016/S0889-8588(02)00087-4
https://doi.org/10.1016/j.fct.2018.01.019
https://doi.org/10.1016/j.fct.2018.01.019
https://doi.org/10.1210/jcem-64-1-59
https://doi.org/10.7759/cureus.5504


Page 9 of 9Kalev-Altman et al. BMC Research Notes          (2024) 17:329 

undercarboxylated osteocalcin without altering skeletal status in grow-
ing female rats. J Bone Min Res. 2000;15:872–8. https:/ /doi.or g/10.13 59/j 
bmr.2000.15.5.872

53. Price Pa, Williamson MK. Effects of warfarin on bone. Studies on the vitamin 
K-dependent protein of rat bone. J Biol Chem. 1981;256:12754–9.

54. Liu S, Narumi R, Ikeda N, Morita O, Tasaki J. Chemical-induced craniofacial 
anomalies caused by disruption of neural crest cell development in a zebraf-
ish model. Dev Dyn. 2020;249:794–815. https:/ /doi.or g/10.10 02/d vdy.179

55. Riebeling C, Hayess K, Peters AK, Steemans M, Spielmann H, Luch A, et al. 
Assaying embryotoxicity in the test tube: current limitations of the embry-
onic stem cell test (EST) challenging its applicability domain. Crit Rev Toxicol. 
2012;42:443–64. https:/ /doi.or g/10.31 09/1 0408444.2012.674483

56. Li J, Lin JC, Wang H, Peterson JW, Furie BC, Furie B, et al. Novel role of vitamin 
K in preventing oxidative injury to developing oligodendrocytes and neu-
rons. J Neurosci. 2003;23:5816–26.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 5 2 3 / j n e u r o s c i . 2 3 - 1 3 - 0 5 
8 1 6 . 2 0 0 3       

57. Granadeiro L, Dirks RP, Ortiz-Delgado JB, Gavaia PJ, Sarasquete C, Laizé 
V, et al. Warfarin-exposed zebrafish embryos resembles human warfarin 
embryopathy in a dose and developmental-time dependent manner – from 
molecular mechanisms to environmental concerns. Ecotoxicol Environ Saf. 
2019;181:559–71. https:/ /doi.or g/10.10 16/j .ecoenv.2019.06.042

58. Hammed A, Matagrin B, Spohn G, Prouillac C, Benoit E, Lattard V. VKORC1L1, 
an enzyme rescuing the vitamin K 2,3-epoxide reductase activity in 
some extrahepatic tissues during anticoagulation therapy. J Biol Chem. 
2013;288:28733–42. https:/ /doi.or g/10.10 74/j bc.M113.457119

59. Trainor Pa. Craniofacial birth defects: the role of neural crest cells in the etiol-
ogy and pathogenesis of Treacher Collins syndrome and the potential for 
prevention. Am J Med Genet Part A. 2010;152 A:2984–94.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 
0 0 2 / a j m g . a . 3 3 4 5 4       

60. Cordero DR, Brugmann S, Chu Y, Bajpai R, Jame M, Helms Ja. Cranial neural 
crest cells on the move: their roles in craniofacial development. Am J Med 
Genet Part A. 2011;155:270–9. https:/ /doi.or g/10.10 02/a jmg.a.33702

61. Shull LC, Artinger KB. Epigenetic regulation of craniofacial development and 
disease. Birth Defects Res. 2024;116. https:/ /doi.or g/10.10 02/b dr2.2271

62. Selleri L, Rijli FM. Shaping faces: genetic and epigenetic control of craniofacial 
morphogenesis. Nat Rev Genet. 2023;24:610–26.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 8 / s 4 1 
5 7 6 - 0 2 3 - 0 0 5 9 4 - w       

63. Scott CE, Wynn SL, Sesay A, Cruz C, Cheung M, Gaviro MVG, et al. SOX9 
induces and maintains neural stem cells. Nat Neurosci. 2010;13:1181–9. 
https:/ /doi.or g/10.10 38/n n.2646

64. Liu JaJ, Wu M-H, Yan CH, Chau BKH, So H, Ng a, et al. Phosphorylation of Sox9 
is required for neural crest delamination and is regulated downstream of BMP 
and canonical wnt signaling. Proc Natl Acad Sci. 2013;110:2882–7.  h t t  p s : /  / d o  i .  
o r g / 1 0 . 1 0 7 3 / p n a s . 1 2 1 1 7 4 7 1 1 0       

65. Cheung M, Briscoe J. Neural crest development is regulated by the transcrip-
tion factor Sox9. Development. 2003;130:5681–93.

66. Vu TH, Shipley JM, Bergers G, Berger JE, Helms Ja, Hanahan D, et al. MMP-9/
gelatinase B is a key regulator of growth plate angiogenesis and apoptosis of 
hypertrophic chondrocytes. Cell. 1998;93:411–22.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / S 0 
0 9 2 - 8 6 7 4 ( 0 0 ) 8 1 1 6 9 - 1       

67. Duong TD, Erickson Ca. MMP-2 plays an essential role in producing epithelial-
mesenchymal transformations in the avian embryo. Dev Dyn. 2004;229:42–
53. https:/ /doi.or g/10.10 02/d vdy.10465

68. Shi J, Son MY, Yamada S, Szabova L, Kahan S, Chrysovergis K, et al. Membrane-
type MMPs enable extracellular matrix permissiveness and mesenchymal cell 

proliferation during embryogenesis. Dev Biol. 2008;313:196–209.  h t t  p s : /  / d o  i .  o 
r g / 1 0 . 1 0 1 6 / j . y d b i o . 2 0 0 7 . 1 0 . 0 1 7       

69. Tomlinson ML, Guan P, Morris RJ, Fidock MD, Rejzek M, Garcia-Morales C, et al. 
A Chemical genomic Approach identifies Matrix metalloproteinases as play-
ing an essential and specific role in Xenopus Melanophore Migration. Chem 
Biol. 2009;16:93–104. https:/ /doi.or g/10.10 16/j .chembiol.2008.12.005

70. Raible DW. Development of the neural crest: achieving specificity in regula-
tory pathways. Curr Opin Cell Biol. 2006;18:698–703.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . 
c e b . 2 0 0 6 . 0 9 . 0 0 3       

71. Funato N, Chapman SL, McKee MD, Funato H, Morris Ja, Shelton JM, et al. 
Hand2 controls osteoblast differentiation in the branchial arch by inhibiting. 
DNA Binding Runx2 Dev. 2009;136:615–25.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 2 4 2 / d e v . 0 2 9 3 
5 5       

72. Gavaia PJ, Simes DC, Ortiz-Delgado JB, Viegas CSB, Pinto JP, Kelsh RN, et al. 
Osteocalcin and matrix Gla protein in zebrafish (Danio rerio) and Senegal sole 
(Solea senegalensis): comparative gene and protein expression during larval 
development through adulthood. Gene Expr Patterns. 2006;6:637–52.  h t t  p s : /  / 
d o  i .  o r g / 1 0 . 1 0 1 6 / j . m o d g e p . 2 0 0 5 . 1 1 . 0 1 0       

73. Ichikawa H, Itota T, Nishitani Y, Torii Y, Inoue K, Sugimoto T. Osteopontin-
immunoreactive primary sensory neurons in the rat spinal and trigeminal 
nervous systems. Brain Res. 2000;863:276–81.

74. Chenu C, Colucci S, Grano M, Zigrino P, Barattolo R, Zambonin G, et al. 
Osteocalcin induces chemotaxis, secretion of matrix proteins, and calcium-
mediated intracellular signaling in human osteoclast- like cells. J Cell Biol. 
1994;127:1149–58.

75. Kayed H, Bekasi S, Keleg S, Michalski CW, Giese T, Friess H, et al. BGLAP is 
expressed in pancreatic cancer cells and increases their growth and invasion. 
Mol Cancer. 2007;6:1–9. https:/ /doi.or g/10.11 86/1 476-4598-6-83

76. Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al. Endocr Regul 
Energy Metabolism Skelet Cell. 2007;130:456–69.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . c e l 
l . 2 0 0 7 . 0 5 . 0 4 7       

77. Tamura K, Shan WS, Hendrickson W, a, Colman DR, Shapiro L. Structure-func-
tion analysis of cell adhesion by neural (N-)cadherin. Neuron. 1998;20:1153–
63. https:/ /doi.or g/10.10 16/S 0896-6273(00)80496-1

78. Shoval I, Ludwig A, Kalcheim C. Antagonistic roles of full-length N-cadherin 
and its soluble BMP cleavage product in neural crest delamination. Develop-
ment. 2007;134:491–501.

79. Padmanabhan SaT, Jhingory R, Taneyhill S. a. Cadherin-6B is proteolytically 
processed during epithelial-to-mesenchymal transitions of the cranial neural 
crest. Mol Biol Cell. 2014;25:41–54. https:/ /doi.or g/10.10 91/m bc.E13-08-0459

80. Sousa AR, Barreira R, Santos E. Low-dose warfarin maternal anticoagulation 
and fetal warfarin syndrome. BMJ Case Rep. 2018;2018:1–4.  h t t  p s : /  / d o  i .  o r g / 1 0 
. 1 1 3 6 / b c r - 2 0 1 7 - 2 2 3 1 5 9       

81. Starling LD, Sinha A, Boyd D, Furck A. Fetal warfarin syndrome. BMJ Case Rep. 
2012;3–4. https:/ /doi.or g/10.11 36/b cr-2012-007344

82. Baillie M, Allen ED, Elkington AR. The congenital warfarin syndrome: a case 
report. Br J Ophthalmol. 1980;64:633–5. https:/ /doi.or g/10.11 36/b jo.64.8.633

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1359/jbmr.2000.15.5.872
https://doi.org/10.1359/jbmr.2000.15.5.872
https://doi.org/10.1002/dvdy.179
https://doi.org/10.3109/10408444.2012.674483
https://doi.org/10.1523/jneurosci.23-13-05816.2003
https://doi.org/10.1523/jneurosci.23-13-05816.2003
https://doi.org/10.1016/j.ecoenv.2019.06.042
https://doi.org/10.1074/jbc.M113.457119
https://doi.org/10.1002/ajmg.a.33454
https://doi.org/10.1002/ajmg.a.33454
https://doi.org/10.1002/ajmg.a.33702
https://doi.org/10.1002/bdr2.2271
https://doi.org/10.1038/s41576-023-00594-w
https://doi.org/10.1038/s41576-023-00594-w
https://doi.org/10.1038/nn.2646
https://doi.org/10.1073/pnas.1211747110
https://doi.org/10.1073/pnas.1211747110
https://doi.org/10.1016/S0092-8674(00)81169-1
https://doi.org/10.1016/S0092-8674(00)81169-1
https://doi.org/10.1002/dvdy.10465
https://doi.org/10.1016/j.ydbio.2007.10.017
https://doi.org/10.1016/j.ydbio.2007.10.017
https://doi.org/10.1016/j.chembiol.2008.12.005
https://doi.org/10.1016/j.ceb.2006.09.003
https://doi.org/10.1016/j.ceb.2006.09.003
https://doi.org/10.1242/dev.029355
https://doi.org/10.1242/dev.029355
https://doi.org/10.1016/j.modgep.2005.11.010
https://doi.org/10.1016/j.modgep.2005.11.010
https://doi.org/10.1186/1476-4598-6-83
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/S0896-6273(00)80496-1
https://doi.org/10.1091/mbc.E13-08-0459
https://doi.org/10.1136/bcr-2017-223159
https://doi.org/10.1136/bcr-2017-223159
https://doi.org/10.1136/bcr-2012-007344
https://doi.org/10.1136/bjo.64.8.633

	The bone Gla protein osteocalcin is expressed in cranial neural crest cells
	Abstract
	Introduction
	Materials and methods
	Embryos
	Ex-vivo explants
	In-situ hybridization
	Immunofluorescence and immunohistochemistry
	RT-PCR
	Data analysis
	Microscopy

	Results
	Osteocalcin is expressed in cranial NCCs
	Warfarin inhibits NCC migration in explants

	Discussion
	Limitations

	References


