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The mammalian calvarial vault is an ancient and highly conserved structure among
species, however, the mechanisms governing osteogenesis of the calvarial vault and
how they might be conserved across mammalian species remain unclear. The aim of
this study was to determine if regional differences in osteogenic potential of the calvarial
vault, first described in mice, extend to humans. We derived human frontal and parietal
osteoblasts from fetal calvarial tissue, demonstrating enhanced osteogenic potential
both in vitro and in vivo of human frontal derived osteoblasts compared to parietal
derived osteoblasts. Furthermore, we found shared differential signaling patterns in the
canonical WNT, TGF-β, BMP, and FGF pathways previously described in the mouse to
govern these regional differences in osteogenic potential. Taken together, our findings
unveil evolutionary conserved similarities both at functional and molecular level between
the mouse and human calvarial bones, providing further support that studies employing
mouse models, are suitable for translational studies to human.
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INTRODUCTION

The vertebrate skull comprises the neuro-cranium, the viscero-cranium, the sclerotomal occipital
region and the dermal skull roof. The neuro-cranium is composed of the skull base comprising
cartilaginous parts, sensory capsules and the central part of the skull roof. The viscero-cranium
(or splanchnocranium), the pharyngeal arch skeletons forming the face, composes also the jaw,
supporting the feeding structures (Morriss-Kay, 2001). Both, the neuro-cranium and viscero-
cranium contain cartilaginous elements comprising the chondrocranium.

The vertebrate dermal skull roof is an ancient structure, protecting the brain and extending
laterally to the sides. Description of the skull roof can be found as early as in species like agnathan
fossil fishes, a species remnant of a primitive offshoot of the vertebrates (Caputo Barucchi et al.,
2013). The skull roof includes the intramembranous paired-frontal, paired-parietal and post-
parietal bones, adding the squamosal bone, a part of the sphenoid and the supraoccipital bone, this
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early tetrapod skull evolved to a mammalian skull. As the
brain grows, these cover bones expand by way of the
fibrous sutures connecting the bones (Morriss-Kay, 2001;
Quarto and Longaker, 2005).

The anatomy of the mammalian skull is highly conserved
across several species, such as the human and murine
(Opperman, 2000; Quarto and Longaker, 2005), and molecular
biology and microanatomy investigations have provided evidence
that the correlation and putative developmental link between
brain-regions and bony-skull elements are likely to be ancestral
to Tetrapoda (Fabbri et al., 2017).

It is well established that the skull roof is partly of mesodermal
origin, and substantially of neural crest origin. Earlier studies
in avian followed later by studies in mice have defined the dual
embryonic tissue origins of the skull bones (Le Lièvre and Le
Douarin, 1975; Jiang et al., 2002; Yoshida et al., 2008). More
recent studies from our group have unveiled the significant
impact of this dual embryonic tissue origin on the osteo-skeletal
potential of the neural crest-derived frontal bone and mesoderm-
derived parietal bone (Quarto et al., 2009, 2010; Li et al., 2010,
2013). By investigating these regional embryonically determined
differences, we have previously identified distinct/differential
domains of endogenously active pro-osteogenic signaling as
governing substantial differences between the osteoskeletal
potential of murine frontal and parietal bones and derived
osteoblasts. Specifically, signaling such as FGF, BMP, and
canonical Wnt (cWnt) were highly activated in both, murine
frontal bones and derived osteoblasts (FOb) as compared to
parietal bones and derived osteoblasts (POb) (Quarto et al., 2009,
2010; Li et al., 2010, 2013). Conversely, TGF-β signaling was the
signaling solely activated at higher extent in parietal bones and
POb (Li et al., 2013).

On the bases of these previous findings, herein moving a
step forward, we addressed whether differences in osteoskeletal
profiles of murine FOb and POb represent a conserved
osteoskeletal signature. Our current study unveiled that like
murine FOb and POb, human osteoblasts derived from frontal
and parietal bones display substantial differences in their
osteogenic activity, as well a differential activation of the pro-
osteogenic FGF, BMP, cWNT, and TGF-β-signaling pathways.

RESULTS

Human Frontal and Parietal
Bones-Derived Osteoblasts Have
Different Osteogenic Potential in vitro
Our previous work unveiling distinct differences between the
osteoskeletal ability of the neural crest-derived mouse calvarial
frontal bone and mesoderm-derived parietal bone, as well
derived osteoblasts, prompted us to investigate whether these
differences are evolutionarily conserved in the same human
calvarial bones as well. To address this question, we first
analyzed the osteogenic activity of human fetal derived frontal
bone osteoblasts (hFOb) and parietal bone derived osteoblasts
(hPOb) in vitro. Primary cell cultures of osteoblasts freed from

pericranium and dura mater cells were prepared from the
frontal and parietal calvarial bones of human fetal specimens
(18-weeks gestation, approximately). An in vitro osteogenic
assay was performed to assess the osteogenic potential of hFOb
and hPOb (Figure 1A). After 21 days, the extent of osteo-
induction and extracellular matrix mineralization was evaluated
by alizarin red staining. As shown in Figure 1B, increased
mineralization and larger bone nodule formation were observed
in hFOb as compared to hPOb. The more robust mineralization
of hFOb was also confirmed by quantification of alizarin red
staining (Figure 1C) reading higher absorbance at 450nm. RT-
PCR analysis for the expression of the late osteogenic marker
BGLAP (Osteocalcin) at day 21 revealed higher expression
in hFOb relatively to hPOb, thus, further confirming the
greater terminal osteogenic differentiation achieved by hFOb in
comparison to hPOb (Figure 1D). Remarkable, as previously
observed in murine frontal bone–derived osteoblasts, hFOb
also expressed higher levels of RUNX2, an early marker of
osteogenic differentiation and osteoprogenitors, in addition
to increased expression of Proliferating Cell Nuclear Antigen
(PCNA) (Figure 1E). This observation suggested the presence of
a larger pool of osteoprogenitor cells with higher proliferative
activity in hFOb as compared to hPOb. In contrast, both hFOb
and hPOb expressed equal levels of BGLAP at time day 0, prior
in vitro osteo-induction, suggesting an equal representation of a
mature/late osteoblasts pool. Collectively, these results unveiled
an in vitro osteoskeletal profile of hFOb and hPOb mirroring that
described by our earlier studies in mouse (Quarto et al., 2009,
2010; Li et al., 2010, 2013). Of note, RT-PCR analysis of the neural
crest marker WNT1 and mesodermal marker MESP1 revealed
a uniquely differential expression between hFOb and hPOb
(Figure 1F). These two markers have been previously employed
for lineage tracing defining the dual neural crest and mesoderm
origin of calvarial bones in transgenic mice (Jiang et al., 2002;
Yoshida et al., 2008).

Enhanced in vivo Bone Regeneration of
Critical Size Mouse Calvarial Defects by
Transplanted Human Frontal Bone
Derived Osteoblasts
Next, we evaluated the regenerative capacity of transplanted
hFOb and hPOb in vivo. To this end, two critical size (4 mm)
calvarial defects were created on each side of the parietal bones
of 9-week-old CD-1 nude mice (Figure 2A). The choice to
create a calvarial defect on parietal bone rather than frontal
was suggested by the diminished regenerative ability of the
murine parietal bone critical size defect compared to the frontal
bone critical size defect (Quarto et al., 2010). Therefore, based
on this knowledge, we reasoned that a wounded parietal bone
would provide a more optimal background to evaluate intrinsic
regenerative activity of transplanted hFOb and hPOb in vivo.
Figure 2B shows representative images of micro-CT (µCT)
acquired 24 h upon defects creation (referred as d0). Passage-
1 osteoblasts were seeded on a PGLA scaffold and transplanted
into the defect, hFOb into the right-side defect and hPOb into
the left-side defect, respectively. Empty defects and scaffold alone
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FIGURE 1 | Differential osteogenic potential is hallmark of hFOb and POb. (A) Schematic representation of the experimental procedures. Abbreviations: F, Frontal
bone; P, Parietal bone. (B) In vitro osteogenic differentiation of hFOb and hPOb prepared from fetal (18-weeks) human frontal and parietal bone. Alizarin red staining
performed at day 21 of the osteo-induction assay showed a more robust mineralization of the extracellular matrix (ECM) in hFOb as compared to hPOb.
(C) Quantification of Alizarin red staining further confirmed a more abundant mineralization of the ECM in hFOb, *p-value < 0.05 (D) RT-PCR expression analysis of
the late marker of osteogenesis, BGLAP (OSTEOCALCIN) revealed higher expression of this gene in hFOb then hPOb (at day 21), thus suggesting a more advanced
terminal osteogenic differentiation of hFOb relatively to hPOb. (E) RT-PCR expression analysis of the osteoprogenitors marker RUNX2 at day 0, prior osteo-induction
assay showed a major increase in the expression of this gene in hFOb than hPOb, thus indicating the presence of a larger pool of osteoprogenitors in hFOb.
Elevated levels of PCNA paralleled the increased expression of RUNX2 in hFOb as well, suggesting a higher proliferative activity of hFOb as compared to hPOb.
Conversely, no differences in the expression levels of BGLAP were observed between the two types of osteoblasts. (F) RT-PCR expression analysis showing unique
expression of the neural crest marker WNT1 in hFOb but not in hPOb, whereas expression of the mesoderm marker MESP1 is observed only in hPOb.

were used as negative controls. Bone formation was evaluated
at 12-weeks post-surgery by micro-CT (µCT) and histology.
As illustrated in Figure 2C (Left panel), both, left and right
empty defects did not heal as expected with a critical size defect
(Aalami et al., 2004). Defects treated with scaffold alone also did

not heal Figure 2C (Middle panel). In contrast, defects treated
with hFOb healed to near completion, while those treated with
hPOb did not (Figure 2C, Right panel). Percentage of healing
is illustrated by the histogram (Figure 2D). These results were
further supported by histological analysis of coronal sections
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FIGURE 2 | In vivo transplanted hFOb and hPOb feature different osteoskeletal regenerative ability. (A) Cartoon depicting the scheme of the experimental
procedures. (B) Representative images of micro-CT (µCT) acquired at day 0 (24 h upon defects creation Four-millimeter calvarial defects were created on both sides
of parietal bone in 9-weeks old CD-1 nude mice (n = 5/each group). Defects were treated with a PLGA scaffold loaded either with hFOb (right side) or hPOb (left
side), number of transplanted cells was 2.5 × 105. Animal groups with empty defect or PLGA scaffold alone were implemented as control to assess the extent of
endogenous bony tissue repair. (C) Skull defects regeneration images obtained by µCT analysis at 12-weeks post-surgery. (D) Quantification of bone regeneration
determined by µCT at 12-weeks post-surgery. For statistical analysis, empty group and scaffold alone group was compared with other groups using the
Mann-Whitney U-test. A *p-value < 0.05 was considered statistically significant. (E) Pentachrome staining of coronal sections showing healing in parietal defects
treated with transplanted hFOb, neo-formed bony-tissue (yellow-color) bridging the calvarial defect edges can be appreciated. Conversely defects treated with POb
did not promote any bony tissues formation. Green dashed lines mark the osteogenic fronts surrounding the defects. Pentachrome stains bony tissue in yellow.
Scale bar values 250 µm. (F) Human nuclear antigen staining detecting the presence of both hFOb and hPOb within the area of calvarial defects creation at
12-weeeks post-surgery.
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encompassing both right and left defects. Movat’s pentachrome
staining revealed regeneration of bony tissue (yellow color) in
the defects treated only with hFOb as compared to hPOb and
control animal groups (Figure 2E). Transplanted FOb supported
bone bridging at the interphase between the edges of the bone
defect. Human nuclear antigen staining detected both hFOb and
hPOb transplanted in the defects area at 12-weeks post-surgery,
thus demonstrating the survival of both cell types (Figure 2F),
however, only hFOb promoted bone repair. Collectively, these
data suggested that hFOb have higher intrinsic osteoskeletal
regenerative potential than hPOb.

Human and Murine Frontal Bones
Derived Osteoblasts and Parietal Bones
Derived Osteoblasts Share a Similar
Differential Activation Profile of Key
Pro-osteogenic Signaling
Extensive investigation has previously identified the integration
of differential activation of several pro-osteogenic signaling
pathways as a major player in governing the regional differences
in the osteoskeletal potential between mouse FOb and POb
(Quarto et al., 2009, 2010; Li et al., 2010, 2013). Having identified
similar differences for the in vitro osteogenic activity between
hFOb and POb we next interrogated whether these human
osteoblasts share similarity with murine FOb and POb in terms
of specific endogenous activate pro-osteogenic signaling.

We first, investigated the extent of FGF-mediated signaling
in hFOb and hPOb during osteogenic differentiation on d0, d3,
and d10 by immunoblotting analysis of phospho-ERK (pERK),
a downstream effector for several signaling, included the FGF
pathway signaling (Chaudhary and Avioli, 1997; Quarto et al.,
2009; Li et al., 2010). This analysis revealed higher protein levels
of pERK1/2 in hFOb vs. hPOb at d0, d3, and d10 of osteogenic
differentiation, however, at d10 there was a decline of pERK in
hFOb. Protein levels of pan-ERK were similar between hFOb and
hPOb through the entire time course analysis thus ruling out that
pERK differences observed between hFOb and hPOb could be
a result of differences in pan-ERK protein levels (Figure 3A).
These data demonstrated that hFOb cells, likewise mouse FOb,
are endowed with higher levels of pERK1/2 proteins than POb.

BMP signaling is an additional key osteogenic-regulator that
we found enhanced in murine FOb as compared to POb (Kanzler
et al., 2000; Chen et al., 2004; Noël et al., 2004; Li et al.,
2013). Therefore, we explored this signaling in human FOb and
POb. As shown in Figure 3B, immunoblotting analysis detected
increased levels of phospho-SMAD1/5 (pSMAD1/5) in hFOb
vs. hPOb, although differences were less dramatic than what
observed for pERK.

The cWnt pathway is a master regulator of differentiation
and proliferation, regulating the fate determination of
osteo/chrondro-progenitors (Logan and Nusse, 2004; Nusse,
2005, 2008; Hartmann, 2006; Krishnan et al., 2006; Davis and Zur
Nieden, 2008; Monroe et al., 2012; Clevers et al., 2014). Enhanced
activation of cWnt signaling in murine FOb further marks
the greater osteoskeletal potential of murine FOb relatively to
POb (Quarto et al., 2010). Therefore, we explored whether this

signaling would also be enhanced in hFOb relatively to hPOb.
To assess this, we performed an immunoblotting analysis for the
active β-catenin using an antibody detecting the active form of
β-catenin dephosphorylated on Ser37 or Thr41. A time course
analysis during the osteogenic assay of hFOb and POb, showed
an increase of active β-catenin in hFOb compared to hPOb,
starting at time d0 and during the osteogenic assay d3 and d10
with a peak by day 10 (Figure 3C), thus mirroring murine FOb
and POb profiles (Quarto et al., 2010).

Thus, a comparison of the extent of activation of the three pro-
osteogenic signaling pathways FGF, BMP, and cWNT revealed a
strong similarity between the mouse and human FOb and POb,
with hFOb enhanced activation of all three signaling.

Interestingly, our previous investigations unveiled that TGF-
β signaling was activated at larger extent in murine POb
in comparison to FOb (Li et al., 2013). Remarkable, this
distinct endogenous activation of TGF-β signaling was also
confirmed in human osteoblasts. This is illustrated in Figure 3D
showing data from an immunoblotting analysis probing for
phospho-SMAD2/3 (pSMAD2/3) protein levels. Increased levels
of endogenous pSMAD2/3 levels were already detected at d0
prior initiation of osteo-inductive assay, and levels remained
sustained through the entire time course analysis.

Collectively, results stemming from the above analyses
revealed a stringent similarity regarding the differentially
activated signaling calvarial-domains between murine and
human FOb and POb.

DISCUSSION

The conserved architecture of the mammalian calvarial
vault raises several questions regarding the mechanisms
governing osteogenesis of the human calvarial vault and how
they might be conserved or different among mammalian
species. Our previous work characterizing the osteoskeletal
potential of the neural crest-derived frontal bone and
mesoderm-derived parietal bone in mouse, established
the increased osteogenic potential of the neural crest-
derived frontal bone compared to the mesoderm-derived
parietal bone (Quarto et al., 2010). This finding highlighted
the importance of ontogeny of the frontal and parietal
bones in determining their osteoskeletal potential and
regenerative ability.

Herein, we hypothesized that regional differences in
osteoskeletal potential observed in the mouse extends to the
human fetal calvarial skull. To verify this hypothesis, we
established primary osteoblast cultures from human fetal
frontal (hFOb) and parietal bones (hPOb) and evaluated
their osteoskeletal potential both, in vitro as well in vivo by
transplantation into a calvarial defect created in mice. This
investigation unveiled an enhanced osteoskeletal activity of
hFOb in comparison to hPOb, thus mirroring studies in mice.
In vitro osteo-inductive assays revealed robust mineralization
of the extracellular matrix in hFOb as compared to POb
and more advanced osteogenic terminal differentiation
as assessed by expression of BGLAP. Furthermore, µCT
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FIGURE 3 | Integration of multiple pro-osteogenic signaling pathways defines distinct active hFOb and hPOb. (A) Time-course immuno-detection of
phospho-ERK1/2 (pERK1/2) in hFOb and hPOb undergoing to osteogenic differentiation showing enhanced active pERK overtime in hFOb in comparison to hPOb.
Pan-ERK and β-ACTIN antibody probing the same membrane were used as internal controls for equal loading and transfer of the samples. (Bottom panel),
histogram represents the densitometric analysis of electrophoresis bands using the Image J program; the relative intensities of bands were normalized to their
respective loading control and set as 100%. (B) Time-course immuno-detection of phospho-SMAD1/5 (pSMAD1/5) proteins in hFOb and hPOb undergoing
osteogenic differentiation showing increased protein levels in hFOb than hPOb. Immunoblotting with pan-SMAD1/5 and β-ACTIN antibody were employed as
controls for equal loading and transfer of each sample. (Bottom panel), histogram represents the densitometric analysis of electrophoresis bands using the Image J
program; the relative intensities of bands were normalized to their respective loading control and set as 100%. (C) Time-course immuno-detection of increased
active β-catenin protein in hFOb is indicative of an enhanced activation of cWNT signaling in hFOb as compared to hPOb. (D) Time-course immuno-detection of
phospho-SMAD2/3 (pSMAD2/3) in hFOb and hPOb undergoing osteogenic differentiation shows on the contrary of what observed for the above signaling analyses,
enhanced activation of TGF-β signaling as assessed by high levels of pSMAD2/3 in hPOb then hFOb. (Bottom panel), Immuno-detection of pan-SMAD2/3 and
β-ACTIN was used as internal controls as described above (A,B). (Bottom panel), histogram represents the densitometric analysis of electrophoresis bands using
the Image J program; the relative intensities of bands were normalized to their respective loading control and set as 100%. Values: ∗p ≤ 0.05, ∗∗p ≤ 0.01.

data showed a nearly complete healing of calvarial defects
transplanted with hFOb, a valuable finding highlighting
the intrinsic osteoskeletal ability of hFOb at superior
levels than hPOb.

Our previous studies in mice also indicated that enhanced
activation of both FGF and Wnt/β-Catenin signaling pathways
in frontal bones endows this tissue an enrichment of
osteoprogenitors, and therefore higher osteogenic potential
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FIGURE 4 | Relationship between human and mouse calvarial bones of neural crest and mesodermal origin. Cartoon depicting a close relationship between the
human and mouse osteoskeletal capacity of frontal and parietal bones and –derived osteoblast. Similarities between the pro-osteogenic signaling pathways
differentially activated in frontal and parietal bones-derived osteoblasts are schematically illustrated. Code colors: blue defines frontal bone and derived osteoblast;
orange defines parietal bone and derived osteoblast.

(Quarto et al., 2010). To evaluate if this might be true in human,
we evaluated the expression level of RUNX2, an early marker of
osteogenic differentiation and osteoprogenitors, as well a target
of both FGF and Wnt/β-catenin signaling. Levels of RUNX2,
and PCNA a proliferation marker, were both elevated in the
hFOb compared to hPOb thus, suggesting an increased pool
of osteoprogenitors.

The current study also mapped a distinct pattern of signaling
pathways differentially activated in hFOb and hPOb resembling
that previously described in mouse (Quarto et al., 2009,
2010; Li et al., 2010, 2013), and likewise, confirmed the

integration of multiple differentially activated signaling. The
latter finding unveiled a conserved signaling network acting
as master regulator of a differential osteoskeletal potential
in both, murine and human calvarial frontal and parietal
bones (Figure 4).

The superior osteoskeletal activity of the murine neural crest-
derived frontal bone compared to mesoderm-derived parietal
bone can be traced as early embryonic stage 17.5 and it
prolonged from early postnatally through adult stages (Quarto
et al., 2009). This finding would strongly suggest that the higher
osteoskeletal activity observed in hFOb compared to hPOb is a

Frontiers in Physiology | www.frontiersin.org 7 October 2021 | Volume 12 | Article 747091

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-747091 October 15, 2021 Time: 16:16 # 8

Menon et al. Conserved Signaling in Murine and Human Calvaria

TABLE 1 | List of primers sequence and their annealing temperature.

Gene Accession
number

Forward and reverse sequence Size Annealing
temp

MESP1 NM_018670.3 Forward: 5′-CTATATCGGCCACCTGTCGG-3′

Reverse: 5′-TCTGCCAAGGAACCACTTCG-3′
492 bp 58◦C

WNT1 NM_005430.4 Forward: 5′- CCGCAACTATAAGAGGCGGT-3′

Reverse: 5′- ACGATCTTGCCGAAGAGGTG-3′
563 bp 58◦C

OSTERIX1 (SP7) NM_001173467.3 Forward: 5′- GAGTGGAACAGGAGTGGAGC-3′

Reverse: 5′- TGCCCCCATATCCACCACTA-3′
970 bp 58◦C

AXIN2 NG_012142 Forward: 5′- GGTGCCCTACCATTGACACA-3′

Reverse: 5′- TGGGGATTCAAAGACGAGGC-3′
859 bp 58◦C

MYC NG_007161 Forward: 5′- TTGGCACGTCATATAGGCGA-3′

Reverse: 5′- GCCTGACTTTCGGGAAGGAA-3′
400 bp 57.5◦C

CCND1 NG_007375 Forward: 5′- AGTGTGTCTTACGTGCCACC-3′

Reverse: 5′- TGCTCCTGGCTGGATTCTGT-3′
936 bp 58◦C

PCNA NG_047066 Forward: 5′- CAGTTCCCTTAGCAGCCCAG-3′

Reverse: 5′- AATCGCACACTGAAACGCAC-3′
310 bp 58◦C

feature restricted not only to human fetal bones but toward the
adult life-span.

The relevance of embryonic tissue origins in determining
the regional difference of the murine frontal and parietal
bones in relation to their osteoskeletal potential is well
established (Quarto et al., 2009, 2010; Li et al., 2010, 2013)
however, this has yet to be defined in human calvarial bones.
Given the parallels found in osteogenic capacity and shared
signaling patterns across mouse and human, it is reasonable
to believe that human frontal bone is of neural crest origin
and the parietal bone of mesoderm origin. This hypothesis
also finds support from the mutually exclusive expression of
the neural crest determinant WNT1 in hFOb, and mesoderm
determinant MESP1 in hPOb (Jiang et al., 2002; Yoshida et al.,
2008). However, this finding deserves further investigation.
In this context, a noteworthy transcriptomic profiling study
performed on two groups of human fetal cranial tissues:
frontal and metopic compartments vs. parietal and sagittal
compartments (Homayounfar et al., 2015), identified a gene
expression signature of neural crest origin in frontal and metopic
compartments while the gene expression signature of parietal
and sagittal compartments shared more similarity to mesoderm
(Homayounfar et al., 2015).

Furthermore, our findings also align with two previous studies
showing that either an ecto-mesenchymal stem cell (eMSC)
population-derived from human embryonic stem cells through
a neural crest intermediate or induced human neural crest
cell-mesenchymal progenitor cells (iNCC-MPCs) promoted new
and enhanced bone formation in murine calvarial defects as
compared to mesoderm-derived bone marrow mesenchymal
stem cells (BM-MSCs) (Glaeser et al., 2021; Srinivasan et al.,
2021). Taken all together, these findings strongly suggest the
importance of taking in account the cell-origin when selecting a
cell-source for bone regeneration applications.

Overall, the data stemming from our study revealed an
evolutionary conserved similarity at functional and molecular
level between mouse and human calvarial frontal and parietal
bones. Considering the various limitations, both scientific and

ethical, around the use of human post-natal and fetal tissue,
our study provides further evidence that mammalian animal
models, particularly the mouse, are valuable and suitable tools
for translational studies to human in the context of bone
homoeostasis and regeneration.

MATERIALS AND METHODS

Human Frontal and Parietal
Bones-Derived Osteoblasts Primary
Culture
Human fetal skulls were purchased from Stemexpress (Folsom,
CA) by overnight shipping. Samples ranged in age from 14
to 18 weeks of gestation with no restrictions on race or
gender. Fetal sample procurement and handling was according
to Stanford Institutional Review Board guidelines (IRB-35711).
Under sterile conditions, periosteum and dura-mater tissues were
stripped, skulls were then dissected under a stereomicroscope
(Zeiss, Oberkochen, Germany) to obtain frontal and parietal
bones. The dissected frontal and parietal bones were washed
with dilute betadine and PBS and finely minced by a scissor
prior to undergo to enzymatic digestion with 0.2% Dispase II
and 0.1% Collagenase A (Roche Diagnostics, Indianapolis, IN,
United States) in serum-free medium. The digestion was carried
out six-times, each 15 min at 37◦C in a water bath shaker. The first
two digestions were discarded to avoid a potential contamination
by residual pericranium and dura-mater derived cells. The last
four digestions were pooled together upon neutralization with
an equal volume of α-MEM supplemented with 10% fetal calf
serum (FCS), 100 IU/ml penicillin and streptomycin (Gibco
Life Technologies and Invitrogen Corporation, Carlsbad, CA),
pelleted and resuspended in the growth medium as above.
Human frontal and parietal bones-derived osteoblasts referred to
as hFOb and hPOb were plated in 100 mm tissue culture dishes
and incubated at 37◦C with continuous supplement of 5% CO2.
The growth medium was changed every 3 days. Osteoblasts were
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passaged by standard trypsinization procedure. Only passage 0
through 3 cells were employed for all experiments.

In vitro Osteogenic Assay
For the in vitro osteo-induction assay hFOb and hPOb were
plated in 6-well-plate (1 × 105/well). Upon sub-confluence
cells were incubated in the osteogenic differentiation medium
(ODM), made of α-MEM supplemented with 10 µM glycerol
β-phosphate, 0.25 µM ascorbic acid, (Sigma Aldrich, St. Louis,
MO), 10% FCS, and 1% penicillin/streptomycin. Medium was
changed every 2 days. At day 21 of the differentiation assay,
Alizarin Red staining and its quantification was performed
as previously described (Quarto et al., 2015) to assess the
extent of extracellular matrix mineralization in hFOb and
hPOb. hFOb and hPOb plates were air-dried and analyzed
by light microscopy using an inverted microscope Leica DMI
4000B (Leica Biosystems Inc., Buffalo Grove, IL). Images were
acquired using a ScanJet 5370C scanner (Hewlett-Packard
Company, Palo Alto, CA).

RT-PCR Analysis for Genes Expression
To analyze the expression level of specific genes RNAs
were isolated from cells by Trizol procedure (Ambion-Life
Technologies, Carlsbad, CA, United States) at different time
points as indicated, and submitted to RT-PCR procedure as
previously described (Quarto et al., 2015). Primers sequence and
PCR conditions for RUNX2, BGLAP, and ß-ACTIN genes were
previously described (Quarto et al., 2012; Senarath-Yapa et al.,
2016). Additional primer sequences for other genes analyzed
were designed based on their GenBank sequence. Primers
sequences and annealing temperatures are listed in Table 1.
Experiments were repeated two times.

Immunoblotting Analysis of Signaling
Pathways Activation in Human Fetal
Frontal Bone and Parietal Bone Derived
Osteoblasts
hFOb and hPOb were collected at different time points of
the osteogenic differentiation assay as indicated. Cells were
lysate with cold RIPA buffer (50 mmol/L of HEPES, pH 7.5,
150 mmol/L of NaCl, 1 mmol/of EDTA, 10% glycerol, 1% Triton-
X-100, 25 mM sodium fluoride) containing 1 mM sodium
orthovanadate and Proteases Inhibitor Cocktail (Sigma-Aldrich,
St. Louis, MO) followed by three times sonication for 1 min at
3 Watts and a brief spin at 10,000 rpm at 4◦C. Total cellular
protein was quantified by bicinchoninic acid protein assay
(Pierce, Thermo-Fisher Scientific, Waltham, MA). Samples
(40–70 µg) were analyzed by electrophoresis on Nu-PAGE
4–12% bis-Tris-HCl sodium dodecyl sulfate-polyacrylamide
gel (Novex, Life Technologies, Carlsbad, CA) and transferred
onto Immobilon-P membrane (Millipore Corporation, Bedford,
MA). Membranes were probed using the following primary
rabbit antibodies: anti-phospho-ERK p44/42 (Thr202/Tyr204)
(1:1000; Cell Signaling Technology, Beverly, MA), anti-ERK2
(C-14) (1:400; Santa Cruz Biotechnology, Santa Cruz, CA);

anti-phosphorylated SMAD-2 (Ser465/467), anti-SMAD-2, anti-
phosphorylated SMAD-1/5 (Ser465/467), anti-SMAD-5 (1:1,000;
Cell Signaling Danvers, MA); mouse anti-active-β-catenin (anti-
ABC), clone 8E7 (1 mg/ml; Millipore, Tamecula, CA) which
specifically detects the active form of β-catenin dephosphorylated
on Ser37 or Thr41 was, and anti-β-ACTIN (ab8227) (1:4,000;
Abcam, Cambridge, MA). A horseradish peroxidase-conjugated
secondary anti-rabbit antibody or ant-mouse was used (1:2,000;
Cell Signaling Danvers, MA). Immunoblotted products were
visualized by enhanced chemiluminescence (Amersham
Biosciences, Buckinghamshire, United Kingdom) according
to the manufacturer’s instruction. Membranes were re-probed
with anti-ERK anti-SMAD-2, anti-SMAD-1/5 antibodies to
rule out that differences in phosphoproteins were outcomes of
differential levels of endogenous phosphorylated (pan proteins)
and anti-β-ACTIN antibody were used as loading and transfer
control for each sample. Densitometry analysis of electrophoretic
bands was performed using the ImageJ software program
(NIH, Bethesda, MA). The results are the mean ± SD of two
independent experiments.

Cell Seeding on Scaffolds
hFOb and hPOb were trypsinized, washed with PBS, and
counted. Cells (250,000) were suspended in 100 µl FCS and
seeded on apatite-coated poly (lactic-co-glycolic acid) (PLGA)
scaffolds (Quarto et al., 2015). To mimic a potential clinical
translational context, scaffolds were implanted in calvarial defects
2 h after in vitro seeding.

Animal Surgery
All animal experiments were performed in accordance with
Stanford University Animal Care and Use Committee guidelines.
To evaluate the in vivo healing capacity of hFOb and hPOb
on frontal bone and parietal bone defects were created in 9-
weeks-old male nude CD1-mice (Charles River Laboratories,
Wilmington, MA) using a procedure as previously described
(Aalami et al., 2004; Quarto et al., 2010; Senarath-Yapa et al.,
2016). Briefly, after anesthesia with an intraperitoneal injection
of ketamine 100 mg/kg + xylazine 20 mg/kg + acepromazine
3 mg/kg and disinfection of the surgical site of the mice,
non-healing critical 4-mm calvarial defects were created with
a trephine drill in parietal bone both, the left and right side
carefully avoiding to damage the underlying dura mater or
neighboring cranial sutures. Treatment groups included no
treatment (empty), scaffold with serum, scaffold seeded either
with hFOb or hPOb.

Micro-CT-Scanning
µCT-scanning was performed as previously described (Aalami
et al., 2004; Quarto et al., 2010; Senarath-Yapa et al., 2016) using
a high-resolution MicroCAT II scanner (ImTek, Inc., Knoxville,
TN) with an x-ray voltage of 80 kVP and an anode current of
450 µA. A resolution of 80 µm was obtained with 144 steps
over 360Åã rotation. X-ray data reconstruction was performed
with Cobra EXXIM (EXXIM Computing, Corp., Livermore, CA),
and Micro View Software (GE Healthcare, Buckinghamshire,
United Kingdom). Each mouse was scanned with a CT-phantom
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to calibrate each scan. The precise threshold of calvarial
bone regenerating was previously determined equivalent to 510
Houndsfield Units (Quarto et al., 2010; Senarath-Yapa et al.,
2016). The rest-defect area was defined with the Magic Wand
Tool in Photoshop (Adobe Systems, San Jose, CA). Percentage
healing was determined by dividing the rest-defect area by the
mean of the defect size 1 day postoperatively. µCT-scanning was
performed in mice 24 h post-surgery and at the indicated time.
For statistical analysis, empty group and scaffold alone group was
compared with other groups using the Mann-Whitney U-test.
A ∗p-value < 0.05 was considered statistically significant.

Histology
Skulls were harvested under a stereomicroscope and fixed
in 10% neutral buffered formalin overnight at 4◦C followed
by decalcification in 19% EDTA for the appropriate time.
Specimens were then dehydrated and paraffin embedded. Movat’s
Pentachrome staining was performed on 8 µm coronal sections
according to standard procedures. Pentachrome stained sections
were examined with Leica DMI 4000B microscope (Leica
Biosystems Inc., Buffalo Grove, IL). Images were captured
by camera and combined by Adobe Photoshop (Adobe
Systems, San Jose, CA).

Immunohistochemistry for Human
Nuclear Antigen
IHC was performed to evaluate the presence of transplanted
hFOb and hPOb into mouse calvarial defects 12-weeks post
transplantation. Briefly, selected paraffin sections were heated
at 50◦C for 1 h and allowed to equilibrate at room temperature
for 5 min followed by 20 min deparaffinization in xylene and
graded ethanol rehydration. Antigen retrieval was performed
using a Trypsin Enzymatic Antigen Retrieval Kit (AB970,
Abcam, Cambridge, MA) according to the manufacture protocol.
Sections were stained using Human Nuclear Antigen Antibody
(dilution 1:20, Clone 235-1, MAB1281, Millipore Sigma,
Bedford, MA) and M.O.M (Mouse on Mouse) Immunodetection
Kit (BMK-2202, Vector Laboratories, Burlingame, CA) with
additional overnight blocking and streptavidin/biotin blocking
using the Streptavidin/Biotin Blocking Kit (SP-2002, Vector
Laboratories, Burlingame, CA) according to manufacture
protocols. VECTASTAIN Elite ABC-HRP Kit (PK-6100, Vector
Laboratories, Burlingame, CA) was used prior to visualization
and development with the DAB Substrate Kit (550880,
BD Biosciences, San Jose, CA) following the manufactures
protocol. Images are representative of at least 3 independent
samples or experiments.

Statistical Analysis
Data are presented as mean ± SD of three independent
experiments. For statistical analysis, empty group and scaffold
alone group was compared with other groups using the
Mann-Whitney U-test. A ∗p-value < 0.05 was considered
statistically significant.
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