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Skeletal stem cells residing in the suture mesenchyme are responsible for proper
development, homeostasis, and injury repair of the craniofacial skeleton. These
naïve cells are programmed to differentiate into osteoblast cell types and mediate
bone formation via an intramembranous ossificationmechanism. The simplicity of
this system also offers great advantages to studying osteoblastogenesis compared
to the appendicular and axial skeletons. Recent studies utilizing genetically based
cell tracing have led to the identification of skeletal stem cell populations in
craniofacial and body skeletons. Although the genetic analysis indicates these cells
behave like stem cells in vivo, not all of them have been thoroughly examined by
stem cell isolation and stem cell-mediated tissue generation. As regeneration is an
integral part of stem cell characteristics, it is necessary to further analyze their
ability to generate tissue at the ectopic site. The establishment of an ex vivo culture
system to maintain the stemness properties for extended periods without losing
the regenerative ability is also pertinent to advance our knowledge base of skeletal
stem cells and their clinical applications in regenerative medicine. The purpose of
this review is to discuss our recent advancements in analyses of skeletal stem cells
using renal capsule transplantation and sphere culture systems.
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Introduction

The craniofacial skeleton consists of neurocranium and viscerocranium which are
formed from skeletogenic mesenchyme derived from both mesoderm and neural crest
(Morriss-Kay and Wilkie, 2005). The viscerocranium is divided into calvarium and
chondrocranium (Wilkie and Morriss-Kay, 2001). The calvarium, also known as the
skull vault, consists of bones that are formed via intramembranous ossification (Hall,
1990). This process differs from the endochondral ossification in appendicular and axial
skeletons for which prior formation of cartilage templates is required (Ornitz and Marie,
2002; Galea et al., 2021). The simplicity thus offers calvaria an ideal system to study
osteoblast cells and osteoblast differentiation due to the lack of involvement of additional cell
types, e.g., chondrocytes, in the ossification processes. Although the calvarial mesenchyme is
developmentally programmed to become osteoblast cell types, genetic mutations, and
signaling stimuli have been shown to induce ectopic chondrogenesis (Day et al., 2005;
Hill et al., 2005; Maruyama et al., 2010; Maruyama et al., 2022a). The evidence of cell fate
switch indicates the existence of genuine skeletal stem cells (SSCs), leading to the isolation
and purification of mouse and human suture stem cells (SuSCs) from the calvarial
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mesenchyme (Maruyama et al., 2016; Maruyama et al., 2022a). As a
result, the calvarium provides an outstanding system to study SSCs
and their development and programming into skeletal lineages.

Cell tracing analyses using the genetic labeling approach have
identified cell populations exhibiting unlimited self-renewal ability
and capable of differentiating into at least one specialized cell type
(Sacchetti et al., 2007; Zhou et al., 2014; Chan et al., 2015; Worthley
et al., 2015; Zhao et al., 2015; Maruyama et al., 2016; Debnath et al.,
2018). These naïve cells meet the modern stem cell definition
compared to mesenchymal stromal cells (MSCs) capable of
giving rise to mesenchymal-derived cell types in vitro
(Friedenstein et al., 1970; Caplan, 1991; Bianco et al., 2008;
Uccelli et al., 2008; Caplan and Correa, 2011). However, the
recently identified cell populations have not always been assessed
by tissue-forming/skeletogenic ability.

Assessing regenerative characteristics
of stem cells by in vivo tissue-forming
ability

SSCs are rigorously defined as multipotent stem cells able to
even generate bones and cartilage upon transplantation at an ectopic
site. This tissue generation process requires essential stem cell
characteristics including self-renewal, engraftment, proliferation,
and differentiation in the microenvironment. It is necessary to
assess these stemness features upon successful identification of
the potential stem cell population. The conventional approaches
testing MSCs isolated from bone marrow and other tissues in the
Petri dish are insufficient as only a small portion are genuine SSCs
(Sacchetti et al., 2007; Robey et al., 2014). The majority of MSCs lack
engraftment, survival, and differentiation abilities as determined by
in vivo transplantation analyses (Caplan and Correa, 2011; Zeitouni
et al., 2012). Furthermore, the in vitro study cannot examine certain
features of stem cell stemness, thus, missing critical criteria for the
modern rigorous definition of SSCs (Bianco et al., 2013). Animal
models of ectopic tissue formation have clear advantages over
orthotopic transplantation because of the environments lacking
interferences by cytokines and interactions with endogenous cell
types, e.g., bone-forming cells (Scott et al., 2012).

For transplantation studies, the majority of studies utilize three
ectopic locations: subcutaneous, intramuscular, and kidney capsule
(Scott et al., 2012). The first model is subcutaneous implantation
which appears to be the simplest. However, it has the most pertinent
concern because of several caveats including implant migration,
difficulty in identifying the implant, and notably inferior bone-
forming capacity compared to alternative methods (Yang et al.,
1996; Scott et al., 2012). Intramuscular implantation is the second
model but there is difficulty in distinguishing the origin of cells
generating the ectopic bone: donor vs. host cells. The presence of
native skeletal muscle progenitors in close proximity to the
implantation site may alter their fates to become bone-forming
cells. This raises significant concerns about the cellular origin of the
ectopic bone that could be converted from host cells by osteogenic
stimulus or injury (Takaoka et al., 1988; Yu et al., 2008). This type of
cell fate switching has been linked to muscle stem cell conversion
from a myogenic to a fibrogenic lineage in aging mice (Brack et al.,
2007). Consequently, muscle stem cells acquire the fibroblast fate,

leading to muscular dystrophy (Biressi et al., 2014). Heterotopic
ossification transforming cells in non-skeletal tissues into osteogenic
cells is another example (Meyers et al., 2019). As a result of traumatic
injury, bone formation occurs within the soft connective tissue
(Shore and Kaplan, 2010). This can also be triggered by a rare
congenital disease called Fibrodysplasia Ossificans Progressiva
(Shore et al., 2006). Furthermore, disrupting the balance of
signaling crosstalk during intramembranous ossification can alter
the stem cell from osteogenic to chondrogenic fate, leading to suture
fusion and craniosynostosis via aberrant endochondral ossification
(Maruyama et al., 2010). Finally, renal capsule transplantation
theoretically does not have any endogenous cell interference as
the implanted cells are solely responsible for ectopic tissue
generation (Scott et al., 2012). The analysis of the transplant
which can be identified easily offers several advantages over the
other two models.

Renal capsule transplantation

The renal capsule environment provides the most nutrient
resource for robust bone formation from significantly fewer cell
numbers (Chan et al., 2015; Maruyama et al., 2016; Maruyama et al.,
2021). The renal capsule lacks endogenous bone-forming cells and
does not have endogenous cytokines with a negative impact on bone
regeneration. The environment provides a controlled setting to test
the transplanted stem cell properties. This is demonstrated by
different types of bone generated by the transplantation of
different stem cell sources. Cells isolated from the calvarial suture
generate intramembranous-like bones while cells isolated from the
tibia or femur generate endochondral-like bones (Maruyama et al.,
2016; Maruyama et al., 2021). Therefore, the intrinsic characteristics
of stem cells are maintained even outside of their endogenous
environment. The renal capsule transplantation assay thus has
the advantage to analyze stem cells and potentially examining the
niche environment.

Cells to be transplanted are first counted after isolation to
determine the number, followed by resuspension in the carrier/
scaffold, e.g., Matrigel and Hydrogel. The cell-embedded carrier is
then transferred to an insulin syringe, followed by gelation under a
specific condition, e.g., temperature change and light. Next, the
recipient animal is prepared by standard operations to expose the
kidney. A small opening is created at the injection site using the tip
of the needle. The cell-embedded carrier is directly injected
underneath the outer membrane, the renal capsule region, but
not inside the kidney. The transplanted kidney is then examined
in 2–6 weeks after the completion of the recovery surgery. The
timing of the post-operation analysis is dependent on the type of
study.

Post-transplantation analyses

Bone formation can be detected as early as two weeks after
transplantation (Maruyama et al., 2016). Wholemount von Kossa
staining offers easy identification of the mineralized tissue with even
tiny bone mineralization in the renal capsule (Figure 1A). The von
Kossa-positive transplants can be further examined by histology
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with appropriate chemical and counter-staining (Maruyama et al.,
2016; Maruyama et al., 2021; Maruyama et al., 2022a). For
quantitation, micro-computed tomography analysis offers a
reliable method to assess the regenerated bone volume. The
presence of specific cell types is then examined by
immunostaining with the marker in sections. Typically, genes
expressed in various stages of osteoblast differentiation, e.g.,
Runx2, Sp7/Osterix, Col1a1, Bglap/Osteocalcin, and Sost/
Sclerostin, are used to validate osteoblastogenesis in the
transplant. If the donor cells express fluorescent markers, the

engraftment and ectopic tissue can be easily identified in the
dissected transplants in wholemount or section (Figure 1B). The
donor-specific marker further verifies tissue formation is directly
attributed to the transplanted cells but to indirect effect via the
recruitment of host cells.

Although technically more demanding, renal capsule
transplantation can achieve ectopic bone generation at a single-
cell level (Maruyama et al., 2016). By transplanting cells isolated
from the confetti mouse model, or similar systems, e.g.,
Actin-CreERt Rosa26-Rainbow, to randomly label each cell with

FIGURE 1
Post-transplantation analyses of tissue generation. (A)Wholemount analysis of the kidney transplanted (right) and non-transplanted (left) by 104 cells
isolated from C57/BL6 mouse sutures in bright field (top) and von Kossa (vK) staining (bottom). Enlargements of the inset indicate bone formation
underneath the kidney capsule. (B) Wholemount analysis of the kidney transplanted by suture cells infected by lentivirus expressing the RFP reporter
(Lenti-RFP). Analysis of renal sections containing the transplant of 5 × 104 suture cells with or without infection of Lenti-RFP. (C) Diagrams illustrate
the use of the confetti mouse allele to examine potential mechanisms for bone formation by the skeletal stem cell (SSC) or progenitor cells upon renal
capsule transplantation. The representative images show the bone is formed by single-color cells indicating its generation by a single suture stem cell via
the clonal expansion mechanism. (D) Examining lineage specification of skeletal stem cells by transplantation. Analysis of the renal capsule transplanted
by 5 × 104 control (A, C) or β-cat-null (B, C) suture cells by immunostaining of Osterix (Osx) and type 2 collagen (Col2). Note skeletal stem cells residing in
the suture (SuSCs) are developmentally programmed to become osteoblasts positive for Osx but the loss of β-catenin alters their fate to form
Col2 positive chondrocytes Scale bars, 5 mm (A); 200 μm (B); 400 μm (C); 50 μm (D).
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a single color (Livet et al., 2007; Ambrosi et al., 2021), the ectopic
bone is formed by cells of the same color, but not by multiple colors
with a mosaic pattern (Figure 1C). The findings indicate renal
capsule transplantation can be used to assess the clonal
expansion of SSCs in vivo (Maruyama et al., 2016). The renal
capsule transplantation model is sensitive enough to assess stem
cell numbers. The stem cell self-renewal can be determined by serial
transplantation in which cells isolated from the ectopic tissue of the
primary transplant are implanted again to test their regeneration
ability in the secondary and subsequent transplants. These
experiments highly complement the cell tracing analysis using
genetic labeling system to rigorously examine adult stem cell
characteristics in tissue homeostasis and regeneration.

The use of limiting dilution analysis in renal capsule
transplantation has successfully assessed stem cell frequency
(Maruyama et al., 2016; Maruyama et al., 2021). In this
experiment, the limiting dilution analysis is performed by
transplanting the number of cells with an incremental increase, e.g.,
102, 103, 104, 105, and repeating various times (n ≥ 3), followed by the
examination of ectopic bone formation. A smaller interval, e.g., 102, 5 ×
102, 2.5 × 103, 7.5 × 103, theoretically can enhance the sensitivity of this
assay. To determine stem cell frequency, data from the success of bone
generation in the transplants are then analyzed by the ELDA software
on the webpage (http://bioinf.wehi.edu.au/software/elda/). The
“Estimate” indicates the stem cell frequency, thus, determining if
stem cell frequency is altered by comparing control and
experimental groups (p-value < 0.05 for statistical significance).
Next, the likelihood ratio test for a single-hit model obtains the
p-value to validate goodness of fit of the observed results.

The renal capsule transplantation model also permits the
assessment of skeletal lineage specification (Chan et al., 2015;
Maruyama et al., 2016; Maruyama et al., 2022a). It has been
demonstrated to examine the fate alteration of the isolated SSCs
(Figure 1D). The switch of SSCs from an osteogenic to a
chondrogenic fate by the addition of signaling stimuli, e.g.,
BMP2 and VEGF inhibitor, promotes chondrogenesis
(Maruyama et al., 2016; Murphy et al., 2020). Genetic
inactivation of β-catenin in SSCs also alters their fates
resulting in the generation of cartilage instead of bone
(Maruyama et al., 2022a). This transplantation model thus is
useful for the functional determination of factors involved in the
commitment of skeletal lineages. It can also assess stem cell
multipotency in an in vivo setting and test intrinsic defects of
tissue-specific stem cells associated with fate-switching in human
diseases (Maruyama et al., 2021).

Preservation of stem cell stemness

The development of a cell culture system capable of maintaining
stem cell characteristics is highly valuable for advancing our
knowledge base of skeletal stem cells not only in craniofacial
development and congenital deformity but especially in tissue
repair and regeneration toward translational research. MSCs can
be isolated from bone marrow and other tissues using conventional
methods (da Silva Meirelles et al., 2006; Friedenstein et al., 1974).
However, only ~10%–20% of the isolated MSCs are genuine SSCs
with self-renewing and skeletogenic abilities (Sacchetti et al., 2007;

Robey et al., 2014). These MSCs also display difficulties in
engraftment, survival, and differentiation of the transplanted
MSCs (Caplan and Correa, 2011; Zeitouni et al., 2012).
Furthermore, the cellular source of the endogenous MSC remains
unknown.

The sphere culture method has been shown to maintain the
properties of neural stem cells and mammary stem cells,
recapitulating the in vivo characteristics (Hurley et al., 1994;
Mokry et al., 1995). Similar approaches have been successfully
used to establish sphere culture methods for mouse and human
SuSCs (Maruyama et al., 2021; Maruyama et al., 2022b). After serial
re-plating, the cultured spheres continue to form without significant
decreases in number, suggesting the presence of stem cells with self-
renewing ability (Figure 2A). The average sphere size remained
comparable in different passages. Therefore, an increase in sphere
numbers in the culture of serial passages indicates an enhanced
SuSC self-renewal, thus permitting the identification of factors
regulating stem cell self-renewal (Figure 2A). The current
limitation for this method is up to 5 passages. At the beginning
of each passage, it is essential for seeding the cells at extremely low
density and on low attachment plates to avoid false positive results–a
common concern for this approach containing cell clumps forming
by aggregation (Maruyama et al., 2022b). The time course and cell
tracing analyses further indicate a sphere is formed by the growth of
a single cell (Maruyama et al., 2021).

Renal capsule transplantation of the cultured spheres can
rigorously examine their osteogenic ability (Figures 2B, C). The
success of bone generation at the ectopic site thus demonstrates that
stem cell stemness is reserved by the sphere culture (Maruyama
et al., 2021). The generated bones from the spheres also show
identical features to those generated by the freshly isolated cells
(Figure 2C). Histological evaluation indicates both calvarial SSCs
and spheres derived from calvarial SSCs generate calvaria-like
intramembranous bones while SSCs from in the tibia and femur
generate bones containing large marrow cavities resembling
endochondral bones (Figure 2C). In the renal capsule, the stem
cells maintain their intrinsic tissue-forming/regenerating
characteristics even outside of their endogenous environment
(Maruyama et al., 2016; Maruyama et al., 2021). The
multipotency test can examine the ability of cultured sphere cells
to differentiate into osteogenic and chondrogenic cells. The renewal
of stem cells can be mediated by symmetric or asymmetric division.
For asymmetric mechanism, the ex vivo culture can be integrated
into pulse-chase labeling analysis to visualize the stem cell self-
renewing process as shown by the study of SuSCs (Maruyama et al.,
2021). The lack of expression of proliferation markers or transient
labeling of BrdU/EdU in stem cells can show the quiescent nature of
SuSCs. Co-labeling of stem cell markers with potential candidate
genes can determine their relevant expression patterns. In summary,
the combination of renal capsule transplantation with various in
vivo and ex vivo analyses provides powerful tools with clear
advantages to advance skeletal stem cell research.

Discussion

In this review, we describe recent advancements in analyses
of skeletal stem cells (SSCs) using renal capsule transplantation
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and sphere culture systems. The combinatorial use of
these systems offers additional advantages for stem cell study.
Several post-transplantation assays permit the assessment of key

skeletal stem cell characteristics, including stem cell frequency,
clonal expansion, asymmetric division, slow-cycling/label-
retaining, lineage specification, cell fate switching,

FIGURE 2
Preserving the stemness of SuSCs by sphere culture system. (A) Schematic representations illustrate the sphere culture of suture cells isolated from
the calvarial suture mesenchyme in primary (10), followed by replating and subsequent culture for secondary (20), tertiary (30), and up to 40–50 passages.
The representative image of mouse and human spheres in culture. (B) Wholemount imaging of kidney implanted with ex vivo cultured spheres derived
from SuSCs positive for Tomato fluorescence 4 weeks after renal capsule transplantation. (C) Representative images of the transplanted kidney
evaluated by von Kossa (vK) and hematoxylin and eosin (H and E) staining 6 weeks after the transplantation of freshly isolated suture cells (Suture cells), or
cortical cells isolated from the limb (Limb cells), or 8 weeks after the transplantation of spheres formed by the culture of suture cells (Spheres). Note bones
generated by spheres show identical features to those generated by freshly isolated cells. Scale bars, 50 μm (A); 2 mm (B); 100 μm (C).
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engraftment, bone and cartilage formation, and stemness
preservation in an ex vivo setting. Although suture stem cells
(SuSCs) serve as an example, similar approaches, and
analyses can assess SSCs from other origins. In addition
to SSCs, the methods, approaches, and concepts
described here can also be extended for examining other
types of stem cells, thus providing powerful tools for stem cell
research.

Author contributions

WH wrote the paper, secured research funding, and conceived,
designed, and performed the described experiments, analyzed data.
TM conceived, designed, and performed the described experiments
and analyzed data.

Funding

This work is supported by the National Institutes of Health
(DE15654, DE269369) to WH.

Acknowledgments

The authors thank all current and past members of the Hsu lab,
especially Ronay Stevens, Alan Boka, Laura DiRienzo, Connie Chang,
Hsiao-Man Ivy Yu, Hitoshi Uchida, and Daigaku Hasegawa, for the
research and development of skeletal stem cell projects.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Ambrosi, T. H., Sinha, R., Steininger, H. M., Hoover, M. Y., Murphy, M. P., Koepke, L.
S., et al. (2021). Distinct skeletal stem cell types orchestrate long bone skeletogenesis.
Elife 10, 66063. doi:10.7554/eLife.66063

Bianco, P., Cao, X., Frenette, P. S., Mao, J. J., Robey, P. G., Simmons, P. J., et al. (2013).
The meaning, the sense and the significance: Translating the science of mesenchymal
stem cells into medicine. Nat. Med. 19, 35–42. doi:10.1038/nm.3028

Bianco, P., Robey, P. G., and Simmons, P. J. (2008). Mesenchymal stem cells:
Revisiting history, concepts, and assays. Cell Stem Cell 2, 313–319. doi:10.1016/j.
stem.2008.03.002

Biressi, S., Miyabara, E. H., Gopinath, S. D., Carlig, P. M., and Rando, T. A. (2014). A
Wnt-TGFβ2 axis induces a fibrogenic program in muscle stem cells from dystrophic
mice. Sci. Transl. Med. 6, 267ra176. doi:10.1126/scitranslmed.3008411

Brack, A. S., Conboy, M. J., Roy, S., Lee, M., Kuo, C. J., Keller, C., et al. (2007).
Increased Wnt signaling during aging alters muscle stem cell fate and increases fibrosis.
Sci. (New York, N. Y. 317, 807–810. doi:10.1126/science.1144090

Caplan, A. I., and Correa, D. (2011). The MSC: An injury drugstore. Cell Stem Cell 9,
11–15. doi:10.1016/j.stem.2011.06.008

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9, 641–650. doi:10.1002/
jor.1100090504

Chan, C. K., Seo, E. Y., Chen, J. Y., Lo, D., McArdle, A., Sinha, R., et al. (2015).
Identification and specification of the mouse skeletal stem cell. Cell 160, 285–298.
doi:10.1016/j.cell.2014.12.002

da Silva Meirelles, L., Chagastelles, P. C., and Nardi, N. B. (2006). Mesenchymal stem
cells reside in virtually all post-natal organs and tissues. J. Cell Sci. 119, 2204–2213.
doi:10.1242/jcs.02932

Day, T. F., Guo, X., Garrett-Beal, L., and Yang, Y. (2005). Wnt/beta-catenin signaling
in mesenchymal progenitors controls osteoblast and chondrocyte differentiation during
vertebrate skeletogenesis. Dev. Cell 8, 739–750. doi:10.1016/j.devcel.2005.03.016

Debnath, S., Yallowitz, A. R., McCormick, J., Lalani, S., Zhang, T., Xu, R., et al. (2018).
Discovery of a periosteal stem cell mediating intramembranous bone formation. Nature
562, 133–139. doi:10.1038/s41586-018-0554-8

Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The development of
fibroblast colonies in monolayer cultures of Guinea-pig bone marrow and spleen cells.
Cell tissue Kinet. 3, 393–403. doi:10.1111/j.1365-2184.1970.tb00347.x

Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V., Panasyuk, A. F., and Keiliss-
Borok, I. V. (1974). Stromal cells responsible for transferring the microenvironment of
the hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplantation
17, 331–340. doi:10.1097/00007890-197404000-00001

Galea, G. L., Zein, M. R., Allen, S., and Francis-West, P. (2021). Making and shaping
endochondral and intramembranous bones. Dev. Dyn. 250, 414–449. doi:10.1002/
dvdy.278

Hall, B. K. (1990). Bone. Caldwell, N.J, USA: Telford Press.

Hill, T. P., Spater, D., Taketo, M. M., Birchmeier, W., and Hartmann, C. (2005).
Canonical Wnt/beta-catenin signaling prevents osteoblasts from differentiating into
chondrocytes. Dev. Cell 8, 727–738. doi:10.1016/j.devcel.2005.02.013

Hurley, W. L., Blatchford, D. R., Hendry, K. A., and Wilde, C. J. (1994). Extracellular
matrix and mouse mammary cell function: Comparison of substrata in culture. vitro
Cell. Dev. Biol. 30, 529–538. doi:10.1007/BF02631326

Livet, J., Weissman, T. A., Kang, H., Draft, R. W., Lu, J., Bennis, R. A., et al. (2007).
Transgenic strategies for combinatorial expression of fluorescent proteins in the
nervous system. Nature 450, 56–62. doi:10.1038/nature06293

Maruyama, T., Hasegawa, D., Valenta, T., Haigh, J., Bouchard, M., Basler, K., et al.
(2022a). GATA3 mediates nonclassical beta-catenin signaling in skeletal cell fate
determination and ectopic chondrogenesis. Sci. Adv. 8, 6172. doi:10.1126/sciadv.
add6172

Maruyama, T., Jeong, J., Sheu, T. J., and Hsu, W. (2016). Stem cells of the suture
mesenchyme in craniofacial bone development, repair and regeneration.Nat. Commun.
7, 10526. doi:10.1038/ncomms10526

Maruyama, T., Mirando, A. J., Deng, C. X., and Hsu, W. (2010). The balance of WNT
and FGF signaling influences mesenchymal stem cell fate during skeletal development.
Sci. Signal 3, 40. doi:10.1126/scisignal.2000727

Maruyama, T., Stevens, R., Boka, A., DiRienzo, L., Chang, C., Yu, H. I., et al. (2021).
BMPR1A maintains skeletal stem cell properties in craniofacial development and
craniosynostosis. Sci. Transl. Med. 13, 4416. doi:10.1126/scitranslmed.abb4416

Maruyama, T., Yu, H. I., and Hsu,W. (2022b). Skeletal stem cell isolation from cranial
suture mesenchyme and maintenance of stemness in culture. Bio Protoc. 12, 4339.
doi:10.21769/BioProtoc.4339

Meyers, C., Lisiecki, J., Miller, S., Levin, A., Fayad, L., Ding, C., et al. (2019).
Heterotopic ossification: A comprehensive review. JBMR Plus 3, 10172. doi:10.1002/
jbm4.10172

Mokry, J., Subrtova, D., and Nemecek, S. (1995). Cultivation of neural EGF-
responsive precursor cells. Sb. vedeckych Pr. Lek. Fak. Karlovy Univ. V. Hradci
Kralove 38, 167–174.

Morriss-Kay, G.M., andWilkie, A. O. (2005). Growth of the normal skull vault and its
alteration in craniosynostosis: Insights from human genetics and experimental studies.
J. Anat. 207, 637–653. doi:10.1111/j.1469-7580.2005.00475.x

Murphy, M. P., Koepke, L. S., Lopez, M. T., Tong, X., Ambrosi, T. H., Gulati, G. S.,
et al. (2020). Articular cartilage regeneration by activated skeletal stem cells. Nat. Med.
26, 1583–1592. doi:10.1038/s41591-020-1013-2

Ornitz, D. M., and Marie, P. J. (2002). FGF signaling pathways in endochondral and
intramembranous bone development and human genetic disease. Genes & Dev. 16,
1446–1465. doi:10.1101/gad.990702

Frontiers in Physiology frontiersin.org06

Hsu and Maruyama 10.3389/fphys.2023.1143344

https://doi.org/10.7554/eLife.66063
https://doi.org/10.1038/nm.3028
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1126/scitranslmed.3008411
https://doi.org/10.1126/science.1144090
https://doi.org/10.1016/j.stem.2011.06.008
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.cell.2014.12.002
https://doi.org/10.1242/jcs.02932
https://doi.org/10.1016/j.devcel.2005.03.016
https://doi.org/10.1038/s41586-018-0554-8
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1097/00007890-197404000-00001
https://doi.org/10.1002/dvdy.278
https://doi.org/10.1002/dvdy.278
https://doi.org/10.1016/j.devcel.2005.02.013
https://doi.org/10.1007/BF02631326
https://doi.org/10.1038/nature06293
https://doi.org/10.1126/sciadv.add6172
https://doi.org/10.1126/sciadv.add6172
https://doi.org/10.1038/ncomms10526
https://doi.org/10.1126/scisignal.2000727
https://doi.org/10.1126/scitranslmed.abb4416
https://doi.org/10.21769/BioProtoc.4339
https://doi.org/10.1002/jbm4.10172
https://doi.org/10.1002/jbm4.10172
https://doi.org/10.1111/j.1469-7580.2005.00475.x
https://doi.org/10.1038/s41591-020-1013-2
https://doi.org/10.1101/gad.990702
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1143344


Robey, P. G., Kuznetsov, S. A., Riminucci, M., and Bianco, P. (2014). Bone marrow
stromal cell assays: In vitro and in vivo.Methods Mol. Biol. 1130, 279–293. doi:10.1007/
978-1-62703-989-5_21

Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I., et al.
(2007). Self-renewing osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell 131, 324–336. doi:10.1016/j.cell.2007.08.025

Scott, M. A., Levi, B., Askarinam, A., Nguyen, A., Rackohn, T., Ting, K., et al. (2012).
Brief review of models of ectopic bone formation. Stem Cells Dev. 21, 655–667. doi:10.
1089/scd.2011.0517

Shore, E. M., and Kaplan, F. S. (2010). Inherited human diseases of heterotopic bone
formation. Nat. Rev. Rheumatol. 6, 518–527. doi:10.1038/nrrheum.2010.122

Shore, E. M., Xu, M., Feldman, G. J., Fenstermacher, D. A., Cho, T. J., Choi, I. H., et al.
(2006). A recurrent mutation in the BMP type I receptor ACVR1 causes inherited and
sporadic fibrodysplasia ossificans progressiva. Nat. Genet. 38, 525–527. doi:10.1038/
ng1783

Takaoka, K., Nakahara, H., Yoshikawa, H., Masuhara, K., Tsuda, T., and Ono, K.
(1988). Ectopic bone induction on and in porous hydroxyapatite combined with
collagen and bone morphogenetic protein. Clin. Orthop. Relat. Res. 234, 250–254.
doi:10.1097/00003086-198809000-00044

Uccelli, A., Moretta, L., and Pistoia, V. (2008). Mesenchymal stem cells in health and
disease. Nat. Rev. Immunol. 8, 726–736. doi:10.1038/nri2395

Wilkie, A. O., and Morriss-Kay, G. M. (2001). Genetics of craniofacial development
and malformation. Nat. Rev. Genet. 2, 458–468. doi:10.1038/35076601

Worthley, D. L., Churchill, M., Compton, J. T., Tailor, Y., Rao, M., Si, Y., et al. (2015).
Gremlin 1 identifies a skeletal stem cell with bone, cartilage, and reticular stromal
potential. Cell 160, 269–284. doi:10.1016/j.cell.2014.11.042

Yang, Z., Yuan, H., Tong, W., Zou, P., Chen, W., and Zhang, X. (1996). Osteogenesis
in extraskeletally implanted porous calcium phosphate ceramics: Variability among
different kinds of animals. Biomaterials 17, 2131–2137. doi:10.1016/0142-9612(96)
00044-0

Yu, P. B., Deng, D. Y., Lai, C. S., Hong, C. C., Cuny, G. D., Bouxsein, M. L., et al.
(2008). BMP type I receptor inhibition reduces heterotopic [corrected] ossification.Nat.
Med. 14, 1363–1369. doi:10.1038/nm.1888

Zeitouni, S., Krause, U., Clough, B. H., Halderman, H., Falster, A., Blalock, D. T., et al.
(2012). Human mesenchymal stem cell-derived matrices for enhanced
osteoregeneration. Sci. Transl. Med. 4, 132ra55. doi:10.1126/scitranslmed.3003396

Zhao, H., Feng, J., Ho, T. V., Grimes, W., Urata, M., and Chai, Y. (2015). The suture
provides a niche for mesenchymal stem cells of craniofacial bones. Nat. Cell Biol. 17,
386–396. doi:10.1038/ncb3139

Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G., and Morrison, S. J. (2014). Leptin-
receptor-expressing mesenchymal stromal cells represent the main source of bone formed
by adult bone marrow. Cell Stem Cell 15, 154–168. doi:10.1016/j.stem.2014.06.008

Frontiers in Physiology frontiersin.org07

Hsu and Maruyama 10.3389/fphys.2023.1143344

https://doi.org/10.1007/978-1-62703-989-5_21
https://doi.org/10.1007/978-1-62703-989-5_21
https://doi.org/10.1016/j.cell.2007.08.025
https://doi.org/10.1089/scd.2011.0517
https://doi.org/10.1089/scd.2011.0517
https://doi.org/10.1038/nrrheum.2010.122
https://doi.org/10.1038/ng1783
https://doi.org/10.1038/ng1783
https://doi.org/10.1097/00003086-198809000-00044
https://doi.org/10.1038/nri2395
https://doi.org/10.1038/35076601
https://doi.org/10.1016/j.cell.2014.11.042
https://doi.org/10.1016/0142-9612(96)00044-0
https://doi.org/10.1016/0142-9612(96)00044-0
https://doi.org/10.1038/nm.1888
https://doi.org/10.1126/scitranslmed.3003396
https://doi.org/10.1038/ncb3139
https://doi.org/10.1016/j.stem.2014.06.008
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1143344

	Analysis of skeletal stem cells by renal capsule transplantation and ex vivo culture systems
	Introduction
	Assessing regenerative characteristics of stem cells by in vivo tissue-forming ability
	Renal capsule transplantation
	Post-transplantation analyses
	Preservation of stem cell stemness
	Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


