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Figure 6. Derivation of corneal endothelial cells from hNCCs. A) Schematic protocol for the induction of corneal endothelial cells. B) Phase contrast
images of cells before (D8) and after (D19) the induction. Scale bar, 200 pm. C) The expression of ZO-1 in cells at D12. Cells were stained with an antibody
against ZO-1. D) The mRNA expression of corneal endothelial cell marker genes. RNAs were extracted from cells at D10, D12, and D15. The expression
level of each gene was demonstrated as a relative value using the value in human primary corneal endothelial cells as 1.0. Average + SD. N=3, technical
triplicate. We performed this CEC induction twice and confirmed its reproducibility.
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doi:10.1371/journal.pone.0112291.g006

expression profiles were considerably different, suggesting the protocol-dependent
heterogeneity of PSC-derived NCCs.

Sustained expansion of hNCCs with original characteristics

We investigated whether hNCCs could be stably expanded. The growth of hNCCs
cultured in the hNCC induction medium (CDM with SB and CHIR) was very
slow (data not shown). We employed a cultured condition using CDM
supplemented with SB, EGF (20 ng/ml), and FGF2 (20 ng/ml) based on the
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Figure 7. Derivation of hMSCs from hNCCs. A) Schematic protocol for the induction of h(MSCs. B) Phase contrast images of cells before (D8) and after
(D21) the induction. Scale bar, 200 um. C) Expression of surface markers in hBM-MSCs (hBM90) and 201B7-derived MSCs (201B7-MSC). D) Hierarchical
clustering analyses by genome-wide gene expression profiles. RNAs were extracted from hBM-MSCs (BM90, BM91 and BM94), induced-MSCs, and the
corresponding hNCCs and hiPSCs. E) Differentiation properties of induced-MSCs. The induction for osteogenic (Ol), chondrogenic (Cl), and adipogenic (Al)
lineages was performed as described in the Materials and Methods section and evaluated by Alizarin Red staining (Ol), Alcian Blue staining (Cl), and Oil
Red O staining (Al), respectively. Scale bar, 100 um. F) Population of SSEA4-positive cells. G) The expression levels of pluripotent markers (OCT3/4,
NANOG and SOX2) in hPSCs, hNCCs, and hMSCs. Average + SD. N=3, biological triplicates.

doi:10.1371/joumal.pone.0112291.g007
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Figure 8. Derivation of hMSCs from hNCCs under defined culture conditions. A) Schematic protocol for
the induction of h(MSCs from hNCCs under defined culture conditions. B) Phase contrast images of cells 0, 7,
and 21 days after the hNCC and hMSC induction, respectively. Scale bar, 200 pm. C) Expression of hMSC-
related surface markers in hMSCs induced under defined culture conditions. D) Osteogenic differentiation (Ol)
properties of hMSCs induced under defined culture conditions. hMSCs were cultured during the induction
period in STK2 as a control.

doi:10.1371/journal.pone.0112291.g008

findings of previous studies [33], and consequently observed marked improve-
ments in growth and the stable proliferation of hNCCs even after 10 passages (
Figures 3A, B). The expanded hNCCs maintained their original cell morphology
and all cells expressing NCC markers, such as TFAP2A (Figure 3C). The global
gene expression profiles of hNCCs after prolonged expansion (PN10) were similar
to those of early-passage cells (PNO) (Figure S4A and S4B, correlation coefficient
=0.96 to 0.98) and markedly different from those of original hPSCs (Figures 3D
and S4C).
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Modulation of the characteristics of hNCCs by insulin and retinoic
acid (RA)

The results of the microarray analyses revealed that induced hNCCs expressed
some genes characteristic to cranial NCCs (high for OTX2 and DLXI; low for
HOXA2 and HOXA3) (date not shown). A previous study demonstrated that the
depletion of insulin from CDM (growth-factor free CDM; hereafter referred to as
gfCDM) induced a more anterior neuroectoderm (rostral hypothalamic
progenitor-like cells), while retinoic acid (RA) exhibited posteriorizing activity
[15]. Therefore, we compared the expression of regional markers in hNCCs
cultured with gfCDM, CDM, and CDM with RA (100 nM) (Figure 4A). As
expected, the expression of OTX2, a marker for mesencephalic NCCs (Figure 48)
[34], was slightly higher under the gfCDM condition than under the CDM
condition (Figure 4C). The DLXI gene, a marker for first and second branchial
arch NCCs (Figure 4B) [35], was expressed in cells cultured under all conditions,
and was the highest in CDM with the RA condition (Figure 4C). The expression of
the HOXA2 and HOXA3 genes, which are markers of the second and third
branchial arches, was negligible under the gfCDM and CDM conditions (
Figures 4B, C) [36,37]. Taken together, these results indicated that the regional
identities of hNCCs could be modulated by exogenous signals including insulin
and RA.

Derivation of peripheral neurons, glia, and melanocytes from
hNCCs

We next examined the differentiation potentials of induced hNCCs. Neuronal
differentiation was initiated by sphere formation and promoted by culture media
containing a mixture of factors (BDNF, GDNF, NGF, and NT-3). Cells expressed
B-tubulin and peripherin after 14 days, which indicated differentiation into
peripheral neurons (Figure 5A). Further cultivation under the same conditions (4
to 6 weeks) promoted the glial differentiation of hNCCs (Figure 5B).

Melanocytes are well-known derivatives of NCCs. Using a previously described
method that included CHIR, EDN3, and BMP4 [15, 38], induced hNCCs
expressed microphthalmia-associated transcription factor (MITF) and ¢-KIT,
markers for melanocytes (Figure 5C). These differentiation properties were
compatible with those of NCCs in vivo.

Derivation of corneal endothelial cells from hNCCs

Cranial NCCs have been shown to exhibit the ability to differentiate into corneal
endothelial cells in vivo [39,40]. Therefore, we examined whether hNCCs grown
in gfCDM, which preferentially expressed more anterior NCC markers (

Figures 4B, C), could differentiate into cells harboring the characteristics of
corneal endothelial cells. When 201B7-derived hNCCs were cultured in the
conditioned medium of corneal endothelial cells for twelve days (Figure 6A), cells
changed their morphology into that of polygonal corneal endothelial-like cells (
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Figure 6B) and started to express the corneal endothelial marker, ZO-1 (

Figure 6C). Descemet’s membrane is known to consist of collagen type 4 and
collagen type 8, which are derived from the corneal endothelium [41]. The mRNA
expression of the COL4AI and COL8AI genes was confirmed in induced
endothelial-like cells (Figure 6D). These results strongly suggested that the hNCCs
induced in this study possessed the characteristics of cranial NCCs, which exhibit
the potential to differentiate into cranial NCC-derived structures.

Derivation of hMSCs from hNCCs

Cranial NCCs also have differentiation properties toward mesenchymal cells,
which construct the cranio-facial skeleton, and may be referred as MSCs [3]. In
order to derivate hMSCs from hNCCs, the culture medium was changed from
that for hANCC to oMEM with 10% FBS (Figure 7A), which we used previously for
human bone marrow-derived MSCs (hBM-MSCs) [24]. Through the induction of
hMSCs, the expression of NGFR and SOX10 reduced rapidly within 48 hours
(PNO) of the medium change, while that of PAX3 and TFAP2A reduced gradually
until passage 3 (Figure S5A). Conversely, the expression of MSC markers (CD73,
CDI105, and CD44) increased rapidly within 48 hours, reached a maximum by
passage number 2, and maintained their expression at a level comparable to that
in BMMSCs (Figure S5B). These results indicated that the transition from NCCs
to MSCs was gradual during passage number three. Cells passaged three times in
the medium showed a typical fibroblastic morphology similar to that of hMSCs (
Figure 7B), and expressed surface markers for hMSCs (positive for CD73, CD105,
and CD44, and negative for CD45) (Figure 7C). Microarray analyses revealed that
hNCC-derived MSCs had a global expression pattern similar to that of primary
hBM-MSCs (Figure 7D). Differentiation properties toward osteogenic, chondro-
genic, and adipogenic lineages are one of the criteria required for MSCs [42],
which were clearly confirmed in hNCC-derived MSCs (Figure 7E). FACS analysis
showed that there was no SSEA4-positive cells (Figure 7F) and the expression of
PSC marker genes was below detectable levels (Figure 7G).

Derivation of osteogenic cells from hiPSCs under defined culture
conditions

We determined the feasibility of inducing terminally differentiated cells from
iPSCs under defined culture conditions (Figure 8). 987A3 hiPSCs were used as the
initial material, which have been generated and maintained under feeder-free and
xeno-free conditions [21]. Cells were dissociated into single cells, seeded on
iMatrix-coated dishes (0.83-1.35 cells/cm?), and cultured with StemFit medium
for five days. hNCCs were then induced for seven to ten days (Figure 8A). The
efficiency of hNCC induction under these conditions was 40.9+5.5% (+ SD.
N=3, biological triplicate). The induction of hMSCs was performed using CDM
for MSCs (STK2) instead of aMEM/10% FBS (Figure 8A). After several passages
of hNCCs in STK2, the morphology of cells changed from cuboidal to fibroblastic,
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similar to that of hBM-MSCs (Figure 8B). The expression patterns of surface
markers were compatible with those of hMSCs (positive for CD73, CD105, and
CD44, and negative for CD45) (Figure 8C) and the differentiation properties for
osteogenic, chondrogenic, and adipogenic lineages were confirmed when the
standard FBS-containing induction medium was used (Figure $6). Osteogenic
differentiation was also confirmed using the chemically-defined osteogenic
medium (STK3) (Figure 8D). These results indicated that all steps from iPSC to
osteogenic cells could be performed under defined culture conditions.

Discussion

In the present study, we developed a simple and efficient induction method for
hNCCs from hPSCs. The induction efficiency of this method was high (70-80%)
irrespective with the type of hPSC. The induced hNCCs exhibited the cranial NCC
characters under maintenance culture conditions, while further treatment with
insulin and RA marginally posteriorized hNCCs. Consistent with the expression of
cranial NCC markers, induced hNCCs could differentiate into corneal endothelial
cells, which is a characteristic of cranial NCCs.

Our protocol was independent of the BMP signal. In our protocol, DMHI, a
specific BMP inhibitor, clearly attenuated the induction efficiency of the p75™€"
fraction (Figure S1). This result clearly contradicted the findings of previous
studies (no effect [14] or increased efficiency [15]). The marked differences in the
findings of these studies may be attributed to the seeding density used at the
beginning of induction. The seeding density of our protocol was approximately 2—
4 clumps/cm” (approximately 20 cells/cm?), while other studies used
1% 10" cells/cm* [26]. Both CNS and neural crest fates were previously observed
when cells were seeded at a low density, while CNS cells primarily formed at a
high density [43]. In accordance with these findings, the efficiency of the NCC
induction was markedly decreased if clumps were seeded at a higher density (data
not shown). The high density of hNCCs may have exaggerated local BMP
signaling secreted from the hNCCs themselves. Therefore, we combined high
density seeding with the BMP inhibitor treatment; however, the efficiency was still
low (data not shown). Based on these results, we could not account for the
differences between our protocol and those of previous studies.

In order to compare the hNCCs in this study with those in previous studies, we
analyzed gene expression profiles of hNCCs published previously. The
comparison of the relative induction levels of NCC specific genes revealed that
hNCCs differentiated by our protocol and previous studies showed similarities in
some aspects, but overall profiles were different from each other (Figure S3).
These results indicated that induction protocols reported in this study and in the
previous studies induced different subset of hNCCs.

Induced hNCCs exhibited differentiation properties for multiple cell lineages
including peripheral neurons, glial cells, melanocytes, and corneal endothelial
cells, and also delivered hMSCs that further differentiated into osteogenic,
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chondrogenic, and adipogenic cells. These properties are compatible with NCCs
being multipotent stem cells [3]. However, clonal analyses are indispensable for
confirming the stemness of induced hNCCs. Previous clonal analyses revealed that
63-65% of the hNCC clones could differentiated into multi-lineage cells positive
for markers of neurons, glial cells, and smooth muscle cells [43, 44], suggesting

that hNCCs induced from hPSCs were multipotent on the clonal level. Although
stemness has yet to be investigated in this study, induced hNCCs in this protocol
will be a promising cell source for various types of research.

Human diseases that have been related to the development of hNCCs include
Hirschsprung’s disease, DiGeorge syndrome, Waardenburg syndrome, Charcot-
Marie-tooth disease, Hermansky-Pudlak syndrome, familial dysautonomia,
Chediak-Higashi syndrome, and CHARGE syndrome [45, 46]. hNCCs containing
the mutations responsible for these diseases can be induced from hiPSCs
established from the respective patients; therefore, this will be a powerful tool for
creating in vitro disease models that can contribute to a more detailed
understanding of the pathogenesis of NCC disorders and also to the development
of novel therapeutic modalities [15]. In addition, hNCCs have been shown to be
the cell-of-origin of some cancers such as neuroblastoma [47], which indicates
that hNCCs can be used in in vitro transformation experiments. We have already
confirmed that the survival rate of freeze-stocked hNCCs was satisfactory and the
freeze and thaw process had no impact on the growth and differentiation
properties of these cells (data not shown). These are favorable features for a
material in research because it is important to use cells of the same quality in
order to evaluate reproducibility.

Induced hNCCs-deridatives can also be used for cell therapy. In this regard,
hNCC-derived hMSCs will be a very useful material. h(MSCs have been used in a
wide range of regenerative medicines, and promising results have been reported in
some cases [48,49]. In contrast with the advances reported in clinical applications,
many issues related to the biology of hMSCs have yet to be investigated, one of
which is the cell-of-origin of hMSCs. hNCCs may be the precursors of hMSCs
based on the finding that craniofacial skeletal tissues are derived from NCCs [50].
This has also been supported in lineage tracing experiments using P0O-cre mice
[51,52]. Current sources of hMSCs include bone marrow, fat tissue, synovium,
and umbilical cord; however, it remains unclear whether NCC-derived cells exist
in all of these adult tissues and serve as the source of hMSCs. A comparison
between hNCC-derived MSCs and somatic tissue-derived hMSCs may provide
more information related to this issue.

One of the limitations of current hMSCs is their limited proliferative activity,
which may pose problems in their application to conditions requiring a large
amount of cells. This can be overcome if hNCC-derived MSCs are used because
hNCCs can be induced from hPSCs, which have unlimited proliferative activity.
Two issues are important for this application. One is to be free from infectious
substances that may be derived from animal materials. Using iPSCs generated and
maintained under feeder-free and xeno-free conditions, we successfully induced
hNCCs and hMSCs with minimum animal material (BSA in CDM) (Figure 8A).
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Furthermore, we generated terminally differentiated cells (osteogenic cells) from
these MSCs under chemically defined media. To the best of our knowledge, this is
the first study to demonstrate the induction of osteogenic cells under feeder-free
and serum-free conditions from PSCs. The other concern relates to the
contamination of undifferentiated cells, particularly parental hPSCs, which may
lead to serious conditions such as the formation of malignant tumors [53]. We
confirmed that hNCC-derived hMSCs were free from SSEA4-expressing cells and
the expression of PSC-marker genes was below detectable levels (Figures 7F, G).
Although more precise and meticulous analyses are required to prove the safety of
these cells, the results of the present study have provided evidence to promote the
use of hNCC-derived hMSCs for cell therapy.

Supporting Information

Figure S1. Effect of the BMP signal on the induction of p75™8" cells. hiPSCs
(201B7) were treated in NCC induction media with BMP4 (10 ng/ml) (A) or
DMH]1 (10 pM) (B), and the fraction of p75-positive cells was analyzed by FACS.
C) Effects of BMP signal inhibitors on the induction of p75™&" cells. 201B7 cells
were treated with each BMP inhibitor at the indicated dosage, and the fraction of
p75-positive cells was analyzed by FACS.

doi:10.1371/journal.pone.0112291.s001 (TIFF)

Figure S2. Global comparison of the expressions of genes between PSCs and
p75"" cells. A) A volcano plot showing the P value for differences in the
expression of each gene between the average of PSC lines (H9, KhES1, 414C2, and
201B7) and the average of corresponding p75" " cells. A total of 562 entities
downregulated and 447 entities upregulated in p75™#" cells were identified as a
differentially expressed gene set. B) Heat map analyses revealed global similarities
among hNCCs derived from each PSC line.
doi:10.137/journal.pone.0112291.5002 (TIFF)

Figure S3. Expression of NCC marker genes in induced NCCs from PSCs. The
induction ratio of NCC markers relative to a corresponding pluripotent baseline
was demonstrated in each induced NCC. iPS NCCs, GSE44727.
WAO09_NC_Dayll, 45223. Marker genes for each sub-population of NCC were
labeled using the indicated colors.

d0i:10.1371/journal.pone.0112291.s003 (TIFF)

Figure S4. Comparison of gene expression profiles between hNCCs at different
passages by scatter plotting. RNAs were extracted from hNCCs derived from
201B7 (A) and KhES1 (B) at different passages (PNO, PN4 and PN10), and
analyzed using microarrays. C) Correlation coefficient analysis was performed
using these data.

doi:10.1371/journal.pone.0112291.5004 (TIFF)

Figure S5. The expression of markers for hNCCs and hMSCs in each passage. A
gradual transition from hNCCs to hMSCs was observed in hNCC markers (A)
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and hMSC markers (B). Average + SD. N=3, biological triplicates. Regarding
BMSCs, cDNA was prepared from the bone marrow stromal cells of four healthy
donors (BM25, 26, 34, and 107), and the average was presented as BMSCs in each
graph.

doi:10.1371/journal.pone.0112291.s005 (TIFF)

Figure S6. Osteogenic-, chondrogenic-, adipogenic induction from feeder-free
hiPSCs through hNCC-derived hMSCs. Differentiation properties of hNCC-
MSCs. The induction for osteogenic (OI), chondrogenic (CI), and adipogenic
(AI) lineages was performed as described in the Materials and Methods section
and evaluated by Alizarin Red staining (OI), Alcian Blue staining (CI), and Oil
Red O staining (AI), respectively. Scale bar, 200 pm.
doi:10.1371/journal.pone.0112291.s006 (TIFF)

Table S1. Information of primary antibodies used in this study.
d0i:10.1371/journal.pone.0112291.s007 (TIF)

Table S2. Information of PCR primers used in this study.
doi:10.1371/journal.pone.0112291.5008 (TIF)
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Current Status of Multipotent Mesenchymal Stromal Cells

Syed R. Husain, PhD, Yoshikazu Ohya, PhD,? Junya Toguchida, MD, PhD,>* and Raj K. Puri, MD, PhD'

HIS SPECIAL ISSUE of the journal highlights the 16th US-

Japan Cellular and Gene Therapy Conference entitled
“Potential Application of Multipotent Mesenchymal Stro-
mal Cells” held on the National Institutes of Health Campus
on February 28, 2013. The conference was jointly organized
by the Center for Biologics Evaluation and Research, US
Food and Drug Administration (FDA), and the Ministry of
Education, Culture, Sports, Science and Technology, Japan
under the US-Japan Cooperative Research Program. The
scientific themes of these joint annual meetings are selected
based on current advances in the area of cellular and gene
therapy. Speakers from Japan and the United States kindly
agreed to submit their presentations for this special issue of
the journal.

Mesenchymal stem cells (MSCs) (also known as multi-
potent stromal cells) were first isolated from bone marrow and
found capable of regenerating rudiments of bone and sup-
porting hematopoiesis in vivo.! Plastic adherent populations
isolated from bone marrow were found to be functionally
heterogeneous and exhibited colony-forming unit fibroblasts
made up of undifferentiated stem cells and progenitor cells.
These cells were also observed for their multipotency through
differentiation into mesenchymal cell types, including osteo-
blasts, chondrocytes, and adipocytes. Because MSCs are
generated from the stromal component of bone marrow, they
were later renamed multipotent mesenchymal stromal cells
(with the same acronym) to reflect their origin and biological
properties.”

MSCs are a diverse population of cells with a wide range
of potential therapeutic applications, which is evident from
the variety of indications currently being investigated in
clinical trials. Their potential is based on their inherent bio-
logical properties such as plasticity, proliferation, migration,
self-renewal, and immunosuppression. A large number of
clinical studies have been conducted or are ongoing. The
FDA has not yet approved any MSC-based products.

These MSC-based products are complex and heterogeneous.
The variability in donor and tissue sources, manufacturing
processes, phenotypic cell markers, and bioactivity has the
potential to significantly impact the product and prevents a

direct comparison of therapeutic protocols. Bone marrow is not
the sole source of MSC-based products; current research in the
use of umbilical cord or placental tissue and adipose-derived
MSC-based products has increased significantly.

In spite of numerous challenges and diversity in MSC-
based clinical trial products, MSCs have great potential in
the field of regenerative medicine. The articles in this issue
highlight the promises and challenges in the manufacturing
of MSCs and their use in bone tissue regeneration, cirrhosis
treatment, and tissue vascularization.
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ABSTRACT

Ectopic bone formation is thought to be responsible for ossification of the posterior longitudinal ligament
of the spine (OPLL). Mesenchymal stem cells (MSCs) were isolated from spinal ligaments and shown to
play a key role in the process of ectopic ossification. The purpose of this study was to explore the capacity
of these MSCs to undergo lineage commitment and to assess the gene expression changes between these
committed and uncommitted MSCs between OPLL and non-OPLL patients. Spinal ligament-derived cells
were obtained from OPLL patients or patients with cervical spondylotic myelopathy (non-ossified) for
comparison (n =8 in each group). MSCs from the two patient cohorts were evaluated for changes in col-
ony forming ability; osteogenic, adipogenic and chondrogenic differentiation potential; and changes in
gene expression following induction with lineage-specific conditions. We show that the osteogenic dif-
ferentiation potential was significantly higher in MSCs from OPLL patients than in those from non-OPLL
patients. In addition, alkaline phosphatase activity and several osteogenic-related genes expressions
(bone morphogenetic protein 2, runt-related transcription factor 2 and alkaline phosphatase) were signif-
icantly higher in the OPLL group than in the non-OPLL group. However, single cell cloning efficiency, adi-
pogenic and chondrogenic differentiation, and the expression of adipogenic and chondrogenic-related
genes were equivalent between MSCs harvested from OPLL and non-OPLL patient samples. These findings
suggest an increase in the osteogenic differentiation potential of MSCs from OPLL patients and that this
propensity toward the osteogenic lineage may be a causal factor in the ossification in these ligaments.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The posterior longitudinal ligament of the spine lies adjacent to
the posterior aspect of the vertebral bodies. Ossification of this
ligament is characterized by ectopic bone formation, and is
frequently linked with similar ossification in other surrounding
spinal ligaments. These ossified lesions often enlarge with time
and compress the spinal cord and its roots, leading to neurological
deficiencies and a high risk of spinal cord injury [1,2]. Patients with
severe symptoms are considered definitive candidates for surgical
treatment such as spinal decompression |[3]. However, it is worth
noting that there are no therapies for preventing the formation
and progression of ossified lesions.

Given that some patients have a familial history of OPLL, it is
quite possible that genetic factors are partly responsible for this
pathogenic condition. The genetic factors pertaining to OPLL are

described as multifactorial genetic inheritance [4] and the genes
playing a key role in its onset remain unclear. In OPLL patients, ec-
topic ossification occurs throughout the spine, frequently involving
ossification of other spinal ligaments. Consequently, OPLL has been
regarded as one of the manifestations of diffuse idiopathic skeletal
hyperostosis (DISH) [5,6]. Based on genetic factors, these current
findings may indicate that OPLL patients would have a tendency
toward systemic ossification of numerous ligaments, similar to
that observed in patients with DISH.

Mesenchymal stem cells (MSCs) have been isolated from vari-
ous tissues and are thought to play essential roles in supplying
damaged tissues with a source of progenitor cells for repair. How-
ever, several studies have discussed the undesirable effects of
MSCs in pathogenic conditions such as fibrodysplasia ossificans
progressiva (FOP) [7], ectopic ossification following burn injury
|81 and aortic valve calcification [9]. We have focused our attention
on the roles of MSCs in the process of ectopic ossification in spinal
ligamentous tissues. As a first step, we isolated MSCs from human

* Corresponding author. Fax: +81 172 39 5022.

E-mail address: furukawa@cc hirosaki-v.ac.jp (K-I. Furukawa). spinal ligaments and performed immunophenotypic analysis of
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cell surface markers {10]. Furthermore, we previously demon-
strated the localization of MSCs in ossified human spinal ligaments
[11]. Chondrocytes near the ossification front in ossified spinal
ligaments are positive for MSC marker expression, and there is
an increase in the prevalence of MSCs in the collagenous matrix
near the ossified spinal ligament. Therefore, we suspect that MSCs
play a key role in the ectopic ossification process of spinal liga-
ments. This study was aimed to explore the capacity of MSCs to
undergo lineage commitment and to determine the gene expres-
sion changes that occur in committed and uncommitted MSCs
and how this differs between OPLL and non-OPLL patients.

2. Materials and methods
2.1. Samples

The study was approved by the Committee of Medical Ethics of
Hirosaki University Graduate School of Medicine. All patients gave
written informed consent to participate. Ligamentum flava at the
C3 level were collected aseptically during surgery of the cervical
spine from eight patients with OPLL (OPLL group) and eight pa-
tients with cervical spondylotic myelopathy as a control (non-OPLL
group). The ligamentum flava in OPLL patients showed no evidence
of ossification at the time of harvesting. The clinical diagnosis,
patient gender and age of the tissue samples used in this study
are shown in Table 1. There was no significant difference in patient
ages between OPLL (mean, 66.9 £ 6.9 years) and non-OPLL (mean,
65.9 £ 6.6 years).

2.2. Cell isolation and culture

MSCs were isolated as described in the literature [10]. Briefly,
collected samples were washed with phosphate-buffered saline
(PBS), minced and digested with 3 mg/ml collagenase (Type5;
Sigma-Aldrich, St. Louis, MO, USA) in a-modified Eagle’s medium
(o-MEM; Invitrogen, Carlsbad, CA, USA) at 37 °C for 3 h. Nucleated
cells were plated in plastic dishes (Nalge Nunc International,
Rochester, NY, USA) at density of 5 x 10° cells/90-mm dishes. Cells
were maintained in complete culture medium (o-MEM + 10% fetal
bovine serum (FBS) (JRH Bioscience, Lenexa, KS, USA), 100 U/ml
penicillin G sodium and streptomycin sulfate (Invitrogen)). Culture
dishes were incubated in a humidified atmosphere of 95% air and
5% CO, at 37 °C for 14 days as passage O.

2.3. Flow cytometric analysis and cell sorting

For flow cytometric analysis of cell surface antigens and cell
sorting, MSCs were stained for the expression of CD34 and
CD105 using a mouse anti-human CD34 antibody coupled with
PE and a mouse anti-human CD105 antibody coupled with

Table 1
Clinical diagnosis, gender and age of tissue samples.
non-OPLL group OPLL group
Sex/age Diagnosis Sex/age Diagnosis
F/56 CSM M/53 C-OPLL, T-OLF
M/60 CSM M/62 C-OPLL, T-OPLL, T-OLF
M/60 CSM M/65 C-OPLL
M/60 csM F|67 C-OPLL, T-OPLL, T-OLF
M/71 CSM M/71 C-OPLL, T-OLF
M/[72 CSM M/71 C-OPLL, T-OPLL, T-OLF
F/73 CcSM F/71 C-OPLL, T-OPLL
M/75 csM M/75 C-OPLL

M: male, F: female, CSM: cervical spondylotic myelopathy, C: cervical spine, T:
thoracic spine, OPLL: ossification of the posterior longitudinal ligament of the spine,
OLF: ossification of the ligamentum flavum of the spine.

PerCP-Cy5.5, respectively (BD Biosciences, San Jose, CA, USA). Pas-
sage 1 cells (1 x 10° cells) were harvested and washed with PBS
containing 2% FBS. Cells were suspended in 50 ul PBS containing
specific antibodies and incubated for 45 min on ice. The cells were
washed in PBS, filtered using a 35-um strainer (BD Falcon), resus-
pended in 1 ml of PBS and analyzed using a FACSAria™ II instru-
ment (BD Biosciences). For cell sorting, gates were defined as
negative for CD34 (CD34~) and positive for CD105 (CD105%)
according to the isotype control fluorescence intensity. Data were
analyzed using BD FACSDiva™ software v6.1.3 (BD Biosciences).

2.4. Single cell cloning efficiency

Sorted cells at passage 1 were seeded in complete culture med-
ium into two 96-well culture plates (Nalge Nunc International) per
sample at a density of one cell per well by FACS. After 14 days of
culture, wells were stained with 0.5% crystal violet (Wako Pure
Chemical Industries, Osaka, Japan). Wells that reached 30 or more
cells per well were counted as single-cell clones [12].

2.5. In vitro differentiation and histological analysis

2.5.1. Osteogenic differentiation

Sorted MSCs at passage 1 were seeded at densities of 100 cells/
cm? for cytohistological staining and cultured at subconfluent
levels. Osteogenic induction medium was then added for 21 days.
Osteogenic induction medium consisted of complete culture med-
ium supplemented with 1 nM dexamethasone (ICN Biomedicals
Inc., Costa Mesa, CA, USA), 10 mM B-glycerol phosphate and
50 pg/ml ascorbic acid (Wako Pure Chemical Industries), as previ-
ously reported [ 13]. To evaluate the mineralized matrix, cells were
fixed with 4% formaldehyde and stained with 1% Alizarin Red S
(Sigma~Aldrich) for 10 min. The calcium-bound dye was extracted
using 100 mM hexadecylpyridinium chloride monohydrate (Wako
Pure Chemical Industries) and quantified at an optical density (OD)
of 570 nm. The experiment was performed once with triplicate
wells for each sample. ALP activity was measured at days 0, 7
and 14 using a LabAssay™ ALP kit (Wako Pure Chemical Industries)
and standardized to whole protein content in the lysate according
to the manufacturer’s instructions. The experiment was performed
once with duplicate wells for each sample.

2.5.2. Adipogenic differentiation

Cells from passage 2 were seeded at densities of 10,000 cells/
cm?. Upon reaching the appropriate subconfluent level, cells were
incubated in adipogenic induction medium (complete culture
medium supplemented with 100 nM dexamethasone, 0.5 mM
isobutylmethylxanthine and 100 uM indomethacin (Sigma-Al-
drich)) for 21 days, as previously reported [14]. To evaluate lipid
vesicle formation, cells were fixed with 4% formaldehyde and
stained with 0.3% Oil Red O for 20 min. The dye was extracted
using 60% isopropanol and the OD was measured at 490 nm. The
experiment was performed once with duplicate wells for each
sample.

2.5.3. Chondrogenic differentiation

5 x 10° cells at passage 2 were centrifuged for 10 min at 450xg
in a 15-mL polypropylene tube. The pellet was treated with chon-
drogenic induction medium for 21 days. Chondrogenic induction
medium consisted of complete culture medium supplemented
with 500 ng/ml bone morphogenetic protein (BMP) 2, 10 ng/ml
transforming growth factor (TGF)-3 (R&D Systems, Minneapolis,
MN, USA) and 100 nM dexamethasone, as previously reported
[10]. The pellets were evaluated in terms of diameter and pellet
wet weight. The diameter was measured using Image] software
(Rasband, WS, rsb.info.nih.gov/ij). The pellets were fixed in 10%
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Table 2

List of primers used for real-time PCR,
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Gene Forward primer 53 Reverse primer 53

GAPDH TGCACCACCAACTGLTAGC GGCATGGACTGTGGTCATGAG
BMP2 AGATGAACACAGCTGGTCACAGA GGAAGGATGCCCTTTTCCA
Runx2 GCCTTCAAGGTGGTAGCCC CGTTACCCGCCATGACAGTA
ALP ACGAGCTGAACAGGAACAACGT CACCAGCAAGAAGAAGCCTTTG
Osteocalcin TCAGAGCCCTCACACTCCTC ACCTTTGCTGGACTCTGCAC
Osteopontin CGCAGACCTGACATCCAGT GGCTGTCCCAATCAGAAGG
PPARY2 TGAATGTGAAGCCCATTGAA CTGCAGTAGCTGCACGTGTT
LPL ATGTGGCCCGGTTTATCA CTGTATCCCAAGAGATGGACATT
Sox9 GTACCCGCACTTGCACAAC TCGCTCTCGTTCAGAAGTCTC
COL2A1 CCGGGCAGAGGGCAATAGCAGGTT CATTGATGGGGAGGCGTGAG
COL10A1 CATGTTTGGGTAGGCCTGTATAAGA ACTCCCTGAAGCCTGATCCA

G3PDH: glyceraldehyde-3-phosphate dehydrogenase, BMP2: bone morphogenetic protein 2, Runx2: runt-related transcription factor 2, ALP: alkaline phosphatase, PPARY2:
peroxisome proliferator-activated receptor gamma 2, LPL: lipoprotein lipase, Sox9: sex-determining region Y-type high mobility group box 9, COL2A1: collagen type 2 alpha

1, COL10A1: collagen type 10 alpha 1.

formaldehyde, dehydrated through serial ethanol dilutions and
embedded in paraffin. Blocks were cut into 5-pum sections and
stained with Alcian Blue (Sigma-Aldrich). Images were captured
on a light microscope (BX41; Olympus, Tokyo, Japan) and Image]
software (Rasband) was used to quantify differences in Alcian Blue
staining between samples. To standardize measurements, the
Image] automatic thresholding routine was used to avoid bias
introduced by an observer manually setting the imaging threshold.
The Alcian Blue stained area of the pellet was quantified with the
percentage of the positive area to the total area [15]. The experi-
ment was performed once with duplicate pellets for each sample.

2.6. RNA isolation and Real-Time PCR analysis

The differences between the mRNA levels of osteogenic-, adipo-
genic- and chondrogenic-related genes in stem cell differentiation
were analyzed using real-time PCR. Total RNA was extracted on
days 0, 7, 14 and 21 of each induction periods using an RNeasy
Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufac-
turer's instructions. Real-time PCR was conducted using Power
SYBR Green PCR Master Mix on an ABI Prism® 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA).
Specific primer pairs for each gene (Table 2) were designed using
Primer Express software (Applied Biosystems). The expression
level of each gene was normalized with that of the housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Graphs show the relative expression levels compared with the
control on day O.

2.7. Statistical analysis

Data from eight samples in each group were used for statistical
analyses, with the exception of chondrogenic-related gene expres-
sions (n=5 for each group). Data input and calculations were
performed with SPSS ver.12.0 J (SPSS Inc., Chicago, IL, USA). All
quantitative values are expressed as mean * SEM. Experimental
data between non-OPLL group and OPLL group were compared
using Mann-Whitney U-test. Gene expression levels of each mRNA
were compared between non-OPLL group and OPLL group on each
day. P < 0.05 was considered statistically significant.

3. Results

3.1. Isolation and flow cytometric analysis of MSCs from spinal
ligament

MSCs obtained from spinal ligaments were plastic-adherent and
demonstrated characteristic spindle-shaped and fibroblast-like

morphology in both OPLL and non-OPLL groups (Fig. 1A). Flow
cytometric analysis was used to examine the proportions of
CD34°/CD105" cells, which is indicative of MSCs, in both groups
(Fig. 1B). The percentages of CD347/CD105" passage-1 cells in
non-OPLL and OPLL groups were 90.7 +4.5% and 89.6 +4.9%,
respectively (Fig. 1C).

3.2. Single cell cloning efficiency

Passage 1 cells were seeded at a statistical density of one cell
per well in 192 wells for each sample. After 14 days, colonies were
stained with crystal violet. Single cell cloning efficiency was
48.3 £ 3.9 clones in non-OPLL group and 52.0 + 8.9 clones in OPLL
group per 192 wells (Fig. 1D).

3.3. In vitro differentiation and histological analyses

3.3.1. Osteogenesis

After 21 days in basal growth media, none of the MSC cultures
showed evidence of spontaneous mineralization (Fig. 2A). How-
ever, under osteogenic induction medium, mineralization was ob-
served in both OPLL and non-OPLL groups, with calcium deposition
visualized by Alizarin Red S staining. To quantify the mineralized
content, bound Alizarin Red S dye was dissolved and measured
at 570 nm. The OD values were 1.9 £ 0.9 in the non-OPLL group
and 13.1 £4.0 in the OPLL group (Fig. 2B), demonstrating a signif-
icant difference between the two groups (P = 0.0117). Furthermore,
ALP activity on day 7 under the osteogenic conditions and day 14
under basal media and osteogenic induction media were signifi-
cantly higher in the OPLL group as compared with those values
in the non-OPLL group (Fig. 2C). This finding indicates that the
osteogenic potential of MSCs derived from the ligaments of
patients with OPLL is greater than that of MSCs derived from the
ligaments of non-OPLL patients.

3.3.2. Adipogenesis

In basal growth conditions, MSCs from both OPLL and non-OPLL
patients formed a monolayer, with no apparent spontaneous lipid
vacuole formation (Fig. 3A). Following 21 days of adipogenic induc-
tion, light microscopy of Oil Red O-stained sections revealed the
formation of lipid vacuoles in both groups. To quantify the staining
intensity, bound Oil Red O dye was extracted and measured at
490 nm. The OD values were 0.30 £ 0.06 in the non-OPLL group
and 0.27 £ 0.07 in the OPLL group (Fig. 3B).

3.3.3. Chondrogenesis
After 21days of chondrogenic induction, MSCs from both
groups formed semitranslucent pellets of an increased size owing
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to production of extracellular matrix (Fig. 3C). Comparing the
non-OPLL and OPLL groups, the diameters of pellets were
0.97 + 0.07 mm and 0.99 + 0.06 mm (Fig. 3E), and the weights were
0.49 +0.09 mg and 0.43 +0.05 mg (Fig. 3F), respectively. Pellets
were then sectioned and stained with Alcian Blue to assess the de-
gree of chondrogenesis between the groups. Alcian blue staining of
pellets formed in basal medium was weak or negative, while
clearly positive after 21days in chondrogenic differentiation

medium (Fig. 3D). Percentages of Alcian Blue staining per pellet
were 42.7 +3.7% in the non-OPLL group and 38.3 + 6.2% in the OPLL
group (Fig. 3G).

3.4. Gene expression

The expression of osteogenic, adipogenic and chondrogenic-re-
lated genes during the course of lineage-specific differentiation
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was investigated. The mRNA levels of BMP2, Runx2, ALP, osteocal-
cin and osteopontin, known osteogenic markers, were all enhanced
by osteogenic induction in both groups, as compared with expres-
sion in basal media (Fig. 4A-E; fold-change increase over control
levels). In particular, BMP2 and ALP were higher in OPLL group
than in the non-OPLL group at day 7, and Runx2 was higher on
days 14 and 21 in OPLL group than in the non-OPLL group signifi-
cantly. The mRNA levels of adipogenic markers PPARY2 and LPL
were also elevated under adipogenic conditions in both groups
compared with control conditions (Fig. 4F and G). However, there
were no significant differences in the expression of these two
genes between the OPLL and non-OPLL groups under adipogenic
conditions. Similarly, while the mRNA levels of the chondrogenic
markers Sox9, COL2A1 and COL10A1 were elevated by chondro-
genic induction, no significant difference was observed between
OPLL and non-OPLL groups (Fig. 4H-]).

4. Discussion

In this study, we sought to assess the capacity of MSCs residing
in the spinal ligament tissue to undergo lineage commitment.
Using various assays, we clearly showed that MSCs harvested from
the ligaments of patients with OPLL have an increased osteogenic
differentiation potential as compared with MSCs from patients
without evidence of ligament ossification. However, single cell
cloning efficiency, adipogenic and chondrogenic differentiation
potentials, and the expression levels of adipogenic- and chondro-
genic-related genes were equivalent between the two groups.
These results suggest that MSCs in the ligaments of patients with
OPLL have a propensity toward becoming osteogenic cells.

As previously reported, one disadvantage of conventional MSC
isolation techniques is the unavoidable contamination from hema-
topoietic and heterogeneous cells, including various progenitor
and fibroblastic cells [16-18]. Indeed, the expression of CD34, a
known hematopoietic cell marker, was small but not negligible
because of this unavoidable contamination using the conventional
method. CD105" cells have been reported to have a more homoge-
neous population of colony forming unit-fibroblasts and the capac-
ity to form bone in vivo [19] as well as the potential to differentiate
into cells of a chondrogenic lineage [20]. For these reasons, we
selected CD34/CD105" cells from cells isolated by conventional
MSC preparation for our experiments. From this point, cell sorting
created a homogeneous population with which to rigorously
evaluate the characteristics of MSCs.

Ectopic ossification is the process by which bone forms in soft
tissues in response to injury, inflammation, or genetic diseases or
through excess signaling, such as that which occurs when exoge-
nous growth factors are supplemented at a wound site. However,
despite numerous studies, the biological mechanism responsible
for the development of ectopic ossification has not been fully
elucidated. Perhaps the most extreme cases of ectopic ossification
can be found in patients with FOP [21], which is induced by a com-
bination of genetic mutations and acute inflammatory responses.
Reportedly, aberrant stem cell differentiation can contribute to
ectopic ossification in the onset of FOP as a result of activin-like
kinase-2 mutations and the conversion of endothelial cells to cells
of a mesenchymal-like phenotype [7]. In this study, the origin and
localization of isolated MSCs in spinal ligament tissues was not
determined, but one possibility is that MSCs were induced by
through this mechanism of enhanced endothelial-mesenchymal
conversion.
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Putative osteoprogenitor cells have been identified by others in
certain tissues such as traumatized muscle and aortic valves [9,22].
However, the process for the spontaneous phenotypic differentia-
tion of MSCs into osteoprogenitor cells or osteoblasts has not been
clearly elucidated. Some authors suggest that miRNA and epige-
netic alterations regulate osteogenic differentiation of progenitor
cells in muscle sites and in vitro {23,24]. We, too, hypothesize that
genetic and epigenetics aspects are major factors controlling line-
age commitment of MSCs.

One caveat of this study is that samples were harvested from
non-ossified ligamentum flavum. However, as previously men-
tioned, OPLL patients have a tendency toward systemic ossification
of numerous ligaments and soft tissues, thus it is likely that even
MSCs obtained from non-ossified ligaments would exhibit the
features of this pathological condition. There are some other
limitations that should be noted. First, because of ethical reasons,
control samples were not from healthy patients but from patients
with cervical spondylotic myelopathy without evidence of liga-
ment ossification. Second, this is an in vitro study. Some reports
have suggested that in vitro mineral deposition does not correlate
with in vivo bone formation [25,26]. Thus, this investigation should
be followed up using an in vivo model to study the mechanism of
osteogenic differentiation of MSCs that leads to ectopic ossification
in a physiological system. Third, we used only two markers instead
of more to sort the cell, as discussed above. And finally, the current
study included a relatively limited number of tissue samples
(n=8) and is thus not adequately powered to perform all of the
necessary statistical analyses.

In conclusion, this study indicates an increase in the osteogenic
differentiation potential of MSCs from OPLL patients and the find-
ings suggest that this propensity toward increased osteogenesis of

these MSCs may be a causal factor for ossification in the ligaments
of these patients.
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