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Osteogenic potential, multipotency, and cytogenetic safety of
human bone tissue-derived mesenchymal stromal cells (hBT-MSCs)

after long-term cryopreservation

Kenichi Kumazawa, Takayuki Sugimoto, Yasuharu Yamazaki,
Akira Takeda, Eiju Uchinuma

Department of Plastic and Aesthetic Surgery, Kitasato University School of Medicine

Objectives: We evaluate osteogenic potential, multipotency and the safety of the human bone-tissue
derived mesenchymal stromal cells (hBT-MSCs) cryopreserved 10 or more years.
Methods: In the 7 specimens of the cryopreserved hBT-MSCs, we investigated the alkaline phosphatase
(ALP) activity, calcium-producing capability, and gene expressions (Runx2, osterix, osteocalcin) and
compare the nondifferentiated group (Dif(-) group) with the osteogenic differentiated group (Dif(+)
group) statistically.  We transplanted both group cells seeded on a hydroxyapatite disk into the
subcutaneous back of nude mice and investigated the thus induced osteogenesis.  We perform
adipoinduction to hBT-MSCs to evaluate multipotency.  We examined chromosomal morphology,
presence or absence of abnormalities of the p53 tumor-suppressor gene, and expression of the myc
oncogene.
Results: There were significantly higher ALP activity and calcium-producing capability in the Dif(+)
group than in the Dif(-) group.  The adipogenic differentiated hBT-MCs differentiated in adipocytes.
Runx2 gene expressions were more significantly high in the Dif(+) group than in the Dif(-) group after
1 week and 3 weeks of osteogenic differentiation.  Osterix and osteocalcin were significantly high after
only 3 weeks. The morphologic and gene abnormality were not accepted by cryopreserved hBT-MSCs
Conclusions: With hBM-MSCs cryopreserved more than 10 years, osteogenic potential and
multipotency were maintained.  hBT-MSCs cryopreserved more than 10 years may be clinically
useful.
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Introduction

or treatment of patients with cleft lip and palate,
reconstruction of the alveolar cleft region n with

bone tissue is an important procedure for providing
appropriate dental occlusion.  In accordance with Millard
et al.,1 our department has implemented a procedure that
involves closing the alveolar cleft with the mucoperiosteal
flap during cheiloplasty in an initial surgery and
subsequently conducting a secondary bone grafting
operation during the mixed dentition period in patients
between 6 and 12 years of age.  While autologous iliac
crest cancellous bone is commonly used for bone grafting
of the alveolar cleft region, there are cases in which a
sufficient amount of cancellous bone cannot be harvested

from the ilium or the operation has to be repeated due to
absorption of the grafted bone.  This becomes a heavy
burden for the patients.

Patients with cheilognathopalatoschisis undergo initial
cheiloplasty and cleft palate anaplasty before they are
old enough for secondary bone grafting.  The patient's
burden may be decreased if autologous bone tissue-
derived mesenchymal stromal cells can be isolated from
the maxillary, inferior nasal turbinate or the palatal bone
surrounding the surgical sites, stored with long-term
cryopreservation, proliferated in culture, and used as a
bone graft in secondary bone grafting.

The clinical applications of bone marrow-derived
mesenchymal stem cells in the field of craniomaxillofacial
surgery have recently been reported.2,3  Matsuo et al.
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reported in vitro and in vivo osteogenic potential of human
bone tissue-derived mesenchymal stromal cells (hBT-
MSCs) that had been cryopreserved for 3 to 6 months
and subsequently cultured in autologous serum for
osteogenic differentiation.4  Although the osteogenic
potential was preserved, the longest cryopreservation time
tested was 6 months, which was too short to be useful for
clinical application.  It has been reported that MSCs retain
osteogenic differentiation potential after long-term
cryopreservation, the the longest period was 3 years.5,6

To clinically apply the use of autologous hBT-MSCs
to secondary bone grafting operations, successful
cryopreservation for a minimum of 10 years is required.
In the present study, hBT-MSCs cryopreserved for 10 or
more years were thawed, cultured, and we assessed in in
vivo assays regarding osteogenic potential as well as with
in vitro experiments regarding time-dependent changes
in bone markers following osteogenic differentiation.  As
an indicator of multipotency, the cryopreserved hBT-
MSCs were examined for adipogenic differentiation.

In addition, to use cells, which underwent long-term
cryopreservation for clinical treatment, safety assessment
is a prerequisite.  As a safety assessment, we examined
chromosomal morphology, presence or absence of
abnormalities of the p53 tumor-suppressor gene, and the
expression of themyc oncogene.

Materials and Methods

This study was approved by the ethics committee of
Kitasato University (B12-101).  Animal experiments were
approved by the Animal Experiment committee (2012-
068).

Cryopreserved specimens
The cryopreservation was performed as follows.  A
surplus of cancellous bone from the iliac crest was
obtained from secondary bone grafting in our department.

The harvested bones were pulverized and placed in 25
cm2 flasks containing α-minimum essential medium
(α-MEM; Life Technologies, CA, USA), 10% Fetal
bovine serum (FBS; Sigma-Aldrich, MO, USA),
antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin), and incubated at 37℃ in humid air with
5% CO2.

The culture medium was changed twice a week.  The
confluent cells were detached from the flasks with trypsin-
ethylenediaminetetraacetic acid (EDTA), collected in 75
cm2 flasks for second passage under the same condition.
The confluent cells were detached with trypsin-EDTA
and collected.  The cells were suspended in a cell
cryopreservation solution, serum-containing medium
(CELLBANKER; Nippon Zenyaku Kogyo, Fukushima)
and stored at -80℃.  Cryopreserved specimens of bone
tissue-derived mesenchymal cells in our departmental
stock were used.  Of the available specimens, 7 had been
stored for 10 or more years (Table 1).  There were 7
donors (1 male and 6 females) aged between 5 and 18
years (mean, 8.7 years).  Bone was harvested from the
iliac crest from all patients.  Mesenchyml stem cells were
cryopreserved from 10 years 3 months to 13 years 3
months (mean, 12 years 1 month).

In vitro investigation was carried out for all specimens,
and in vivo was carried out for 4 specimens.  Cytogenetic
safety evaluation was carried out for 3 specimens.

Recultivation, osteogenic differentiation, and adipogenic
differentiation
The cryopreserved cells were thawed at room
temperature, seeded into 75 cm2 flasks, and cultured to
confluence in α-MEM cell culture medium supplemented
with 10% FBS (MP Biomedicals, LLC, CA, USA),
antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin) and 1 ng/ml basic fibroblast growth factor
(bFGF).  After the necessary density was achieved, the
cells were seeded at 1 × 105/well into 6-well plates.  The
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Table 1.  Donor information

Cryopreservation Cytogenetic safety
No. Age, y Sex Donor site in vitro in vivo

y, mo evaluation

1   9 F Iliac crest 10, 3 ○ ○

2   9 F Iliac crest 13, 7 ○ ○

3 18 F Iliac crest 13, 3 ○ ○ ○

4   9 F Iliac crest 12, 8 ○ ○ ○

5   5 M Iliac crest 12, 1 ○ ○

6   5 F Iliac crest 11, 4 ○

7   6 F Iliac crest 11, 6 ○
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cells that were not subjected to the induction of
differentiation were cultured under the previous
conditions.  Osteogenic differentiation was induced in
cells by culturing in α-MEM medium supplemented with
10% FBS, antibiotics (100 U/ml penicillin and 100 mg/
ml streptomycin), 10-7 mol/l dexamethasone (Sigma-
Aldrich, MO, USA), 0.05 mM ascorbic acid (Wako Pure
Chemical  Industr ies,  Osaka),  and 10 mMβ-
glycerophosphate (Calbiochem, CA, USA) at 37℃ under
5% CO2 atmosphere.  The medium was replaced twice a
week.  Adipogenic differentiation occurred in α-MEM
medium supplemented with 10% FBS, antibiotics (100
U/ml penicillin and 100 mg/ml streptomycin), 1μM
dexamethasone, 0.01 mg/ml insulin (Wako Pure
Chemical Industries, Osaka), 0.2 mM indomethacin
(Wako Pure Chemical Industries, Osaka), and 0.5 mM
isobutylmethylxanthine (Sigma-Aldrich, MO, USA).

Examination and evaluation of cryopreserved hBT-MSCs
characteristics
Alkaline phosphatase (ALP) activity: Cryopreserved cells
were thawed at room temperature and seeded at 1 × 105/
well into 6-well plates.  The cells were cultured in
osteogenic differentiation medium at 37℃ under 5% CO2

atmosphere.  The osteogenic differentiation medium was
replaced twice a week.

Samples were collected at 1, 2, and 3 weeks after
osteogenic differentiation, and ALP activity was assayed
in both induced and control cells.  ALP activity was
measured using the TRACP and ALP Assay Kit
(TAKARA BIO, Shiga) with alkaline phosphatase (Calf
intestine) (TAKARA BIO, Shiga) as the standard enzyme.
Protein was quantitated using the Micro BCA protein
assay (Thermo Scientific, MA, USA) with appropriate
corrections.

The statistical difference was determined by Student's
t-test.  P < 0.05 was considered statistically significant.

Calcium (Ca) production capability: Cryopreserved
cells were thawed at room temperature, seeded at 1 ×
105/well into 6-well plates, and cultivated in osteogenic
differentiation medium at 37℃ under 5% CO2.  The
osteogenic differentiation medium was replaced twice a
week.  Samples were collected at 1, 2, and 3 weeks after
osteogenic differentiation and compared with cells
cultured without osteogenic differentiation.  ESPA・Ca
(Nipro, Osaka) was used to assay Ca levels.

Ca staining with alizarin red S: Cryopreserved cells
were thawed at room temperature, seeded at 1 × 105/
well into 6-well plates, and cultured in osteogenic
differentiation medium at 37℃ under 5% CO2.  The
osteogenic differentiation medium was replaced twice a

week.  Alizarin red S staining was conducted at 1, 2, and
3 weeks after osteogenic differentiation as follows: Cells
were stained for 2 min with 1.3% alizarin red S solution
at room temperature, washed twice with phosphate
buffered saline (PBS), fixed with 100% ethanol, and
washed twice with distilled water.  After washing 3 times
with distilled water to remove excess staining solution,
cells were allowed to dry.

Staining of lipids with oil red O: Oil red O staining
was carried out to determine whether or not adipocytes
were produced from the cryopreserved hBT-MSCs upon
adipogenic differentiation.

Cryopreserved cells were thawed at room temperature,
seeded at 1 × 105/well into 6-well plates, and cultured in
adipogenic differentiation medium at 37℃ under 5%
CO2 atmosphere.  The adipogenic differentiation medium
was replaced twice a week.  Oil red O staining was
performed at 1, 2, and 3 weeks after adipogenic
differentiation as follows: Cells were washed twice with
PBS, fixed with 10% formalin, washed once with distilled
water, washed once with 60% isopropanol, and stained
for 60 minutes in oil red O solution.  After staining, the
samples were washed once each with 60% isopropanol
and distilled water.

Evaluation of Runx2, osterix, and osteocalcin
expression by RT-PCR assay: Cryopreserved cells were
thawed, recultivated, and seeded at 1 × 105/well into 6-
well plates.  Osteogenic differentiation was induced, and
samples were collected at 1, 2, and 3 weeks after
induction.  Samples that were not subjected to osteogenic
differentiation were collected in the same manner.

Total RNA was extracted from samples using the
RNeasy Mini Kit (Qiagen N.V., Venlo, Netherlands).
RNA concentration was determined with a NanoDrop
spectrophotometer (Thermo Scientific).  cDNA was
synthesized using the QuantiTect Reverse Transcription
(Qiagen N.V.).  GAP, Runx2, osterix, and osteocalcin
expression was determined by RT-PCR, as described by
Baba et al.7  The statistical difference was determined by
Wilcoxon's signed rank test.  Difference with P < 0.05
was considered significant.

Assessment of osteogenic potential of cryopreserved hBT-
MSCs in experimental animals
Preparat ion of  hybrid- type bone subst i tu te :
Hydroxyapatite (HA) disks (5 mm diameter, 2 mm
thickness, with 85% porosity; Pentax, HOYA, Tokyo)
were used as artificial bone scaffold.  Cryopreserved
cells were thawed, recultivated, and split into 2 samples
that were untreated (control) or subjected to osteogenic
differentiation.  One week after osteogenic differentiation,

Osteogenic potential of cryopreserved hBT-MSCs
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the cells were removed from flasks containing trypsin-
EDTA.  An HA disk was placed in each well of a 6-well
plate, and cells were seeded on the disk at 1 × 105/well.
Four replicates were prepared from each of the 4
cryopreserved specimens.

Animal experiments: Cells seeded on HA disks were
incubated for 24 hours at 37℃ under 5% CO2 before
implanting into subcutaneous of back of three 5-week-
old male nude mice (BALB/cA Jcl-un; Clea, Tokyo).
Osteogenic differentiated disk and control disk derived
from the same cryopreserved specimen were implanted
into the same mouse.  Two out of 3 nude mice were
implanted with 1 disk from the osteogenic differentiation
and 1 control disk from the control, i.e., 2 disks and cells
from 1 cryopreserved specimen.  The other one was
implanted with 2 disks from the osteogenic differentiation
and 2 disks from the control, and cells from 2
cryopreserved specimens.  The disks were implanted in
such a way that the side with the seeded cells was in
contact with the skin.  The HA disks were later removed
at 10 weeks after implantation.

Histological assessment: Recovered HA disks were
fixed in 4% paraformaldehyde Phosphate Buffer Solution
(Wako Pure Chemical Industries, Osaka), decalcified with
K-CX (Falma, Tokyo), washed, embedded into paraffin,

and sliced into sections of 4μm.  After hematoxylin and
eosin (H&E) staining, the sections were examined
microscopically.  To confirm that the newly formed bone
was derived from human cells, the samples were
immunostained for human osteocalcin overnight at 4℃
with a 200-fold dilution of anti-human osteocalcin
(TAKARA BIO, Shiga) as the primary antibody, followed
by a 30-minute incubation with Alexa Fluor 568 rabbit
anti-mouse IgG(H+L) 2mg/ml (invitrogen, Life
Technologies, CA, USA) conjugated secondary antibody
(200 fold dilution) under a light shield at room
temperature.

Safety assessment of cryopreserved hBT-MSCs
A safety assessment of cryopreserved cells included
morphological examination and gene analysis.  Of the 70
specimens cryopreserved for 10 or more years available
from our department, 8 randomly chosen specimens were
subjected to G-band analysis.  FISH (fluorescence in situ
hybridization) was used to analyze 3 specimens
cryopreserved for 10 or more years.  The presence of
aberrance in the p53 tumor-suppressor gene and the
abnormal expression of the representative myc oncogene
were detected.
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A. Alkaline phosphatase activity assay was performed 1, 2, and
3 weeks after osteogenic differentiation.  There were significantly
more high alkaline phosphatase activity in the osteogenic
differentiated group than in the non-differentiated group in all
cases.

B. Calcium was not produced in the non-differentiated group.
Calcium was produced 2 and 3 weeks after osteogenic
differentiation.

Figure 1

* significant statistical difference by student's t-test (P < 0.05).  *1 P = 0.04, *2 P = 0.01, *3 P = 0.03
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Results

Cellular characteristics of cryopreserved hBT-MSCs
Although all cells showed ALP activity, cells that were
collected at 1, 2, and 3 weeks after osteogenic
differentiation displayed significantly greater activity than
the controls (1 week, P = 0.04; 2 weeks, P = 0.01; 3
weeks, P = 0.03) (Figure 1A).  Cells that did not undergo
osteogenic differentiation exhibited no Ca production.
However, Ca production was observed at 2 and 3 weeks
after osteogenic differentiation (Figure 1B).  Alizarin
red S staining confirmed Ca production in osteogenic
differentiated cells (Figure 2).  Oil red O staining verified
lipid production in cells that underwent adipogenic
differentiation (Figure 3).  As determined by RT-PCR,
Runx2, osterix, and osteocalcin RNA were expressed in
all cells.  Runx2 expression was significantly higher at 1
and 3 weeks after osteogenic differentiation compared

with the corresponding controls (1 week, P = 0.008; 3
weeks, P = 0.03).  Osterix and osteocalcin expression
were significantly higher at 3 weeks after osteogenic
differentiation (osterix, P = 0.03; osteocalcin, P = 0.03)
(Figure 4).

Histological assessment of osteogenic potential in
animals
Osteogenesis occurred in HA disks seeded with
osteogenic differentiated cells, which were removed at
10 weeks after subcutaneous implantation.  In contrast,
only 1 out of 4 control disks showed appreciable
osteogenesis, and the bone appeared hypoplastic.  The
generated bone was posit ive for  f luorescent
immunostaining of human osteocalcin, which confirmed
that the new bone was made from human-derived cells
(Figure 5).

HA disks with seeded cells were subcutaneously

Osteogenic potential of cryopreserved hBT-MSCs

Figure 2.  Alizarin red S staining

A. The osteogenic non-differentiated group were not stained, but B. the osteogenic
differentiated group were stained.

Figure 3.  Oil red O Staining

The cells cultured with the adipoinductive
medium were stained (original magnification ×
100).

Figure 4.  Runx2 gene expressions were significantly higher in the osteogenic differentiation group than in the nondifferentiation group
after 1 and 3 weeks of osteogenic differentiation.  Osterix and osteocalcin gene expressions were significantly higher in the osteogenic
differentiation group than in the nondifferetiation group after 3 weeks of osteogenic differentiation.
* There were statistical significant differences by Wilcoxon's signed rank test (P < 0.05).  *1 P = 0.008, *2 P = 0.03, *3 P = 0.03, *4 P = 0.03
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Figure 5

A. H&E staining B. Fluorescent immunostaining of human
osteocalcin (original magnification ×200, scale
bars indicate 50μm)

Figure 6.  New bone formation was observed in the osteogenic differentiated group but not in the
nondifferentiated group. (original magnification ×100, scale bars indicate 100μm)

A. The osteogenic differentiated group B. The non-defferentiated group

Table 2. 　Morphologic investigation by G-banding stain

Cryopreservation
No. Sex Caryotype

Period (y)

1 F 46, XX 15

2 F 46, XX 15

3 M 46, XY 14

4 F 46, XX 14

46, XY,
5 M 13

inv(9)(p12q13)

6 F 46, XX 12

7 F 46, XX 12

8 M 46, XY 11

inv(9)(p12q13), normal variant

Kumazawa, et al.
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implanted in 4 cases, and all 4 cases showed osteogenic
differentiation.  In the control group, only 1 out of 4
cases showed some osteogenic differentiation, but the
other 3 cases did not show any bone formation at all
(Figure 6).

Safety of cryopreserved hBT-MSCs
In the safety assessment of cryopreserved cells, no
abnormality was found in G-band patterns from the 8
specimens analyzed (Table 2).  G-banding staining was
performed as a morphologic investigation for all 8
specimens among all the cryopreserved cells.  But disorder
was seen in neither.  No indication of abnormality was
observed in myc or p53 analysis of 3 specimens (Table 1).

Discussion

Osteogenic potentials and multilineage of human bone
tissue-derived mesenchymal stromal cells stored by long-
term cryopreservation
In the field of regenerative medicine, considerable effort
has been devoted to the investigation of bone-marrow:
derived MSCs, the multipotent progenitor cells that can
replicate as undifferentiated cells and that have the
potential to differentiate to lineages of mesenchymal
tissues, including bone, cartilage, fat, tendon, muscle,
marrow stroma,8 liver,9 nerve,10 and myocardium.11  It
has been reported that MSCs show a sufficient viability
and osteogenic differentiation potential even after
cryopreservation.5,6,12,13

With regard to the characteristics of cryopreserved
hBT-MSCs cells, time-dependent changes in ALP activity
were observed in the non-osteogenic differentiation
group, suggesting that the stored mesenchymal stem cells
included preosteoblast-like cells.  Furthermore, significant
increases in ALP activity occurred after osteogenic
differentiation, indicating that hBT-MSCs most certainly
differentiated into pre-osteoblasts.  No Ca production
was observed in the absence of osteogenic differentiation,
implying that the cryopreserved cells did not contain an
appreciable number of differentiated pre-osteoblasts but
rather the less differentiated pre-osteoblast-like cells.

Osteoblasts exhibited differences in marker expression
according to their differentiation stage.  The osteoblast
markers are expressed in order of Runx2, ALP, and
osteocalcin.14,15  Osterix is a master transcription factor
for osteoblast differentiation and bone formation.16,17

Significant expression changes in Runx2, osterix, and
osteocalcin were observed at 3 weeks after osteogenic
differentiation.  These results indicate that hBT-MSCs
were originally derived from osteocytes, which is

consistent with the conclusion that preosteoblast-like cells
were predominant in the original specimens.

As an indicator of multipotency, the cryopreserved
cells were examined for adipogenic differentiation.  The
results confirmed the presence of adipocytes.  These
results indicate that cryopreserved bone tissue-derived
mesenchymal cells included non-differentiated stem cells.
The presence of human-derived bone tissue was detected
after subcutaneous transplantation of human cells into
mice.  Osteogenesis was observed in 1 of 4 disks seeded
with hBT-MSCs that had not been induced for osteogenic
differentiation.  Hamada et al. reported that human bone
marrow-derived mesenchymal stromal cells incubated
by primary culture from tooth pulp tissue have in vivo
osteogenic potential without the use of an osteoinduction
medium.18  The authors also found an in vivo osteogenic
potential of cryopreserved hBT-MSCs.

This observation is in accordance with the conclusion
from in vitro experiments that the cryopreserved bone
marrow-derived cells contained both nondifferentiated
and preosteoblast-like cells.  These data revealed that
cells remained osteogenic and multipotent even after more
than 10 years of cryopreservation.

Cytological safety characteristics of hBT-MSCs after
long-term cryopreservation
In the present study, 8 randomly chosen specimens from
70 specimens that had been cryopreserved for 10 or more
years were subjected to G-band morphological
examination.  The result indicated no morphological
abnormality for any of the specimens. Furthermore, no
abnormality was found in myc or p53 analysis of 3
specimens.

Furthermore, abnormal proliferation was not observed
during cultivation of revived cryopreserved cells.  In
contract, the cells appear to have undergone normal
osteogenic differentiation, as determined by ALP activity,
Ca production, and expression of Runx2, osterix, and
osteocalcin.14,15  This supports the feasibility of the clinical
application of cells cryopreserved for 10 or more years.

Nevertheless,  further detailed analyses of
chromosomal morphology and oncogene expression
using DNA microarrays are necessary to confirm the
safety of cryopreserved cells in clinical applications.

Clinical significance of hBT-MSCs after long-term
cryopreservation
Recently, methods to culture hBT-MSCs using a serum-
free medium in an attempt to avoid the use of FBS have
been reported.19-21  These methods are useful to avoid the
risks associated with the use of biological materials, e.g.,
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infection and contamination.  Therefore, the development
of a method to use hBT-MSCs cultured in autologous
serum is mandatory for clinical applications and medical
safety.22,23

We previously reported that cells cultured with
autologous serum exhibit osteogenic potential that is
indistinguishable from those of cells cultivated in
conventional media containing FBS.4,24  Currently, cleft
lip and palate can be diagnosed before birth, and
autologous serum can be obtained for cryopreservation
from the cord blood at birth.7  Patients with cleft lip and
palate undergo multiple surgeries, typically starting when
the child is approximately 3 to 4 months old.  During
cheiloplasty, it is possible to collect bone tissue from the
supramaxilla surrounding the surgical site.  We suggest
that the burden of patients prenatally diagnosed with cleft
lip and palate can be reduced by collecting autologous
serum from cord blood and bone marrow-derived cells
from the supramaxilla during the initial surgery.  Cells
can then be cryopreserved until the patient enters the
mixed dentition period, when bone grafting becomes
necessary.  Cryopreserved cells can be thawed and
cultivated for bone grafting to the alveolar cleft region,
provided the cells pass an appropriate safety examination.
Moreover, if clinical application of cryopreserved bone
tissue-derived mesenchymal stromal cells is successful,
the method may be beneficial to patients with other
diseases that require bone transplantation.
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