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Regeneration in Experimental Alveolar
Bone Defect Using Human Umbilical
Cord Mesenchymal Stem Cells
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Abstract
Cleft lip and palate is a congenital disorder including cleft lip, and/or cleft palate, and/or alveolar cleft, with high incidence.The
alveolar cleft causes morphological and functional abnormalities. To obtain bone bridge formation and continuous structure
between alveolar clefts, surgical interventions are performed from infancy to childhood. However, desirable bone bridge
formation is not obtained in many cases. Regenerative medicine using mesenchymal stem cells (MSCs) is expected to be a
useful strategy to obtain sufficient bone bridge formation between alveolar clefts. In this study, we examined the effect of
human umbilical cord-derived MSCs by transplantation into a rat experimental alveolar cleft model. Human umbilical cords
were digested enzymatically and the isolated cells were collected (UC-EZ cells). Next, CD146-positive cells were enriched
from UC-EZ cells by magnetic-activated cell sorting (UC-MACS cells). UC-EZ and UC-MACS cells showed MSC gene/protein
expression, in vitro. Both cells had multipotency and could differentiate to osteogenic, chondrogenic, and adipogenic lineages
under the differentiation-inducing media. However, UC-EZ cells lacked Sox2 expression and showed the lower ratio of MSCs
than UC-MACS cells. Thus, UC-MACS cells were transplanted with hydroxyapatite and collagen (HAþCol) into alveolar cleft
model to evaluate bone formation in vivo. The results of micro computed tomography and histological staining showed that
UC-MACS cells with HA þ Col induced more abundant bone formation between the experimental alveolar clefts than HA þ
Col implantation only. Cells immunopositive for osteopontin were accumulated along the bone surface and some of them
were embedded in the bone. Cells immunopositive for human-specific mitochondria were aligned along the newly formed
bone surface and in the new bone, suggesting that UC-MACS cells contributed to the bone bridge formation between alveolar
clefts. These findings indicate that human umbilical cords are reliable bioresource and UC-MACS cells are useful for the
alveolar cleft regeneration.
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Introduction

Cleft lip and palate (CLP) is a group of conditions that

include cleft lip, and/or cleft palate, and/or alveolar cleft1.

CLP is a multifactorial disease and many genetic and envi-

ronmental factors are known to be involved2,3. The incidence

of CLP varies among various racial groups1. The incidence

was reported to be 1 in 1,000 births in Caucasians, 1 in

2,500 births in those of African descent, and relatively high

at 1 in 500 births in Asians4–6.

CLP causes several morphological abnormalities in the

maxillofacial regions, including lip, nose, dental arch, and

palate7,8. Besides these morphological problems, CLP

causes various functional problems, e.g., feeding disorder

in infants, masticatory and occlusal disorders, speech

problems, and otopathology9–12. To correct these problems,

surgical correction of the lip, palate, and alveolus must be
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planned. Cheiloplasty is usually performed at 3 to 6 months

after birth to help the suckling of CLP infants13–15. Palato-

plasty is usually arranged before utterance to avoid speech

abnormality16,17. For the surgical closure of the alveolar

cleft, two types of surgical interventions are known18–26. The

first intervention is the secondary bone graft (SBG) intro-

duced by Boyne and Sands18,19. Classically, iliac bone grafts

have been used to facilitate bone bridge formation20,21. SBG

is usually performed in accordance with the permanent tooth

eruption to promote normal tooth eruption at 5 to 10 years of

age22,23. The second intervention is gingivoperiosteoplasty

(GPP)24–26. GPP was introduced by Skoog as an alternative

to SBG and was modified by Cutting and Grayson24,25. This

surgery generates double-layered periosteal flaps and

induces bone formation across the alveolar cleft without

needing a donor site or graft26.

Regarding the treatment outcome of GPP in unilateral

CLP at 5 to 7 years of age, three-dimensional evaluation

using cone-beam computed tomography (CT) showed that

although a bone bridge was formed in the alveolar cleft

region, the average height of the bone bridge was 44.4%
of the total alveolar height27. It was reported that 41% of

GPP-performed unilateral CLP cases required SBG after-

wards28. A similar insufficient treatment outcome of GPP

was reported in other studies for unilateral and bilateral

CLP29,30. In cases with SBG, a sufficient bone bridge height

was observed only in 45.8% of unilateral and bilateral CLP

cases at 6 to 12 months after the operation31. Furthermore, it

is reported that the mean bony bridge formation rate was

55.3% at 1 year of unilateral CLP cases after SBG32.

A similar treatment outcome of SBG was reported in other

studies for unilateral and bilateral CLP cases33,34.

Based on the insufficient postsurgical outcome, regenera-

tive medicine is expected to improve bone bridge formation

and increase bone tissue formation in the alveolar cleft for

CLP patients. In the field of regenerative medicine, stem cell

transplantation is considered to be a powerful method.

Mesenchymal stem cells (MSCs) have been isolated from

various tissues such as the bone marrow, adipose tissue, and

periodontal tissue35–38. However, bone marrow aspirates

from the iliac bone and sternum are invasive and require

large burden to the patients35,39–41. A recent study has shown

that MSCs can be isolated from the umbilical cord, and iso-

lated cells are known to be undifferentiated and have multi-

potency42. The collection and isolation of MSCs from

umbilical cords are noninvasive to both mothers and infants.

Moreover, human umbilical cord mesenchymal stem cells

(hUCMSCs) have low immunogenicity, which is a great

advantage in cases of allograft43,44.

Previous in vivo studies have reported that CD146,

a marker of MSCs, is related to high colony-forming, multi-

potency, and hematopoiesis-supporting abilities, and

CD146-positive hUCMSCs are known to have a high differ-

entiation potential to the osteogenic lineage45. In this study,

we transplanted hUCMSCs into a rat alveolar cleft model

and examined the osteogenic capacity, in vivo.

Materials and Methods

Cell Culture

Human umbilical cords were collected from five healthy

full-term pregnant women aged 25 to 38 years who had

undergone cesarean section at a maternity clinic after obtain-

ing consent to umbilical cord collection. A 5- to 6-cm seg-

ment from the collected umbilical cord was cut into pieces of

approximately 2 to 3 mm square using a sterile razor

(Feather Safety Razor Co., Ltd., Osaka, Japan). Human

umbilical cord stromal cells were isolated by enzymatic

digestion (EZ method). Magnetic-activated cell sorting

(MACS method) was used to enrich CD146-positive cells

from cells isolated by the EZ method.

The EZ method was performed as described previ-

ously46–48. Briefly, the cut tissue pieces were transferred to

35 ml of a mixed solution (pH 7.4) of 3 mg/ml of collagenase

type I (Merck KGaA, Darmstadt, Germany) and 4 mg/ml of

dispase (Wako Pure Chemical Industries, Osaka, Japan) dis-

solved in Hanks’ solution (Nissui Pharmaceutical Co., Ltd.,

Tokyo, Japan). After incubation at 37�C for 16 h, the mixture

was subjected to separation of the cell components using a

centrifuge (430 � g; KUBOTA 5800; Kubota Corporation

Co., Ltd., Tokyo, Japan). Next, the cells were isolated using

a 70-mm cell strainer (Merck KGaA), and 1 � 106 cells were

seeded and cultured in a 100-mm culture dish (Corning,

Corning, NY, USA). The growth medium used was a- min-

imum essential medium (MEM; Thermo Fisher Scientific,

Waltham, MA, USA) supplemented with 10% fetal bovine

serum (FBS; Lot No: S13025S1780, Biowest, Nuaillé,

France), 100 mM glutamate (GlutaMAX I; Thermo Fisher

Scientific), 0.1% MEM containing nonessential amino acids

(Thermo Fisher Scientific), 50 U/ml of penicillin, 50 mg/ml

of streptomycin (Thermo Fisher Scientific), and 0.25 mg/ml

of Fungizone (Thermo Fisher Scientific). The obtained cells

were defined as UC-EZ cells.

The MACS method was performed as described by Aslan

et al.49. Briefly, 1 to 2 � 107 UC-EZ cells (passage number

¼ 1) were treated with an FcR blocking reagent (Miltenyi

Biotec, Bergisch Gladbach, Germany) for 10 min on ice to

block nonspecific antibody binding. After the cells were

mixed with CD146 microbeads at 4�C for 15 min, the mix-

ture was washed with phosphate-buffered saline (PBS;

Takara Bio, Kusatsu, Japan) (pH 7.4) containing 0.5%
bovine serum albumin. After injecting 3 ml of PBS into an

LS column (Miltenyi Biotec) in a MACS separator (Miltenyi

Biotec), pelleted cells were resuspended in 500 ml of the

same PBS solution and loaded onto the column. The

flow-through fraction containing CD146-negative cells was

discarded; the CD146-positive cells remaining in the column

were eluted using a plunger and were collected in a 15-ml

tube (Star; Rikaken Co., Ltd., Nagoya, Japan). The collected

CD146-positive cells were defined as UC-MACS cells

(passage number ¼ 2).

UC-EZ cells were cultured at 37�C in a humidified atmo-

sphere containing 5.0% CO2. The growth medium was
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replaced with fresh medium once every 3 days. After 70% to

80% confluency was reached, the cells were collected using

TrypLE Select (1�) (Thermo Fisher Scientific) (hereafter,

trypsin/ethylenediamine tetraacetic acid [EDTA]) and were

subcultured at a ratio of 1:3; the cells with a passage from 2

to 4 were used for experiments. Isolated UC-MACS cells

were used for experiments after being subcultured (passage

number ¼ 2 or 3). In subsequent experiments, cells from at

least five different patients were used.

Flow Cytometry

UC-EZ and UC-MACS cells with a passage number of 3

were collected from culture dishes using trypsin/EDTA

(n ¼ 5), centrifuged for 5 min (430 � g), and fixed with

4% paraformaldehyde (PFA) solution for 15 min. After add-

ing various antihuman antibodies, the cells were incubated at

room temperature for 1 h. According to the method

described by Baksh et al.50, the cells were incubated with

the following primary antibodies on ice for 30 min in the

dark: fluorescein isothiocyanate (FITC)-labeled mouse

monoclonal antihuman CD14, CD45, CD73, CD105, and

CD146 antibodies, phycoerythrin-labeled mouse monoclo-

nal antihuman CD90 antibody (Becton Dickinson, Franklin

Lakes, NJ, USA), FITC-labeled mouse monoclonal antihu-

man CD34 and CD44 antibodies (Beckman Coulter, Brea,

CA, USA), and FITC-labeled mouse monoclonal antihuman

CD19 (BioLegend, San Diego, CA, USA). The cells incu-

bated with PBS alone without primary antibodies were used

as negative controls. The cells incubated with the antibodies

were washed with PBS, and then were subjected to a flow

cytometer (SH800; Sony, Tokyo, Japan) to perform marker

analysis of cell surface antigens of the primary antibodies

used. Independent experiments were repeated three times for

each antibody.

Reverse Transcription-Polymerase Chain Reaction

The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used

to extract total RNA from two cell types (n ¼ 5) cultured to

confluency. From 1 mg of prepared total RNA, cDNA was

synthesized using the High Capacity cDNA Synthesis Kit

(Thermo Fisher Scientific), and 20 ml of the reaction solution

was prepared using Quick Taq HS DyeMix (Toyobo, Osaka,

Japan). Polymerase chain reaction (PCR) was carried out

using a 2720 Thermal Cycler (Thermo Fisher Scientific) as

follows: 94�C for 2 min, followed by 35 cycles of 94�C
for 30 s, 55�C for 30 s, and 72�C for 1 min. The primer

sequences are shown in Table 1. Glyceraldehyde-3-

phosphate dehydrogenase was used as an internal control.

The PCR product solutions were electrophoresed on a 1.8%
agarose gel containing 0.5 mg/ml of ethidium bromide, and

the gel was observed under ultraviolet irradiation.

Multipotency Evaluation

Osteogenic differentiation. According to previous reports51,52,

two cell types were seeded at 2 � 104 cells/well in a 24-well

plate and were cultured in the growth medium (n ¼ 5). After

confluency was reached, a-MEM (Thermo Fisher Scientific)

supplemented with 10% FBS, 10 nM dexamethasone (Merck

KGaA), 10 mM b-glycerophosphate (Merck KGaA), and

100 mM L-ascorbate-2-phosphate (Wako Pure Chemical)

was used as the osteoblast differentiation induction medium.

As negative controls, the cells were cultured similarly in

a-MEM medium containing 10% FBS. The medium was

changed every 3 days, and the cells were cultured for 3 weeks

after the medium was changed to the induction medium.

Alizarin Red S staining was performed 3 weeks after

culture in the induction medium to evaluate mineralized

nodule formation. After removing the medium from each

well, the cells were washed once with PBS and then fixed

with 10% neutral buffered formalin (Wako Pure Chemical)

for 10 min. The cells were strained with 1% Alizarin Red S

(Merck KGaA) at room temperature for 30 min.

To examine immunostaining of osteopontin (OPN)

in UC-MACS cells, cultured cells were also plated at

1� 105 cells/well in four-well chamber slides and fixed with

cold methanol for 10 min at �30�C. After washing with

PBS, cells were incubated in Blocking One Histo (Nacalai

Tesque, Kyoto, Japan) for 10 min at room temperature.

Cultures were incubated with the rabbit polyclonal

anti-OPN antibody (ab8448; Abcam, Cambridge, UK; dilu-

tion ratio 1:1,000) at 4�C overnight. After washing with

PBS, the samples were incubated with the secondary antibody

(Alexa Fluor 488-conjugated goat anti-rabbit IgG [Thermo

Table 1. Primer Sequences for RT-PCR Analysis.

Genes Primer sequence (50!30) Product size (bp) Accession number

NANOG Forward
Reverse

CAGAAGGCCTCAGCACCTAC
ATTGTTCCAGGTCTGGTTGC

111 NM_024865.3

SOX2 Forward
Reverse

AACCCCAAGATGCACAACTC
CGGGGCCGGTATTTATAATC

152 NM_003106

OCT3/4 Forward
Reverse

AACCCAGAACTTAGCAGCTT
ACCTTCCCAAATAGAACCCCC

861 NM_001173531

GAPDH Forward
Reverse

GTCAAGGCTGAGAACGGGAA
GCTTCACCACCTTCTTGATG

613 NM_001289746.1

GAPDH: gene encoding glyceraldehyde-3-phosphate dehydrogenase; RT-PCR: reverse transcription polymerase chain reaction.
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Fisher Scientific; dilution ratio 1:1,000]) for 30 min at room

temperature in the dark. The samples were washed with PBS

twice for 5 min each and mounted with fluoroshield mounting

medium with DAPI (Funakoshi, Tokyo, Japan). Images were

obtained by using a confocal laser-scanning microscope

(LSM-800; Carl Zeiss, Oberkochen, Germany).

Chondrogenic differentiation. Cells were subjected to pellet

culture as previously described38 with minor modifications.

Briefly, 1 � 106 cells in the growth medium were suspended

in a 15-ml centrifuge tube (Becton Dickinson) and centri-

fuged at 430� g for 5 min to generate a pellet. Next, 1 ml of

chondrogenic medium consisting of Dulbecco’s modified

Eagle medium/F12 containing 10% FBS, 10 ng/ml trans-

forming growth factor-b1 (Peprotech, Oak Park, CA, USA),

1% ITS þ 1 supplement (Merck KGaA), and 50 mM

L-ascorbate-2-phosphate (Wako Pure Chemical) was gently

added into the centrifuge tube. The differentiation medium

was changed every 3 to 4 days during 4 weeks of differentia-

tion cultivation, after which the pellets were fixed in

4% PFA, embedded in paraffin, and cut into 5 mm sections

for histological analysis. Chondrogenic differentiation was

determined by staining with 1% Alcian blue (Merck KGaA)

solutions.

Adipogenic differentiation. According to the previous

reports53,54, two cell types were seeded at 2 � 104 cells/well

in a 24-well plate and were cultured in growth medium

(n ¼ 5). After confluency was reached, a-MEM supplemen-

ted with 10% FBS, 0.5 mM 3-isobutyl-l-methylxanthine

(Merck KGaA), 0.5 mM hydrocortisone (Wako Pure Chem-

ical), and 60 mM indomethacin (Merck KGaA) was used as

the adipocyte differentiation induction medium. As negative

controls, the cells were cultured similarly in a-MEM

medium containing 10% FBS. The medium was changed

every 3 days, and the cells were cultured for 3 weeks after

the medium was changed to the induction medium. Oil

Red O staining was performed at 3 weeks after culture in

the induction medium to evaluate the intracellular lipid dro-

plets formed. After removing the medium from each well,

the cells were washed twice with PBS and then fixed with

10% neutral buffered formalin for 15 min. After washing

once with 60% isopropanol (Wako Pure Chemical), the wells

were allowed to dry completely. The cells were stained with

0.2% Oil Red O solution (Wako Pure Chemical) at room

temperature for 15 min. After washing each well four times

with purified water, the lipid droplets formed were observed.

Evaluation of Bone Tissue Formation After
Transplantation

In vivo transplantation. The composition of the scaffold (ReFit;

HOYA, Tokyo, Japan) used for transplantation was HA:

Col ¼ 80:20, which is similar to that of actual bone tissue55.

For general anesthesia, Sprague-Dawley rats (16-week-old

males; CLEA Japan, Tokyo, Japan) received an intraperitoneal

injection of the combination of three anesthetics: medetomi-

dine hydrochloride (0.15 mg/kg: Meiji Pharmaceutical,

Namerikawa, Japan), midazolam (2.0 mg/kg: Fuji Pharma,

Tokyo, Japan), and butorphanol tartrate (2.5 mg/kg: Meiji

Pharmaceutical). For local anesthesia, 1% lidocaine

(1.5 mg/kg) (Showa Yakuhin Kako, Tokyo, Japan) was applied

to the submucosal layer of the maxilla. After a longitudinal

incision was made using a scalpel at the boundary between the

maxilla and the alveolar mucosa, the alveolar mucosa was

detached from the zygomatic arch to the ipsilateral maxillary

incisor of the same side, and the periosteum was exposed. Next,

a 5� 2.5� 1 mm3 bone defect was created in the maxilla using

a manual low-speed drill as described previously56,57. The rats

underwent transplantation of the scaffold only (HA þ Col

group), UC-MACS cells with the scaffold (HA þ Col þ
UC-MACS group), or neither (negative control group)

(n ¼ 5 per group). In the first two groups, the scaffold in

the same size as the bone defect was transplanted; in the

HAþColþUC-MACS group, 1� 106 UC-MACS cells were

seeded on the scaffold at the day before transplantation and

were cultured overnight. After transplantation, the gingival

mucosa was sutured using nonabsorbable sutures, and we con-

firmed that the animals came out from anesthesia. No immu-

nosuppressants were used following the previous reports43,58

describing the immunomodulatory effect of hUCMSCs.

Micro CT evaluation. Eight weeks after transplantation, the

rats were euthanized by intraperitoneal injection of pento-

barbital (70 mg/kg; Somnopentyl; Kyoritsu Seiyaku, Tokyo,

Japan) (70 mg/kg). The maxilla was removed from each rat

and was fixed with 4% PFA at 4�C for 3 days; 4% PFA was

then substituted with 70% ethanol. Micro CT (mCT) images

were taken with a CosmoScan GXII (90 kV, 88 mA, 50

voxels; Rigaku, Tokyo, Japan) (n ¼ 5 per group).

Histological and immunohistochemical examination. The har-

vested maxilla was fixed in a 4% PFA solution, decalcified,

and embedded in paraffin, and 4-mm-thick sections were

prepared. Deparaffinized sections were stained with hema-

toxylin–eosin.

To quantitate the new bone formation in sections, the area

of newly formed bone (BA) was calculated in bone defects

using image analysis software (DP2-BSW; Olympus Life

Science, Tokyo, Japan) (n ¼ 5 for all three groups). BA was

measured in the frontal section dissected at one-third of the

total bone defects from the anterior end in each animal. The

bone tissue rate (%) was calculated as BA (mm2)/total tissue

(mm2) in each bone defect.

The primary antibodies used for immunohistochemical

staining were rabbit antihuman OPN polyclonal antibody

(ab8448; Abcam; dilution ratio 1:200) and mouse antihuman

mitochondria monoclonal antibody (MAB1273; Merck

KGaA; dilution ratio 1:80). After endogenous peroxidases

were inactivated with PeroxAbolish (Biocare Medical,

Pacheco, CA, USA), 10 mM citric acid treatment (95�C,

30 min) was performed for antigen activation depending
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on the primary antibody used. Treatment with Blocking One

Histo (Nacalai Tesque) at room temperature for 10 min was

used to block nonspecific antibody binding. The primary

antibodies described above were allowed to react overnight

at 4�C. As the secondary Funa antibody, Dako Envision þ
Dual Link System-HRP (Dako, Glostrup, Denmark) was

allowed to react at room temperature for 30 min. After color

development with 3,30-diaminobenzidine using the

ImmPACT DAB Peroxidase Substrate Kit (Vector Labora-

tories, Burlingame, CA, USA), counterstaining was carried

out with hematoxylin. As negative controls, the sections

were stained according to the same procedure except that

PBS was used instead of the primary antibodies.

Statistical Analysis

Statistical analysis was performed using IBM SPSS Statis-

tics software (version 23.0; IBM Japan, Tokyo, Japan).

One-way analysis of variance was employed for multiple

comparisons of the bone tissue rate (%) among the three

groups, followed by Tukey’s post hoc methods. P <0.05 was

considered statistically significant.

This study was conducted using umbilical cords donated

with approval from the Ethics Committees of Meikai Uni-

versity School of Dentistry (A1603) and Aiwa Hospital

(maternity clinic). Animal experiments were planned in

accordance with the rules of the Animal Experiment Ethics

Committee of Meikai University School of Dentistry and

were conducted after they were approved by the Laboratory

Animals Ethics Committee (A1833).

Results

Cell Morphology

After culture for 4 days, cell populations with various morphol-

ogies, including spindle and flat-shaped cells, were observed in

UC-EZ cells (Fig. 1A). By enriching CD146-positive cells,

spindle-shaped cells were dominated in the culture of

UC-MACS cells (Fig. 1B).

Cell Surface Marker Expression

The expressed surface antigens were analyzed by flow cyto-

metry. In both cell types, CD14 (monocyte marker), CD19

(B cell marker), CD34 (hematopoietic stem cell marker), and

CD45 (leukocyte antigen marker) were expressed only in a

small proportion of cells (�7%).

In contrast, all MSC markers, CD44, CD73, CD90, and

CD105, were expressed in more than 80% of UC-EZ cells.

However, CD146 (pericyte marker and MSC marker) was

only expressed in 48.8% of UC-EZ cells. CD44-, CD73-, and

CD90-positive cells were more than 99.9%, and 86.5% were

CD146 positive in US-MACS cells (Fig. 2).

Gene Expression Analysis by Reverse
Transcription PCR

UC-EZ and UC-MACS cells were cultured in the growth

medium until they reached confluency. Reverse transcrip-

tion PCR analysis revealed that UC-EZ cells expressed

Nanog and Oct3/4 but not Sox2, which are genes related to

the maintenance of the undifferentiated state. UC-MACS

cells expressed Nanog, Oct3/4, and Sox2 (Fig. 3). Further-

more, the expression of Nanog and Oct3/4 in UC-MACS

cells was higher than that in UC-EZ cells.

Osteogenic, Chondrogenic, and Adipogenic
Differentiation of Cultured UC-EZ and UC-MACS Cells

To evaluate osteogenic differentiation, the formation of

Alizarin Red-positive mineralized nodule was examined in

UC-EZ and UC-MACS cells after 3 weeks of induction.

Fig. 1. Appearance of UC-EZ and UC-MACS cells. (A) UC-EZ cells isolated from the umbilical cord by enzymatic digestion and cultured for
1 week (passage 1). Arrows and arrowheads indicate spindle- and flat-shaped cells, respectively. (B) UC-MACS cells cultured for 1 week with
a spindle cell appearance (passage 2). The appearance of the cultured cells was similar in five different cell preparations. Scale bars¼ 200 mm.
UC-EZ cells were obtained from UC by EZ method. UC-MACS cells were extracted from UC-EZ by MACS method.
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Many nodules were seen in both cell types cultured in the

osteogenic induction medium (Fig. 4B, F). No mineralized

nodule was formed in the cultures of the growth medium

(Fig. 4A, E). No difference was found in the formation of

mineralized nodules between the two cell types. To examine

the osteogenic differentiation of UC-MACS cells further,

immunohistochemical localization of OPN was examined

(Fig. 4F). Immunolocalization of OPN was seen in the cyto-

plasms of UC-MACS cells cultured under the osteogenic

induction medium.

To evaluate chondrogenic differentiation, the pellet cul-

ture of UC-EZ and UC-MACS cells was performed for

4 weeks. After the culture period, alcian blue-stained sphere

pellets were formed from both cells (Fig. 4C, G). However,

Fig. 2. Flow cytometric analysis of cell surface antigen expression in UC-EZ and UC-MACS cells. Expression of CD14, CD19, CD34, CD45,
CD44, CD73, CD90, CD105, and CD146 in UC-EZ and UC-MACS cells. UC-EZ and UC-MACS cells were negative for CD14, CD19,
CD34, and CD45 expression and positive for CD44, CD73, CD90, CD105, and CD146 expression. Similar results were obtained in five
different cultures (n ¼ 5). FITC: fluorescein isothiocyanate; UC-EZ: UC-MACS.
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the sphere formation, one of the features of chondrogenic

differentiation36,46, was insufficient by UC-EZ cells.

To evaluate adipogenic differentiation, the formation of

Oil Red O-positive lipid droplets was examined in UC-EZ

and UC-MACS cells after 3 weeks of induction. Many lipid

droplets were observed in both cell types cultured in the

adipogenic induction medium (Fig. 4D, H). No lipid droplet

was formed in the cultures of the growth medium (data not

shown). No difference was observed in the formation of lipid

droplets between the two cell types.

In Vivo Osteogenesis

mCT examination. mCT images were acquired immediately

after the bone defect was generated in the rat maxillae

(Fig. 5A–F). The CT values were markedly low in the regions

of the bone defect with clear bounding (Fig. 5A–C). Imme-

diately after the scaffold was transplanted into the defect, the

scaffold was visible and distinguishable from the bone by a

dot-like appearance (Fig. 5D–F).

The purpose of this study was to clarify the bone forma-

tion activity of hUCMSCs. In the following in vivo experi-

ments, we took advantage of using UC-MACS cells

including higher ratio of hUCMSCs (Figs. 2 and 3). Eight

weeks after transplantation, the negative control group

showed no bone bridge formation in the bone defect with a

small number of island-shaped opacities (Fig. 5G-I). In the

HA þ Col group, a thin bone bridge was observed between

the bone defect (Fig. 5J-L). In the HA þ Col þ UC-MACS

group, a bone bridge was formed between the defect and the

dot-like appearance showed a much higher CT value than

that at immediately after transplantation (Fig. 5M-O). Sim-

ilar results were obtained from each group (n ¼ 5).

Histological examination. Hematoxylin–eosin-stained sections

in the negative control group revealed no bone bridge for-

mation and a few island-shaped new bones were seen in the

bone defect region at 8 weeks after operation (Fig. 6A, B). In

the HA þ Col group, thin bone tissue was formed between

the bone defect. Many scaffolds (HA þ Col) were unre-

sorbed and remained in the new bone (Fig. 6C, D). In the

HA þ Col þ UC-MACS group, a wide bone tissue was

formed between the bone defect. The scaffolds were also

found to be unresorbed in this group (Fig. 6E, F). The border

between the pre-existing bone and newly formed bone was

distinguishable in each group (insert in Fig. 6B). In quanti-

tative analysis of the bone tissue rate (%), the values for the

HA þ Col group (44.0% + 5.7%) and HA þ Col þ
UC-MACS group (60.5% + 6.9%) were significantly higher

than those of the negative control group (24.5% + 7.6%)

(Fig. 6G). The bone tissue rate (%) of the HA þ Col þ
UC-MACS group was also significantly higher than that of

the HA þ Col group.

Immunohistochemical examination. OPN-positive cells were

observed on the surface of new bones in the negative

control group at 8 weeks after operation (Fig. 7A, B). In the

HA þ Col-only transplanted group and HA þ Col þ
UC-MACS-transplanted group, OPN-positive cells were seen

along the newly formed bone surface and were also embedded

in the new bone at 8 weeks after transplantation (Fig. 7C-F).

To highlight the localization of transplanted UC-MACS

cells in the bone defects, the immunological reaction to an

anti-human-specific mitochondria antibody was examined.

Human-specific mitochondria-positive cells were aligned

along the newly formed bone surface and in the nonminer-

alized tissue at 4 and 8 weeks after transplantation in the

HA þ Col þ UC-MACS-transplanted group (Fig. 7G, H,

J, K). Positive cells were embedded in the new bone

(Fig. 7 J-L) at 8 weeks but not at 4 weeks after transplanta-

tion (Fig. 7G, H). No positive cells were found in the HA þ
Col-only transplanted group (Fig. 7I).

Discussion

CLP causes several morphological and functional abnorm-

alities in maxillofacial regions, even after the surgical

closure of the lip and palate7–12. Insufficient bony support

at the base of the nasal wing causes asymmetry of the base of

the nasal wing59. Naso-oral fistulas cause speech problems,

retention of food, and reflux of nasal discharge60. In addition

to esthetic problems, alveolar cleft causes limitations in

Fig. 3. Expression of pluripotent stem cell markers in UC-EZ and
UC-MACS cells. Marker genes for pluripotent stem cells (Nanog,
Oct3/4, and Sox2) were examined by reverse transcription poly-
merase chain reaction before the induction of cell differentiation.
Both cell populations expressed Nanog and Oct3/4. The expression
of Sox2 was observed in UC-MACS cells but negligible in UC-EZ
cells. Similar results were obtained from five different cultures.
GAPDH: gene encoding glyceraldehyde-3- phosphate dehydrogen-
ase; UC-EZ: UC-MACS.
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orthodontic tooth movement and worsens the outcome of

prosthetic treatment61. Therefore, surgical closure by GPP

and SBG is important to obtain normal function and accep-

table appearance. To improve the treatment outcome of these

surgeries, hUCMSCs were examined in the experimental

model of alveolar clefts.

In the regenerative medicine, one of the great advantages

of using hUCMSCs is that these cells retain low immuno-

genicity and have an immunomodulatory effect62,63.

hUCMSCs cannot induce allogeneic peripheral blood mono-

nuclear cell (PBMC) proliferation and inhibit the immune

responses of PBMCs, in vitro63. It was also reported that

Fig. 4. In vitro differentiation of UC-EZ and UC-MACS cells. UC-EZ (B) and UC-MACS (F) cells were cultured in the osteogenic induction
medium for 3 weeks. (B, F) Alizarin red S staining showed the mineralized nodules in the cultures of UC-EZ and UC-MACS cells,
respectively. Insert in F: Immunolocalization of osteopontin (green) in UC-MACS cells cultured in the osteogenic induction medium for
3 weeks. Nuclei were stained with DAPI (blue). (A, E) No mineralized nodule formation was observed, when both cell types were cultured in
the growth medium and stained. Scale bars ¼ 100 mm. UC-EZ (C) and UC-MACS (G) cells were subjected to pellet culture in the
chondrogenic induction medium for 4 weeks. After the culture, pellets were fixed, embedded in paraffin, and stained with alcian blue
solution. (C, G) scale bars ¼ 200 mm. UC-EZ (D) and UC-MACS (H) cells were cultured in the adipogenic induction medium for 3 weeks.
(D, H) Oil red O staining showed the lipid clusters in the cultures of UC-EZ and UC-MACS cells, respectively. Scale bars¼ 100 mm. UC-EZ:
UC-MACS.
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hUCMSCs did not express CD40, CD40 ligand, CD80,

CD86, and major histocompatibility complex class II mole-

cules, all of which are essential factors in the normal immune

system63.

In this study, CD146 (also known as MCAM, Mel-CAM,

S-Endo-1, A32 antigen, and MUC18) was used to select

UC-MACS cells. CD146 is expressed on several cell types

(e.g., MSCs, endothelial cells, and melanoma cells) and

related to heterotypic intercellular adhesion64,65. CD146 was

identified as an early mesenchymal marker present in MSCs

derived from human bone marrow, dental pulp, adipose tis-

sues, and the umbilical cord45,66–68. High proliferative poten-

tial and multipotency were observed in CD146-positive

cells50,69. In this study, we used MACS method to enrich

CD146-positive cells. It is known that MACS is a simple and

reliable procedure to enrich cells expressing specific cell

markers70. MACS can sort cells with increased yield and

reduced cellular stress compared with FACS71. Using MACS

method, CD146-positive cells were increased from 48.8% to

86.5% in UC-MACS cells. As shown in Fig. 1, UC-EZ cells

contained cells with various morphologies and UC-MACS

cells comprised mainly by spindle-shaped cells. This finding

is consistent with that in a previous study reporting that

CD146-positive cells showed spindle shape and had fibro-

blastic phenotype45,65,72.

Nanog, Oct3/4, and Sox2 are transcription factors related

to the maintenance of the multipotency of ES and iPS cells73.

Expression of Nanog and Oct3/4 but not Sox2 was observed

in UC-EZ cells (Fig. 3). This finding was consistent with that

in a study reporting that UCMSCs expressed these stemness

genes at lower level than those in ES and iPS cells74. Inter-

estingly, all three genes were expressed in UC-MACS cells

Fig. 5. mCT images of the 16-week-old rat maxillary defects immediately and at 8 weeks after operation. (A-F) Representative mCT images
immediately after operation. (G-O) Representative mCT images at 8 weeks after operation. Ventral view of 3D reconstructed maxillae
(A, D, G, J, M), horizontal cross-sections (B, E, H, K, N), and coronal cross-sections (C, F, I, L, O) showing maxillary bone defects. Dotted
lines of 3D images denote the position at one-third of the total bone defects from the anterior end (A, D, G, J, M). Frontal views in C, F, I, L,
and O were sliced at the white dotted lines in A, D, G, J, and M, respectively. Bone defects of the negative control (A-C, G-I), transplanted
scaffold (HA þ Col) only (D-F and J-L), and transplanted scaffold (HA þ Col) with UC-MACS cells (M-O). Since the border of each defect
was clearly distinguished from the undissected bone, the defected areas are highlighted by white solid lines in A-O. The asterisk in E indicates
the scaffold (HA þ Col). Arrowheads in K and N indicate new bone formation with high CT value. Similar observations were noted in
five different experiments (n ¼ 5). Col: collagen; HA: hydroxyapatite; mCT: micro computed tomography; 3D: three-dimensional;
UC-MACS.

Toyota et al 9



Fig. 6. Histological observation of the 16-week-old rat maxillary defects at 8 weeks after operation. Hematoxylin and eosin staining of
negative control groups (A, B), scaffold (HA þ Col)-only transplanted groups (C, D), and scaffold (HA þ Col) with UC-MACS-transplanted
groups (E, F). Boxed areas in A, C, and E are shown in higher magnification in B, D, and F, respectively. The boxed area in B is shown in higher
magnification in the insert. The arrows in B denote the border of pre-existing bone and newly formed bone. Scaffolds (HAþCol) are shown
by arrowheads in D and F. Asterisks indicate the nasal cavity (A, B, C, D, E). Scale bars ¼ 1 mm; (B, D, F) Scale bars ¼ 200 mm. The black
dotted lines indicate the border of new bone with a woven appearance. A similar observation was noted in five different experiments (n¼ 5).
Quantitative analysis of the bone tissue rate (%) in each group (n ¼ 5) is shown in G. ***P < 0.001. Col: collagen; HA: hydroxyapatite;
NB: new bone; PB: pre-existing bone; UC-MACS.

10 Cell Transplantation



(Fig. 3). It is reported that CD146-positive cells expressed

higher levels of stemness genes than CD146-negative cells

in hUCMSCs. Moreover, gene knockdown of CD146 in

MSCs resulted in the decreased expression of stemness

genes75. These studies and the result of UC-MACS cells

suggest that expression of stemness genes is associated with

CD146 expression.

In this study, 16-week-old rats were used to generate

alveolar bone defects. To evaluate new bone formation of the

craniofacial region in vivo, the calvarial defect model has

been widely used76,77. In this model, 8- to 10-week-old rats

have been mostly used. In the alveolar cleft model shown in

Fig. 6G, spontaneous new bone formation was 24.5%+ 7.6%

in the negative control without any carrier or cells at 8 weeks

after generating the alveolar defect. In the calvarial defect

model, the new bone formation was only 11.0% + 6.3% at

12 weeks after surgery under the same condition78. One of the

reasons for the lower value in the calvarial defect model was

that this model was less supplied with blood and nutrients to

induce bone formation79. Alveolar cleft repair is reported to

occur relatively fast57, and it would be difficult to examine the

precise effect of hUCMSCs on the bone formation in our

experiment using animals younger than 16 weeks.

The critical size in the rat calvarial defect is known as

8 mm in diameter80. Using this calvarial model, many stud-

ies examined bone formation at 12 weeks after generating

Fig. 7. Immunohistochemical staining of the 16-week-old rat alveolar bone defects at 4 and 8 weeks after operation. Immunohistochemical
staining for OPN (A-F) at 8 weeks after operation. Negative control groups (A-B), scaffold (HAþ Col)-only transplanted groups (C, D), and
scaffold (HA þ Col) with UC-MACS cells-transplanted groups (E, F). The boxed areas in A, C, and E are shown in higher magnification in
B, D, and F, respectively. The black arrowheads in B, D, and F indicate OPN-positive cells along the newly formed bone surface. The red
arrowheads in D and F indicate OPN-positive cells embedded in the newly formed bone. The arrows in B indicate OPN-positive cells in
nonmineralized tissue. Immunohistochemical staining for human-specific mitochondria at 4 weeks (G-I) and 8 weeks (J-K) after transplanta-
tion. Scaffold (HA þ Col)-only transplanted group (I), and scaffold (HA þ Col) with UC-MACS cells-transplanted groups (G, H, J-L). The
boxed area in G is shown in higher magnification in H. The boxed areas in J are shown in higher magnification in K and L. The black
arrowheads and arrows in H and K indicate human-specific mitochondria-positive cells along the bone surface and in nonmineralized tissue,
respectively. The red arrowheads in K and L indicate human-specific mitochondria-positive cells embedded in the bone tissue. No positive
cells were seen in scaffold (HA þ Col)-only transplanted group (I). (A, C, E) Scale bars ¼ 500 mm. (B, D, F, G-L): Scale bars ¼ 50 mm. The
asterisks indicate the nasal cavity (A, C). Similar observations were noted in five different experiments (n ¼ 5). Col: collagen;
HA: hydroxyapatite; NB: new bone; OPN: osteopontin; UC-MACS.
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the defect78–80. In this study, 8 weeks of bone formation was

examined after the alveolar defect was generated in rats. The

critical defect size of the alveolar defect model was reported

as 5 � 2.5 � 1 mm3, as in this study57,78. Although the

alveolar defect model had a three-dimensional structure,

each side was smaller than that of the calvarial defect model.

Thus, the alveolar bone defect is prone to be filled with the

new bone in a shorter time than the calvarial defect.

The scaffold used in this study is porous and elastic under

wet conditions55. As shown in Figs. 5 and 6, new bone for-

mation was observed around the scaffold. The scaffold itself

had low CT value before transplantation. This scaffold was

reported to be absorbed and replaced by the new bone mostly

by 8 weeks and almost completely by 12 weeks after trans-

plantation in the tibial defect in rabbits81. These features are

suitable as a bioresorbable carrier for bone formation.

Previous studies have shown that hUCMSCs are useful

for bone regeneration78,82–84. Among them, it is reported that

CD146-positive hUCMSCs showed osteogenic differentia-

tion and new bone regeneration in femoral defect of SCID

mice45. In this study and in other studies, CD146-positive

cells have higher multipotency than CD146- negative

cells50,69. Thus, UC-MACS cells were used and examined

in the alveolar defect model. As shown in Figs. 5 and 6,

UC-MACS cells, CD146-positive hUCMSCs, showed abun-

dant new bone formation in the experimental alveolar clefts.

The precise cellular mechanism regarding how UC-MACS

cells could induce bone formation is unclear. However,

human-specific mitochondria positive-cells were aligned

along the newly formed bone surface at both 4 and 8 weeks

after transplantation (Fig. 7 H, K). Positive cells were

embedded in the new bone tissue like osteocytes at 8 weeks

(Fig. 7 K, L) but not at 4 weeks (Fig. 7 H) after transplanta-

tion. Osteocytes are cells derived from osteoblasts, and

trapped in the matrix that osteoblasts secrete85. These find-

ings suggest that UC-MACS cells induced the new bone

formation via osteoblastic differentiation in the present

alveolar defect model.

Conclusion

The two types of hUCMSCs were obtained in this study.

CD146-positive UC-MACS cells generated a sufficient bone

bridge between the experimental alveolar clefts. These find-

ings indicate that human umbilical cords are reliable biore-

source and UC-MACS cells are useful for the alveolar cleft

regeneration.
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dimensional evaluation of secondary alveolar bone grafting

using a 3D- navigation system based on computed tomogra-

phy: a two-year follow-up. Br J Oral Maxillofac Surg. 2008;

46(4):278–782.

35. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,

Mosca JD, Moorman MA, Simonetti DW, Craig S, Marshak

DR. Multilineage potential of adult human mesenchymal stem

cells. Science. 1999;284(5411):143–147.

36. Kern S, Eichler H, Stoeve J, Klüter H, Bieback K. Comparative
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