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Isolation and Characterization of
Human Suture Mesenchymal Stem Cells In Vitro

Liangliang Kong, Yuan Wang, Yi Ji, Jianbing Chen, Jie Cui, Weimin Shen
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Background and Objectives: Cranial sutures play a critical role in adjustment of skull development and brain growth.
Premature fusion of cranial sutures leads to craniosynostosis. The aim of the current study was to culture and character-
ize human cranial suture mesenchymal cells i vitro.

Methods: The residual skull tissues, containing synostosed or contralateral suture from three boys with right coronal
suture synostosis, were used to isolate the suture mesenchymal cells. Then, flow cytometry and multilineage differ-
entiation were performed to identify the typical mesenchymal stem cell (MSC) properties. Finally, we used quantitative
real-time polymerase chain reaction (RT-PCR) to detect the mRNA expression of osteogenesis and stemness related
genes.

Results: After 3 to 5 days in culture, the cells migrated from the tissue explants and proliferated parallelly or spirally.
These cells expressed typical MSC markers, CD73, CD90, CD105, and could give rises to osteocytes, adipocytes and
chondrocytes. RT-PCR showed relatively higher levels of Runx2, osteocalcin and FGF2 in the fused suture MSCs than
in the normal cells. However, BMP3, the only protein of BMP family that inhibits osteogenesis, reduced in synostosed
suture derived cells. The expression of effector genes remaining cell stemness, including Bmil, Glil and Axin2, de-
creased in the cells migrated from the affected cranial sutures.

Conclusions: The MSCs from prematurely occlusive sutures overexpressed osteogenic related genes and down-regulated
stemness-related genes, which may further accelerate the osteogenic differentiation and suppress the self-renewal of
stem cells leading to craniosynostosis.
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Introduction is connected by fibrous connective tissue, the cranial su-

tures, consisting of fibrous tissues, two osteoblastic fronts,
suture mesenchymal cells between them, overlying peri-
osteum and underlying dura membrane (1). These sutures

The human skull is made up of multiple bones, which

need to remain patent in the preliminary stages of devel-
opment, allowing the skull deformation during birth and
expansion during brain growth, and play a pivotal role in
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adjusting the balance between proliferation and differ-
entiation of mesenchymal cells (2). One or more cranial
sutures premature fusion causes craniosynostosis, a severe
congenital craniofacial abnormality which occurs in about
1:2,500 live births and may result in skull deformities
and asymmetry, increased intracranial pressure, evenly
neuro and mental retardation (3, 4). The basic treatment
for these patients is surgical reconstruction of the artificial
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cranial sutures and re-shaping of the calvarial bones.
Although it is temporarily beneficial to the rapid develop-
ment of brain and improves the craniofacial appearance,
the incidence of post-operative complications and re-
currence remain high (5, 6). In addition, the natural su-
ture tissue is usually discarded as surgical waste during
the surgical procedure (7).

In mice, the sagittal suture remain patent throughout
the life, while the posterior frontal (PF) suture, analogous
to metopic suture in humans, gradually fuses within 2~3
weeks after birth (8). Xu et al. (9), firstly isolated and cul-
tured cranial sutures derived mesenchymal cells in mice,
and found that the expression of fibroblast growth factor
2 (FGF2) in PF is significantly higher than in the sagittal
suture cells. Moreover, BMP3 is gradually decreased dur-
ing the PF suture fusion, and administering FGF2 in-
duced calvarial osteogenesis with the downregulation of
BMP3 (10). The underlying mechanism of suture biology
leading to craniosynostosis should be carefully understood.
More key molecules regulating differentiation and self-re-
newal of suture mesenchymal stem cells (MSCs) have been
found. The suture Glil™ MSCs could differentiate into os-
teogenic cells, periosteum and dura iz vivo and in ovitro.
Further, elimination of these MSCs leads to craniosynos-
tosis, thereby impeding the growth of skull vault (11).
Another important molecule, Axin2 is expressed in all cal-
varial sutures except the PF suture, and the stem cell
properties of Axin2" cells maintained the middle of the
suture and continually gave rise to the mature cell types
(12). However, the MSC properties of human suture mes-
enchymal cells are still unclear.

In this study, we initially isolated and cultured the
fused and contralateral suture mesenchymal cells and
identified their properties using flow cytometry and multi-
lineage differentiation. At last, we used quantitative re-
al-time polymerase chain reaction (RT-PCR) to explore
the mRNA expression of osteogenic and stemness related
genes in these two MSCs.

Materials and Methods

Patients

Three boys (aged 4 to 10 months) suffering from unilat-
eral coronal synostosis were performed cranium osteotomy.
All patients had right coronal synostosis, confirmed by the
three-dimensional computed tomographic scan and H&E
stain (Fig. 1A~C). The residual skull tissues containing
of fused or contralateral cranial suture were used to isolate
the suture derived cells. The informed consent for medical
research was approved and signed by the patient’s parents.

All experiments were approved by the Children’s Hospital
of Nanjing Medical University Ethics Committee (ID:
201705097-1).

Isolation and culture of suture mesenchymal cells

The suture mesenchyme cells were isolated from human
residual skull tissues as previously described (9). Briefly,
the tissues, separated from the underlying dura mater and
overlying pericranium in the operation, were transferred
to the lab in phosphate buffered saline (PBS, Invitrogen,
CA, USA) and cultured in medium containing alpha-
Modified Eagle Medium (@ -MEM, Invitrogen, CA, USA)
supplemented with 10% fetal bovine serum (FBS, Invitro-
gen, CA, USA), penicillin (100 units/ml), and streptomy-
cin (100 mg/ml) at 37°C in an atmosphere of 5% CO;
(Fig. 1D). After 3 to 5 days in culture, the suture-derived
mesenchymal cells migrated from the explant tissues.
Medium was changed every 3 days. The cells of fewer than
2 to 3 passages were used for all experiments and stained
with 0.25% crystal violet blue showing cytoskeletal struc-
ture.

Real-time PCR

Total RNA was isolated from cultured cells with the
TRIzol reagent (Invitrogen, CA, USA) and reverse-tran-
scribed with a reaction mixture. Quantitative real-time
PCR (qPCR) analysis was performed using the SYBR
Green qPCR Master Mix (Applied Biosystems, ABI, CA,
USA) and Applied Biosystems 7500 real-time PCR system
(ABI, CA, USA). The expression data was normalized to
the expression of GAPDH. The primers used for SYBR
Green qPCR are shown in Table 1. The comparative
threshold cycle (Ct) method was used to measure the rela-
tive changes in expression; 2 “*“" represents the fold
change of expression, as previously described (13).

Flow cytometry

The cells were centrifuged and resuspended in the pre-
pared buffer and stained with PerCP-Cy5.5 conjugated an-
ti-CD105, APC conjugated anti-CD73, FITC conjugated
anti-CD90 and PE conjugated anti-negative cocktail (CD45/
CD34/CD11b/CD19/HLA-DR) according to the manufac-
turer’s instructions (BD Biosciences, CA, USA). Stained
cells were washed twice with PBS and performed on BD
FACSCalibur (BD Biosciences, CA, USA). The compensa-
tion controls and irrelevant IgG isotype controls were si-
multaneously used.

Multilineage differentiation
For osteogenic differentiation cells were firstly grown to
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Patient 1

Patient 2

Patient 3

Fig. 1. Isolation and culture of suture mesenchymal stem cells. (A) Craniofacial computed tomographic scan with three-dimensional re-
construction of three patients before operation showed typically right coronal suture fusion. Representative H&E staining of contralateral
patent suture (B) and prematurely fused suture (C). (D) The tissues, containing fused or contralateral cranial suture, in the culture dishes.
(E) The cells were migrating from the cranial suture tissue. (F, G) Inverted microscopic view of suture mesenchymal cells exhibiting almost
homogeneous spindle morphology and stained with 0.25% crystal violet blue.

100% confluence, and then cultured with medium con-
taining @-MEM with 10% FBS, ascorbate, 5 -glycerophos-
phate and dexamethasone (Cyagen Biosciences, Jiangsu,
China) for nine days. Medium was changed every 3 days.
Alizarin red staining was performed and recorded using
an inverted microscope (Olympus, Tokyo, Japan). In addi-
tion, mRNA expression of Runx2 and osteocalcin (OCN)
was analyzed with qPCR. To assess adipogenic differ-
entiation cells were cultured at 100% confluence for 2~3

weeks in @ -MEM containing 10% FBS, L-glutamine, in-
sulin, isobutylmethylxanthine, rosiglitazone and dexame-
thasone (Cyagen Biosciences, Jiangsu, China). Medium
was changed every 2~3 days and then Oil red staining
was performed. For chondrogenic differentiation, 3—4x10°
suture mesenchyme cells were cultured as a pellet at the
bottom of a 15 ml aseptic tube in 0.5 ml @-MEM me-
dium supplemented TGF- 33, dexamethasone, ascorbate,
sodium pyruvate and proline (Cyagen Biosciences, Jiangsu,
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Table 1. Sequences of RT-PCR primers

Gene name Sequences Size (bp)

Runx2 Forward: 5'-CACCTTGACCATAACCGTCTTC-3' 196
Reverse: 5'-CGGGACACCTACTCTCATACTG-3'

OCN Forward: 5'-GACTGTGACGAGTTGGCTGA-3' 233
Reverse: 5'-GCCCACAGATTCCTCTTCTG-3'

BMP3 Forward: 5'-TCAGGCCGTAGATCATTGTTG-3' 215
Reverse: 5'-AGGTAACACAGTGCCTTTCACA-3'

FGF2 Forward: 5'-AAGACCAACCTGGTGAAACC-3' 151
Reverse: 5'-TTATGGCTCACTGCAACCTT-3'

FGFR2 Forward: 5'-GGATAACAACACGCCTCTCTTC-3' 155
Reverse: 5'-CATGACCACTTGCCCAAAG-3'

FGFR3 Forward: 5'-GGAGGTGATTCCAGTGAAGATA-3' 150
Reverse: 5'-TGGGACACACAGCAATTAGAAG-3'

Bmi1 Forward: 5'-GCTGCTCTTTCCGGGATT-3' 184
Reverse: 5'-TGCTGGTCTCCAGGTAACG-3'

Lef1 Forward: 5'-CCTTGGTGAACGAGTCTGAA-3' 237
Reverse: 5'-TGGGTGGAGAAAGAGATCCA-3'

Gli1 Forward: 5'-AGGAGTTCGTGTGCCACTG-3' 239
Reverse: 5'-GGCATTGCTGAAGGCTTTAC-3'

Nanog Forward: 5'-CACTACGACCCAGGCTTCAT-3' 234
Reverse: 5'-CCACAGCCACATCTGTAACTTC-3'

AXin2 Forward: 5'-TTGAGCTAGGAGTGCGTTCA-3' 206
Reverse: 5'-CAACATGGTCAACCCTCAAG-3'

GAPDH Forward: 5'-CAACATGGTCAACCCTCAAG-3' 197
Reverse: 5'-CAACATGGTCAACCCTCAAG-3'

China) and changed every 3 days. After 21 days culture,
the cell microsphere was formalin-fixed and paraffin-em-
bedded and then sectioned at 4 mm, stained with Alcian
blue.

Colony formation assay

Both cell types of 2 passages were cultured in 6-well
plates at a density of 5,000 cells per well as previously de-
scribed (14). Culture media was changed every five days.
After 3 weeks, cells were stained with 0.4% crystal violet
(Beyotime Biotech, Jiangsu, China). The colonies >2 mm
was counted and the number of colonies per well was
calculated. Each measurement was performed at least 3
times.

Statistical analysis

Statistical analysis was performed using SPSS software,
version 19.0 (SPSS Inc, Ill, USA). Results are expressed
as mean values and standard deviations. Parameters were
analyzed by Student’s t-test. For the above parameters, p<
0.05 was considered statistically significant.

Results

Morphology and identification of suture mesenchymal
cells

As shown in Fig. 1IE~G, the cells, migrating from the
cranial suture tissue, exhibited homogeneous spindle mor-
phologies when stained with 0.25% crystal violet blue and
proliferated parallelly or spirally like the typical MSCs.
To identify whether these cells in the suture mesenchyme
are typical MSCs, Flow cytometry was performed and in-
dicated that these cells highly expressed MSC markers,
CD73, CD90, CD105, but not MSC negative cocktail, such
as CD34, CD11b, CD45 and HLA-DR (Fig. 2A). Further
experiments showed that they are capable of osteogenic,
adipogenic and chondrogenic differentiation (Fig. 2B~D).

Expression of osteogenic related genes in suture MSCs

To assay the osteogenic potential that vary between the
synostosed and patent suture, we firstly performed osteo-
genic differentiation test and found that both mesenchy-
mal cells can give rises to osteocytes, established by alizar-
in red stain and mRNA expression of marked genes, Runx2
and OCN (Fig. 3A~C). As predicted, Runx2 and OCN
were expressed significantly higher in the affected suture
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Fig. 2. Identification of suture mesenchymal stem cells. (A) FACS analysis of mesenchymal stem cells migrated from the explanted sutures.
Alizarin red (B), Oil red (C) and Alcian blue (D) staining indicates that the suture mesenchymal cells can undergo osteogenic, adipogenic
and chondrogenic differentiation.

A D BMP3 E FGF2
1.5 2.4+
Tk %
— —
1.8
o 1.04 o
4
é 5 1.2
=2 =
S °
= 0.54 =
0.6
z 0.0- 0.0-
Normal Synostosed Normal Synostosed Normal Synostosed
B C F G
~ Runx2 OCN FGFR2 FGFR3
d 284 1.5 1.5+
B Con
I Con 24 s e
164 B Ost % Nl Ost
20 10
1.0 04
16
| o g EEE = =
o —_— O O o
3 o . = z =
— 3 S ]
= - = 0.5 = 0.5
84
4
44
0- o 0.0- 0.0-
Normal Synostosed Normal Synostosed Normal Synostosed Normal Synostosed

Fig. 3. Expression of osteogenic phenotypic genes and FGFR family genes in suture cells. (A-C) Osteogenic differentiation in the mesenchymal
stem cells, from normal patent sutures (Normal group) or prematurely synostosed sutures (Synostosed group), was tested. Con, control group
without osteogenic induction; Ost, osteogenic differentiation group with osteogenic induction. (A) Representative pictures of Alizarin Red
S staining. Both Cells were cultured with osteogenic induction media for six days. (B, C) mRNA levels of Runx2 and OCN by RT-PCR
analysis. (D~G) RT-PCR analysis of BMP3, FGF2, FGFR2 and FGFR3 in normal and synostosed sutures-derived mesenchymal cells. Results
are mean+SD. *p<0.05, **p<0.01, and ***p<0.001 versus normal cells. OCN, osteocalcin.
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Fig. 4. Expression of stemness-related genes in suture cells. (A, B) Colony formation of two mesenchymal cell types and the number of
colonies per well was calculated. (C~G) mRNA levels of Lef1, Bmi1, Nanog, Gli1 and Axin2 in normal and synostosed sutures-derived
mesenchymal cells using quantitative PCR. Results are mean+SD. *p<0.05, **p<0.01, and ***p<0.001 versus normal cells. Normal,
normal patent sutures derived cells and Synostosed, prematurely synostosed sutures derived cells.

derived MSCs than in the normal suture cells (Fig. 3B and
3C). In contrast, the expression of BMP3 was notably de-
creased in premature fused suture cells compared with
normal cells (Fig. 3D).

Fibroblast growth factors (FGF) and their receptors
(FGFR) have been confirmed to have a pronounced role
in the osteogenic differentiation and skull growth. Gain-
of-functional mutations of FGFR2 and FGFR3 have been
linked to diverse types of syndromic craniosynostosis (15,
16). We therefore wondered whether the level of FGF sig-
naling gene altered the human suture MSCs following pre-
mature fusion. Gene expression of FGF2 elevated con-
spicuously in MSCs, separated from the synostosed coro-
nal suture (Fig. 3E). However, the level of FGFR2 de-
creased in the affected suture MSCs compared to the con-
tralateral cells (Fig. 3F). The FGFR3 mRNA level re-
mained unchanged (Fig. 3G).

Stemness-related genes expression in suture MSCs
Stem cells regulate self-renewal to maintain stemness
and replenish the stem cells niche after differentiation
through proliferating, repressing differentiation, and re-
ducing apoptosis (17). The colony formation assay re-
vealed that the infused suture MSCs reduced colony for-

mation relative to normal cells (Fig. 4A and 4B). Multiple
signaling pathways, such as Shh, Notch, Wnt, and the pol-
ycomb group genes have been reported to maintain stem
cell properties (18). To explore the stemness of the su-
ture-derived MSCs, qPCR analyses were performed to de-
tect the expression of effector genes in the above-men-
tioned pathways. As shown in Fig. 4C, similar expression
pattern of Lefl was found in the two populations. However,
we observed that the mRNA expression of Bmil markedly
reduced in the synostosed suture MSCs compared with
normal cells (Fig. 4D). Like this, Nanog, Glil, Axin2
showed conspicuously lower expression levels in the af-
fected suture cells (Fig. 4E~GQG).

Discussion

Craniosynostosis was first named by Otto (19) in 1830
and described the premature fusion of one or more cranial
sutures. Following rapid growth of the brain in turn re-
sulted in high intracranial pressure, craniofacial asymme-
try, especially a variety of neurological disorders affecting
vision, hearing and intelligence (4). The primary treat-
ment for craniosynostosis is cranial osteotomy. However,
the adverse reactions such as trauma and hemorrhage dur-
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ing the operation were huge, moreover, the incidence of
post-operative complications and recurrence remain high
(5, 6). Thus, we need to explore the exact mechanism reg-
ulating premature closure of cranial sutures and more ap-
propriate way of surgical or pharmacological methods. In
recent reports, the stemness and pluripotency of suture
mesenchymal cells were confirmed in several mice models
m viwo and m vitro (11, 12, 20). We thus hypothesized that
the suture MSCs may play a vital role in craniosynostosis.
In this study, we have isolated and cultured the human
suture mesenchymal cells of the patients with right coro-
nal synostosis and firstly identified these cells as typical
MSCs. Moreover, we demonstrated elevated expression
levels of osteogenic phenotypic genes and the decrease in
the expression of the stemness-related genes in the synos-
tosed suture derived MSCs.

Stem cells in the cranial sutures act as key factors in
the development by differentiating directly into osteo-
blasts, which then form calvarial bones (21). When detect-
ing the expression of the osteogenic related genes in su-
ture derived MSCs, we found that the levels of Runx2 and
OCN are markedly higher in the right coronal suture
MSCs than in the contralateral cells. Meanwhile, the
Alizarin red staining also showed that the prematurely
fused suture MSCs had stronger osteogenic differentiation
ability. Runx2, as a transcription factor, regulates osteo-
genic differentiation by regulating osteoblast related
genes, such as OCN, alkaline phosphatase, collagen type
I and bone sialoprotein (22). Moreover, overexpression of
Runx?2 increased osteogenic differentiation and accelera-
ted suture closure in many models of craniosynostosis (23,
24), implying an important effect in the cranial suture bi-
ology, and our current data coincides with this hypothesis.
However, the expression of BMP3 compared to normal
cells was significantly reduced in the prematurely fused
suture MSCs. This result was supported by a recent find-
ing that downregulating BMP3 expression with suture clo-
sure over time which suggested that this gene acts on the
suture patency (10).

The mutations in FGFR2 and FGFR3 are well-estab-
lished in syndromic craniosynostosis via ligand-independent
constitutive activation of receptors (15, 16). In this study,
we found that the mRNA levels of FGFR2 were decreased
in synostosed suture cells, but the levels of FGFR3 re-
mained unchanged in the mesenchymal stem cells. This
might be due to the localized expression of FGFR to spe-
cific regions of the cranial sutures (25). In addition, FGF2
is abundantly higher expressed in fused suture MSC, co-
inciding with previous report (9). Over-expression of FGF-2
induced the normally patent coronal suture pathologic fu-

sion, whereas i vivo abrogation of FGF-2/FGFR signaling
led to aberrant suture patency in mice (26).

MSCs are characterized by the activity of self-renew-
ability and has potential to differentiate into multiple cell
lineages, including osteoblasts, chondrocytes, adipocytes,
and cardiomyocytes (27, 28). Suture-derived mesenchymal
cells in our experiment highly express in MSC markers,
CD73, CD9%0, CD105, but not CD34, CDI11b, CD45 and
HLA-DR and can similarly give rise to osteocytes, adipo-
cytes and chondrocytes, established by specific stain
respectively. The other central question is to explore the
stemness properties of suture MSCs. To remain stemness,
these cells must proliferate, but repress the differentiation
and reduce apoptosis (28). We performed the colony for-
mation assay and found that the affected suture MSCs re-
duced colony formation compared to normal cells. We fur-
ther found that the mRNA levels of Bmil significantly re-
duced in synostosed suture MSCs. Bmil, the polycomb-
group transcriptional repressor, which is confirmed as a
key regulator to regulate the stem cell self-renewability
and proliferation in several cell types (29). Bmil knockout
mice experienced skeletal defects, reduced post-natal
growth and density in the cerebellum and neural layers
(30). Biehs et al. (31), showed that Bmil is expressed in
the incisor stem cells and regulates stem cell maintenance
and enamel production via repressing Hox genes. In addi-
tion, the expression of Nanog was also decreased in the
premature fused suture MSCs. It is well verified that
Nanog expresses in the embryonic stem cells (ESCs) to
regulate ESCs self-renewal and maintenance (32, 33).
Moreover, Nanog can target the Bmil promoter to directly
transactivate and regulate Bmil (33). We also observed
that Glil and Axin2 showed markedly lower levels in the
synostosed suture MSCs than in the normal cells. However,
the expression of Lefl demonstrated no difference in both
groups. Glil is specifically expressed within the suture
mesenchymal stem cells and ablation of the Glil™ stem
cells which resulted in the cranial suture fusion in mice
model (11). A recent report showed that Axin2 positive su-
ture mesenchymal cells are capable of long-term self-re-
newal during development and maintenance (12). They al-
so found that Axin2 was gradually reduced in the mice
PF, which is the only suture fusing in the first weeks after
birth, and Axin2 elimination caused premature suture clo-
sure and craniosynostosis (34, 35). These research findings
indicate that loss of suture MSCs which are capable of
self-renewability, may lead to premature cranial suture
fusion. Down-regulation of one or more of the above-men-
tioned genes may impair the stemness of suture MSCs and
induce apoptosis through specific signaling pathways which
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needs further investigation.

In summary, we have successfully isolated, cultured and
characterized the human cranial suture derived mesenchy-
mal stem cells. Overexpression of osteogenic related genes
and down-regulated stemness-related genes have been
found in the MSCs derived from the prematurely fused
sutures, which may lead to premature osteogenic differ-
entiation and suppress self-renewal of stem cells ulti-
mately resulting in craniosynostosis. Thus, we will strive
to study the role of specific gene and related signaling
pathway in maintaining suture MSCs stemness to further
develop pharmacologic and genetic strategies, which in
turn improves the current operative methods and prevents
the prenatal craniosynostosis soon. Moreover, utilizing
and altering osteogenic differentiation of suture MSCs
could be a cell-based therapy for the treatment of critical
skull bone defects when combined with biomaterial scaf-
folds in regenerative medicine.
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