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Abstract: Notch signaling plays a key role in cell
proliferation and differentiation, and is important
in several biological processes, but its role in the
chondrogenesis of human umbilical cord mesenchymal
stem cells (UC-MSCs) is still unknown. N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-(S)-phenylglycinet-butyl
ester (DAPT) is the inhibitor of Notch pathway. The aim
of this study is to investgate the influence of DAPT on
the chondrogenesis of UC-MSCs. In our study, UC-MSCs
were isolated from human umbilical cord and their
characteristics were identified. The UC-MSCs were
induced to differentiate into chondrocytes in vitro and
treated with 5 pM DAPT. Glycosaminoglycan (GAG) and
collagen type II (COL-2A1) were analyzed qualitatively and
quantitatively. The gene expression of Notch-1, Hes-1, GAG
and COL-2A1 were analyzed by quantitative polymerase
chain reaction (qPCR). The UC-MSCs separated from
human umbilical cord, followed the characteristics of
Mesenchymal Stem Cells (MSCs). The gene expression of
Notch-1 and Hes-1 decreased after chondrogenic induction
but the percentage in G1 period and the content of GAG
and COL-2A1 increased. The expression of all tested Notch
signaling and proliferation genes declined when 5 pM
DAPT was added, also the content of GAG and COL-2A1
also decreased. Our study revealed that Notch signaling
exists in UC-MSCs and it may remain the proliferative
activity of UC-MSCs. Once the chondrogenesis begins,
Notch signaling strength decline evidently. DAPT inhibits
the chondrogenesis of UC-MSCs.
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1 Introduction

Articular cartilage is an important kind of connective
tissue in our body, it consists of chondrocytes and
extracellular matrix (ECM), and the major components of
ECM are GAG and COL-2A1 [1,2]. Osteoarthritis is the main
cause of injury and degeneration of articular cartilage,
which is still one of the major medical challenges and
brings enormous pain and economic burden to the
patients [1,3]. Autologous chondrocytes transplantation
is a traditional method to repair cartilage damage and
has obtained satisfactory clinical effect. However, the
limited self-repair capability of articular cartilage and
the shortage of chondrocyte sources are still the main
barriers of cartilage repair [4-6]. With the development of
cytobiology and biomaterials, cartilage tissue engineering
is regarded as one of the most possible methods to repair
cartilage damage. Its principle is to culture and amplify
specific seed cells in vitro, then the expanded cells are
attached to a scaffold and transplanted into body to form
a new organization. It involves seed cell, scaffold and
cytokine, and it’s critical to get enough number of efficient
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seed cells [7-9].

MSCs are undifferentiated cells distributed in our
body widely. They can differentiate into chondrocytes,
osteoblasts, adipocytes and other kinds of histocyte in
a suitable microenvironment. Therefore, they became
the focus of tissue engineering and clinical applications
[10,11]. In recent years, many scholars devoted to the
study on bone marrow mesenchymal stem cells (BMSCs)
and got certain achievements, but BMSCs need to be taken
from autologous tissues, which does harm to the patients
[12]. At the same time, it may lead to complications. In
addition, BMSCs are in high risk of viral infection, and
their abilities of amplification and differentiation will
decline considerably with the increasing age. UC-MSCs
are separated from human umbilical cord, some studies
have suggested that they could differentiate into islet
cells [13] and chondrocytes [14] in vitro, and relieved the
symptoms of Parkinsonism in rodent [15]. Compared with
the MSCs from other sources, there are many advantages
of UC-MSCs: umbilical cord belongs to normal derelict
from puerperae, so they have abundant source and they
don’t involve ethical debate; they have no negative effect
on donors as well. More importantly, the requirement of
human leukocyte antigen of UC-MSCs is low, which can
expand the donor pool [16,17]. Previous study has also
demonstrated that UC-MSCs can reduce the risk of graft-
versus-host reaction [18]. Based on above information,
UC-MSCs have the wunique advantages in tissue
engineering.

Notch signaling is a highly conservative pathway in
the process of organismic evolution. In the mammals,
there are four transmembrane Notch receptors (Notch
1-4), two Jagged-like ligands (Jag-1, Jag-2) and three Delta-
like ligands (DLL1, DLL3, DLL4) of Notch signaling. Firstly
the Notch ligands combine with the Notch receptors, next
the Notch receptors are digested by y-secretase and the
Notch intracellular domain (NICD) transfers into nucleus,
and then NICD interacts with downstream transcription
factor CSL. Finally, it plays an important role in the cell
proliferation and differentiation, organ development
and diseases [19]. Previous evidence has also suggested
that Notch signaling participates in the chondrogenesis
and the proliferation and differentiation of chondrocytes
[20,21].The Notch pathway exists in the differentitation
and biological processes of multiple myeloma, including
cell localization with the bone marrow, proliferation,
survival and pharmachological resistance [22], Jag-1 and
Notch-1 exist in mammalian cells [23], some studies have
indicated that Notch signaling mediated by Jag-1 plays a
role in the development of many tissues [24], and has an
important effect on the chondrogenesis of BMSCs [25].
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Multiple myeloma cells can activate the North pathway
due to the over-express of Jad-l ligands [22,26] thus
activate osteoclastogenesis. In T cell acute lymphoblastic
luekaemia, Notch-1 can enhance the proliferative
advantage and specific chemotactic abilities through
acting in concert with chemokine receptor pathways,
therefore influencing tumor cell progression and
localization [27]. Hes-1 is one of the target genes involved
in chondrogenesis [28]. DAPT is the special blocker of
Notch signaling. It inhibits the activation of y-secretase,
thus prevents the Notch signaling from activating [29].
In this study, UC-MSCs were induced to differentiate into
chondrocytes in vitro and treated with DAPT to investigate
the effect of DAPT on the chondrogenesis for the first time.

2 Materials and Methods

2.1 Isolation and culture of UC-MSCs

Human umbilical cord was taken from cesarean baby
and cut into about 1mm? pieces under sterile conditions,
then digested by 0.2% collagenase II (Sigma,America) at
37°C for 3 hours in a table concentrator. After that, the
digestion product was filtered out by 200 mesh colander
and centrifuged at 3000 rpm for 15 minutes. The cells were
collected and resuspended with low-glucose Dulbecco’s
Minimum Essential Medium (DMEM) medium (Gibco,
America) contained 10% fatal bovine serum (FBS)
(Gibco, America) and 1% 100 U/ml penicillin-100 mg/ml
streptomycin (Gibco, America). Finally, the cells were
seeded at a density of 2.5 x 10* cells/cm?in T25 culture
flasks (Corning, America) and put into a incubator with
37°C, 5% CO,. Medium was changed for the first time after
3 days and the adherent cells were primary UC-MSCs.
When the cells grew to about 80% confluence, digested
with 0.25% trypsin (Sigma, America), the supernatant was
discarded after centrifugation at 800 rpm for 5 minutes.
Cells were resuspended with low-glucose DMEM medium
(Gibco, America) and seeded at a density of 2.5 x 10*cells/
cm’ in new T25 culture flasks at 37°C, 5% CO,, their images
were captured by inverted microscope (Nikon, Japan).

2.2 Immunophenotype analysis

UC-MSCs at passage 3 were harvested and adjusted to
5 x 10° cells/tube, the mouse anti-human antibodies,
including CD11b-PE, CD13-PE, CD34-FITC, CD44-PE,
CD45-PC5, CD90-PC5, CD105-PE and HLA-DR-FITC (BD
Bioscence, America) were put into the tubes respectively,
then incubated in the dark at room temperature for 30
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minutes. All samples were detected by flow cytometry (BD
Bioscence, America) and analyzed by Cell-Quest software
(BD Bioscence, America).

2.3 Osteogenic differentiation

UC-MSCs at passage 3 were harvested and cultured in
a 6-well plate (Corning, America) at a density of 2 x 10°
cells/well and incubated at 37°C, 5% CO,. When the cells
grew to about 80% confluent, they were transferred to
osteogenic differentiation medium based on high-glucose
DMEM medium (Gibco, America) and supplemented with
1 uM dexamethasone (Sigma, America), 50 pg/ml vitamin
C (Sigma, America), 10 mM sodium B-glycerophosphate
(Sigma, America), 5% FBS and 1% 100 U/ml penicillin-100
mg/ml streptomycin, the UC-MSCs of control group were
cultured in high-glucose DMEM medium contained 5%
FBS and 1% 100 U/ml penicillin-100 mg/ml streptomycin.
Medium was changed every 3 days. After 21 days, medium
was discarded, the cells were washed with Phosphate
Buffered Saline (PBS) for 3 times and fixed with 4%
triformol (Sigma,America) for 10 minutes, then washed
with PBS for 3 times and stained with 0.1% Alizarin Red
(Sigma,America) at room temperature for 30 minutes. Dye
was discarded, the cells were washed with distilled water
and their images were captured.

2.4 Chondrogenic differentiation

UC-MSCs at passage 3 were harvested and cultured
in a 6-well plate at a density of 2 x 10° cells/well and
incubated at 37°C, 5% CO,. When the cells grew to about
80% confluent, they were transferred to chondrogenic
differentiation medium based on high-glucose DMEM
medium and supplemented with 0.1uM dexamethasone,
50 pg/ml vitamin C, 6.25 pg/ml insulin (Sigma, America),
6.25 pg/ml transferring (Sigma, America), 10 ng/ml TGF-f1
(Sigma, America), 5% FBS and 1% 100 U/ml penicillin-100
mg/ml streptomycin. Medium was changed every 3 days.
After 21 days, medium was discarded, the cells were
washed with PBS for 3 times and fixed with 4% triformol
for 10 minutes, then washed with PBS for 3 times and
stained with 0.1% Toluidine Blue (Sigma, America) for
30 minutes at room temperature. Dye was discarded, the
cells were washed with distilled water and their images
were captured.

2.5 Adipogenic differentiation

UC-MSCs at passage 3 were harvested and cultured
in a 6-well plate at a density of 2 x 10°cells/well and
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incubated at 37°C, 5% CO,. When the cells grew to about
80% confluent, they were transferred to adipogenic
differentiation medium A based on high-glucose DMEM
medium and supplemented with 1 pyM dexamethasone, 0.5
mM 3-isobutyl-l-methylxanthine (IBMX) (Sigma,America),
10 pg/ml insulin (Sigma,America) and 1% 100 U/ml
penicillin-100 mg/ml streptomycin. After 48 hours, the
cells were changed to adipogenic differentiation medium
B contained 10 pg/ml insulin, 10% FBS and 1% 100 U/ml
penicillin-100 mg/ml streptomycin. 72 hours later, the cells
were changed to adipogenic differentiation medium A
again and changed to adipogenic differentiation medium B
after 48 hours, then the adipogenic differentiation medium
was discarded and changed to low-glucose DMEM medium
contained 10% FBS and 1% 100 U/ml penicillin-100 mg/
ml streptomycin. The UC-MSCs of control group were
cultured in low-glucose DMEM medium contained 10%
FBS and 1% 100 U/ml penicillin-100 mg/ml streptomycin
all the time. Medium was changed every 3 days. After 21
days, medium was discarded, the cells were washed with
PBS for 3 times and fixed with 4% triformol for 10 minutes,
then washed with PBS for 3 times and stained with 0.3%
0il Red O (Sigma, America) at room temperature for 30
minutes. Dye was discarded, the cells were washed with
distilled water and their images were captured.

2.6 Treatment of different groups

UC-MSCs at passage 3 were harvested and cultured in a
6-well plate at a density of 2 x 10° cells/well and incubated
at 37°C, 5% CO,. When the cells grew to about 80%
confluent, the control group was changed to high-glucose
DMEM medium supplemented with 5% FBS and 1%
100 U/ml penicillin-100 mg/ml streptomycin, induction
group was changed to chondrogenic differentiation
medium, dimethylsulfoxide (DMSO) group was changed
to chondrogenic differentiation medium supplemented
with 0.1% DMSO (Amrersco, America), 5 uM DAPT group
was changed to chondrogenic differentiation medium
supplemented with 5 pM DAPT (dissolved in DMSO) and
the final concentration of DMSO was 0.1%. All groups
were cultured for 6 days, 12 days and 18 days. The medium
was changed every 3 days and their images were captured
on the eighteenth day.

2.7 gPCR analysis of Notch-1, Hes-1, GAG
and COL-2A1

On the sixth, twelfth and eighteenth day, total RNA of
all groups were extracted by RNA extracting TRIreagent
(Tiangen,China) according to the manufacturer’s
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instructions. ¢cDNA was synthesized from 300ng RNA
using a Reverse Transcription Kit (TOYOBO,Japan). Gene
expression of Notch-1, Hes-l, GAG and COL-2A1 was
detected by qPCR, and the gene expression of GAPDH was
used as internal control. gPCR was performed by qPCR
Mix Kit (TOYOBO, Japan) according to the manufacturer’s
instructions. Data was analyzed using AACt method, the
relative copy number = 224Ct = Q(ACt experiment group - ACt control group)
- 2 -[(Ct target-Ct GAPDH)-(Ct control-Ct GAPDH)]’ eaCh Sample was analyzed
in triplicate. The primers (Invitrogen,America) were listed
as Table 1.

2.8 Cell cycle analysis

On the sixth day, UC-MSCs of all groups were harvested
and adjusted to 5 x 10° cells/ml. The cells were washed
with cold PBS for 2 times and suspended with 70% (v/v)
cold ethanol, then fixed in 4°C for 24 hours; The cells
were suspended with Presidium Iodide (BD Bioscence,
America) contained 10 pg/ml RNAase A and 50 pg/ml PI
after discarding the suspernatant, and incubated for 20
minutesat 4°Cin the dark, then detected by flow cytometry.
10“cells were obtained by the Cell-Quest software and the
cell cycle was analyzed by ModiFit. These experiments
were repeated for 3 times.

2.9 Toluidine Blue staining

On the eighteenth day, medium was discarded. The cells
were washed with PBS for 3 times and fixed with 4%
triformol for 10 minutes, then washed with PBS for 3
times and stained with 0.1% toluidine blue for 30 minutes
at room temperature. Dye was discarded, the cells were
washed with distilled water and their images were
captured.

Table 1: Primers of qPCR.
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2.10 Immunofluorescence staining

On the eighteenth day, medium was discarded, the cells
were washed with PBS for 3 times and fixed with 4%
triformol for 10 minutes, then washed with PBS for 3 times
and treated with 0.5% Triton X-100 (dissolved with PBS)
(Amresco, America) for 10 minutes, then washed three
times again, and incubated with 0.5% BSA (Amresco,
America) for 30 minutes; washed twice, and incubated
with primary antibody (Boster, China) overnight at 4°C
(solubility of 1:120); washed three times and incubated
with secondary antibody (Proteintech, America) in the dark
at room temperature for 60 minutes (solubility of 1:80).
Finally, the cells were washed thrice with PBS and captured
by immunofluorescence microscope (Leica, Germany).

2.11 Quantitive analysis of GAG

On the sixth, twelfth and eighteenth day, 200 pl cell
supernatant of each group was collected respectively,
40 pl papain solution (Amresco, America) was added to
the supernatant for digesting for 24 hours. 100 ul 8 mol/L
guanidine hydrochloride (Amresco, America) and 0.25%
alcian blue solution (Sigma, America) were put into the
digestion products at 4°C for 1 hour, then centrifuged at
12,000 rpm for 15 minutes. Supernatant was discarded
and 150 pl isopropanol (Amresco, America) was added to
the sediment for dissolving, and their absorbance values
were acquired in the microplate reader at 600 nm. A series
of concentration gradients of chondroitin sulfate standard
solution (Amresco, America) and their corresponding
absorbance values were used to draw a standard curve,
the GAG content of all groups was obtained using this
standard curve.

Gene Name NCBI No. Primer Pairs Product Length

NOTCH-1 NM_017617.3 Forward: 5’-GCCGCCTTTGTGCTTCTGTTC-3’ 300 bp
Reverse: 5’-CCGGTGGTCTGTCTGGTCGTC-3’

HES-1 NM_005524.3 Forward: 5’-AAGAAAGATAGCTCGCGGCA-3’ 208 bp
Reverse: 5’-CCTCGGTATTAACGCCCTCG-3’

COL-2A1 NM_001844.4 Forward: 5’-GCAGGATGGGCAGAGGTATAA-3’ 151 bp
Reverse: 5’-GCACTCTCCGAAGGGGATCT-3’

GAG NM_013227.3 Forward: 5’- ACACTGGCGAGCACTGTAAC-3’ 235 bp
Reverse: 5’- CCTTCGATGGTCCTGTCGTT-3’

GAPDH NM_002046 Forward: 5’- TGTTGCCATCAATGACCCCTT-3’ 202 bp

Reverse: 5°- CTCCACGACGTACTCAGCG-3’
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2.12 Quantitive analysis of COL-2A1

On the sixth, twelfth and eighteenth day, 250 pl cell
supernatant of all groups was collected respectively, 50
ul digestive solution and 2 ml reaction solution (Amresco,
America) were added to the supernatant at 60°C for 15
minutes, then the mixture was centrifuged at 3500 rpm
for 10 minutes after cooling. 150 ul supernatant was taken
to detect their absorbance values at 560 nm. A series
of concentration gradients of hydroxyproline standard
solution (Amresco,America) and their corresponding
absorbance values were used to draw a standard curve, the
content of COL-2A1 was obtained using this standard curve.

2.13 Statistical analysis
The results are all presented as the mean (n = 3) + standard

deviation. Two tailed t tests were conducted to determine
statistical significance.

3 Results

3.1 Morphology of UC-MSCs

UC-MSCs were extracted from human umbilical cord
successfully by 0.2% collagenase II digestion. 80% of the
cells were adherence after extraction for 3 days, they were
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mononuclear and spindle. At the same time, there were
some impurities around the cells (Fig. 1 a). At passage 1,
the morphology became coincident and grew equably (Fig.
1b). At passage 3, the morphology began to be consistent
(Fig. 1 c). The morphology at passage 5 tended to be stable
and was nearly identical (Fig. 1 d).

3.2 Surface markers of UC-MSCs

UC-MSCs at passage 3 highly expressed CD13, CD44,
CD90, CD105 and the positive percentages of these surface
markers were nearly 100% (Fig. 2 a, b, c, d). On the contrary,
they were negative for CD11b, CD34, CD45, HLA-DR and the
negative percentages were close to zero (Fig. 2 e, f, g, h). All
of these satisfied the characteristics of MSCs [30].

3.3 Pluripotent differentiation potential of
UC-MSCs

After osteogenic induction, the result of Alizarin Red
staining was positive and the chondrocyte were saffron
(Fig. 3 b), while the color of control group was light (Fig.
3 a). Chondrocytes were dyed blue by Toluidine Blue
staining after chondrogenic induction (Fig. 3 d), while the
color of control group was undertone (Fig. 3 c). Compared
with the control group (Fig. 3 e), there were a lot red lipid
droplets in cytoplasm after adipogenic induction (Fig. 3
f). These results indicated that the cells extracted from

Figure 1: Morphology of UC-MSCs (x100): a. Primary UC-MSCs after extraction for 3 days, b. UC-MSCs at passage 1, c. UC-MSCs at passage 3,

d. UC-MSCs at passage 5.
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Figure 2: Surface markers of UC-MSCs.
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Figure 3: Pluripotent differentiation potential of UC-MSCs (x100): a. Control group of Alizarin Red staining, b. Induction group of Alizarin Red
staining after osteogenic differentiation for 21 days, c. Control group of Toluidine Blue staining, d. Induction group of Toluidine Blue staining
after chondrogenic differentiation for 21 days, e. Control group of Oil Red O staining, f. Induction group of Oil Red O staining after adipoge-

nic differentiation for 21 days.

human umbilical cord could be induced to differentiate
into osteogenic, chondrogenic and adipogenic cells.

3.4 Gene expression of Notch-1and Hes-1
after chondrogenic induction

From Fig. 4, compared with the corresponding control
group at all time points, the gene expression of Notch-1
and Hes-1 all decreased significantly after chondrogenic
differentiation (p < 0.01). These results suggested that
Notch signaling pathway exists in UC-MSCs, and Notch
signaling strength declined evidently when UC-MSCs were
induced to differentiate into chondrocytes.

3.5 Content and gene expression of GAG and
COL-2A1 after chondrogenic induction

Alcian Blue method and hydroxyproline method were used
to analyze GAG and COL-2A1 quantitatively. As showed in
Fig. 5 a and b, the content of GAG and COL-2A1 increased
markedly on the sixth day (p < 0.05). On the twelfth
and eighteenth day, the content of GAG and COL-2A1
all increased very significantly (p < 0.01). These results
suggested that the content of GAG and COL-2A1 increased
gradually after chondrogenic induction. As showed in
Fig. 5 ¢ and d, the gene expression of GAG and COL-2A1
increased insignificantly on the sixth day (p > 0.05), but

increased very significantly on the twelfth day (p < 0.05)
and the eighteenth day (p < 0.01). These results showed
that the gene expression of GAG and COL-2A1 increased
gradually after chondrogenic induction.

3.6 Cell cycle analysis after chondrogenic
induction and addition of DAPT

On the sixth day, the percentage of G1 period in the control
group was 61.2 + 1.51% (Fig. 6 a), which was approximately
equal to the DAPT group (614 + 3.26%) (Fig. 6 d), while the
percentages of the induction group and the DMSO group were
709 + 2.1% and 69.1 + 2.1%, and they were higher than the
control group (p < 0.05) (Fig. 6 b, c). These results suggested
that chondrogenic induction surpressed the proliferation.

3.7 Morphology, Toluidine Blue staining and
Immunofluorescence staining after addition
of DAPT

On the eighteenth day, morphology of the control group
was still spindle (Fig. 7 a-a). On the contrary, morphology
of the induction group, DMSO group and DAPT group
had changed from spindle to polygon and the cells grew
intensively (Fig. 7 a-b, a-c, a-d), these results indicated that
the morphology of UC-MSCs was closer to chondrocytes
after chondrogenic induction. On the eighteenth day,
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Figure 4: Gene expression of Notch-1 and Hes-1: a. Gene expression of Notch-1, b. Gene expression of Hes-1. Error bars indicate mean + SD of
3 independent experiments. **, ##, vv represent p < 0.01, vs. corresponding control group, there were very significant differences.

Figure 5: a. Content of GAG, b. Content of COL-2A1, c. Gene expression of GAG, d. Gene expression of COL-2A1. Error bars indicate mean + SD
of 3 independent experiments. *, # represent p < 0.05, vs. corresponding control group, there were significant differences. ##, vv represent
p < 0.01, vs. corresponding control group, there were very significant differences.

Toluidine Blue staining was used to analyze the GAG
qualitatively, colour of the control group was very light (Fig.
7 b-a), while color of the induction group, DMSO group and
DAPT group became blue (Fig. 7 b-b, b-c, b-d). At the same
time, the morphology of these groups had changed from
spindle to polygon and the cells grew intensively, which
was consistent with the morphological observation. These
results suggested that GAG appeared after chondrogenic

induction. On the eighteenth day, Immunofluorescence
staining was used to analyze the COL-2A1 qualitatively.
There was nearly no green fluorescence in the control
group (Fig. 7 c-a), while a lot more green fluorescences
appeared in the induction group, DMSO group and DAPT
group (Fig. 7 c-b, c-c, c-d), especially in the induction group
and DMSO group. These suggested that COL-2A1 appeared
after chondrogenic induction.
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Figure 6: Cell cycle of UC-MSCs: a. control group, b. induction group, c. DMSO group, d. 5 pM DAPT group, e. Cell cycle percentage. Error
bars indicate mean + SD of 3 independent experiments. *, #, v represent p < 0.05, vs. corresponding control group, there were significant
differences, ## represent p < 0.01, vs. the control group of S period, there were very significant differences.

3.8 Gene expression of Notch-1and Hes-1
after addition of DAPT

Form Fig. 8, compared with the induction group, the gene
expression of Notch-1 and Hes-1 decreased significantly at
all time points with 5 pM DAPT. These results suggested

that DAPT blocked the Notch signaling effectively, and the
Notch signaling strength declined obviously, but the gene
expression of Notch-1 and Hes-1 between the induction
group and DMSO group had no significant differences at
all time points (p > 0.05).
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Figure 7: a. Morphology of UC-MSCs (x100): a-a: control group, a-b. induction group, a-c. DMSO group, a-d. 5 pM DAPT group; b. Toluidine
Blue staining of UC-MSCs (x100): b-a. control group, b-b. induction group, b-c. DMSO group, b-d. 5 pM DAPT group; c. immunofluorescence
staining of UC-MSCs (bar 400 pm): c-a. control group, c-b. induction group, c-c. DMSO group, c-d. 5 pM DAPT group.
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Figure 8: Gene expression of Notch-1and Hes-1. Error bars indicate mean + SD of 3 independent experiments. a. Gene expression of Notch-1,
b. Gene expression of Hes-1. #, v represent p < 0.05, vs. corresponding induction group, there were significant differences. **, ##, vv repre-
sent p < 0.01, vs. corresponding induction group, there were very significant differences.

Figure 9: a. Content of GAG, b. Content of COL-2A1, c. Gene expression of GAG, d. Gene expression of COL-2A1. Error bars indicate mean + SD
of 3 independent experiments. * represent p < 0.05, vs. corresponding induction group, there were significant differences. ##, vv represent
p < 0.01, vs. corresponding induction group, there were very significant differences.

3.9 Content and gene expression of GAG and
COL-2A1 after addition of DAPT

As showed in Fig. 9 a and b, the content of GAG in the
DAPT group was lower than the induction group at all
time points (p < 0.05). On the sixth day, the content of
COL-2A1 in the DAPT group was lower than the induction

group (p < 0.05) and was much lower (p < 0.01) on the
eighteenth day, but the content on the twelfth day had
no obvious difference (p > 0.05). These results suggested
that the expression of GAG and COL-2A1 was restrained
by DAPT, and this effect was more obvious with time
increasing. As showed in Fig. 9 c and d, compared with the
induction group, the gene expression of GAG in the DAPT
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group had no significant difference (p > 0.05) on the sixth
day, but was much lower on the twelfth and eighteenth
day (p < 0.01). The gene expression of COL-2A1 in the
DAPT group was lower than the induction group on the
sixth and eighteenth day (p < 0.05), but on the twelfth day,
they had no significant difference (p > 0.05). These results
showed that DAPT inhibited the gene expression of GAG
obviously, and this effect became more significant with
the time increasing, but this suppressive effect of DAPT
for the gene expression of COL-2A1 was less significant.
In addition, the content and gene expression of GAG
and COL-2A1 had no significant differences between the
induction group and DMSO group at all time points (p >
0.05).

4 Discussion

Due to the lack of nerves and vessels, articular cartilage
has little ability for self-repair, and the limited source of
chondrocytes has become the major obstacle for healing
[30]. In recent years, cartilage tissue engineering has been
considered one of the methods that may solve this medical
issue. Besides, UC-MSCs have become the ideal seed cells
because of their abundant source, low immunogenicity
and no ethical debate [16,31]. In this study, UC-MSCs were
separated from human umbilical cord by 0.2% collagenase
II successfully, they were adherent and spindle (Fig. 1).
UC-MSCs not only meet the standard of ectomesenchymal
of international cell therapy and ectomesenchymal stem
cell established by Tissue Stem Cells commission, but
also express some original stem cell marker [15,32,33].
At the same time, UC-MSCs inhibits the proliferation of
lymphocytes [34]. In this study, we use the methods of novel
myeloid precursor cell line PC-MDS characteristics [35].
The flow cytometry analysis showed that the cells highly
expressed mesenchymal cell makers CD13, CD44, CD90
and CD105, and lowly expressed hepatoeitic cell makers
CD11hb, CD34, CD45 and human leucocyte antigen HLA-DR
(Fig. 2). In addition, they had the ability to differentiate
into osteogenic, chondrogenic and adipogenic cells (Fig.
3), these all satisfied the characteristics of MSCs [17,31].
To date, numerous researches on cartilage tissue
engineering concentrate on the optimization of induced
conditions rather than the molecular mechanism
during chondrogenesis, which becomes an obstacle for
the development of cartilage tissue engineering [36].
Notch signaling is a highly conservative pathway during
hemogenesis and organic evolution, it plays arolein the rat
intestinal adaptation [37], the osteogenic differentiation
of human BM-MSCs [38], the differentiation of myocardial
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cells and cardiac regeneration [13,39], the proliferation
and differentiation of human neural stem cell [40],
the maintaining of stemmas characteristics of neural
precursor cells [41]and the adipogenic differentiation of
human adipose mesenchymal stem cells [42]. Besides,
previous studies have suggested that Notch signaling
participates in the dedifferentiation of mouse articular
chondrocytes and avian cartilage development [43].

In this study, the gene expression of Notch-1 and
Hes-1 declined significantly after chondrogenic induction
(Fig. 4), which demonstrated that Notch signaling
exists in UC-MSCs, and Notch signaling may block the
differentiation of hUC-MSCs and remain their proliferative
activity, which was analogous with Rebecca Williams’
conclusion [43] and Karlsson’s findings [44]. The content
and gene expression of GAG and COL-2A1 all increased
with time increasing after chondrogenic induction (Fig.
5). Besides, the morphology became polygon, which
was closer to chondrocytes, and the results of Toluidine
Blue staining and immunofluorescence staining (Fig. 6)
were all positive, which suggested that GAG and COL-2A1
were expressed. These all revealed that UC-MSCs were
induced to differentiate into chondrocytes successfully.
The cell cycle showed that the percentage of interkinesis
increased after chondrogenic induction, but the
percentage in the DAPT group was nearly equal to the
control group (Fig. 7). These results demonstrated that
the decline of Notch signaling strength could weaken the
chondrogenic differentiation of UC-MSCs and may remain
their proliferative ability. Previous study also proved that
Notch signaling was closely related with the formation
of osteoblasts and chondrocytes in perichondrium by
controlling both the differentiation and proliferation [21].
The gene expression of Notch-1 and Hes-1 all declined after
the addition of DAPT, which suggested that the Notch
signaling strength with chondrogenic differentiation was
weakened effectively by DAPT (Fig. 8). The content and
gene expression of GAG and COL-2A1 all decreased with
DAPT, (Fig. 9), which suggested that DAPT inhibited the
expression of GAG and COL-2A1, and the effect on GAG
was more obvious. These findings illustrated that the
Notch signaling strength with chondrogenic induction
may be suitable for the expression of GAG and COL-2A1,
further blocking the Notch signaling with DAPT would
prevent the chondrogenesis. This may be relative with
the regulation of SOX9 [28,45] and was similar with
Oldershaw’s result [25]. It’s worth mentioning that in our
preliminary trials, 5 pM DAPT had the least effect on the
growth of UC-MSCs (data was not shown here). Besides
both the gene expression of Notch-1, Hes-1, GAG, COL-2A1
and the content of GAG and COL-2A1 had no significant
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difference between the induction group and DMSO group,
which suggested that the low concentration of DMSO had
little effect on the chondrogenesis of UC-MSCs.

5 Conclusion

Our study demonstrated that Notch signaling exists
in UC-MSCs and it maintains the proliferative state of
UC-MSCs. Once UC-MSCs are induced to differentiate
into chondrocytes, Notch signaling strength will decline
greatly, and DAPT inhibits the chondrogenesis of UC-MSCs.
Because there are many other signaling pathways during
chondrogenesis [46,47], it’s uncertain whether any
other signaling pathway interacts with Notch signaling.
Therefore, a further investigation is needed in the future.
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