
INTRODUCTION

Articular cartilage possesses a weak capacity for self-repair 
due to its lack of repair system like cytokines, vessels and chon-
drocytes [1,2]. Therefore, the repair of cartilage injuries is con-
sidered one of the most important clinical and scientific chal-
lenges. Surgical techniques including multiple drilling, micro-

fracture, and autologous chondrocyte transfer have been de-
veloped and clinically applied for the repair of damaged car-
tilage [3,4]. However, these techniques are faced with problems 
including limited proliferative and de-differentiation potential 
of chondrocytes, invasive procedures, and the sacrifice of nor-
mal cartilage [5,6]. In order to overcome the major drawbacks 
of previous techniques, stem cell-based therapy has been eval-
uated as an alternative approach to replace autologous chon-
drocyte transfer for cartilage repair [7-9]. In recent years, peri-
vascular stem cells (PVCs), which represent ubiquitous ancestors 
of mesenchymal stem cells (MSCs), have gained increasing at-
tention as a promising candidate for cartilage regeneration due 
to their greater proliferation rate and capacity for osteogenic, 
adipogenic and chondrogenic differentiation when compared 
to bone marrow-derived MSCs (BM-MSCs) [10-12]. PVCs can 
be isolated from various fetal and adult tissues including hu-
man adipose tissue, umbilical, placenta and skeletal muscle and 
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are being extensively tested in a number of preclinical studies 
for various diseases [10].

Generation of sufficient number of functional chondrocytes 
from multipotent stem cells remains a major issue for fulfilling 
the increasing demands of cartilage repair. Basic fibroblast 
growth factor and transforming-growth factor (TGF)-β1 have 
been reported to enhance proliferation and chondrogenic dif-
ferentiation of MSCs derived from human synovium and bone 
marrow, respectively [13,14]. Lee et al. [15] demonstrated that 
the combination of TGF-β1 and bone morphogenic protein-2 
provided a favorable condition for chondrogenic differentiation 
of human synovium-derived MSCs. Notably, it has been re-
ported that growth differentiation factor-5 (GDF-5) supports 
the differentiation of MSCs into chondrocytes and cartilage 
development [16-24]. Although some exogenous factors have 
been described to promote the in vitro generation of chondro-
cytes from MSCs, no experiments have been performed to 
identify exogenous factors for in vitro generation of chondro-
cytes from PVCs.

Based on previous studies on MSCs, we hypothesized that 
supplementation of GDF-5 in PVC cultures or in micromass 
pellet cultures will positively affect their proliferation and 
chondrogenic differentiation. In this study, we investigated the 
effect of GDF-5 on proliferation, morphology, generation of mi-
cromass pellets, and chondrogenesis of PVC isolated from hu-
man umbilical cord (HUC). Our study suggests that GDF-5 is 
an effective agent for the enhancement of PVC proliferation, 
thereby obtaining a higher number of chondrocytes that are ap-
plicable in therapeutic doses for cartilage regeneration.

MATERIALS AND METHODS 

Isolation and expansion of HUCPVCs
HUCs were obtained from full-term deliveries by caesarian 

section with IRB approved donors’ written consent at Kangwon 
National University hospital. HUCPVCs were isolated and 
cultured as described previously [25]. Briefly, adherent cells 
migrated from HUC vessels were cultured for 13–16 days in 
α-MEM (Gibco, CA USA) supplemented with 10% FBS (Hy-
clone, UT, USA), 1% penicillin/streptomycin and 1 mM L-
glutamine. On reaching 70–80% confluency, HUCPVCs were 
detached by treatment with 0.05% trypsin-ethylenediamine-
tetraacetic acid (EDTA; Sigma, MO, USA) and subcultured at 
about 6500 cells/cm2. After 2nd passage, cells were frozen and 
kept in liquid nitrogen until use.

Flow cytometry
The immunophenotypic characterization was performed by 

flow cytometry using the following fluorochrome-conjugated 

mouse anti-human antibodies: CD45-APC, CD31-PE, CD34-
FITC, CD146-FITC, CD44-APC, and CD90-APC (all BD Bio-
sciences). Single cell suspension were detached with 0.05% 
trypsin-EDTA and resuspended in 1% FBS-PBS at passage 2. 
The cells were filtered through a 70 μm filter and incubated for 
1 hr at 4°C. Negative control is nonspecific IgG of the corre-
sponding cells. Live cells were analyzed for cell surface mark-
ers using an Accuri C6 (BD Biosciences) and Accuri C6 analy-
sis software (BD Biosciences). For DNA content analysis, single 
cell suspension from chondrogenic pellets was stained with 
7-aminoactinomycin-D and analyzed using Accuri 6.

In vitro multilineage differentiation of HUCPVCs

Adipogenic differentiation 
The HUCPVCs (4.5×103 cells per cm2) were plated onto 12- 

well tissue culture plates and cultured as a monolayer in the 
presence of adipogenic supplements (Gibco) for 21 days. Cells 
were harvested after 21 days, then subjected to stain with Oil 
Red O (Lifeline Cell Technology, MD, USA) to visualize the 
intracellular accumulation of lipid vacuoles and quantified by 
spectrophotometry at A540.

Osteogenic differentiation
The HUCPVCs were plated onto 12-well tissue culture plate 

at a density of 4.5×103 cells per cm2 and cultured as a monolay-
er in the presence of osteogenic supplements (Gibco) for 21 days. 
On day 21, cultures were fixed in 4% PFA for 10 min and stained 
with Alizarin Red S (Lifeline Cell Technology) to visualize min-
eralization in osteogenic cell cultures and quantified by spectro-
photometry at A405.

Chondrogenic differentiation
The HUCPVCs (passage 3) were trypsinized using 0.05% tryp-

sin-EDTA and washed with the expansion medium. HUCPVCs 
(2.5×105 cells per tube) were pelleted by centrifugation at 1500 
rpm for 10 min and resuspended in StemProTM chondrogenic 
medium (Gibco no.A10071-01) supplemented with 100 ng/mL 
of GDF-5 (R&D, MN, USA). The pellets were maintained with 
chondrogenic culture medium in the presence or absence of 
GDF-5 in 5% CO2 at 37°C for 21 days and medium changed 
every 3 days. The dose and duration of GDF-5 for chondro-
genic differentiation was determined based on previous studies 
[20,21]. On day 21, the chondrogenic differentiation potential of 
HUCPVCs was evaluated by hematoxylin and eosin staining 
and Alcian blue stain. Briefly, the chondrogenic pellets were 
fixed in 4% PFA, dehydrated, and embedded in paraffin for 
histology to detect sulfated proteoglycans by Alcian blue staining.
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Proliferation assay and morphometric analysis
To evaluate effects of GDF-5 on the proliferation and mor-

phological changes of PVCs, HUCPVCs (passage 2) were plat-
ed onto 6-well tissue culture plates at a density of 2.4×104 cells 
per well and cultured in the presence or absence of GDF-5 (100 
ng/mL) for 5 days. Viable cells were counted using Moxi Z au-
tomated cell counter (ORFLO Technologies, ID, USA). Image 
J software was used to measure the cell area.

Quantitative RT-PCR
Total ribonucleic acid (RNA) was extracted from chondro-

genic pellets and PVC cultures using RNeasy mini kit (Qiagen, 
Limburg, the Netherlands) according to the manufacturer’s 
manual. cDNA was made with 1 μg of RNA using TOPscriptTM 
RT Dry mix (Enzynomics, Daejeon, Korea) and subsequent 
quantitative real-time polymer chain reaction (RT-PCR) were 
carried out in triplicate using GoTaq Green Masterer Mix (Pro-
mega, WI, USA) on StepOneTM Real-Time PCR system (Ap-
plied Biosystems, CA, USA). Amplifications were performed 
using the following conditions: 5 min at 95°C followed by 40 
cycles of denaturation (15 sec at 95°C), annealing and exten-
sion (1 min at 60°C) with FAM signal reading after extension. 
All data were normalized to GAPDH. The primer sequences 
used are shown in Table 1.

Data analysis
Values for all measurements are presented as mean±standard 

deviation. Comparisons for all experiments were performed 
with Student’s t-test. Significance levels were set at p<0.05.

Table 1. Primer sequences for qRT-PCR

Genes Sequences
Collagen IIA1 (COL2A1) F GCCAC CTTCTCACTGCTCA

R TAGGACAGGCAGCACCTCTT
Aggrecan (ACAN) F CGAAGGAAGAGTGTCGGAAG

R CTTGGACCTCTTTGGAGCTG
SOX-9 F GGAGGAGAAGAGAAGGGGTG

R CTTAGGAAGGCGCGGGGTGG
GAPDH F TGCACCACCAACTGCTTAGC

R GGCATGGACTGTGGTCATGAG
RT-PCR: quantitative real-time polymer chain reaction

Isotype controls
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Figure 1. Isolation and immunophenotypic analysis of PVCs from HUCs. (A) A dissected vessel removed from HUCs was ligated at 
both ends and seeded into a 100-mm. (B) On day 7–10 post-plating, the fibroblast-like cells migrated from the vessels appeared as 
a colony (the white arrow indicates the vessel). (C) PVC colonies were collected and subcultured when the colonies are too dense 
to spread out. Scale bars, 100 μm. (D) Representative FACS dot plots for immunophenotypic analysis of isolated HUCPVCs. Fre-
quencies shown in each dot plot indicate that average and standard deviation (n=3). PVCs: perivascular stem cells, HUCs: human 
umbilical cords, FACS: fluorescence-activated cell sorting, FITC: fluorescein isothiocyanate, PE: phycoerythrin, APC: allophycocyanin, 
SSC-A: side scatter-area.
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RESULTS

Supplementation of GDF-5 promotes the proliferative 
rate of HUCPVCs

HUCPVCs are normally located in the perivascular regions 
of human umbilical vessels including arteries and veins, which 
were isolated according to our previous non-enzymatic isola-
tion method [25]. Dissected HUC vessels were first ligated at 
both ends and then plated into a dish containing the expansion 
medium (Fig. 1A). On day 7–10 post plating, fibroblast-like 
cells that migrated from the vessels appeared as a colony-form-
ing unit and were successfully subcultured (Fig. 1B and C). To 
characterize the cell surface antigens of the isolated cells, flow 
cytometry was employed to analyze these cells at passage 2. 
These cells displayed a high expression level of CD44 (90.6± 
1.7%), CD90 (98.4±1.1%), and CD146 (84.8±1.4%), which are 
markers for MSCs and PVCs, and a negative expression of 
CD31 (0.3±0.1%), CD34 (0.9±0.1%), and CD45 (0.3±0.1%) 
(Fig. 1D). We first asked if supplementation of GDF-5 influ-
ences on morphology and proliferation of HUCPVCs in vitro. 
HUCPVCs were cultured in the presence or absence of GDF-5 
(100 ng/mL) for 5 days. During in vitro expansion of HUCPVCs 
without GDF-5, the cells are relatively bigger and flattened com-
pared to the cells that were expanded in medium supplement-
ed with GDF-5 (Fig. 2A). Measurement of cell area supports 
this morphological change by supplementation of GDF-5 (Fig. 
2B). In addition, the number of HUCPVCs was significantly 
increased in the presence of GDF-5 (p<0.05) (Fig. 2C). These 
results suggest that GDF-5 could be an effective agent for the 
enhancement of PVC proliferation and induces a change in 
morphology.

Figure 2. Effects of GDF-5 supplementation on proliferation of PVCs. (A) HUCPVCs (passage 3) were plated at a density of 6×104 
cells per well and treated with 100 ng/mL of GDF-5 for 5 days. Scale bar, 100 μm. (B) Measurement of cell area (μm2) in PVC cul-
tures treated or non-treated with GDF-5. (C) GDF-5 promotes proliferation of HUCPVCs. Bars indicate mean±SD. GDF *p<0.05. 
GDF-5: growth differentiation factor-5, PVCs: perivascular stem cells, HUCs: human umbilical cords.
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Figure 3. Adiopgenic and costeogenic differentiation potential of 
HUCPVCs. (A) Representative images of Oil Red O stained 
HUCPVCs cultured under adipogenic conditions. Scale bars, 100 
μm. (B) Measurements of Oil Red O contents using spectropho-
tometry. Bars indicate mean±SD. (C) Representative images of 
Alizarin Red S stained HUCPVCs cultured under osteogenic con-
dition. Scale bars, 100 μm. (D) Measurements of Alizarin Red S 
contents using spectrophotometry. Bars indicate mean±SD. 
*p<0.01. CON: control cultures, EXP: experimental cultures with 
differentiation conditions, PVCs: perivascular stem cells, HUCs: 
human umbilical cords, SD: standard deviation.
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Supplementation of GDF-5 increases size of 
chondrogenic pellets

We then asked if supplementation of GDF-5 influences the 
chondrogenic differentiation of HUCPVCs. We first evaluated 
the multilineage differentiation potential of HUCPVCs. Under 
adipogenic conditions, HUCPVCs showed the ability to gen-
erate adipocytes positively stained for Oil Red O (Fig. 3A). 
Spectrophotometric quantification further revealed efficient 
adipogenic induction of HUCPVCs (Fig. 3B). In addition, os-
teoblasts positively stained with Alizarin Red S were seen in 
HUCPVCs cultured under osteogenic conditions (Fig. 3C and 
D). We next generated micromass pellets by centrifugation of 
HUCPVCs cultured in the presence or absence of GDF-5 (100 
ng/mL) supplementation to determine the effects of GDF-5 on 
size of pellet and the ability to differentiate into chondrogenic 

lineage. Alcian blue staining and qPCR analysis revealed that 
HUCPVCs have the ability to differentiation into chondro-
cytes. Alcian blue staining for sectioned chondrogenic pellets 
showed glycosaminoglycan expression upon chondrogenic 
media treatment (Fig. 4A). COL2A1 and ACAN (markers for 
chondrocytes) transcripts were strongly expressed in chondro-
genic pellets cultured under chondrogenic condition compared 
to the control (p<0.01) (Fig. 4B). Interestingly, size of pellets 
generated from HUCPVCs treated with GDF-5 were signifi-
cantly increased compared to non-treated cells (p<0.01) (Fig. 
4C). In addition, flow cytometric analysis showed higher per-
centage of DNA contents in GDF-5-treated pellets in compari-
son with the control (p<0.05) (Fig. 4D). However, there were 
no significant differences in the expression levels of COL2A1, 
ACAN, and SOX-9 mRNAs between those cells, irrespective of 
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Figure 4. Effects of GDF-5 supplementation on chondrogenic differentiation of HUCPVCs. (A) H&E and Alcian blue staining of de-
veloping chondrogenic pellets. Immunohistochemistry analysis on sectioned pellets showing glycosaminoglycan expression upon 
chondrogenic media treatment. Scale bars, 500 μm. (B) qRT-PCR anaylsis showing increased expression of cartilage markers, col-
lagen IIA1 (COL2A1) and aggrecan (ACAN), in chondrogenic differentiation as compared to undifferentiation. (C) Histomorphomet-
ric cell size analysis of chondrogenic pellets of HUCPVCs on day 21. The pellet size of aggregates treated with GDF-5 (100 ng/mL) 
is significantly increased compared to without GDF-5. (D) Flow cytometic analysis for the measurement of DNA content in chondro-
genic pellets. (E) No significant differences in expression levels of COL2A1, ACAN, and SOX-9 mRNAs were observed in both 
groups. Bars indicate mean±SD (n=3, triplicate). *p<0.05, †p<0.01. H&E: hematoxylin and eosin staining, COL2A1: collagen type 
IIA1, GDF-5: growth differentiation factor-5, PVCs: perivascular stem cells, HUCs: human umbilical cords, qRT-PCR: quantitative 
real-time polymer chain reaction, SD: standard deviation.
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the GDF supplementation to the pellets during chondrogenic 
induction (Fig. 4E). These results suggest that supplementa-
tion of GDF-5 produced more chondrocytes when starting with 
equal amount of HUCPVCs by augmenting the size of chon-
drogenic pellets.

DISCUSSION

PVCs are currently being considered and tested in preclini-
cal trials as potential therapeutic cells for patients with various 
diseases including cartilage injury due to their greater differ-
entiation potential compared to the “gold standard” BM-MSCs 
[12,26]. We have previously established a non-enzymatic (NE) 
method to isolate PVCs from HUCs [25]. This NE method 
provides PVCs with greater clonogenic capacity and osteogen-
ic differentiation potential compared to PVCs obtained by the 
enzymatic treatment. In this study, we used NE-HUCPVCs to 
determine if they have the ability to differentiate into chondro-
cytes and if they are influenced by supplementation of GDF-5 
in terms of proliferation and chondrogenic differentiation. We 
demonstrated that the exposure of HUCPVC cultures to GDF-
5 (100 ng/mL) was shown to increase cell yield. This result is 
consistent with other studies in which GDF-5 promotes cellu-
lar proliferation of murine and human MSCs. For example, it 
has been reported that treatment of GDF-5 led to vigorous pro-
liferation of rabbit and rat adipose-derived MSCs [16,24]. Simi-
larly, Al-Sharabi et al. [23] showed that supplementation of 
GDF-5 enhanced cellular proliferation of human dental pulp-
derived MSC cultures. On the other hand, supplementation of 
GDF-5 did not alter the proliferation rate of human BM-MSCs 
[27]. Hatakeyama et al. [28] found that the presence of 500 ng/
mL of GDF-5 had no effect on the proliferation of mouse den-
tal pulp cells after 1 to 7 days of cultures. This discrepancy may 
be due to origin of the cells or the tissue source and the pres-
ence of absence of GDF-5 receptor in those tissues. However, 
the molecular mechanisms are still unknown. We also found 
that GDF-5 augmented the size of pellets in micromass cul-
tures for chondrogenic induction of HUCPVCs. This result 
was supported by two independent research groups, which 
demonstrated that GDF-5 improved self-assembly of MSCs 
derived from chick embryonic limb and human bone marrow 
[18,19]. Furthermore, GDF-5 induced condensation was inhib-
ited upon interference of gap junction mediated communica-
tion, suggesting that gap junction is in the action of GDF-5 in 
PVC condensation and chondrogenesis.

Several studies showed that supplementation of chondro-
genic MSC pellet cultured with GDF-5 enhanced the chon-
drognic differentiation of MSCs by increasing the expression 
levels of chondrogenic-related genes [16-24]. However, in our 

study, this phenomenon was not observed in HUCPVCs. This 
discrepancy may be due to distinct phenotypic and functional 
differences between PVCs and MSCs. It has been reported that 
PVCs have greater clonogenic capacity and differentiation po-
tentials compared to MSCs and can be purified by pericyte 
markers such as CD146 and NG2, indicates that PVCs are a rel-
atively more homogenous population than MSCs [10-12,25]. 
In addition, our NE isolation method offers a way to isolate 
more homogenous PVC population compared to the conven-
tional enzymatic treatment method [25]. These functional and 
methodological differences may result in no response of PVCs 
to GDF-5 treatment in chondrogenic differentiation. Therefore, 
further studies will be needed to investigate the global gene 
expression profiles of PVCs and MSCs, which will help provide 
a better understanding of the therapeutic potential of PVCs.

In conclusion, to the best of our knowledge, our study is the 
first to describe the role of GDF-5 on the proliferation and 
chondrogenic differentiation of PVCs. Although similar ex-
pression levels of chondrogenic-related genes were observed in 
chondrogenic pellets treated with GDF-5 compared to the pel-
lets without GDF-5 treatment, the present study indicates that 
supplementation of GDF-5 acquires more chondrocytes when 
starting with equal amount of PVCs. Together, our study sug-
gests that GDF-5 is an effective agent for the enhancement of 
PVC proliferation, thereby obtaining a higher number of chon-
drocytes that are applicable in therapeutic doses for cartilage 
regeneration.
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