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a  b  s  t  r  a  c  t

Recent  studies  have  shown  that  adult  human  articular  cartilage  contains  stem-like  cells  within  the  native
structure.  In this  study,  we  aimed  to  determine  the  localization  of putative  stem  cell markers  such  as CD90,
STRO-1,  OCT-3/4,  CD105  and  CD166  in  adult  human  articular  cartilage  tissue  sections  and  demonstrate
the  expression  of  these  markers  within  the  expanded  surface  zone  colony-forming  (CF)  cells  and  evaluate
their  differentiation  potential.  Biopsy  samples  were  either  fixed  immediately  for  immunohistochemical
analyses  or  processed  for  in  vitro  cell  culture.  Immunohistochemical  and  flow  cytometry  analyses  were
performed  by using  CD90,  STRO-1,  OCT-3/4,  CD105  and  CD166  antibodies.  Isolated  colony-forming  (CF)
cells  were  further  stimulated,  by  using  the  appropriate  growth  factors  in  their pellet  culture,  to  obtain
TRO-1
D105
D166
CT-3/4

cartilage,  bone  and  adipose  lineages.  We  observed  that the expression  of the  stem  cell  markers  were  in
various zones  of  the human  adult  cartilage.  Flow  cytometry  results  showed  that  in CF cells the  expression
of  CD90  and CD166  was  high,  while  OCT-3/4  was  low.  We  also  determined  that  CF  cells  could  be stimulated
towards  cartilage,  bone  and  adipose  lineages.  The  results  of  this  research  support  the  idea  that  the  resident
stem-like  cells  in adult  human  articular  cartilage  express  these  putative  stem  cell markers,  but  further
experimental  investigations  are  needed  to determine  the  precise  localization  of these  cells.
ntroduction

Articular cartilage is a highly organized avascular tissue com-
rising chondrocytes embedded within an extracellular matrix of
ollagens, proteoglycans and non-collagenous proteins. The chon-
rocytes degrade and synthesize the matrix proteins, which are
ssential for the tissue homeostasis. Articular cartilage has a highly
rganized structure composed of four zones: superficial zone, inter-
ediate (or middle zone), radial zone (or deep zone) and calcified

artilage (or calcified zone) (Johnstone et al., 2013).

In some instances, traumatic lesions lead to chronic degenera-

ion and may  lead subsequently to osteoarthritis (OA). Owing to the
imited inherent repair capacity of articular cartilage, damage to OA

Abbreviations: ACI, autologous chondrocyte implantation; CF, colony-forming;
MEM,  Dulbecco’s Modified Eagle’s Medium; FBS, fetal bovine serum; HEPES,
-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid; IBMX, 3-isobutyl-1-
ethylxanthine; ITS, insulin; MSC, mesenchymal stem cells; OA, osteoarthritis;

BS,  phosphate buffered saline; TGF-�1, Transforming Growth Factor �1.
∗ Corresponding author at: Department of Histology and Embryology, Faculty of
edicine, Akdeniz University Campus, Antalya 07070, Turkey.

E-mail address: iustunel@akdeniz.edu.tr (I. Ustunel).
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ttp://dx.doi.org/10.1016/j.acthis.2014.01.004
©  2014  Elsevier  GmbH.  All  rights  reserved.

presents a major clinical challenge to clinicians (Nelson et al., 2010).
The two most traditional methods to restore damaged articular car-
tilage are microfracture and autologous chondrocyte implantation
(ACI), both of which are considered to have acceptable short-term
results, with better clinical outcomes in younger and more active
patients, but not in the long-term (Brittberg et al., 1994; Knutsen
et al., 2004; Nelson et al., 2010; Triche and Mandelbaum, 2013).
A disadvantage of the ACI procedure may  be a significant loss of
the cells from the perisutural region as a complication of the sur-
gical procedure (Hunziker and Stahli, 2008). In addition, there are
also problems related to chondrocyte de-differentiation during the
expansion phase in monolayer culture and the poor integration of
the implants into the surrounding cartilage tissue (Dell’Accio et al.,
2001; Schnabel et al., 2002; Khan et al., 2009; Mobasheri et al.,
2009).

Although surgical techniques to restore articular surfaces after
cartilaginous injuries are still evolving, some experimental studies
involve a new approach with the transplantation of chondrocytes

and mesenchymal stem cells (MSC). Such a tissue engineering
approach has the potential to stimulate the formation of a new
articular surface (Singh et al., 2013). Regenerative medicine and
more specifically tissue engineering, may  provide novel treatment

dx.doi.org/10.1016/j.acthis.2014.01.004
http://www.sciencedirect.com/science/journal/00651281
http://www.elsevier.de/acthis
http://crossmark.crossref.org/dialog/?doi=10.1016/j.acthis.2014.01.004&domain=pdf
mailto:iustunel@akdeniz.edu.tr
dx.doi.org/10.1016/j.acthis.2014.01.004
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pproaches to repair damage to skeletal structures caused by con-
enital, traumatic, or inflammatory conditions (Gao et al., 2007;
aha et al., 2013). Many of these approaches are still in early-phase
linical studies, gathering more information on the characteristics
nd differentiation of MSCs.

MSCs are multipotent progenitor cells traditionally found in
he adult bone marrow stroma (Caplan, 1991; Prockop, 1997;
onget and Minguell, 1999). They can be expanded in vitro and,
nder appropriate conditions, can be differentiated into a variety
f cell types, including osteocytes, chondrocytes, and adipocytes
Petersen et al., 1999; Pittenger et al., 1999; Brazelton et al., 2000;

ezey et al., 2000; Orlic et al., 2001; Alhadlaq and Mao, 2003,
004; Poulsom et al., 2003). However, chondrocyte differentiated
one marrow stroma cells display an endochondral phenotype and
orm a calcified matrix, leading to failure in long-term defect repair
Shapiro et al., 1993; Muller and Kohn, 1999; Thornemo et al., 2005).

In previous studies in this field (Dowthwaite et al., 2004; Khan
t al., 2009; Williams et al., 2010; McCarthy et al., 2012), a pop-
lation of progenitor cells were isolated from bovine, equine and
uman articular cartilage. In these studies, articular cartilage pro-
enitor cells were isolated using a previously described differential
dhesion assay (Jones and Watt, 1993). High population doubling
ates of these cells have shown that this method of isolation is
ndeed selecting for a cartilage progenitor population (Williams
t al., 2010). These cells are able to form colonies and maintain
heir average telomere length (Khan et al., 2009; Williams et al.,
010; McCarthy et al., 2012). According to these studies results,
hese progenitor cells can be stem cell-like cells and located in the
–3 cell layer of the superficial zone. They contribute to the limited
egenerative capacity of the articular cartilage and are responsible
or appositional growth of articular cartilage (Archer et al., 1994;
ayes et al., 2001; Dowthwaite et al., 2004).

In our previous study, we demonstrated the presence of stem
ell-like cells in adult rat articular cartilage with the expression
f CD-105 and CD-166 (Ozbey et al., 2010). We  hypothesized that
dult human articular cartilage has cells positive for putative stem
ell markers such as CD90, STRO-1, OCT-3/4, CD105, CD166 and
hey have differentiation potential. In this study, we  aimed to deter-

ine the localization of putative stem cell markers such as CD90,
TRO-1, OCT-3/4, CD105 and CD166 in adult human articular carti-
age sections by using immunohistochemistry and to analyze their
henotypical properties and differentiation potential using flow
ytometry and invitro cell culture techniques.

aterials and methods

atients and biopsy samples

Six patients aged 20–40 were included in the study (n = 6).
hese patients underwent arthroscopic meniscus tear surgery at
he Department of Orthopedics and Traumatology of Akdeniz Uni-
ersity Faculty of Medicine Hospital. These individuals had neither
cute nor chronically apparent articular cartilage pathology of any
ind. Biopsies, approximately 3 mm in size, were taken from the
ateral margin of the femoral condyles, from a non-load bearing
rea of the joint. Biopsy samples were divided into two  pieces. One
iece was fixed immediately in 10% neutral buffered formalin at
oom temperature for approximately 24 h. Tissues were washed
n tap water for 4 h before dehydration through a graded series of
thanol and embedding in paraffin wax. Transverse sections were
ut on a rotary microtome (RM2125 RT, Leica Microsystems, Nus-

loch, Germany). The other piece of tissue was used for invitro cell
ulture experiments.

All studies were performed according to the declaration of
elsinki and International Association for the Study of Pain
ica 116 (2014) 763–770

guidelines and all the procedures were approved by a local ethics
committee of Akdeniz University (#5-380; 26.12.2006). Written
informed consent was  obtained from each patient, and extensive
precautions were taken to preserve the privacy of the participants
donating tissue.

Detection of CD90, STRO-1, OCT-3/4, CD105 and CD166
expression on articular cartilage tissue sections by
immunofluorescence

For immunohistochemical labelling, 5 �m-thick tissue sec-
tions were mounted on Superfrost®Plus slides (Thermo Scientific,
Menzel-Gläser, Braunschweig, Germany). After deparaffination in
xylene, sections were rehydrated through a decreasing gradient
of ethanol. To unmask antigens, an antigen retrieval procedure
was performed by treating the samples in boric acid (2.1 g boric
acid + 100 ml  distilled water, pH 7.2–7.4, Merck) overnight at 56 ◦C.
A universal blocking reagent (TA-125UB; Ultra UV Block, Lab Vision
Corporation, Cheshire, UK) was  applied for 3 min  at room tem-
perature in order to block non-specific binding. Sections were
then incubated with primary antisera: rabbit polyclonal anti-CD90
at 1:100 dilution (sc-9163; Santa Cruz, CA, USA), mouse mono-
clonal anti-Stro-1 at 1:100 dilution (MAB1038; Minneapolis, USA),
mouse monoclonal anti-Oct3/4 at 1:100 dilution (sc-5279; Santa
Cruz, CA, USA), rabbit polyclonal anti-CD105 at 1:100 dilution (sc-
20632; Santa Cruz, CA, USA) and goat polyclonal anti-CD166 at
1:100 dilution (sc-8548; Santa Cruz, CA, USA) overnight at +4 ◦C.
Primary antibody bindings were detected using fluorescent con-
jugated secondary antibodies: Alexa Fluor donkey anti-mouse IgG
at 1:500 dilution (A10037; Life Technologies, Invitrogen, Eugene,
Oregon, USA), Alexa Fluor donkey anti-rabbit IgG at 1:500 dilu-
tion (A21207; Life Technologies, Invitrogen, Eugene, Oregon, USA)
and Alexa Fluor donkey anti-goat IgG at 1:500 dilution (A11055,
Life Technologies, Invitrogen, Eugene, OR, USA) for 30 min  at room
temperature. All dilutions and washes between stages were per-
formed using phosphate-buffered saline (PBS; pH 7.4) and all
steps were performed at room temperature unless otherwise
stated.

Negative control staining was performed by replacing the pri-
mary antibodies with the appropriate non-immune IgG at the same
concentration. Sections were mounted under Vectashield with
DAPI (1 �g mL−1; VectaLabs, USA) and photomicrographs were
taken with fluorescent optics (BX61 microscope, Olympus Corp.,
Tokyo, Japan) fitted with a DP30BW digital camera (Fluorescence
filters, U-MNIBA3, U-MNUA2, U-MNIGA3).

Labelling intensities and localization of CD90, STRO-1, OCT-3/4,
CD105 and CD166 were evaluated in a semi-quantitative fash-
ion including evaluation of the labelling intensity according to
zones and represented as follows: 0 = negative; (+) = weak positive;
+ = positive; ++ = intense staining; and +++ = very intense staining.
Two observers, blinded to the experimental groups performed
the semi-quantitative evaluation and the inter-individual variation
was 9%.

Chondrocyte isolation from articular cartilage and
differential adhesion assay

Chondrocytes were isolated by sequential pronase
(11459643001; Roche, Indianapolis, USA; 70 U ml−1, 1 h at
37 ◦C) and collagenase (C0130, Sigma–Aldrich, St. Louis, MO,
USA) 300 U ml−1, overnight at 37 ◦C) digestions. Isolated cells
were used for fibronectin adhesion assay as described previously

(Dowthwaite et al., 2004). Six well plates were coated with
10 mg  ml−1 fibronectin (FN; F1141 Sigma–Aldrich, Gillingham,
Dorset, UK) in 0.1 M phosphate buffered saline (PBS, pH 7.4)
containing 1 mM MgCl2 and 1 mM CaCl2 (PBS+) overnight at 4 ◦C.
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solated chondrocytes (4000 cells ml−1) were seeded onto the
oated plates for 20 min  at 37 ◦C in Dulbecco’s Modified Eagle
edium (DMEM; 10566-024, Invitrogen, Eugene, OR, USA). After

0 min, media and non-adherent cells were removed. Fresh DMEM
ontaining Penicillin 10,000 mg  ml−1/Streptomycin 10,000 U ml−1

15140-122; Invitrogen), 0.1 mM Sodium L-ascorbate (A4034;
igma–Aldrich), 0.5 mg  ml−1 L-glucose (G6152; Sigma–Aldrich),
00 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
HEPES; 15630-106, Invitrogen), 1 mM sodium pyruvate (11360-
39, Invitrogen), 2 mM L-glutamine (25030-024, Invitrogen) and
0% fetal bovine serum (FBS; 10106-169, Invitrogen) (DMEM+)
ere added to the remaining adherent cells.

dentification and isolation of colony-forming cells

Cells were cultured in 5% CO2 at 37 ◦C (Thermo Fisher Scientific
ERAcell 150, Franklin, MA,  USA). Cells were observed micro-

copically for 15 days. Between day 10 and 15, colonies of over
2 cells were detected (Jones and Watt, 1993; Dowthwaite et al.,
004). Colonies were selected and isolated using sterile cloning
ings (C7983; Sigma–Aldrich, UK). They were then expanded in
resh DMEM containing Penicillin 10,000 �g ml−1/Streptomycin
0,000 U ml−1, 0.1 mM Sodium L-ascorbate, 0.5 mg  ml−1 L-glucose,
00 mM HEPES; 1 mM sodium pyruvate, 2 mM L-glutamine and 10%
BS (DMEM+). Colonies were cultured until they reached conflu-
nce in 3rd passage in 175 cm2 flasks and medium was changed
very 3 days (F7677, Sigma–Aldrich, St. Louis, MO,  USA).

low cytometric analysis of colony-forming cells for CD90,
TRO-1, OCT-3/4, CD105, CD166 and CD105/CD166

Expanded clonal cell lines were trypsinized and washed in
ellWASHTM solution (349524, BD Biosciences, San Jose, ABD)
nd then incubated for 30 min  at 4 ◦C in the dark with conju-
ated antibodies to CD90-FITC (Ab11155, Abcam, Cambridge, UK),
CT-3/4-FITC (IC1759F; R&D Systems, Minneapolis, USA), CD105-
ITC (Ab53318; Abcam, Cambridge, UK), CD166-RPE (393-050;
ncell, Bayport, MN,  USA) and non-conjugated antibody STRO-1

MAB1038; R&D Systems, Minneapolis, USA). STRO-1 labelled cells
ere centrifuged at 7000 × g for 90 s. Supernatants were removed

nd cells were incubated for 20 s at 4 ◦C in the dark with conju-
ated secondary antibody (11-5890-82; eBioscience, San Diego, CA,
SA). Labelled cells were washed three times in Cell WASH solu-

ion (554723; BD, CA, USA) and were analyzed using a FACSCanto II
low Cytometer (BD, California, USA) and FACSDiva software (BD,
an Jose, CA, USA). The appropriate IgG controls were run in parallel
555909, BD Pharmingen, San Jose, CA, USA; 553990; BD Pharmin-
en, CA, USA). A minimum of three clones (n = 6) were analyzed for
ach antibody.

mmunolocalization of CD90, STRO-1, OCT-3/4, CD105,
D166 and CD105/CD166 in colony-forming cells

Monolayer cultures of colony-forming cells were fixed and
ubjected to immunofluorescence for antibodies CD90, STRO-1,
CT-3/4, CD105 and CD166. The cells were washed repeatedly

n PBS (3 × 5 min) and fixed in 95% ice-cold ethanol for 10 min.
he cells were incubated with primary antibodies diluted in PBS
2 mg  ml−1), rabbit polyclonal anti-CD90 at 1:100 dilution (sc-
163; Santa Cruz, CA, USA), mouse monoclonal anti-Stro-1 at 1:100
ilution (MAB1038; Minneapolis, USA), mouse monoclonal anti-
ct3/4 at 1:100 dilution (sc-5279; Santa Cruz, CA, USA), rabbit

olyclonal anti-CD105 at 1:100 dilution (sc-20632, Santa Cruz, CA,
SA), goat polyclonal anti-CD166 at 1:100 dilution (sc-8548; Santa
ruz, CA, USA), overnight at +4 ◦C. They were next washed three
imes in PBS and were incubated with appropriate FITC-conjugated
ica 116 (2014) 763–770 765

and TR-conjugated secondary antibodies (2 mg ml−1) diluted in
PBS; Alexa Fluor donkey anti-mouse IgG at 1:500 dilution (A10037,
Life Technologies, Invitrogen, Eugene, OR, USA), Alexa Fluor donkey
anti-rabbit IgG at 1:500 dilution (A21207; Life Technologies, Invi-
trogen, USA), Alexa Fluor donkey anti-goat IgG at 1:500 dilution
(A11055; Life Technologies, Invitrogen, USA). Cells were washed
in PBS and mounted in Vectashield with DAPI (1 �g mL−1; Vector
Labs, USA). Cells were finally analyzed and photographed using a
fluorescence microscope.

Immunolabelling intensities and localization of CD90, STRO-1,
OCT-3/4, CD105, CD166 and CD105/CD166 were scored in a
semi-quantitative fashion that included the intensity of labelling
of colony cells, categorized as: 0 = negative; (+) = weak positive;
+ = positive; ++ = intense immunostaining and +++ = very intense.
Two observers blinded to the experimental groups performed the
semi-quantitative evaluation and the inter-individual variation
was 8%.

Differentiation of colony-forming cells

Chondrogenesis
Colony-forming cell clones were pelleted at a concentration

of 0.5 × 106 cells per 1 ml  media, and were then centrifuged at
2000 × g for 5 min  in 1.5 ml  micro-centrifuge tubes to form spher-
ical pellets and were grown in chondrogenic medium; DMEM,
10 mM insulin, Transferrin, Selenium Solution (ITS; 10 �g ml−1

insulin, 5.5 �g ml−1 transferrin, 5 ng ml−1 selenium; 41400-045,
Gibco, Paisley, UK), 100 mg  ml−1 Gentamicin (15750-060, Invi-
trogen), 50 �g ml−1 sodium L-ascorbate, 1 mg  ml−1 L-glucose,
2 mM L-glutamine, 10 mM HEPES, 10 nM dexamethasone (D8893,
Sigma–Aldrich), 2% FBS and 10 ng ml−1 Transforming Growth Fac-
tor �1 (TGF-�1; PHG9204, Invitrogen). The chondrogenic medium
was replaced every other day and pellet cultures were maintained
for a total of 21 days. At 21 days, chondrogenic cell pellets were
fixed with 10% neutral buffered formalin and then were processed
for wax  embedding. Sections 8 �m thick were cut and subjected to
a standard histological protocol for alcian blue staining (Williams
et al., 2009) for proteoglycan detection.

Osteogenesis
For osteogenic differentiation, pellets were suspended in

DMEM,  10% FBS, 10 mM �-glycerophosphate (G9891; Invitrogen),
10 nM dexamethasone, 0.1 mM sodium L-ascorbate, 10 mM HEPES,
100 mg  ml−1 Gentamicin and 100 mg  ml−1 sodium pyruvate and
50 �g/ml L-proline (P0380, Sigma–Aldrich). Pellets were cultured
for 21 days with a medium change every other day. At 21 days,
osteogenic cell pellets were fixed with 10% neutral buffered for-
malin and were then processed for wax  embedding. Sections were
cut and subjected to standard histological protocols for alizarin red
staining (Williams et al., 2010) for calcium detection.

Adipogenesis
For adipogenic differentiation, pellets were suspended in

DMEM,  10% FBS, 10 nM dexamethasone, 200 �m indomethacin
(I7378, Sigma–Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine
(IBMX; I7018, Sigma–Aldrich), 10 mM HEPES, 100 mg  ml−1 Gen-
tamicin, 100 mg  ml−1 sodium pyruvate, ITS; 10 �g ml−1 insulin,
5.5 �g ml−1 transferrin and 5 ng ml−1 selenium. Pellets were
cultured for 21 days with a medium change every other day.
Adipogenically-induced pellets were frozen in ‘Cryomatrix’
8 �m cryosections were cut in a cryostat (Cryotome SME  Cryostat
Microtome, Thermo Shandon). Cryosections were stained with
routine method for oil red O in 60% isopropanol for 15 min  to
visualize lipid accumulations.
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Table  1
Immunofluorescence labelling intensities in articular cartilage sections: Immunofluorescence labelling intensities were categorized into zonal regions and represented as
follows: 0: negative; (+): weak positive; +: positive; ++: intense; and +++: very intense.

Regions of articular cartilage CD90 (Thy1) Oct-3/4 CD105 Stro-1 CD166

Superficial zone ++ (+) +++ (+) ++
Middle zone + 0 ++ (+) ++
Deep  zone ++ 0 + ++ +++

Fig. 1. Immunofluorescence staining of putative stem cell markers on adult human articular cartilage. The expression of CD90 (A) was mainly intensely positive in superficial
a as  ve
z ne (D,
(
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c
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T
I
a

nd  deep zones, OCT-3/4 (B) had a weak signal in the superficial zone, CD105 (C) w
one,  an intense positive expression for STRO-1 was observed mainly in the deep zo
F,  G). Control sections were negative (H, I). Scale bar = 20 �m.

esults

mmunohistochemical detection of CD90, STRO-1, OCT-3/4,
D105 and CD166 on adult human articular cartilage tissue
ections

The labelling and intensity of the reaction for CD90, STRO-1,
CT-3/4, CD105 and CD166 on adult human articular cartilage
ones are summarized in Table 1. Positive labelling for CD90 was
ntense in the superficial and deep zones of the articular cartilage

hile there was a positive labelling in the middle zone (Fig. 1A).
he labelling for Oct-3/4 was weak positive in the superficial zone

hondrocytes and was not apparent in the middle and deep zone
hondrocytes (Fig. 1B). Positive labelling for CD105 was  observed
s very intense in the superficial zone, intense in the middle zone
nd positive in the deep zone (Fig. 1C). A weak positive signal for

able 2
mmunofluorescence labelling intensities in colony forming cells. The intensity of the lab
nd  presented as follows: 0 = negative; (+) = weak positive; + = positive; ++ = intense; and 

CD105 CD166 CD105

Colony-forming cells +++ +++ +++ 
ry intense in the superficial zone, intense in middle zone and positive in the deep
 E), and CD166 was  expressed intensively through all zones of the articular cartilage

STRO-1 in the superficial and middle zones and an intense signal in
the deep zone were observed (Fig. 1D and E). The positive signal for
CD166 was  intense in the superficial and middle zones and, very
intense in the deep zone cells of the articular cartilage (Fig. 1F and
G). No positive signal was observed in negative control sections of
all studied proteins (Fig. 1H1 and I).

Flow cytometric analysis of colony-forming cells for CD90,
STRO-1, OCT-3/4, CD105, CD166 and CD105/CD166

Percent expression of stem cell markers for colony-forming

cells expanded until 3rd passage, cell cultures were determined
as follows; CD90, 96.4 ± 1.4; STRO-1, 13.4 ± 3.1; OCT-3/4, 1.5 ± 0.5;
CD105, 42.3 ± 9.8; CD166.78.4 ± 59; and CD105/CD166, 27.3 ± 10.6
(Fig. 2A and B).

elling of CD90, Stro-1, Oct-3/4, CD105, CD166 and CD105/CD166 were categorized
+++ = very intense.

/CD166 CD90 (Thy1) Stro-1 Oct-3/4

++ +++ (+)
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mmunolocalization of CD90, STRO-1, OCT-3/4, CD105,
D166 and CD105/CD166 in colony-forming cells

CD90, STRO-1, OCT-3/4, CD105, CD166 and CD105/CD166
eaction intensities of colony-forming cells were evaluated semi-
uantitatively and summarized in Table 2.

Although positive signal for CD90, STRO-1, CD105, CD166 and
D105/CD166 were observed in many colony-forming cells, the sig-
al for OCT-3/4 was observed only in a few cells (Table 2; Fig. 3A–L).
o positive signal was observed in negative control sections of all

tudied proteins (Fig. 3M).

ifferentiation of colony-forming cells

Stimulations of colony-forming cells towards chondrogenesis,
steogenesis and adipogenesis were successfully achieved. Dif-
erentiation towards chondrogenesis was detected by alcian blue
taining (Fig. 3N and P), differentiation towards osteogenesis was
etected by alizarin red staining of the bone matrix (Fig. 3R and
) and differentiation towards adipogenesis was detected by the
taining of Oil-Red-O (Fig. 3T and U).

iscussion

This study shows the localization of CD90, STRO-1, OCT-3/4,
D105 and CD166 on adult human articular cartilage tissue sec-
ions, expression of these markers within the expanded surface

one colony-forming cells and their differentiation potential with
n vitro cell-culture techniques. This supports the work of Khan
t al. (2009), Williams et al. (2010) and McCarthy et al. (2012) who
howed that bovine, equine and human chondroprogenitors retain

ig. 2. Flow cytometric analysis of colony-forming cells for the putative stem cell surfa
D105/CD166, CD90, Stro-1 and Oct 3–4 (top panels) and their respective isotype control
ica 116 (2014) 763–770 767

their chondrogenic phenotype after extended expansion in mono-
layer culture. The localization of colony-forming cells from entire
cartilage tissue is an important step towards the eventual usage of
these cells for therapeutic approaches.

We  have previously identified the presence of progenitor/stem
cells in adult rat articular cartilage by using stem cell markers as
CD-105, CD-166 (Ozbey et al., 2010) and have also demonstrated
immunolocalization of Notch and its ligands in vivo and invitro in
humans using immunocytochemistry (Ustunel et al., 2008). Pre-
vious studies have suggested that CD105 and CD166 as possible
candidates of cartilage stem cell markers, but recent research has
demonstrated that a sub-population of cartilage stem cells cannot
be isolated from these markers alone, as they are widely expressed
by mature chondrocytes in the native tissue (Alsalameh et al., 2004;
de la Fuente et al., 2004; Dowthwaite et al., 2004; Diaz-Romero
et al., 2008).

Previous studies have demonstrated that adult human articu-
lar cartilage might contain cells possessing progenitor cell features
(Archer et al., 1990; Dowthwaite et al., 2004; Williams et al., 2010).
With this study, we advance our knowledge one step forward. The
presence of adult human stem cell-like cells in the articular carti-
lage was  confirmed by: (a) expression of stem cells markers such as
CD90, STRO-1, OCT-3/4, CD105 and CD166 in adult human articular
cartilage tissue sectionsnull; (b) expansion of isolated surface zone
colony-forming cells in in vitro culture till 3rd passage; (c) at the end
of 3rd passage, the expanded cells were demonstrated to express
stem cells markers such as: CD90, STRO-1, OCT-3/4, CD105 and

CD166; (d) these colony-forming cells were able to be stimulated
towards different lineages under appropriate growth factors.

Detection of stem cell markers, such as CD90, STRO-1, OCT-3/4,
CD105 and CD166 in various zones of the adult cartilage, suggest

ce markers. (A) Representative figures showing the expression of CD105, CD166,
s (bottom panels). (B) Mean (±STD) expression levels of the markers (n = 6).
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Fig. 3. Immunofluorescence staining of putative stem cell markers on in vitro expanded cartilage stem cells. The expression of CD105 (A, B), CD166 (C, D), CD90 (G, H), Stro-1
( ion (M
(

t
b
d
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l
e
f
1
m
e
e
f
p

l
fi
l
W
W
c
i
t
e

I,  J), Oct-3/4 (K, L) and co-expression of CD105/CD166 (E, F), control staining sect
N–P),  osteogenesis (R, S) and adipogenesis (T, U).

hat the stem/progenitor cells exist not only in the superficial zone,
ut also in other zones, dissimilar to what we  have previously
emonstrated in rats. While the locations of CD105 expressing cells
re similar between rats and humans, CD166 expressing cells are
ocated in all zones in humans, in contrast to those of rats (Ozbey
t al., 2010). A similar study by Hayes et al. (2003) described the sur-
ace zone chondrocytes of bovine articular cartilage express Notch
. The same group has also shown that Notch 1 is expressed by
urine chondrocytes at the articular surface before birth, but that

xpression becomes restricted to deeper layers after birth (Hayes
t al., 2003). Zonal distribution of stem cell markers shows dif-
erent localization according to the species and the development
rocess.

For in vitro cell culture experiments, superficial zone carti-
age stem cells were isolated through differential adhesion to
bronectin based on the mechanism that keratinocyte and carti-

age stem cells have a higher quotient of �5�1 integrin (Jones and
att, 1993; Salter et al., 1995; Chevalier et al., 1996). A study by
illiams et al. (2010) has shown that a sub-population (0.7%) of
ells within the total chondrocyte cell mass express CD49e (�5
ntegrin) and indeed the clonal cell lines obtained by adhesion
o fibronectin express these markers (99%) when expanded. The
xpression of this marker may  explain the high affinity of these
). The differentiation of in vitro expanded cartilage stem cells to chondrogenesis

progenitor cells for fibronectin. Characterization of superficial zone
colony-forming cells was achieved by the expression of mesenchy-
mal  stem cell markers. The intensive expression of CD105, CD166,
CD90, Stro-1 on in vitro cultured cartilage cells coincided with the
expression of these markers in invivo cartilage cells. In previous
studies, positive labelling for CD90 and CD166 was observed in the
majority of superficial zone clonal cell lines with a low expression
for Stro-1 and positive labelling for CD90 and CD166 observed in
the majority of human full-depth clonal cell lines (Williams et al.,
2010; McCarthy et al., 2012).

When we investigated the stem cell characteristics of the iso-
lated superficial zone colony-forming cells by flow cytometry, we
observed that these stem/progenitor cells express very high per-
centages of mesenchymal stem cell markers, such as CD90 and
CD166 and very low percentages of embryonic stem cell mark-
ers such as Oct3/4. In another study, full-depth chondrocytes
expressed CD105 and CD166 in over 95% (Williams et al., 2010).
Furthermore, the expression of Stro-1 was lower than we  expected
(13.4 ± 3.1). According to these results, we speculate that these

colony-forming cells include not only mesenchymal type stem cells,
but also other cell types. Flow cytometry results supported the
immunofluorescence data, where we observed that the expression
of CD90, CD105 and CD166 were very intense in colony-forming
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ells, which had been expanded until they reached confluence in
n vitro cell culture.

As a consequence, we suggest that the superficial zone
olony-forming cells in adult human articular cartilage may  have
rogenitor cell features. Compared with other studies, according
o flow-cytometry results, full-depth chondrocytes were shown
o have higher expression rates for stem cell markers (Williams
t al., 2010), other than superficial zone chondrocytes. These find-
ngs suggest that, not only the superficial zone of articular cartilage,
ut also deeper zones of articular cartilage (middle and deep zones)
ay  have stem cell-like cells. Our immunohistochemical results are

upported these findings. Positive labelling for CD90 and Stro-1 was
ntense and CD166 was very intense in the deep zone of the artic-
lar cartilage. These stem/progenitor cells were located in various
ones of the cartilage. The stem cell characteristics of these colony-
orming cells were further confirmed by the stimulation of these
ells towards different lineages such as adipogenesis, osteogenesis
nd chondrogenesis. Considerably more work will need to be car-
ied out to determine the precise localization of these progenitor
ells in adult human articular cartilage. If the localization of these
ells can be found, a new treatment method for articular cartilage
njury may  arise.
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