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Abstract

Control of cell-matrix adhesion has become an important 
issue in the regulation of stem cell function. In this study, 
a maltose-binding protein (MBP)-linked basic fibroblast 
growth factor (FGF2)-immobilised polystyrene surface 
(PS-MBP-FGF2) was applied as an artificial matrix 
to regulate integrin-mediated signalling. We sought to 
characterise human mesenchymal-stem cell (hMSC) 
behaviour in response to two different mechanisms of 
cell adhesion; (i) FGF2-heparan sulphate proteoglycan 
(HSPG)-mediated adhesion vs. (ii) fibronectin (FN)-
integrin-mediated adhesion. Heparin inhibited hMSC 
adhesion to PS-MBP-FGF2 but not to FN-coated surface. 
The phosphorylation of focal adhesion kinase, cytoskeletal 
re-organisation, and cell proliferation were restricted 
in hMSCs adhering to PS-MBP-FGF2 compared to 
FN-coated surface. Expression of MSC markers, such 
as CD105, CD90 and CD166, decreased in hMSCs 
expanded on PS-MBP-FGF2 compared to expression 
in cells expanded on FN-coated surface. hMSCs that 
were expanded on FN-coated surface differentiated into 
osteogenic and adipogenic cells more readily than those 
that were expanded on PS-MBP-FGF2. Furthermore, we 
characterised the N-linked glycan structures of hMSCs 
depending on the cell adhesion mechanism using mass 
spectrometry (MS)-based quantitative techniques. MS 
analysis revealed that 2,3-sialylated glycans, a potential 
marker of stem cell function, were more abundant on 
hMSCs expanded on FN-coated surface than on those 
expanded on PS-MBP-FGF2. Thus, the differentiation 
potential of hMSCs is controlled by the type of adhesion 
substrate that might provide an idea for the design of 
biomaterials to control stem cell fate. Elucidation of 
the glycan structure on the cell membrane may help 
characterise hMSC function.
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Introduction

Mesenchymal stem cells (MSCs) are found in the bone 
marrow and are separated from isolated bone marrow by 
centrifugation. Human MSCs (hMSCs) are considered an 
attractive cell source in regenerative medicine, including 
cell therapy and tissue engineering (Bianco et al., 2012; 
Wexler et al., 2013). MSCs are typically characterised 
as plastic-adherent, spindle-shaped cells that grow in a 
monolayer. Despite major recent progress regarding the 
characteristics of MSCs, proper identification of MSCs 
remains a challenge. In several reports, MSCs are identified 
by expression of the surface markers CD29, CD90, CD105, 
and CD166 and lack expression of CD34 and CD45 
(Carvalho et al., 2009; De Schauwera et al., 2011; Ross 
et al., 1998). MSCs have been shown to differentiate into 
a variety of cells in different lineages, such as osteoblasts, 
adipocytes, chondrocytes and endothelial cells (Conget 
et al., 1999; Chamberlain et al., 2007). In vitro and in 
vivo, cell adhesion to the extracellular matrix (ECM) is 
critical for determining cellular fates, such as proliferation, 
migration, and differentiation (Giancotti and Ruoslahti, 
1999). Biofunctional materials have been designed as an 
artificial matrix to stimulate cell adhesion and particular 
cellular functions, and the resulting field has been termed 
“matrix engineering” (Kim et al., 2004). Of interest 
in stem cell and tissue engineering research, studies 
involving cellular adhesion to an artificial matrix have 
recently increased (Guilak et al., 2009). The engineering 
of geometrically and biochemically functionalised surfaces 
that are designed and processed for stem cell adhesion is 
a challenging task. Significant progress has been made in 
the use of functionalised surfaces to control the stem cell 
phenotype, multipotency, and cell growth by controlling 

CONTROL OF MESENCHYMAL STEM CELL PHENOTYPE AND 
DIFFERENTIATION DEPENDING ON CELL ADHESION MECHANISM

J. Kang1,3,§, H-M. Park2,§, Y-W. Kim4, Y.H. Kim5, S. Varghese6, H.K. Seok1 ,Y-G. Kim4 and S-H. Kim 1,3,*

1Center for Biomaterials, Biomedical Research Institute, Korea Institute of Science and Technology, Seoul,
Republic of Korea.

2School of Chemical and Biological Engineering, Seoul National University, Seoul, Republic of Korea.
3Department of Biomedical Engineering, Korea University of Science and Technology, Daejeon, Republic of Korea.

4Department of Chemical Engineering, Soongsil University, Seoul, Republic of Korea.
5Division of Mass Spectrometry Research, Korea Basic Science Institute, Ochang, Republic of Korea.

6Department of Bioengineering, University of California San Diego, La Jolla, CA, USA.

§ Contributed equally to this work.



388 www.ecmjournal.org

J Kang et al.                                                                  Control of mesenchymal stem cell phenotype and differentiation

cell adhesion (Giancotti et al., 1999; Kim et al., 2004; 
Guilak et al., 2009); For example, a nanoscale-patterned 
surface was useful for controlling long-term maintenance of 
MSC multipotency (McMurray et al., 2011); Hydrophobic 
nanopillar surfaces significantly enhance the adhesion, 
growth, and osteogenic differentiation of rat MSCs 
(Brammer et al., 2011); Chemically modified glass surfaces 
affect cell behaviour in terms of viable cell adhesion, 
morphology, and mRNA expression, providing the means 
to alter the differentiation potential of MSCs (Curran et al., 
2005); MSCs differentiate into a specific lineage depending 
on the stiffness of the surface upon which they are cultured 
(Engler et al., 2006).
	 The COOH-terminal heparin-binding domains (HBDs) 
within fibronectin have been reported to promote cellular 
adhesion to fibronectin through cell surface heparan 
sulphate proteoglycans (HSPGs), indicating that heparin, 
a highly sulphated glycosaminoglycan, is another mediator 
of cell-fibronectin interaction for neural and bone-derived 
stem cells (Dalton et al., 1995; Kusano et al., 2000). We 
previously demonstrated that HSPGs on human adipose-
derived stromal cell (hASC) membranes are involved in 
cell adhesion via the heparin-binding region of fibronectin 
(Kim et al., 2009). HSPGs also bind basic fibroblast growth 
factor (FGF2) and are required for the interaction between 
FGF2 and the FGF receptor (FGFR) and the resulting 
signalling (Lanner et al., 2010). Maltose-binding protein 
(MBP)-fusion proteins, such as MBP-HBD, MBP-vascular 
endothelial growth factor (VEGF), and MBP-FGF2, which 
are genetically engineered recombinant proteins, were 
synthesised as artificial matrix proteins whose interactions 
are mediated by HSPGs for hASC adhesion and were 
characterised based on immobilisation and biochemical 
and biological activities (Han et al., 2009; Kim et al., 2009; 
Kang et al., 2012). Our data showed that the MBP fusion 
proteins adsorbed to the PS surface as a monolayer and 
were thus exposed extending from the PS surface according 
to the results of QCM-D (Quartz Crystal Microbalance 
with Dissipation monitoring) and heparin binding assays 
(Han et al., 2009; Kang et al., 2012). In particular, hASCs 
adhered with a higher affinity to an FGF2-immobilised 
substrate, indicating that cells adhered to the substrate 
through a specific HSPG-mediated interaction.
	 Cell morphology regulates biological processes, such 
as proliferation, differentiation and the commitment 
of adult stem cells to specific lineages. For example, 
although hMSCs differentiate into osteoblasts under culture 
conditions in which their spread out shape is maintained, 
hMSCs that maintain a rounded morphology differentiate 
into adipocytes (McBeath et al., 2004). We reported that 
hASCs differentiate more readily into adipocytes than 
osteoblasts on surfaces with immobilised FGF2, suggesting 
that hASC differentiation is strongly correlated with the 
cell adhesion mechanism and that surfaces displaying 
immobilised FGF2 can serve as a unique artificial matrix 
for regulating integrin-mediated signalling and stem cell 
differentiation through FGF2-HSPG interactions (Kang et 
al., 2012).
	 Studies on stem cell glycosylation are limited, but this 
is an emerging field in stem cell biology and biotechnology 
as well as glycobiology. Recent studies have suggested 

that glycans on the plasma membrane of stem cells change 
during differentiation, and thus contribute to identification, 
isolation and purification of specific stem cell lineages from 
a heterogeneous population for therapeutic transplantation 
(Lanctot et al., 2007). For example, stage-specific 
embryonic antigenic glycosphingolipid-derived glycans 
(SSEA-3 and SSEA-4) and tumour-rejection antigenic 
O-glycans (Tra-1-60 and Tra1-81) are commonly used 
as markers for the identification of specific stem cell 
type (Schopperle and DeWolf, 2007; Muramatsu and 
Muramatsu, 2004).
	 Most of the studies for validation of specific stem 
cells have been performed using carbohydrate-specific 
antibodies or lectins (Wearne et al., 2006; Adewumi et 
al., 2007). However, antibody- and lectin-based methods 
are indirect and only tentatively characterise the glycan 
structures because they only determine the non-reducing 
ends of glycans that are recognised by the lectins or 
antibodies. Lately, mass spectrometry (MS)-based 
glycomics have been applied in identification of stem cell 
surface glycosylation, such as human haematopoietic stem 
and progenitor cells (Hemmoranta et al., 2007), hMSCs 
(Heiskanen et al., 2009; Hamouda et al., 2013), and human 
embryonic stem cells (An et al., 2012; Satomaa et al., 
2009).
	 In this study, we hypothesised that HSPG-mediated cell 
adhesion did not activate integrin-mediated cell signalling 
in hMSCs and that cell function is affected by signalling. 
Furthermore, we sought to find glycosylation (sialylation) 
differences on the surface of hMSCs that depend on the 
cell adhesion mechanism and provide information for 
glycomics studies based on matrix biomaterials in the stem 
cell research field.

Materials and Methods

Materials
MBP-fused proteins (MBP-FGF2, MBP-VEGF and MBP-
HBD) were produced according to the method described 
previously (Han et al., 2009; Kim et al., 2009; Kang et 
al., 2012). Peroxidase-conjugated anti-rabbit IgG, anti-
mouse IgG and mouse IgG1 were purchased from Pierce 
(Rockford, IL, USA). Recombinant human FGF2 and 
bovine serum albumin (BSA; A9418) were supplied by 
Sigma (St Louis, MO, USA). Dulbecco’s modified Eagle’s 
medium (DMEM) was supplied by Gibco (Grand Island, 
NY, USA). Culture plastic wares were purchased from 
Becton Dickinson (Franklin Lakes, NJ, USA). Fibronectin 
was supplied by Invitrogen (Carlsbad, CA, USA). All other 
chemical reagents were purchased from Sigma unless 
otherwise described.

hMSC culture
hMSCs (Center for Regenerative Medicine, Texas A & 
M University, College Station, TX, USA) were expanded 
at 37 °C, 5 % CO2 in growth medium consisting of high 
glucose DMEM, 8.97  % foetal bovine serum (FBS; 
Hyclone/ThermoScientific, Rockford, MD, USA) 1.8 mM 
L-glutamine (Invitrogen), 100  U/mL penicillin and 
streptomycin (Invitrogen). For each passage the cells were 
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plated at a density of 5 × 103 cells/cm2 and passaged at 70 % 
confluence using 0.25 % trypsin-EDTA (Invitrogen). Fifth 
passage (P5) hMSCs were used for all the experiments. The 
morphology of adherent hASC was observed using a phase 
contrast microscope (Nikon TE 2000-U, Tokyo, Japan).

Preparation of FGF2-immobilised surface
A scheme for the preparation of FGF2-immobilised surface 
is presented in Fig. 1A. A substrate with immobilised 
FGF2 was created using a maltose-binding protein (MBP) 
as a physical linker for the immobilisation of FGF2 to 
hydrophobic polystyrene surface (PS) (PS-MBP-FGF2). 
MBP-FGF2 (10  μg/mL) or fibronectin (FN; 20  μg/
mL) dissolved in phosphate buffered saline (PBS) was 
spontaneously adsorbed to PS micro-well plates or 150 mm 
Petri dishes (Non-tissue culture treated) for 4 h at 37 °C. 
Excess protein solution was removed from the PS surface. 
The plates were then washed three times with PBS. Atomic 
force microscopy (AFM) was used to characterise the 
topography of PS surfaces coated with MBP-FGF2, which 
showed the PS surface to be densely covered by 10 µg/mL 
of MBP-FGF2 (Ktari et al., 2010) (Fig. 1C).

Cell adhesion and proliferation assay
For a cell adhesion assay, hMSCs were suspended at 
7 × 104 cells/mL in FBS-free DMEM, plated at 4.9 × 104 
cells per well in triplicate into 24-well PS plates coated 
with proteins, and allowed to adhere for 1 h at 37 °C. Non-
adherent cells were removed from each well by washing 
with PBS and protein was extracted from the adhered 
cells with lysis solution (0.25 % NaOH and 0.5 % SDS), 
as described previously (Kim et al., 2001). For inhibitory 

effect of heparin on hMSC adhesion to PS-MBP-FGF2, 
the 96-well plates that had been coated with proteins 
were pre-incubated with a given concentration of heparin 
dissolved in DMEM for 1 h at 37 °C. hMSC suspension 
(0.2 mL of 1 × 105 cells/mL) was seeded in the plates after 
removing heparin solution. The percent of cells adhered 
was determined from the amount of protein measured by 
the BCA assay (Pierce). The absorbance of each well was 
measured using a UV-microplate reader (EMAX Precision 
Microplate Reader, Molecular Devices, Sunnyvale, CA, 
USA) at 562 nm.
	 For a cell proliferation assay, hMSCs were suspended at 
1.4 × 104 cells/mL in growth medium, plated at 1 × 104 cells 
per well in triplicate into 24-well PS plates coated with FN 
and MBP-FGF2, and cultured in a humidified atmosphere 
at 37 °C with 5 % CO2 and 95 % air for a given time. The 
cultured cells were collected using 0.25 % trypsin-EDTA 
and counted by an automated cell counter (ADAM-MC; 
NanoEnTek, Seoul, Korea).

Western blot analysis
hMSCs were solubilised in lysis buffer (20 mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, 
0.1  % SDS, 1  mM phenylmethylsulphonyl fluoride, 
1 µg/mL leupeptin, 2 µg/mL aprotinin) for 1 h at 4 °C. 
Lysates then were clarified by centrifugation at 15,000 x g 
for 30  min at 4  °C, diluted in Laemmli sample buffer 
containing 2 % sodium dodecyl sulphate and 5 % (v/v) 
2-mercaptoethanol, and heated for 5 min at 90 °C. Proteins 
were separated by SDS-polyacrylamide gel electrophoresis 
(PAGE) using 8 % resolving gels followed by transfer to 
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). 

Fig. 1. (A) Scheme of PS-MBP-FGF2 
preparation. AFM image of PS (B) and 
PS-MBP-FGF2 (C); PS coated with 10 µg/
mL MBP-FGF2. Samples were analysed 
by commercial atomic force microscope 
(AFM, Park System, Sunnyvale, CA, USA) 
using non-contact high resonance frequency 
reflex coating (NCHR) cantilever at room 
temperature. Average values of cantilever 
length, width and thickness are 125  µm, 
30  µm and 4  µm respectively. The tip 
frequency is 330 kHz and force constant of 
the tip is 42 N/m. 1 × 1 µm size of image 
were obtained by non-contact mode AFM.
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The membranes were incubated with primary antibody 
for 1 h at room temperature. For detection, peroxidase-
conjugated anti-mouse IgG or anti-rabbit IgG and the 
enhanced chemiluminescent (ECL) method (Pierce) 
were used, as described by the manufacturer. Membranes 
were scanned to create chemiluminescent images and to 
quantify with an image analyser (LAS3000; Fusifilm, 
Tokyo, Japan).

Immunofluorescence staining
hMSCs (7 × 105cells) were plated in 150 mm PS Petri 
dishes (Becton Dickinson) coated with FN and MBP-
FGF2 and expanded in a humidified atmosphere at 37 °C 
with 5 % CO2 and 95 % air for 5 d. The expanded cells 
(2 × 104) were plated on Lab-Tek II 8-well glass chamber 
slides (Thermo Scientific, Rochester, NY, USA) for 1 d 
at 37 °C with 5 % CO2 and 95 % air. The morphology 
of adherent hMSCs was observed using a phase contrast 
microscope (Nikon TE 2000-U, Tokyo, Japan). Indirect 
immunofluorescence staining was performed using a 
standard procedure. In brief, cells were blocked with 5 % 
BSA/PBS (1 h, 25 °C), then washed twice with PBS. The 
cells were stained in 1 % BSA/PBS with either isotype 
controls or antigen specific antibodies for 60 min. The used 
antibodies were human CD29 (Millipore, County Cork, 
Ireland), CD90 (BD Biosciences, San Jose, CA, USA), 
CD105 (Caltac Laboratories, Burlingham, CA, USA), and 
CD34 (Millipore, Billerica, MA, USA). The cells were 
washed three times with 0.5 % BSA/PBS.
	 For actin staining of cultured hMSCs, hMSCs were 
fixed with 4 % paraformaldehyde at room temperature for 
5 min. hMSCs were washed twice with PBS and treated 
with 0.1  % Triton X-100/PBS for 1  min, then washed 
extensively in PBS. The cells were incubated with 10 µg/
mL fluorescent phalloidin conjugate solution (Phalloidin-
TRITC, Sigma) for 40 min. Stained cells were observed 
using a fluorescence microscope (DXM 1200F, Nikon, 
Tokyo, Japan).

Flow cytometry
hMSCs expanded on 150 mm PS Petri dishes coated with 
MBP-FGF and FN for 5 d were resuspended and washed 
with PBS containing 0.5 % BSA/PBS. hMSCs were stained 
in PBS containing 1  % BSA/PBS with either isotype 
controls or antigen specific antibodies for 60  min. The 
used antibodies were human CD29 (Beckman Coulter, 
Danvers, MA, USA), CD90 (BD Biosciences), CD105 
(Caltac Laboratories) and CD166 (BD Biosciences). 
The cells were washed three times with PBS containing 
0.5 % BSA/PBS. After washes, cells were resuspended in 
PBS and analysed by flow cytometer (Cytomics FC 500; 
Beckman Coulter). Isotype control IgG was used as a 
negative control. The mean fluorescence intensity (MFI) 
value for each antibody was calculated by dividing the MFI 
value of the positively stained cells by that of cells stained 
with an isotype control antibody.

Adipogenesis and osteogenesis of hMSCs
hMSCs expanded for 5  d on 150  mm PS Petri dishes 
coated with MBP-FGF2 and FN were plated at 1 × 104 

cells/cm2 into 24-well tissue culture plates and cultured 
for 2  d before being changed to adipogenic medium 
(maintenance medium with 10  µg/mL insulin, 115  µg/
mL methyl-isobutylxanthine, 1 µM dexamethasone, and 
20 µM indomethacin) or osteogenic medium (maintenance 
medium with 10 nM dexamethasone, 25 µg/mL ascorbic 
acid, and 10  mM β-glycerophosphate), as previously 
reported (Ayala et al., 2011). The cells were cultured for 
up to 21 d for adipogenesis or osteogenesis, respectively, 
with a medium change every other day. The cells 
were stained with Oil Red O (Sigma) for lipid droplet 
detection or Alizarin Red S for calcium detection. For a 
quantitative Ca2+ assay, the Colorimetric Calcium Assay Kit 
(BioVersion, Milpitas, CA, USA) was used, as described 
by the manufacturer.

Fractionation and deglycosylation of hMSC 
membrane proteins
All the steps were performed on ice using pre-chilled 
solution (at 4  °C). Centrifugation and incubation were 
carried out at 4  °C. All fractions were stored at -20  °C 
until further use. Each of the hMSCs (106 ~ 107 cells) was 
washed twice with PBS. The cells were lysed by brief 
sonication, centrifuged at 100,000 x g for 1 h, and then 
the pellet was washed three times with PBS to remove 
the cytosolic fraction. The washed pellet was resuspended 
in 50 mM sodium phosphate buffer (pH 7.5) for further 
enzyme reaction. The membrane proteins were denatured 
at 95 °C for 3 min. After cooling to room temperature, 
the proteins were treated with peptide N-glycosidase 
F (PNGase F, Roche, Mannheim, Germany) followed 
by incubation at 37  °C for 16 h. The N-deglycosylated 
proteins were precipitated by adding ethanol and then kept 
at -20 °C for 2 h, followed by centrifugation at 13,500 rpm 
for 15 min. The released N-glycans in the supernatant were 
dried for further purification.

Purification and exoglycosidase digestion of N-linked 
glycans
The released N-linked glycans were purified using a 
HyperSep Hypercarb SPE cartridge (Thermo Scientific, 
Bellefonte, PA, USA) to remove the salts and other 
contaminants. The purification protocol was as follows: 
First, the cartridge was washed with 30  % (v/v) acetic 
acid/water followed 0.1 % trifluoroacetic acid (TFA) in 
50 % (v/v) acetonitrile (ACN)/water. Next, the cartridge 
was equilibrated with 0.1  % TFA in 5  % (v/v) ACN/
water, and then the N-glycan solution was applied to the 
cartridge. Subsequently, the cartridge was washed with 
water and 0.1 % TFA in 5 % (v/v) ACN/water continuously. 
The glycans were eluted with 0.1 % TFA in 50 % (v/v) 
ACN/water. The collected glycans were dried for further 
steps. The purified N-linked glycans were treated with 
Glyko Sialidase S from Streptococcus pneumoniae 
(Prozyme, Hayward, CA, USA) followed by incubation 
in 50  mM sodium phosphate buffer (pH  6.0) at 37  °C 
for 16  h. The desialylated glycans were purified from 
exoglycosidase enzyme using Amicon®Ultra Centrifugal 
Filters (Millipore).
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Permethylation of N-linked glycans
The purified N-linked glycans were permethylated using 
the solid-phase permethylation method (Kang et al., 2008). 
Briefly, micro spin columns (Harvard Apparatus, Holliston, 
MA, USA) were packed with NaOH beads. Next, the spin 
column was washed with dimethyl sulphoxide (DMSO) 
by centrifugation and then the N-glycan sample, which is 
suspended in 141.6 μL of DMSO, 52.8 μL of iodomethane 
(CH3I), and 5.6 μL of water, was applied to the NaOH-
packed spin column by centrifugation. The sample was 
then reloaded at least eight times. The spin column was 
washed with 100 μL of ACN followed by centrifugation for 
complete collection. Permethylated samples were extracted 
with chloroform and water. Finally, the permethylated 
N-glycans in the chloroform layer were dried for further 
MS analyses.

MALD-TOF MS and MALDI-QIT-TOF MS/MS 
analysis
Sample solution (0.5  μL) was mixed with 0.5  μL of 
2,5-dihydroxybenzoic acid (DHB) solution (30  mg/mL 
in 30/70 (v/v) water/ACN). One μL of the mixture was 
spotted onto a stainless steel MALDI plate and dried at 
room temperature. MS analysis was performed using a 
MALDI-TOF (matrix-assisted laser desorption/ionisation 
time-of-flight) MS instrument with an Autoflex system 
from Bruker Daltonics (Bruker, Bremen, Germany). 
The analysis parameters were as follows: positive-ion 
and reflectron mode, detector gain = 3.9 and laser power 

=  70  %, peptide calibration standard II (Bruker) of 
Angiotensin II (m/z 1046.54), Angiotensin I (m/z 1296.68), 
Substance P (m/z 1347.74), Bombesin (m/z 1619.82), 
ACTH1-17 (m/z 2093.09), ACTH18-39 (m/z 2465.20), 
Somatostatin (m/z 3147.47). Ten thousand different spots 
were scanned to acquire mass spectra data. Data acquisition 
and processing were performed with flex Analysis 3.3 
software (Bruker). MS/MS analysis was performed using 
an Axima Resonance MALDI-quadrupole ion trap (QIT)-
TOF instrument (Shimadzu, Manchester, UK). The analysis 
parameters were as follows: positive-ion and reflectron 
mode. The TOF detector was calibrated as described above. 
Data acquisition and processing were performed with 
Launchpad 2.9.3.20110624 software (Kratos Analytical 
Ltd, Manchester, UK).

Results

Characterisation of hMSC adhesion to an FGF2-
immobilised substrate
To evaluate the affinity of hMSCs to adhere to PS-MBP-
FGF2, we carried out cell adhesion assays according to 
the coating density of the immobilised proteins using a 
bovine serum albumin-coated PS surface as a negative 
control. The adhesion of hMSCs to PS-MBP-FGF2 was 
dose dependent (Fig. 2A) and comparable to adhesion on an 
FN-coated PS surface (Fig. 2B). hMSCs rarely adhered to 

Fig. 2. Adhesion of hMSC to PS-MBP-FGF2. (A) hMSC 
adhesion to PS-MBP-FGF2 in a dose-dependent manner 
(0.1~500  µg/mL). (B) Adhesion of hMSC to various 
matrices; PS plates coated with 100 µg/mL MBP-HBD 
(M-HBD) and MBP-VEGF (M-VEGF) and 10 µg/mL 
MBP-FGF2 (M-FGF), with PS plates coated with 1 % 
w/v BSA or 20  µg/mL fibronectin (FN) serving as a 
negative or positive control, respectively. (C) Inhibitory 
effect of heparin on hMSC adhesion to PS-MBP-FGF2. 
All values were normalised to the percentage of adhesion 
of the maximum, which was taken as 100 %; *p < 0.05 
student’s t test.
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PS-MBP-VEGF and only adhered to PS-MBP-HBD coated 
with more than 50  µg/mL MBP-HBD. Nearly all cells 
adhered to PS-MBP-FGF2 coated with more than 1 µg/mL 
MBP-FGF2 (Fig. 2B). A heparin inhibition assay showed 
reduction of hMSC adhesion to PS-MBP-FGF2 but not to 
the FN-coated surface (Fig. 2C). These results indicate that 
hMSCs adhere to PS-MBP-FGF2 with a greater affinity 
than to the other heparin-binding protein-coated surfaces 
and that the adhesion between hMSCs and PS-MBP-FGF2 
was mediated by HSPG on the cell membrane.

Control of integrin-mediated behaviour in hMSCs on 
PS-MBP-FGF2
Morphology can be used as an indicator of a cell’s 
response to cell-matrix adhesions. The morphology of 
hMSCs adhering to PS-MBP-FGF2 was compared with 
the morphology of cells adhering to a FN-coated surface 
(Fig. 3A). Adherent hMSCs were much more spread out 
on the FN-coated surface (Fig. 3A-a) than on PS-MBP-
FGF2 2 h after seeding (Fig. 3A-b). hMSCs that adhered to 
the FN-coated surface maintained a spindle-like structure 
during culture (Fig. 3A-c), whereas cells that adhered to 
PS-MBP-FGF2 became slenderer and longer (Fig. 3A-d).
	 Cell adhesion to the ECM induces reorganisation of 
cytoplasmic cytoskeletal networks. To further assess the 

cytoskeletal structure of hMSCs that adhered to PS-MBP-
FGF2 and the FN-coated surface, we stained actin filaments 
with palloidin-TRITC (Fig. 3B). hMSC cell bodies were 
fully spread out on the FN-coated surface compared to 
PS-MBP-FGF2, and the actin filaments were reorganised 
in hMSCs that adhered to the FN-coated surface. On the 
other hand, the actin filaments remained aggregated in 
the central area of the cell body in hMSCs that adhered to 
PS-MBP-FGF2.
	 Integrin-mediated adhesion of cells to the ECM 
triggers autophosphorylation at the Tyr-397 residue of 
focal adhesion kinase (FAK) (Schaller et al., 1994). To 
elucidate whether integrin-mediated signalling occurs 
in hMSCs cultured on PS-MBP-FGF2, we evaluated the 
phosphorylation of FAK in hMSCs cultured on PS-MBP-
FGF2 compared with cells cultured on the FN-coated 
surface using western blot analysis with an anti-pFAK 
(Tyr-397) antibody (Fig. 3C). The phosphorylation level 
of FAK was sustained in the cells that adhered to the FN-
coated surface during culture. In contrast, phosphorylated 
FAK was only faintly detected in hMSCs cultured on 
PS-MBP-FGF2, even 4  h after seeding. These results 
indicate greatly impaired integrin-mediated adhesion of 
MSCs cultured on FGF2 substrates, confirming adhesion 
via alternative mechanisms i.e. heparin-mediated binding.

Fig. 3. hMSC behavior depending on cell adhesion. (A) Morphology of hMSCs depending on cell adhesion; hMSCs 
were cultured for 2 h (a and b) and 5 d (c and d) on PS-MBP-FGF2 (b and d) and FN substrate (a and c). (B) Actin 
staining of hMSCs cultured for 2 (a and e), 4 (b and f), 12 (c and g), and 24 h (d and h) on FN substrate (a-d) and 
PS-MBP-FGF2 (e-h). (C) FAK phosphorylation of hMSCs depending on the type of adhesion substrate; hMSCs were 
allowed to adhere on FN substrate (FN) and PS-MBP-FGF2 (MFGF) in serum-free media for an indicated time. (D) 
Proliferation of hMSCs depending on the type of adhesion substrate (FN vs. PS-MBP-FGF2).
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	 Cell growth is a major phenomenon regulated by 
integrin-mediated signalling. We examined the effect 
of the MBP-FGF2 substrate on cell proliferation. The 
proliferation rate decreased in hMSCs on PS-MBP-FGF2 
compared to cells on the FN-coated surface (Fig. 3D). The 
doubling times were 3 and 5 d in hMSCs on FN-coated and 
FGF2 substrates, respectively. We suggest that proliferation 

of hMSCs is suppressed due to the restricted activation of 
integrin signalling on a PS surface with immobilised FGF2.

Functional analysis of hMSCs on PS-MBP-FGF2
Integrins play a key role in cell-ECM adhesion and 
mediate a wide variety of biological processes such as 
proliferation and differentiation. To determine if hMSC 

Fig. 4. Immunofluorescence analysis of MSC surface markers. hMSCs expanded on 150 mm PS Petri dishes coated 
with FN (A) and MBP-FGF2 (B) were plated on Lab-Tek II 8-well glass chamber slides.
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adhesion to FGF2-immobilised substrate influenced the 
MSC phenotype, we examined a panel of MSC markers 
in cells expanded on PS-MBP-FGF2 compared to those 
expanded on the FN-coated surface. Immunostaining 
showed that although most hMSCs positively stained for 
the markers when cultured on PS-MBP-FGF2 (Fig. 4B), 
the fluorescence intensity appeared weaker compared to 
cells cultured on the FN-coated surface (Fig. 4A). In Fig. 
5A, fluorescence-activated cell sorting analysis showed 
that the numbers of cells positive for CD29, CD90, CD105 
and CD166 were almost the same in cells cultured on the 
FN-coated surface (CD29: 99.9 %, CD90: 99.9 %, CD105: 

99.0 %, and CD166: 99.0 %) and PS-MBP-FGF2 (CD29: 
98.9  %, CD90: 98.4  %, CD105: 99.5  %, and CD166: 
97.5 %). The mean fluorescence index of CD90, CD105 
and CD166 decreased in cells cultured on PS-MBP-FGF2 
compared to the FN-coated surface (Fig. 5B). These results 
indicate that expression of MSC markers was reduced in 
hMSCs cultured on PS-MBP-FGF2. Next, we addressed 
the differentiation properties of hMSCs expanded on PS-
MBP-FGF2 compared to those expanded on the FN-coated 
surface. hMSCs were expanded for 5 d on PS-MBP-FGF2 
or the FN-coated substrate and then cultured on tissue 
culture plates in osteogenic or adipogenic medium. As 

Fig. 5. Flow cytometry analysis of MSC surface markers. (A) The histograms present results of hMSCs expanded on 
FN substrate (FN) and PS-MBP-FGF2 (MFGF). The x-axis represents the intensity of the fluorescence, the y-axis 
the entire number of cells. The bar stands for the amount of positive cells. (B) Mean fluorescence intensity (MFI) of 
CD29-, CD90-, CD105- and CD166-positive hMSCs; The relative strength of intensity was normalised to the value 
of the highest expression level, which taken as 100 based on the unstained cells. The data shown are to demonstrate 
an increase or decrease in expression of individual markers. The experiments were performed in biological duplicate 
for reproducibility.
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shown in Fig. 6, many hMSCs that were expanded on the 
FN-coated substrate were positively stained with Alizarin 
Red S or Oil Red O, showing calcium deposition or 
lipid droplets (Fig. 6A, inset) that indicate osteogenic or 
adipogenic cells, respectively. However, few hMSCs that 
were expanded on PS-MBP-FGF2 were positive for the 
osteogenic or adipogenic stains. Thus, the differentiation 
potential of hMSCs was suppressed when expanded on 
PS-MBP-FGF2. To quantitatively verify the differentiation 
property, we measured Ca2+ in cells that were cultured in 

osteogenic conditions. Ca2+ production showed a decrease 
of 50 % in hMSCs that were expanded on PS-MBP-FGF2 
compared to cells that were expanded on the FN-coated 
surface (Fig. 6B). Taken together, HSPG-mediated cell 
adhesion negatively modulates the differentiation potential 
of hMSCs.

Relative quantitation of N-linked glycans on hMSCs
To identify N-linked glycans in hMSCs expanded on FN-
coated substrate and PS-MBP-FGF2, a glycomics approach 

Fig. 6. Osteogenic and adipogenic differentiation of hMSCs depending on the type of adhesion substrate (FN vs. 
PS-MBP-FGF2). (A) Staining of hMSCs with Alizarin Red S and Oil Red O for the detection of osteogenesis and 
adipogenesis, respectively. (B) Ca2+ quantitative assay for the detection of osteogenesis.
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was used according to the scheme described in Fig. 7. Cell 
membrane proteins were isolated from hMSCs, and then 
N-linked glycans were released from the cell membrane 
proteins by enzymatic deglycosylation. MALDI-TOF 
MS analysis coupled with permethylation was performed 
for quantitative analysis of hMSC N-linked glycans. For 
accurate quantitation, the relative quantity of N-linked 
glycans was calculated from peak intensities of each 
glycan among the intensities of total N-linked glycans. The 
intensity of each peak was obtained by integrating from the 
first to the third isotopic peak intensities. Thus, we observed 
that sialylated N-linked glycans were similarly abundant 
in both hMSCs expanded on the FGF2-immobilised 
substrate and those expanded on the FN-coated substrate. 
As shown in Fig. 8, the relative quantity of sialylated 
glycans in hMSCs cultured on the FN-coated substrate 
(76.0 %) was 11.9 % higher than in those cultured on the 
FGF2-immobilised substrate (64.1 %). Fucosylation level 
expressed by hMSCs cultured on FN-coated substrate 
(84.7  %) was also slightly higher relative to those 
cultured on PS-MBP-FGF (78.0 %). On the other hand, 

the abundance of high-mannose type glycans was lower 
in hMSCs expended on FN-coated substrate (5.2 %) than 
those expanded on PS-MBP-FGF (9.8  %). Our results 
revealed a difference in sialylation in undifferentiated 
hMSCs that depends on cell adhesion to the ECM.

Analysis of sialylated N-linked glycans
To confirm sialylated N-linked glycans in hMSCs, we 
performed tandem mass analysis using MALDI-QIT-
TOF MS. Among all sialylated N-linked glycans, four 
sialylated glycans (observed at m/z 2605.4, 2966.5, 3415.6 
and 3776.6, respectively) were analysed with relative 
abundances that were higher in hMSCs expanded on the 
FN-coated substrate compared to those expanded on PS-
MBP-FGF. The representative MS/MS spectra are shown 
in Fig. 9. The mass fragmentation pattern represents the 
cleavage of the glycosidic linkage in oligosaccharides, 
which yields B- and Y-type fragment ions, referring 
to the nomenclature proposed by Domon and Costello 
(1998). The ion peaks at m/z 2230.2, 2591.3, 3040.3 
and 3401.4 were generated from m/z 2605.4, 2966.5, 

Fig. 7. Scheme of glycomics approach for matrix-dependent hMSC culture. Cell behaviour and differentiation 
potential of hMSCs on integrin-mediated cell adhesion and HSPG-mediated cell adhesion.
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Fig. 8. Relative quantification of sialylated glycans, fucosylated glycans, and mannosylated glycans from hMSCs 
expanded on FN-coated substrate (A) and PS-MBP-FGF2 (B). Quantitative analysis was performed by using 
MALDI-TOF MS instrument combined with solid-phase permethylation. Mass spectra were acquired in the positive 
ion reflectron mode. The relative quantities of these glycans were estimated from peak intensities of each N-glycan 
among the intensities of the total N-glycans. The intensity of each peak was obtained by integrating from the first 
to the third isotopic peak intensities. The experiments were performed in biological duplicate and three technical 
replicates of each biological entity for reproducibility.
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Fig. 9. Confirmation of sialylated glycan structures corresponding to [M+Na]+ m/z values of (A) 2605.3 , (B) 
2996.5, (C) 3415.4 and (D) 3776.5.
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3415.6 and 3776.6, respectively, by the loss of one sialic 
acid residue (-375.2  Da). The ion peaks at m/z 2216.2, 
2665.2 and 3026.3 also resulted from m/z 2966.5, 3415.6 
and 3776.6, respectively, by the loss of two sialic acid 
residues (-750.3 Da). Finally, the ion peak at m/z 2202.0 
was generated from m/z 3776.6 by the loss of a LacNAc 
and three sialic acid residues. MS/MS analysis revealed 

that these four N-linked glycans are bi-antennary glycans 
with one and two sialic acids and tri-antennary glycans 
with two and three sialic acids (m/z 2605.4, 2966.5, 3415.6 
and 3776.6, respectively). To determine the glycosidic 
linkage of sialic acids in hMSC N-linked glycans, we 
performed MALDI-TOF MS analysis coupled with α2,3-
sialidase digestion. MS analysis showed that treatment 

Fig. 10. MALDI-TOF MS analysis. (A) The N-linked glycans before and after digestion with α2,3-sialidase; N-linked 
glycans in hMSCs were added to Glyko Sialidase S from Streptococcus pneumoniae (Prozyme, Hayward, CA, USA) 
and then incubated in 50 mM sodium phosphate buffer (pH 6.0) at 37 °C for 16 h. MS analysis was performed by 
using MALDI-TOF MS instrument (Bruker). Mass spectra were acquired in the positive ion reflectron mode. (B) 
Quantitation of N-glycans with α2,3- or α2,6-sialylation.
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with Streptococcus pneumoniae α2,3-sialidase removed 
or reduced sialic acid residues from complex N-linked 
glycans (Fig. 10). In addition, the ratio of α2,3- and α2,6-
sialylation was determined by relative quantitation using 
solid-phase permethylation of glycans, and consequently 
the level of α2,3-sialylated glycans (89.9  % of total 
sialylated glycans) was significantly higher than the that 
of α2,6-sialylated glycans (10.1 %). Thus, α2,3-sialylation 
of N-linked glycans is a predominant feature on the surface 
of undifferentiated hMSCs and is therefore consistent with 
previous analysis (Heiskanen et al., 2009).

Discussion

Polymeric materials or nano/micro-patterned surfaces have 
been employed as adhesion matrices for stem cell biology 
studies involving cell morphology and cellular response 
(Montero-Pancera et al., 2010; Hasirci and Pepe-Mooney, 
2012). However, cell adhesion is mediated by non-specific 
physical interactions. Several studies have been published 
about adhesion mechanisms that affect cell morphology 
and adhesion-related signal transduction (Deligianni et al., 
2001; Li et al., 2013; Yeung et al., 2005). In the current 
study, PS-MBP-FGF2 was used as an artificial substrate 
to control adhesion-mediated signalling and stem cell 
function through a specific receptor-ligand interaction. We 
argue that adhesion mechanisms are key to understanding 
cell adhesion-mediated biology on artificial cell adhesion 
matrices. We have developed cell adhesion substrates for 
adult stem cell culture, focusing on a ligand for a non-
adhesion cell surface receptor to control cellular responses 
related to cell adhesion signalling. In our previous study, 
HSPGs, which are expressed on cell membranes, were 
selected as non-cell adhesion receptors for controlling 
integrin signalling (Dalton et al., 1995). We demonstrated 
that HSPGs mediate the adhesion of hASCs to heparin-
binding protein-coated surfaces (Dalton et al., 1995; 
Kusano et al., 2000). hASC adhesion to an HBD- and 
FGF2-immobilised surface is strikingly different from 
adhesion to ECM proteins. For example, heparin inhibits 
hASCs adhesion to the HBD- and FGF2-immobilised 
substrates but not cell adhesion to FN. In the current 
study, we demonstrated that cell adhesion signalling and 
the cellular response of hMSCs that were expanded on the 
FGF2-immobilised surface were different from those that 
were expanded on the FN-coated surface.
	 Generally, FGF2 transduces its signal through FGFR2. 
Monitoring FGFR signalling in hMSCs that adhered 
to PS-MBP-FGF2 was logical. When FGF2 binds to 
FGFR, the receptor is autophosphorylated, activating the 
downstream signalling pathway. This in turn activates 
mitogen-activated protein kinase (MAPK) (Lanner et al., 
2010). hMSCs express FGF2 and exhibit FGFR activation 
within a functional autocrine loop (Rider et al., 2008; 
Zaragosi et al., 2006). We clarified from western blot 
analysis and an enzyme-linked immunosorbent assay 
that FGF2 is expressed by hMSCs and activates MAPK 
(data not shown). For this reason, we could not determine 
whether FGFRs were activated by immobilised FGF2 or 
endogenously expressed FGF2 upon hMSC adhesion. 

Alternatively, we showed here that cell adhesion to PS-
MBP-FGF2 was not inhibited by an FGFR activation 
inhibitor. We focused on cell adhesion signalling in hMSCs 
that adhered to surfaces with immobilised FGF2.
	 FAK is a key molecule involved in the formation of 
focal contacts at sites of cell-matrix adhesion. In Fig. 3, 
we showed that FAK phosphorylation was not activated 
and cytoskeletal reorganisation was restricted in hMSCs 
that adhered to PS-MBP-FGF2 compared to those that 
adhered to the FN-coated surface. These data indicate that 
the HSPG-mediated adhesion of hMSCs to immobilised 
FGF2 did not initiate integrin signalling.
	 Integrin signalling is an important factor in the 
functional regulation of anchorage-dependent cells, 
such as stem cells, somatic cells and tumour cells. In 
particular, many reports have shown that integrin signalling 
regulates stem cell differentiation (Smadja et al., 2014; 
Yu et al., 2012). These results indicate that control of 
integrin signalling is valuable for stem cell regulation. To 
investigate the role of integrins in cell function, antagonist 
antibodies can be used to inhibit integrin-mediated 
adhesion. These antagonist antibodies are suitable for a 
short-term and small-volume culture but not for a long-
time and large-volume culture. Matrix engineering based 
on a specific receptor-ligand interaction, such as has been 
used in this work, is advantageous for the long term and 
with a large number of cells to control integrin-mediated 
cell adhesion. On the other hand, one should use caution 
because complete inhibition of integrin-mediated adhesion 
results in apoptosis, termed “anoikis”, in anchorage-
dependent cells (Frisch et al., 2013). During cell adhesion 
to PS-MBP-FGF2, cell death was not detected with a lactate 
dehydrogenase assay (data not shown). The cells extended 
slender processes during culture and proliferated slowly 
compared to cells that adhered to the FN-coated surface, 
indicating that integrin-mediated adhesion is partially 
activated on PS-MBP-FGF2 during culture. In general, 
cells express ECM proteins (such as fibronectin, collagen 
and laminin) and regulate their microenvironments during 
culture. hMSCs could express ECM proteins on PS-
MBP-FGF2 after being attached to the substrate through 
FGF2-HSPG interaction and the partial integrin activation 
might be caused by these expressed ECM proteins. The 
initial restriction of integrin-mediated adhesion by PS-
MBP-FGF2 is useful to address hMSC behaviour under 
the restricted condition of integrin signalling, although 
integrin signalling is partially activated on the substrate 
during culture, because cells cannot survive and proliferate 
under complete inhibition of integrin-mediated adhesion.
	 Most studies have focused on differentiation of adult 
stem cells into specific cells, such as chondrogenic, 
osteogenic and adipogenic cells, after attachment to 
adhesion matrices. In the current study, we sought to 
characterise hMSC behaviour, such as their phenotype 
and differentiation properties, of cells that were expanded 
in the presence of integrin-mediated adhesion and 
integrin-restricted adhesion. MSCs have been described 
as expressing the surface markers CD29, CD90, CD105 
and CD166, and these markers are also expressed in 
endothelial, epithelial and muscle cells (De Schauwera 
et al., 2011). In the current study, the number of cells 
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expressing these surface markers was not different when 
cells were grown on PS-MBP-FGF2 or the FN-coated 
surface. However, the intensity of expression of these 
surface markers on the cells appeared different between 
the two culture conditions. These results indicated that 
although cells express the surface markers, the level of 
expression may be critical for classification of MSCs. 
Taken together these results show that integrin restricted 
adhesion (i.e. adhesion through HSPG) results in lower 
MSC marker intensity and reduction in differentiation 
potential, highlighting the importance of integrin adhesion 
for maintaining stem cell multipotency. Therefore, the 
characterisation of biomaterial surface properties on cell 
adhesion is necessary in order to understand how MSC 
differentiation will be affected.
	 Recently, glycomics has received attention with regards 
to the characterisation of MSC and embryonic stem cell 
phenotype. Here we addressed the relationship between the 
glycan profile and the fate of MSCs as determined by their 
cell adhesion mechanism. MS-based quantitative analysis 
of stem cell surface N-linked glycans was performed using 
solid-phase permethylation, which is stable with respect 
to the peeling reaction and oxidative degradation of the 
sialic acids. Quantitative analysis showed that sialylated 
N-linked glycans are abundant in both hMSCs cultured 
on the FGF2-immobilised substrate and those cultured on 
the FN-coated substrate. Recently, Heiskanen et al. (2009) 
and Hamouda et al. (2013) demonstrated the differences 
in N-glycomes in both undifferentiated and differentiated 
MSCs (adipogenically and osteogenically, respectively). 
However, no previous reports have described the difference 
in N-glycomes in terms of the phenotype and differentiation 
potential of hMSCs in association with the cell adhesion 
mechanism. Therefore, to the best of our knowledge, this 
is the first comparative profiling of N-linked glycans from 
undifferentiated hMSCs according to the cell adhesion 
mechanism for differentiation potential control.
	 A previous study demonstrated that sialylated glycans 
expressed on the surface of stem cells is essential for 
differentiation of stem cells into specific cells (Takahata 
et al., 2007). Furthermore, the ratio of sialylation level 
by the specific linkage of sialic acid in glycoconjugates 
has been reported to be dependent on differentiation of 
stem cells (Takahata et al., 2007; Wolosin and Wang, 
1995). In the current study, α2,3-sialylated glycans from 
hMSCs were identified by exoglycosidase digestion and 
quantified with solid-phase permethylation. A previous 
study reported that induced pluripotent stem cells (iPSCs) 
have more α2,6-sialylation than α2,3-sialylation (Hasehira 
et al., 2012), suggesting that MSCs may have different 
sialylation from other stem cell species. Although the 
biological roles of α2,3-sialylation in stem cells remain 
largely unknown, previous studies have demonstrated that 
α2,3-sialylation may regulate cellular mechanisms, such 
as cell adhesion and differentiation. α2,3-sialylation of 
the CD44 protein, which is a ubiquitous cell membrane 
protein, allows MSC trafficking to bone by the binding 
of carbohydrate receptors, such as E-selectin (Sackstein 
et al., 2008). α2,3-sialylation also regulates the stability 
of the CD133 protein, which is widely used as a marker 
for the isolation of normal and cancer stem cells (Zhou 

et al., 2010), suggesting that the glycosylation of CD133 
may be associated with cell differentiation. In addition, 
the distribution of α2,3- and α2,6-sialylation on the stem 
cell surface affects differentiation (Takahata et al., 2007; 
Wolosin and Wang, 1995).

Conclusions

In conclusion, elucidating the events that take place at 
surfaces or interfaces of biological systems is important 
for improving the design of highly functional biomaterials. 
On FGF2-immobilised surfaces, HSPG-mediated cell 
adhesion was independent from integrin signalling, 
although adhesion processes that occur at the interface 
between HSPG surfaces and hMSCs remain to be examined 
further. Glycomics analysis showed that α2,3-sialylation 
may be intimately related to hMSC function. Adhesion 
mechanisms were found to be important in controlling 
MSC multipotency, with integrin-independent adhesion 
resulting in a decrease in multipotency compared to 
integrin-mediated adhesion. This work highlights the 
importance of biological surfaces on cell adhesion 
mechanisms and glycobiology, especially in terms of 
applications for MSCs and biomaterials in regenerative 
medicine.
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Discussion with Reviewer

Reviewer I: The differentiation potential of hMSCs on a PS 
surface with immobilised FGF2 is clearly decreased, and 
the proliferation rate is also decreased. It is interesting to 
know whether these stem cells still keep their differentiation 
potential when cultured on a normal surface.
Authors: hMSCs kept their adipogenic and osteogenic 
potential when cultured on tissue culture plastic dishes (a 
normal surface).


