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ABSTRACT
Human embryonic stem (hES) cells are
pluripotent, capable of differentiating into any cell type
of the body, and therefore have the ability to provide
insights into mechanisms of human development and
disease, as well as to provide a potentially unlimited
supply of cells for cell-based therapy and diagnostics.
Knowledge of the adhesion receptors that hES cells
employ to engage extracellular matrix (ECM) proteins
is of basic biological interest and can enhance the
design of cell culture and implantation systems to
enable these biomedical applications. Although hES
cells express a variety of cell surface receptors, little is
known about which integrins are involved during subculture and passage. Matrigel is broadly used as a cell
adhesive matrix for hES cell culture. Here, we sought to
identify which integrins hES cells exploit for adhesion
to Matrigel-coated surfaces in defined medium conditions. Using RT-PCR, flow cytometry, and fluorescence
immunochemistry, we found that numerous integrins
were expressed by H1 hES cells; however, antibody
blocking assays indicated that only ␣v␤3, ␣6, ␤1, and
␣2␤1 played a significant role in the initial adhesion of
the hES cells to Matrigel in defined medium conditions.
We subsequently identified a cohort of synthetic peptides that, when adsorbed to the culture surface, promoted H1 hES cell attachment and proliferation, as
well as maintained a pluripotent phenotype. Peptides
designed to engage with ␣v␤3, ␣6, ␤1, and ␣2␤1 integrins and syndecan-1 were tested both individually and
in various combinations. A combination of two integrinengaging peptides (AG-10, C-16) and one syndecanengaging peptide (AG-73) was sufficient to promote
hES cell adhesion, maintenance, and proliferation. We
propose that a specific integrin “fingerprint” is necessary for maintenance of hES cell self-renewal, and
synthetic culture systems must capture this engagement
profile for hES cells to remain undifferentiated.—
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Human embryonic stem (hES) cells are distinguished
by their capacity for self-renewal and pluripotent differen0892-6638/09/0024-0001 © FASEB

tiation into cells comprising the three germ layers, and
subsequently, any cell type in the adult body (1, 2). These
cells have accordingly generated a great deal of excitement as a universal source for cell-based therapeutics and
diagnostics. The successful integration of hES cells into
clinical therapies will hinge on four critical steps: stem cell
expansion in number without differentiation (i.e., selfrenewal); directed differentiation into a specific cell type
or collection of cell types; cell survival post-transplantation; and functional integration into existing tissue. Precisely controlling each of these steps is essential to maximize hES cell therapeutic efficacy, as well as to minimize
potential side effects that can occur when cell numbers
and phenotypes are not properly controlled.
Currently, it is difficult to precisely control the behavior of hES cells, since microenvironmental conditions that regulate self-renewal and differentiation are
incompletely understood. Typically, hES cells are
grown on mouse embryonic fibroblasts (MEFs) with
soluble factors, such as basic fibroblast growth factor
(bFGF or FGF-2), added to the medium (1). However,
batch-to-batch variability in MEFs, xenogeneic contaminants, and expression of foreign oligosaccharide residues acquired from mouse feeder cells and culture
medium have limited their clinical potential (3). Newer
hES cell lines have been derived on human feeder
layers, but this system also suffers from similar reproducibility issues and has limits for large-scale hES cell
expansion (4 – 6). Progress in identifying soluble factors
that feeder cells contribute to hES cell culture medium
has improved the development of feeder-free culture
systems; however, a completely synthetic system (i.e.,
both medium and substrata) has not been identified
(reviewed in ref. 7) (8 –16).
All current feeder-free hES cell culture systems employ animal or human-derived extracellular matrix
(ECM) proteins to coat the culture substrata and have
supported growth in the undifferentiated state (8 –16).
Compared to the cell-based feeder systems, ECM proteins offer several advantages, including reduced risk of
pathogen transmission and relative ease of scale-up.
1

These authors contributed equally to this work.
Correspondence: Department of Materials Science and
Engineering, 370 Hearst Memorial Mining Bldg. #1760,
Berkeley, CA 94720-1760, USA. E-mail: kehealy@berkeley.edu
doi: 10.1096/fj.08-126821
2

1

The most exploited of these ECM analogues is MatrigelTM, an extraction from Engelbreth–Holm–Swarm
(EHS) mouse sarcomas, which contains not only basement membrane components (laminin, collagen IV,
heparin sulfate proteoglycans, and entactin), but also
matrix-degrading enzymes, their inhibitors, numerous
growth factors, and a broad variety of other proteins, as
recent proteomic data indicate (17, 18). This diversity
of ECM molecules and other biologically active factors
highlights a number of scale-up challenges, including
obtaining large quantities of consistently high-quality
Matrigel, developing analogous blends of high-quality
human ECM proteins, and potential complications for
regulatory approval.
hES cell derivation, maintenance, and differentiation
within a completely synthetic environment would offer
numerous advantages. In particular, it will be possible
to eliminate pathogen transmission associated with
mouse or human feeder layers, provide a scalable basis
for large-scale production of hES cells, and provide an
important system for elucidating the regulation of and
ultimately precisely controlling hES cell behavior. It
is widely recognized that the microenvironment in
which hES cells reside regulates their fate; however,
replacing the complex ECM components that feeder
cells likely provide with a synthetic matrix has proven
challenging (7).
In an attempt to define a substitute for Matrigel for
nonconditioned serum-free medium (NC-SFM) hES
cell culture systems, we examined the role integrins
play in the initial adhesion of hES cells to Matrigel. We
targeted these widely conserved cell surface receptors
because they are critical regulators of cell adhesion to
the ECM and can regulate cell migration, survival,
differentiation, and development (19, 20). Recently,
integrin signaling has been demonstrated to be a
critical regulator of self-renewal of mouse ES cells, a
vital component of the developing stem cell niche in
Drosophila during gonad morphogenesis, and a participant in the function of the pluripotent inner cell mass
from which hES cells are derived (21–23). Integrins
exist as heterodimers consisting of individual ␣ and ␤
subunits that can be primarily classified into three
major groups defined by the ␤1, ␤2, and ␣v subunits.
The ␤1 subunit can form heterodimers with at least 12
distinct ␣ chains, and this group is present on cells
derived from all tissue types of the three germ layers
and is essential for development of the inner cell mass
(24, 25). The ␤2 integrin functions primarily in immune cells, and ␣v is the only ␣ chain that can dimerize
with several integrin ␤ chains. In addition, all of the
␣v-containing integrin heterodimers recognize the triple amino acid sequence arginine-glycine-aspartic acid
(RGD) as their primary ligand. Furthermore, different
␣- and ␤-chain combinations impart distinct ligandbinding capabilities to integrin complexes; some ␣␤
heterodimers bind to single ligands, whereas others
bind to several ligands. These myriad combinations
create a unique set of signaling complexes that are
expressed in spatially discrete patterns during development (20).
Related to our work, integrin-matrix engagement is
essential to cell adhesion and has been shown to
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promote cell survival under conditions of stress or
chemically induced apoptosis (26). A unique function
of integrin receptors is their bidirectional signaling
(i.e., outside-in and inside-out), which makes them
sophisticated transducers of physical and chemical
stimuli communicated via the ECM (20). Integrin
activation can be controlled by the mode of presentation of the ligand, such that a ligand presented from
the solid state can function as an agonist, whereas the
same ligand can act as an antagonist when presented in
a soluble form (27, 28). Furthermore, the lack of
integrin engagement by adherent cells leads to caspaseinduced apoptosis, suggesting hES culture systems that
do not have “proper” integrin engagement will not
propagate in culture (29). In concert with this observation, we propose that synthetic culture systems require engagement of a panel of specific integrins to
maintain the undifferentiated state.
We characterized the integrin expression of hES cells
when cultured on Matrigel-coated substrates in NCSFM using RT-PCR, flow cytometry, and fluorescence
immunocytochemistry, and found that a wide array of
integrin receptors were expressed. In addition, using
antibody antagonists of integrin function, we determined that a smaller set of integrins—␣v␤3, ␣6, ␤1, and
␣2␤1—played a significant role in the initial adhesion of
the hES cells to Matrigel-coated surfaces in defined
medium conditions. These data were critical in designing synthetic peptide agonists that recapitulate the
integrin engagement repertoire found on the Matrigelcoated surfaces. Specifically, we subsequently discovered a cohort of synthetic peptides that, when adsorbed
to the culture surface, promote hES cell attachment,
proliferation, and maintenance of a pluripotent phenotype.

MATERIALS AND METHODS
Preparation of cell culture medium and cell adhesion
substrates
H1 hES cells (1) were kindly provided by Geron Corp. (Menlo
Park, CA, USA). Throughout this work, benchmark cell culture
conditions consisted of culturing hES cells on surfaces coated
with a 1:30 dilution of Matrigel (growth factor reduced; Becton
Dickinson, Bedford, MA, USA) in an NC-SFM system, which
consisted of X-Vivo 10 medium (Cambrex, Walkersville, MD,
USA) supplemented with 80 ng/ml basic fibroblast growth
factor (FGF-2; R&D Systems, Minneapolis MN, USA) and 0.5
ng/ml transforming growth factor-␤1 (TGF-␤1; R&D Systems).
This medium has previously been found to support hES cell
self-renewal over extended periods of time (9). Matrigel was
thawed at 4°C overnight and diluted 1:30 in serum-free cold
knockout Dulbecco’s modified Eagle’s medium (KO-DMEM;
Invitrogen, Carlsbad, CA, USA), and 1 ml/well was added to a
6-well cell culture plate. On the day of subculture, the plates
were warmed to 25°C, and the Matrigel was aspirated. hES cells
were treated with collagenase IV (crude 200 U/ml; Invitrogen)
for 5–10 min and washed twice with Dulbecco’s phosphatebuffered saline (DPBS). Cells were scraped to remove adherent
cells and to gently dissociate the colonies. Cells were then
diluted to a seeding density of 105 cells/cm2 for a 6-well plate,
cultured at 37°C and 5% CO2, and left undisturbed for 48 h,
after which the medium was changed daily.
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Peptide-coated substrata were created in the following
manner. All peptides used in this study were custom synthesized by American Peptide (Sunnyvale, CA, USA). For peptide
adsorption to the culture surface, each peptide was dissolved
to a final concentration in 1 mg/ml, typically in water, and
was diluted to 0 to 30 nmol/cm2 for concentration-dependent studies. All water used in this study was ultrapure
American Society for Testing and Materials (ASTM) type I
reagent-grade water (18.2 M⍀䡠cm, pyrogen free, endotoxin
⬍0.03 EU/m). A total volume of 200 l was added to each
well of a 24-well polystyrene culture plate and adsorbed
overnight at 4°C. The remaining solution was aspirated, and
the plates were washed 3 times with PBS prior to use. The
following peptides sequences were tested: AG-10 (CGGNRWHSIYITRFG) and AG-32 (CGGTWYKIAFQRNRK) to engage with the ␣6␤1 integrin (30, 31), C-16 (CGGKAFDITYVRLKF) to engage with ␣V␤3 and ␣5␤1 integrins (32), and AG-73
(CGGRKRLQVQLSIRT) to purportedly engage with syndecan-1 (CD138) (30, 31, 33). Water was used to dissolve AG-10
and AG-73 peptides, and a solvent of 10% acetonitrile in
water was used for C-16.
RNA isolation and RT-PCR
H1 hES cells were maintained under feeder-free conditions as
described elsewhere (9). The procedure for total RNA isolation with TRIzol reagent was adopted from the manufacturer’s directions (Invitrogen). Briefly, H1 hES cells were
incubated with 1 ml of TRIzol reagent at room temperature
to allow complete dissociation. After transfer of the lysate to
an RNase-free tube, 0.2 ml of chloroform was added to induce
phase separation, and tubes were shaken vigorously and
incubated at 15–30°C. After centrifugation, the colorless
upper aqueous phase was transferred to a fresh RNase-free
tube for isopropyl alcohol addition, incubation, and centrifugation to precipitate and pellet the RNA. The resulting
pellet was washed with 75% ethanol, centrifuged, and dissolved in 10 –20 l of RNase-free water.
RT-PCR analysis was then employed to identify integrin
mRNA expression by H1 hES cells. To obtain cDNA, RT was
conducted using a Thermoscript II kit (Invitrogen), following
the manufacturer’s instructions. The forward and reverse
oligonucleotide primers chosen to amplify specific cDNAs by
PCR are listed in Supplemental Table S1. PCR was performed
using a Bio-Rad iCycler in a 20-l reaction mixture containing
0.5 l cDNA, 2 l 10⫻ DNA polymerase reaction buffer, 10
mM dNTP, 10 M of each forward and reverse primer, and
1.0 U of Taq polymerase (New England Biolabs, Ipswich MA,
USA) under the following reaction conditions: denaturation
at 95°C (30 s), annealing at 50 – 65°C (50 s), and extension at
72°C (1 min) for 30 –35 cycles, followed by a final extension
at 72°C (10 min) to ensure complete product extension.
Products were identified by electrophoresis using a 2.5%
agarose gel.
Flow cytometry
H1 hES cells at passage 54 were plated at 105 cells/cm2 (6-well
plate). On d 4, cells were prepared into a single-cell suspension by treatment with collagenase IV for 10 min. Cells were
then washed with DPBS (without Ca2⫹, Mg2⫹) and incubated
with 0.02% EDTA (Sigma, St. Louis, MO, USA) for 20 min.
Cells were further dissociated by gentle pipetting and passed
through a cell strainer (40 m; Falcon, Franklin Lakes, NJ,
USA). The EDTA was quenched with DMEM (Invitrogen) ⫹ 10%
FBS (Hyclone, Logan, UT, USA) and centrifuged. Then cells
were resuspended to 107 cells/ml in staining buffer, which
consisted of DPBS (Ca2⫹, Mg2⫹) ⫹ 2% knockout serum
INTEGRIN USAGE OF HES CELLS IN DEFINED MEDIUM

replacement (KSR) (Life Technologies, Rockville, MD, USA).
Primary antibodies were diluted to 2⫻ in staining buffer, and
50 l was added to microfuge tube, followed by the addition
of 50 l of cells (0.5⫻106 cells). Primary antibodies were
incubated for 30 min at 4°C. Cells were then washed with 1 ml
of DPBS and centrifuged. The blocking step consisted of
incubation with blocking buffer DPBS (Ca2⫹, Mg2⫹) ⫹ 5%
FBS for 10 –15 min at 4°C. Cells were then washed, centrifuged, incubated with secondary antibodies for 30 min at 4°C
in the dark, and subsequently washed and resuspended in 150
l staining buffer. Propidium iodide (PI) solution (150 l at
1:500 dilution; Sigma) was added immediately prior to flow
cytometry to enable the exclusion of nonviable cells from the
data analysis. In this experiment, primary antibodies and
isotypes had final a dilution (1⫻) of 1:50; with the exception
of ␣6, which was diluted 1:25, according to manufacturer’s
instructions. Secondary antibodies were diluted 1:100 (see
Supplemental Table S2 for antibody source).
Flow cytometry was conducted at the University of California
at Berkeley Flow Cytometry Center using a Beckman-Coulter
EPICS XL flow cytometer, with an argon ion air-cooled laser
(emission at 488 nm/15 mW power), 5 photomultiplier tube
detectors for 90° light scatter (90LS) and 4-color detection, and
1 diode detector for forward light scatter (FLS). In this experiment, the fluorescent channel 1 (FL1/FITC) was used to detect
the FITC-conjugated integrins, and fluorescent channel 2 (FL2/
PI) was used to analyze PI to enable discrimination of live/dead
cells.
Immunofluorescence
Expression of the pluripotent hES cell markers Oct4, SSEA-4,
and Tra-1– 60 —as well as that of the integrins ␣6, ␤1, ␣2␤1,
and ␣v␤3—was characterized by indirect immunofluorescence. H1 hES cells were cultured, as described above for 7 d,
fixed in 4% paraformaldehyde (EMS, Hatfield, PA, USA) for
30 min at room temperature, rinsed with PBS three times for
5 min each, permeabilized with 0.1% Triton X-100 (Fisher
Scientific, Fair Lawn, NJ, USA) in PBS for 15 min at room
temperature, and rinsed with PBS. Samples were blocked in
blocking buffer (5% goat serum and 0.1% Triton X-100 in
PBS) for 1 h, then exposed to primary antibody at 4°C
overnight. After 3 rinses with PBS, samples were treated with
a fluorescein-conjugated secondary antibody for 1 h at room
temperature in the dark. After removing the secondary
antibody, the samples were rinsed, nuclei were stained with
diaminophenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA), and cells were visualized using a Nikon
Eclipse TE300 Inverted Microscope (Nikon Instruments, Melville,
NY, USA).
For Oct4 immunofluorescence, goat polyclonal antibody
(1:50 dilution; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used as the primary antibody and Alex Fluor 488
donkey anti-goat IgG (1:500; Invitrogen) as the secondary
antibody. Mouse anti-Tra-1– 60 (1:50; Chemicon International, Temecula CA) and Cy3 conjugated anti-mouse IgM
(1:100; Invitrogen) were used as the primary and secondary
antibodies, respectively, for Tra-1– 60 immunostaining. For
SSEA-4 immunofluorescence, mouse monoclonal antibody
(1:50; Millipore, Billerica, M, USA) was used as the primary
antibody and Alexa Fluor 488 donkey anti-mouse (1:500) as
the secondary antibody. For identification of integrins
present on H1 hES cells cultured on Matrigel, rat anti-␣6,
mouse anti-␤1, anti-␣2␤1, and anti-␣v␤3 monoclonal antibodies from Chemicon Internationalwere used as primary antibodies for their respective integrins. Alexa Fluor 488 goat
anti-rat IgG conjugate and Alexa Fluor 488 goat anti-mouse
IgG conjugate were used as secondary antibodies. Antibody
specificity was verified by an isotype control.
3

Cell adhesion and inhibition assays
To identify specific integrin contributions to initial H1 hES
cells adhesion, a cell adhesion assay was performed using
24-well polystyrene plates (Falcon) coated with either Matrigel or synthetic peptides. Matrigel coating and peptide adsorption were as described above. Cell adhesion was assayed
according to methodology described previously (34). Briefly,
coated wells were washed with PBS and incubated with 2
mg/ml heat-inactivated BSA for 60 min to block remaining
protein binding sites on the surface. H1 hES cells were
harvested by exposure to 0.05% trypsin-EDTA (Invitrogen)
for 1–2 min, immediately followed by inhibition medium
(10% KSR and KO-DMEM) to terminate trypsin activity, and
cells were then physically scraped off the culture surface. The
collected hES cells were centrifuged at 1000 rpm for 5 min,
washed with PBS, and then suspended in X–VIVO medium.
Cells (200 l/well, 2.5⫻105 cells/ml) were then seeded onto
culture plates and incubated for 1 h at 37°C and 5% CO2 for
Matrigel-coated plates, and 3 h for the peptide-coated plates.
After the specified time period, wells were rinsed with PBS to
remove unattached cells, and the number of attached cells
was quantified using the CyQuant assay (Invitrogen). For the
integrin antibody blocking assay, cells were preincubated with
10 g/ml of integrin-specific blocking antibodies (Supplemental Table S2) at 37°C for 30 min. The control group
consisted of mock-treated cells.
Embryoid body (EB) formation
H1 hES cells were grown on peptide-coated plates as described above for 5 d and subsequently passaged and plated
on fresh peptide-coated plates for another 5 d. The ROCK
inhibitor Y-27632 (Calbiochem, La Jolla, CA, USA) was added
to the culture medium for the first 2 d after passage at 10 M
to enhance cell survival. On d 5 of the second passage, hES
colonies were released with collagenase IV and cultured in
X-VIVO medium without growth factors on uncoated bacterial polystyrene plates. Medium was replaced daily. After 4 d
of differentiation (35), EBs were harvested in TRIzol, and
mRNA isolation and PCR was conducted as described above.
Statistical analysis
All statistical analysis was carried out using ANOVA with a
Tukey HSD post hoc test, and results were considered significant at P ⬍ 0.05.

RESULTS
Analysis of integrin expression and engagement on
hES cells
We used RT-PCR, flow cytometry, and fluorescence
immunocytochemistry combined with confocal microscopy to analyze the expression of integrin subunits on
hES cells (H1 line). The RT-PCR results showed that
H1 hES cells expressed mRNA for the integrin subunits
␣1, ␣2, ␣IIb, ␣3, ␣4, ␣5, ␣6, ␣V, ␤1, ␤3, ␤4, and ␤6
(Fig. 1A). Flow cytometry was then used to quantitate
integrin protein expression in two ways. First, the
percentage of cells expressing each integrin subunit
was determined by comparing expression of each integrin to an isotype control. Cells were defined as positive
if their fluorescence level was above 95% of the isotype
4
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control cells. H1 cells expressed a broad range of
integrins: ⬎90% of cells expressed ␤1(Supplemental
Fig. S1), ␣6, and ␣2; ⬎80% of cells expressed ␤3, ␣1, ␣3,
and ␣v; 40% of cells were ␣v␤3 positive; and ⬍25% of
cells expressed the ␤4 subunit (Fig. 1B). Second, the
mean fluorescence ratio was calculated as the quotient
of the means of the full distributions for integrin and
isotype control samples. Using this metric, we found
that the ␤1 subunit had the highest mean ⫾ sd fluorescence ratio at 52 ⫾ 2, with ␣6, ␤3, and ␣2 having the
next highest ratios at 9 –16 (Fig. 1C). The remaining
integrin subunits had ratios of ⬍9. We then used
immunofluorescence to verify integrin expression in
situ. H1 hES cells stained positively for the ␣6, ␤1, ␣2␤1,
and ␣v␤3 integrins (Fig. 1D).
Collectively, these results demonstrate that hES cells
express a broad range of integrin subunits; however, it
was unclear which were functionally used to engage the
culture substrate. We therefore investigated which integrins were exploited by hES cells for adhesion to
Matrigel-coated substrata under defined culture conditions using an adhesion assay with integrin-blocking
antibodies. The results revealed that function-blocking
antibodies directed to the ␣6, ␤1, ␣2␤1, and ␣v␤3
integrins resulted in statistically significant reductions
in initial cell attachment (Fig. 1E, P⬍0.05; ANOVA with
Tukey HSD), whereas blocking antibodies directed
against ␣1, ␣3, ␣4, ␣5, and ␣v integrin subunits had little
effect. Thus, we developed synthetic substrates that
mimicked the integrin engagement profile of Matrigel
by focusing ligands that bind to ␣6, ␤1, ␣2␤1, and ␣v␤3
integrins.
Analysis of hES cell adhesion to synthetic peptides
Three synthetic cell adhesion peptides were developed
on the basis of integrin-engaging cell adhesion motifs
of laminin-111, which is the major ECM component of
Matrigel (18, 36). Specifically, AG-10 peptide was chosen to engage with ␣6␤1, C-16 was designed to engage
␣V␤3 integrins, and AG-73 was utilized to bind with cell
surface heparan sulfates. Cell adhesion to each peptide
was quantified by varying the input peptide concentrations from 0 to 60 nmol/well, adsorbing peptides on
the culture surfaces, and incubating hES cells on these
surfaces followed by rinsing. At peptide concentrations
⬎10 nmol/well, AG-10, C-16, and AG-73 mediated
significant cell attachment, such that the percentages of
cells that bound were 37.8 ⫾ 2.9, 54.1 ⫾ 2.4, and 60.9 ⫾
1.1%, respectively (Supplemental Fig. S1). The control
group of H1 hES cells binding on Matrigel was 69 ⫾
6.2% (Supplemental Fig. S1).
To validate the integrin-engagement profile of each
synthetic peptide, the cell adhesion assay was repeated
with function-blocking antibodies to integrin subunits
as described above. H1 cell adhesion to AG-10 peptide
was significantly inhibited by anti-␣5, ␣6, ␤1, and ␣2␤1
monoclonal antibodies, while only the anti-␣v␤3 antibody blocked cell binding to C-16 (Fig. 2A). Since
AG-73 engages heparan sulfate side chains of syndecan-1 on cells rather than integrins for cell adhesion
(33, 37), its binding ability was not analyzed with
integrin-blocking antibodies.
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Figure 1. Integrin expression and usage of hES cells on Matrigel-coated substrata. A) RT-PCR analysis of integrins expression
of H1 ES cells cultured on Matrigel-coated substrata. Top panel: size of individual bands for ␣ integrins: ␣1 (117 bp); ␣2 (82 bp);
␣IIb (104 bp); ␣3 (103 bp); ␣4 (168 bp); ␣5 (171 bp); ␣6 (81 bp); ␣8 (110 bp); and ␣v (84 bp). Bottom panel: size of individual
bands for ␤-integrins: ␤1 (168 bp); ␤3 (126 bp); ␤4 (521 bp); ␤5 (135 bp); ␤6 (181 bp); and ␤8 (84 bp). M, low-molecular-weight
DNA ladder. B) Flow cytometry of integrin expression on hES cell surface, demonstrating a broad panel of integrin expression.
Percentage of cells positive ⫽ percentage positive in sample ⫺ percentage positive in isotype control. Error bars ⫽ sd (n⫽3).
C) Mean fluorescence ratio of integrin expression on H1 cell surface, where the ␤1 integrin yielded the highest value. Mean
fluorescence ratios were calculated as the quotient of the mean of the region for the integrin and the mean for its isotype
control. Error bars ⫽ sd (n⫽3). D) Integrin expression of ES cells cultured on Matrigel-coated surfaces. Immunofluorescence
for selected integrins expressed by hES cell cultures on d 7. The ␣6, ␤1, ␣2␤1, and ␣v␤3 integrins were strongly expressed (green);
corresponding DAPI staining (blue) and phase contrast images are shown. Mouse and rat IgG were used as negative controls.
Scale bar ⫽ 500 m. E) Antibody blocking assay for hES cell attachment to Matrigel-coated substrata. Before seeding, cells were
preincubated with various integrin antibodies for 30 min at 37°C. Attachment of cells was significantly inhibited by ␣6, ␤1, ␣2␤1,
and ␣v␤3 antibody antagonists. (P⬍0.05; ANOVA). Cells that were not preincubated with an antibody were used as controls.
INTEGRIN USAGE OF HES CELLS IN DEFINED MEDIUM

5

Maintenance of self-renewal on the peptide-coated
surfaces was assessed by Oct4 and SSEA-4 immunofluorescence (Fig. 2B, C). All of the synthetic peptides
tested supported maintenance of Oct4 and SSEA-4
expression at 4 d. However, we observed that these
single-peptide interfaces had either low adhesion (Supplemental Fig. S2), a smaller surface area covered by
the colonies, fewer colonies, or reduced number of
Oct4⫹ colonies relative to Matrigel-coated surfaces
(Supplemental Table S3). Furthermore, we observed
some deterioration in colony morphology at later passages, presumably since these surfaces did not support
the outgrowth of noncolony stromal cells in a similar
fashion as Matrigel-coated surfaces. Although these
results suggest that each peptide can mediate initial
hES cell attachment and self-renewal, a single peptide
interface was not sufficient to maintain hES cell pluripotency in SF-NCM for extended periods of time.
We next explored whether a combination of individual peptides could mimic the multiple adhesion ligands

presented by Matrigel and thus better support hES
adhesion and maintenance. Various molar ratios of
peptides were investigated while maintaining a constant
total peptide concentration of 15 nmol/well in a 24well plate (data not shown). A combination of 60:16:
24% (molar ratio of AG-10:C-16:AG-73) was found to
support hES cell adhesion at a level similar to that of
Matrigel (Fig. 3A and Supplemental Table S3). Using
function-blocking antibodies, we found the triple-peptide combination to most accurately mimic the integrin
engagement profile of Matrigel (Fig. 3A). H1 hES cell
adhesion to triple peptide-coated substrata was functionally inhibited by anti-␣4, -␣5, -␣6, -␣v, -␤1, -␣2␤1, and
-␣v␤3 antibody antagonists (P⬍0.05; ANOVA; Fig. 3A),
similar to Matrigel-coated surfaces. Statistically significant increases in ␣4 and ␣5 subunit activity, and decreases in ␣6 and ␤1 engagement, were observed compared to Matrigel (P⬍0.05; ANOVA; Fig. 3A).
H1 hES cells cultured on this multiple peptidecoated surface expressed the pluripotency markers

Figure 2. Synthetic peptides support ES cell adhesion.
A) Antibody-blocking assay for hES cell attachment to AG-10
and C-16 peptide-coated surfaces. Before seeding, cells were
preincubated with various integrin antibodies for 30 min at
37°C. Attachment of cells on AG-10 was significantly inhibited
by ␣5, ␣6, ␤1, and ␣2␤1 antibody antagonists, whereas hES cell
adhesion to C-16 was blocked by ␣v␤3. Cells that were not
preincubated with an antibody were used as controls. *P ⬍
0.05; ANOVA. B) Images of Oct4 expression of hES cells on
Matrigel-coated, AG-10 peptide-coated, C-16 peptide-coated,
and AG-73 peptide-coated substrata. Positive colonies stained
green (left panels); nuclei were stained blue by DAPI (center
panels); corresponding phase-contrast images are shown
(right panels). C) Images of SSEA-4 expression of hES cells
on Matrigel-coated, AG-10 peptide-coated, C-16 peptidecoated, and AG-73 peptide-coated substrata. Positive colonies stained green (left panels); nuclei were stained blue by DAPI (center panels); corresponding phase-contrast
images are shown (right panels). Scale bars ⫽ 500 m.
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Figure 3. Integrin usage and hES cell fate on multiple peptide-coated substrata. Cell culture substrata were coated with various
ratios of AG-10, C-16, and AG-73 peptides, and analyzed for integrin usage and self-renewal. A) Antibody-blocking assay for hES
cell attachment to AG-10:C-16:AG-73 (60:16:24%) and Matrigel-coated surfaces. Before seeding, cells were preincubated with
various integrin antibodies for 30 min at 37°C. Attachment of hES cells to the AG-10:C-16:AG-73 (60:16:24%) combination was
significantly inhibited by ␣4, ␣5, ␣6, ␤1, ␣2␤1, and ␣v␤3 antibody antagonists, revealing that the combination selected mimics the
pattern of integrin engagement on Matrigel. Cells that were not preincubated with an antibody were used as controls. *P ⬍ 0.05;
ANOVA. B) For substrata coated with AG-10:C-16:AG-73 (60:16:24%), images of colony morphology and Oct4 and Tra-1-60
immunostaining of hES cells after 7 d of culture. Positive colonies stained green (left panels); nuclei were stained blue by DAPI
(center panels); corresponding phase-contrast images are shown (right panels). Oct4 and Tra-1-60 immunostaining demonstrate maintenance of an undifferentiated phenotype. Scale bar ⫽ 500 m.

Oct4 and Tra-1-60, and exhibited good colony morphology at d 7 compared to individual peptides (Fig. 3B
and Supplemental Fig. S3). hES cells on this combination were round multilayered colonies with defined
borders surrounded by stromal cells at the colony
boundaries. Under high magnification, individual cells
had a high nucleus to cytoplasm ratio, and cell colonies
exhibited similar morphology as that of cultures on
Matrigel after 7 d of culture. We could maintain
undifferentiated hES cells on the triple peptide surface
for three passages, after which the majority of colonies
remained undifferentiated, but some cells began to
differentiate.
As a functional measure of pluripotency, we next
tested the differentiation capacity of H1 hES cells that
had been cultured on the synthetic peptides. H1 hES
cells were grown on individual and combination peptides for two passages and then differentiated to EBs for
4 d (Fig. 4) (35). EBs formed from cells on the
combination peptide surface were morphologically indistinct from those grown on Matrigel (Fig. 4A). To
characterize the extent of differentiation, we used
RT-PCR to detect genetic markers of the embryonic
germ layers. EBs from all surfaces showed down-regulation of the pluripotency genes Oct4 and Nanog
similar to those from the Matrigel control (Fig. 4B).
The transcription factor Pax6 is an important factor in
the specification of tissues in early development, and its
expression was used as an indicator of ectodermal
differentiation (38). MAP2 was also used as an ectodermal marker, since it encodes a protein important in
neurogenesis. MSX1 is a transcription factor that specifies limb development and was used as a marker of
mesodermal tissues (38). EBs formed from cells on the
combination peptide expressed ectoderm and mesoderm markers similar to control Matrigel EBs (Fig. 4B),
indicating multilineage differentiation potential of cells
cultured in completely defined conditions.
INTEGRIN USAGE OF HES CELLS IN DEFINED MEDIUM

DISCUSSION
Genomic data from several hES cell lines, including
microarray data, EST analysis, and massively parallel
signature sequencing (MPSS) (39, 40) have provided
evidence for the expression of different integrin subunits by hES cells. In addition, flow cytometry has been
used to validate genomic data for laminin-binding
integrin expression on hES cells cultured in MEFconditioned medium (8). In this work, we report the
expression level of a broader panel of integrins expressed by hES cells, as well as analyze integrin expression and function for hES cells grown in a defined
system, i.e., culture on Matrigel-coated substrata in
NC-SFM conditions. Subsequently, we used this information to define peptide ligands as a tool to dissect
which integrin inputs may be involved in hES adhesion
with Matrigel. Ultimately, we envisage incorporation of
these integrin-engaging peptides into completely synthetic hES cell culture systems.
hES cells expressed a broad range of integrins that
use several ECM proteins as their ligands (e.g., laminin,
collagen, fibronectin, and vitronectin). Specifically, the
RT-PCR results indicated that H1 hES cells expressed
mRNA for integrin subunits ␣1, ␣2, ␣IIb, ␣3, ␣4, ␣5, ␣6,
␣V, ␤1, ␤3, ␤4, and ␤6. These data were supported by
flow cytometry results that indicated ⬎90% of cells
were ␤1, ␣6, and ␣2 positive; ⬎80% of cells were ␤3, ␣1,
␣3, and ␣v positive; 40% of cells were ␣v␤3 positive; and
⬍25% of hES cells were ␤4 positive. Immunofluorescence results confirmed that the colonies were positive
for the ␣6, ␤1, ␣v␤3, and ␣2␤1 integrins. These results
were similar to previously published work involving
culture in serum-containing medium (8), with the
difference that the expression levels of the ␣1 and ␣3
subunits were much higher in the current study. These
differences could be attributed to potentially interesting changes in integrin expression due to the cell
7

Figure 4. EB differentiation. A) Cells grown on surfaces
coated with Matrigel (left panel) and a combination of
peptides (right panel) for 2 passages were differentiated to
EBs. B) After 4 d, markers of embryonic germ layers were
assessed by RT-PCR. Scale bar ⫽ 250 m.

culture conditions, such as MEF-conditioned vs. NCSFM.
Although our results indicated that numerous integrins were expressed by hES cells, studies with antibody
antagonists of these integrins showed that only the ␣6,
␤1, ␣2␤1, and ␣v␤3 integrins contributed to hES cell
adhesion to Matrigel-coated substrata, which further
confirmed the immunostaining data. These integrins
are known to bind to laminins, collagens, fibronectin,
vitronectin, and other ECM proteins. The usage of the
␤1 integrin may be critical, as it plays a crucial role in
early phases of the development, and ␤1-null mice are
embryonically lethal (23–25). The ␣6 subunit has two
variants, ␣6A and ␣6B, that differ in their cytoplasmic
domains and are expressed throughout development
(41, 42). The ␣6B subunit is expressed exclusively in
undifferentiated mouse ES cells and in the inner cell
mass (42– 44), while the ␣6A subunit’s expression increases significantly in early differentiation. The ␣6 and
␤1 subunits, which were strongly inhibited by their
respective antibodies, presumably form a heterodimer
that plays an important role in hES cell adhesion to
Matrigel and is consistent with the high level of lami8
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nin-111 in this ECM blend. To a lesser extent, the ␣2␤1
and ␣v␤3 integrins also mediated hES cell adhesion to
Matrigel; however, much less is known regarding their
potential function with ES cells and in early organismal
development. The ␣v␤3 integrin was first identified as
the “vitronectin receptor,” but it can engage with
several other ECM proteins found in Matrigel, including laminin-111 and collagen IV (45, 46), and can
promote adhesion, spreading, and locomotion of various cell types. The ␣2␤1 integrin is known as the
“collagen receptor,” due to is widespread engagement
with various collagens (47), but it has also been shown
to couple with laminin in some cell types.
We explored three synthetic peptides AG-10, C-16,
and AG-73, all derived from the laminin-111, for their
ability to recapitulate the hES cell integrin usage on
Matrigel in NC-SFM. Laminin-111 is the major component and cell adhesion protein of the basement membrane matrix, likely plays a role in organizing this
structure, and is also present in Matrigel (18). The
AG-10 peptide, derived from the COOH–terminal globular domain of the laminin-111 ␣1 chain, supported
considerable hES cell adhesion but could not maintain
hES cells in an undifferentiated state. Interference with
integrin-blocking antibodies indicated that hES cell
adhesion to AG-10 was mediated through ␣5, ␣6, ␤1,
and ␣2␤1 integrins. In contrast, C-16 maintained hES
cells in an undifferentiated state by engaging the ␣v␤3
integrin. As the syndecans, a family of transmembrane
(type I) heparan sulfate proteoglycans, are capable of
stimulating cell adhesion, intracellular signaling, proliferation, and locomotion, we also examined the effect
of AG-73 on hES cell culture. The nonintegrin engaging AG-73 peptide was derived from a region of laminin-111 that is highly conserved, suggesting it plays an
important biological role. Like AG-10, cell-type-specific
attachment activities have been observed for AG-73 (31,
37). We found that AG-73 promoted hES cell adhesion
and supported pluripotency similar to the other peptides.
Although all of the individual synthetic peptides
could support initial cell attachment and pluripotency,
deterioration of the ability to maintain self-renewal hES
cells was observed at longer time points. This led us to
investigate whether a blend of several peptides could
recapitulate the supportive properties of Matrigel. Cell
adhesion to a blend of 3 peptides at the molar ratio
60:16:24% (AG-10:C-16:AG-73) was superior to individual peptides and was functionally blocked by anti-␣4,
-␣5, -␣6, -␣v, -␤1, -␣2␤1, and -␣v␤3 antagonists, nearly
matching the profile of integrin usage by hES cells on
Matrigel. Compared to integrin engagement on Matrigel, notable differences on the triple peptide-coated
substrates were the increased reliance on the ␣4 and ␣5
subunits and the decreased engagement of the ␣6
and ␤1 integrins. Cells grown on this combination
exhibited good colony morphology and expression
of hES markers at d 7 indistinguishable from those
grown on Matrigel.
The triple peptide combination was capable of supporting multilineage differentiation in a manner equivalent to that of Matrigel-coated substrata. EBs from the
peptide-cultured cells were morphologically indistinct
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from those grown on Matrigel and had similar gene
expression profiles as well. In our experiments and
others that employed a short-term EB differentiation
process, it was not possible to detect expression of
endodermal markers, even in cells grown on Matrigelcoated plates, indicating that endodermal induction
requires a longer differentiation period (48).
We maintained undifferentiated hES cells on the
triple peptide surface for three passages, after which
the majority of colonies remained undifferentiated, but
some cells began to differentiate. We believe the slow
progression toward differentiation on the triple peptide surface was due to unligated ␣6␤1 integrins, potentially leading to integrin-mediated apoptosis of hES
cells and promotion of the stromal cells derived from
the ES cells (29, 49). We are in the process of testing
this concept by both defining ␣6B-positive cells and
peptides that ligate that integrin.

2.

3.
4.

5.

6.

7.

CONCLUSIONS
The present studies are the first to address the integrin
usage profile of hES cells cultured on Matrigel cultured
in NC-SFM, as well as to analyze cell adhesion and
maintenance on multiple synthetic peptides designed
to mimic hES cell integrin usage on Matrigel. Our aim
was to investigate robust synthetic peptides as tools to
dissect the functional importance of integrin engagement on hES cell maintenance. In the future, these
results can lead to more sophisticated and betterdefined peptide interfaces that support hES cell selfrenewal and differentiation (50, 51). The translation of
hES cells toward regenerative medicine efforts will
significantly benefit from the development of these
synthetic interfaces and NC-SFM conditions that support cell growth and differentiation. Basic knowledge
of integrin receptors and syndecans that hES cells
employ to bind to these substrata will also aid in this
development.
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