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We present development and use of a 3D synthetic extracellular matrix (ECM) analog with integrin-
specific adhesion ligands to characterize the microenvironmental influences in embryonic stem cell (ESC)
self-renewal. Transcriptional analysis of 24 integrin subunits followed by confirmation at the trans-
lational and functional levels suggested that integrins a5b1, avb5, a6b1 and a9b1 play important roles in
maintenance of stemness in undifferentiated mouse ESCs. Using the well-defined matrix as a tool to
activate integrins a5b1 plus avb5, a6b1 and a9b1, individually and in combination, differential integrin
activation was demonstrated to exert exquisite control over ESC fate decisions. Simultaneous ligation of
these four integrin heterodimers promoted self-renewal, as evidence by prolonged SSEA-1, Oct4 and
Nanog expression, and induced Akt1 kinase signaling along with translational regulation of other
stemness-related genes. The biofunctional network we have designed based on this knowledge may be
useful as a defined niche for regulating ESC pluripotency through selective cell–matrix interactions, and
the method we present may be more generally useful for probing matrix interactions in stem cell self-
renewal and differentiation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The nature of the niche that enables prolonged self-renewal of
ESCs remains only partially elucidated. An often used, but poorly
understood, such environment is provided by mouse embryonic
fibroblasts (MEFs), which present substantial difficulties in
systematic investigations because of their presentation of myriad
signals to the ESCs. Several attempts have been described to replace
MEF feeder layers with ECM proteins and matrices such as Matrigel,
ECM derived from MEFs, etc. [1–3]. These biologically derived
materials are also very complex and are not subject to control at the
molecular level. Synthetic hydrogel and fibrillar matrices have been
explored, in an attempt to replace such complicated biological
materials with defined artificial materials for short-term ESC
culture [4,5], yet these materials still do not present the fullness of
the ECMs repertoire of molecular characteristics. Sophisticated
photochemical degradation approaches have been developed to
explore the dynamic nature of cell-material interactions in the
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niche in artificial systems, for example the factors controlling stem
cell chondrogenic differentiation [6].

ECM components can induce a variety of signals for functional
regulation of cells, and the integrin family of cell surface adhesion
receptors consisting of a and b subunits [7] regulates numerous
such interactions related to biological process that include cell
attachment, spreading, proliferation, survival, morphogenesis and
gene expression [8–11], as well as critical steps of differentiation in
early embryogenesis [7,12–16]. However, despite considering ECM
signaling as an important factor in ESC self-renewal fate decisions
[17,18], the literature remains unclear about the function of integ-
rins in maintenance of the ESC self-renewal, except for self-renewal
of adult stem cell [19–21], in part due to a lack of well characterized
research tools. We have developed a synthetic ECM analog based on
branched poly(ethylene glycol) (PEG) crosslinked with matrix
metalloproteinase (MMP)-sensitive peptides and functionalized
with peptide adhesion ligand [22,23]. Cells are able to interact with
the matrix via the coupled adhesion peptides and to remodel the
matrix via the MMPs they activate and present at the cell surface.
Here, we functionalize these materials with multiple integrin-
activating ligands with good control over the amounts and identi-
ties of the adhesion ligands for the purpose of elucidating the
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influence exerted by the ECM on ESCs in their self-renewal fate
decisions. These methods may more generally provide a defined
niche for investigation of matrix interactions in stem cell self-
renewal and differentiation.

2. Materials and methods

2.1. ESC culture

The mouse ESCs E14tg2a (CRL-1821, ATCC, Manassas, VA) were routinely
cultured on a feeder layer of MEFs treated with 10 mg/ml mitomycin C (Sigma–
Aldrich, St. Louis, MO) in 5% CO2 at 37 �C in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco Invitrogen, Grand Island, NY) supplemented with 15% (v/v) heat-
inactivated fetal bovine serum (FBS; HyClone, Logan, UT), 0.1 mM b-mercaptoethanol
(Gibco Invitrogen), 1% (v/v) nonessential amino acids (NEAA; Gibco Invitrogen),
1 mM sodium pyruvate (Sigma–Aldrich), 2 mM L-glutamine (Gibco Invitrogen), a 1%
(v/v) lyophilized mixture of penicillin and streptomycin (Gibco Invitrogen) and
1000 units/ml mouse leukemia inhibitory factor (LIF) (Chemicon International,
Temecula, CA) (herein referred to as ESC culture medium). Subpassage was per-
formed every third day and the medium was changed daily during subculture.

2.2. Quantitative real-time PCR

All the specific primer sequences shown in Supplementary Table 1 were
designed with cDNA sequences obtained from GenBank for mouse and by Primer3
software (Whitehead Institute/MIT Center for Genome Research). Extraction of total
mRNA from each group was conducted by using a RNeasy Plus Mini Kit (Qiagen,
Valencia, CA) and cDNA was synthesized from w1 mg of total mRNA using a Reverse
Transcription System (Promega, Madison, WI). Gene expression was estimated by
real-time quantitative PCR using iQ� SYBR� Green Supermix (Bio-Rad Laboratories,
Hercules, CA). The PCR amplification was performed on the Bio-Rad iCycler iQ
system (Bio-Rad Laboratories) in a final volume of 25 ml using cycling parameters (3
min, 95 �C; 30 s, 95 �C; 30 s, 60 �C; 30 s 72 �C, with the latter three steps repeated for
40 times). The melting curve data were collected to check the PCR specificity. By
identifying the absence of dimerization between primers through control real-time
PCR reaction lacking template, 300 nM in the all primers was selected as the final
optimized concentration. The mRNA level of each sample for each gene was
normalized to that of b-actin mRNA. Relative mRNA level was presented as 2�DDCt,
where Ct¼ threshold cycle for target amplification, DCt¼ Cttarget gene (specific genes
for each sample)� Ctinternal reference (b-actin for each sample), and DDCt¼DCtsample

(treatment sample in each experiment)�DCtcalibrator (control sample in each
experiment).

2.3. Western blot

Cell lysates were prepared by treatment of M-PER� Mammalian Protein
Extraction Reagent (Pierce, Woburn, MA) supplemented with protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN) with protein concentration determi-
nation with a NanoDrop� 1000 spectrophotometer (Thermo Fisher Scientific,
Rockford, IL). Subsequently, the cell lysates (160 or 240 mg) were fractionated by 7.5,
10 or 15% (v/v) SDS-polyacrylamide gel, according to the molecular size of the
protein of interest, and transferred onto a polyvinylidene difluoride membrane
(Millipore, Billerica, MA). After blocking with 5% (w/v) skimmed milk (Bio-Rad
laboratories) overnight at 4 �C, the membrane was washed three times with PBST
consisting of PBS (pH 7.4; Gibco Invitrogen) and 0.1% Tween-20 (Sigma–Aldrich),
and incubated with the primary antibodies listed in the Supplementary Table 2.
After washing three times with PBST, the primary antibodies were detected by the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies listed
in the Supplementary Table 2 and developed with enhanced chemiluminescent
substrate (Pierce). Protein bands on membranes were visualized with CL-XPosur-
e�Film (Thermo Fisher Scientific) and the intensities of individual protein bands
were quantified by densitometry using a Bio-Rad Imaging System Quantity One ver.
4.5.1 with ChemiDoc XRS (Bio-Rad Laboratories).

2.4. Formation of PEG-based hydrogel, insertion of ESCs into PEG-hydrogel and
culture

The PEG-based hydrogel was formed by the conjugation of vinylsulfone (Sigma–
Aldrich)-functionalized 3arm-PEG (PEG-VS) synthesized as described [24] and
dicysteine-containing peptides with an intervening matrix metalloproteinase
(MMP)-specific cleavage site (Ac-GCRD-GPQGIWGQ-DRCG-NH2) (herein referred to
as crosslinker) through a Michael-type addition reaction [25]. For making a typical
10% (w/v) PEG-hydrogel into which ESC were incorporated, all the precursor solu-
tions of PEG-VS (dissolved in ESC culture medium), crosslinker (dissolved in pH 8.0
0.3 M HEPES buffer) and ESCs (suspended in ESC culture medium) were mixed. For
incorporation of ESCs into the PEG-hydrogel with specific integrin-binding adhesion
peptides, firstly, the PEG-VS precursor solution was reacted with the precursor
solution containing the adhesion peptides (in pH 8.0 0.3 M HEPES buffer) for 30 min
at room temperature and this solution was then mixed with the precursor solu-
tions of crosslinker and ESCs. Subsequently, gelation of a circular disk derived from
6 ml of the mixed precursor solutions occurred within 30 min at 37 �C [24] and the
ESCs encapsulated into PEG-hydrogel were cultured in a humidified atmosphere of
5% CO2 in air at 37 �C in the ESC culture medium and the medium was exchanged
every day.

2.5. Peptide synthesis and purification

Peptides synthesis on solid resin (Novasyn TGR, Novabiochem, Laeufelfingen,
Switzerland) was performed using an automated peptide synthesizer (Chemspeed,
Augst, Switzerland) with standard Fmoc/HBTU/HOBT chemistry [24,25]. Purification
of synthesized peptides was conducted by reverse phase chromatography on a C18
column (Biocad 700E; PerSpective Biosystems). The sequence of purified peptides
were confirmed by matrix-assisted laser desorption ionization/time-of-flight
(MALDI-TOF) mass spectrometry. The details of all the peptides utilized are shown in
the Supplementary Table 3.

2.6. Flow cytometric analysis

The ESC population fixed in 4% (v/v) paraformaldehyde (Sigma–Aldrich) was
washed in ice cold PBS and 1�106 ESC from the ESC population were distributed
separately for analysis of stage specific embryonic antigen (SSEA)-1, Oct4 and Nanog
expression. For staining SSEA-1, cell surface protein, the distributed ESCs were
incubated for 1 h at 4 �C with primary anti-SSEA-1 (as shown in Supplementary
Table 2) diluted in 2% (v/v) FBS-containing PBS, and this primary antibody was
detected by incubating fluorescently conjugated secondary antibody (as shown in
Supplementary Table 2) for 1 h at 4 �C. For staining Oct4 and Nanog, which exist in
the nucleus as a transcription factor, ESCs were incubated for 1 h at 4 �C with flu-
orescently conjugated anti-Oct4 and anti-Nanog (as shown in Supplementary Table
2) diluted in Hanks’ Balanced Salt Solution (HBSS; Gibco Invitrogen) supplemented
with 0.1% (w/v) saponin (AppliChem Gmbh, Darmstadt, Germany) and 0.05% (w/v)
sodium azide (Sigma–Aldrich). Subsequently, after washing sufficiently, the stained
cells resuspended in 500 ml PBS were analyzed using flow cytometry, on a CyAn�
ADP Analyzer (Beckman Coulter, Inc., Fullerton, CA), and FLOWJO Ver. 7.2.5 software
program (Tree Star, Inc., Ashland, OR).

2.7. ELISA

Preparation of cell lysates was conducted by using methods recommended from
each ELISA manufacturer and the amount of cell lysates were quantified with
a NanoDrop� 1000 spectrophotometer. Subsequently, analysis by ELISA of total
Stat3 (Gibco Invitrogen), phospho-Tyr705-Stat3 (Gibco Invitrogen), total b-catenin
(Cell Signaling, Beverly, MA), total Akt1 (Cell Signaling), and phospho-Ser 473-Akt1
(Cell Signaling) protein assays were performed according to manufacturer’s
instructions.

2.8. Statistical analysis

All the numerical data derived from each experiment were analyzed statistically
by the Statistical Analysis System (SAS) program. Moreover, when a significance of
the main effects was detected by analysis of variance (ANOVA) in the SAS package,
the least-square or DUNCAN methods were conducted to compare among treat-
ments. Significant differences among treatments were determined where the p
value was less than 0.05.

3. Results

3.1. Identification of integrin heterodimers expressed in
undifferentiated embryonic stem cells (ESCs)

To provide guidance regarding which integrins may be present
in the undifferentiated state, we monitored expression of integrin
heterodimers in undifferentiated mouse ESCs. Transcriptional
levels of genes encoding total 24 integrin subunits (Fig. 1a,d) were
quantified, and integrin a5, a6, a8, a9 and av and integrin b1, b3, b4, b5

and b7 showed higher expression levels than other subunits. By
contrast, integrin a1, a3, a4, a7, a10, a11, aL and aN were minimally
transcribed, while no expression of integrin a2, aD and ax and
integrin b2, b6 and b8 were observed. When translation of the
integrin a subunits showing increased transcription (a5, a6, a9 and
av) was evaluated, integrin a5 subunit showed the highest trans-
lation in the amount of glycosylated mature and non-glycosylated
immature proteins (Fig. 1b,f,h). The total amounts of integrin a6 and



Fig. 1. Expression of integrin subunits in ESCs. (a) and (d) Transcriptional levels of the integrin a (a) and b (d) subunit genes in the ESCs. Among total 16 integrin a and 8 integrin
b subunit genes, real-time PCR showed that transcriptional levels of 5 integrin a and 5 integrin b subunit genes were increased significantly. (b), (c) and (e) Western blot analysis of
the integrin a (b and c) and b (e) subunit proteins expressed in the ESCs. The translational levels of integrin a5, a6, a9, b1, and b5 subunits were identified by immunoblotting and
exposing to the film for 4 min before densitometric analysis. Subsequently, a prolonged exposure up to 1 hr was performed for some integrin subunits (a8, b3, b4, b7 and av) showing
no expression under standard protocol, but no expression was detected except for the case of integrin av (c). Both glycosylated mature and non-glycosylated immature forms were
observed in integrin a5, a6, a9, b1 and b5 subunits and densitometric analysis on each subunit was subsequently performed (f–i). Total amount of each integrin subunit protein
expressed (f and g) and the translational levels of mature (with glycosylation) and immature (without glycosylation) protein in each subunit (h and i) are presented as the optical
density relative to the level of b-actin protein expression on the same blot. The highest expressions in total amount of glycosylated mature and non-glycosylated immature proteins
were found in integrin a5 and b1 subunit, respectively, and total amount of mature integrin a5 and b1 subunit proteins were expressed significantly more than that of immature
proteins. In contrast, integrin a6, a9 and b5 subunits showed significant decreases in the expression of mature protein relative to that of immature protein. All data shown are
means� S.D. of five independent experiments. a,b,c,d,e,fp< 0.05, *, **p< 0.05, and dp< 0.05. ND¼ not detected.
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a9 subunits were equal, but more translation of glycosylated
mature protein was detected in integrin a9 than integrin a6 subunit
(Fig. 1f,h). Integrin av subunit showed the lowest level among all
up-regulated subunits (Fig. 1c). In the case of the integrin
b subunits, only translation of b1 and b5 subunits was detected
(Fig. 1e) and, regardless of glycosylation, the b1 subunit showed
more translation than the b5 subunit (Fig. 1g,i). Integrin hetero-
dimers a5b1 and a6b1 have been identified in ESCs to date [26,27].
Blocking integrin subunits a5, a6 and av or heterodimer a9b1 in ESCs
resulted in lowered adhesion to fibronectin, laminin, vitronectin
and tenascin-C ECM components compared with non-blocking
(Supplementary Fig. 1).

3.2. Optimization of the mechanical properties of a 3D scaffold for
self-renewal of ESCs

We sought to utilize a hydrogel system developed by our labo-
ratory as a 3D synthetic ECM analog [23,28], here using ligation of
the above-discovered integrin heterodimers for supporting self-
renewal of ESCs. A hydrogel network is formed in situ, in the
presence of suspended cells, by crosslinking a reactive PEG vinyl-
sulfone (PEG-VS) under near-physiological conditions with
a di-cystyl peptide, the cysteine residues flanking a matrix metal-
loproteinase substrate site; adhesion ligands, formed as synthetic
peptides with a free cysteine residue near the N-terminus, are
linked within the network by the same reaction (Supplementary
Fig. 2a). The mechanics of the hydrogel scaffold can be modulated
by adjusting the stoichiometric ratio (r) of VS to cysteine equiva-
lents. Neither a difference in mechanical elastic modulus (obtained
by varying r from 0.6 to 1.1), nor difference in culture dimension
(3D PEG-hydrogel scaffold vs. 2D coculture with or without a MEF
feeder) was observed to influence the metabolic activity of ESCs
(Supplementary Fig. 2c,e). Spherical ESC colonies formed uniformly
5 d after culture within PEG-hydrogels of any r level (Supplemen-
tary Fig. 2b upper panels), and the colonies were homogenously
derived from the stem cells (Supplementary Fig. 2b lower panels). A
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significant increase in the size of ESC colonies was detected in PEG-
hydrogel of r from 0.6 or 1.1, i.e. the soft materials at the extrema of
the range we explored. Whereas, despite PEG-hydrogel with 1.0 r
was softer than those with 0.6 r, the significantly smaller size of
colonies was observed (Supplementary Fig. 2d). This suggests that
mechanical property of PEG-hydrogel is not the only factor that
influences the proliferation of ESCs. Significant decreases in alka-
line phosphatase (AP) activity and transcription of stemness-
related genes were detected in the ESCs cultured in the absence of
a MEF feeder layer. However, such decreases disappeared by the use
of the 3D scaffold of different properties (Supplementary Fig. 2f,g);
no prominent dependence in AP activity upon r was observed. The
ESCs cultured within 3D scaffolds showed higher transcription of
all stemness-related genes than the ESCs cultured in the feeder-free
2D system and, except for Foxd3, lower transcription than the ESCs
cultured in the feeder-containing 2D system. Among the scaffolds
of different r, the PEG-hydrogel of r¼ 0.7 fully supported ESC
maintenance and was selected for further exploration.

3.3. Determination of adhesion peptide sequence binding specificity

We explored the effect of integrin heterodimer ligation upon
self-renewal of undifferentiated ESCs. Based on the characteriza-
tion described above, we selected integrins a5b1, avb5, a6b1 and a9b1

for investigation (Fig. 1), using integrin-specific peptides for a5b1

plus avb5, a6b1, and a9b1. The sequence RGDSP, derived from
fibronectin, was used to primarily recognize integrin a5b1 [29,30]
and avb5; in this context, the soluble peptide prominently inhibited
Fig. 2. Change in the expression of stemness-related (a, c and e) and differentiation-specific (
different concentrations (0, 400, 800, 1200 and 1600 mM). Synthetic adhesion peptides RGDSP
d) or AEIDGIEL, a ligand for integrin a9b1 (e and f) were bound the PEG-based scaffold,
quantitatively monitored by real-time PCR at 5 d culture in the presence of LIF. In genera
significantly increased by the addition of 400, 800 and 800 mM in RGDSP, TTSWSQ and AEID
Supplementary Table 3. All data shown are means of 4 independent experiments. Differen
binding of ESCs to fibronectin (Supplementary Fig. 3a) as well as to
vitronectin [31] (Supplementary Fig. 3b). Conversely, suppressed
attachment of ESCs to RGDSP peptide incorporated within the PEG
hydrogels was detected after co-treatment of anti-integrin a5 and
anti-integrin av antibodies, more so than in response to either
blocking antibody alone (Supplementary Fig. 3c). The angiogenesis
inducer CCN1 [32]-derived sequence TTSWSQ was utilized for
specificity to integrin a6b1 activation. The transcriptional level of
stemness-related genes in ESCs was prominently increased by the
addition of soluble TTSWSQ peptide inside PEG-hydrogel, while
anti-integrin a6 antibody treatment significantly decreased the
transcriptional levels even after being exposed to TTSWSQ peptide
(Supplementary Fig. 4). The tenascin-C-derived sequence AEIDGIEL
[33] was used for specificity versus integrin a9b1; this peptide when
soluble significantly inhibited attachment to tenascin-C (Supple-
mentary Fig. 3d) and treatment with anti-integrin a9b1 antibody
remarkably blocked the binding of ESCs to AEIDGIEL peptide
(Supplementary Fig. 3e). From these results, we confirmed the
specificity of peptides containing RGDSP, TTSWSQ and AEIDGIEL for
integrin a5b1 as well as avb5, integrin a6b1, and integrin a9b1,
respectively.

3.4. Effects of signaling through individual integrin ligation on ESC
pluripotency

Having confirmed integrin specificity, we examined whether
conjugation of the PEG-hydrogel with the adhesion peptides
RGDSP, TTSWSQ or AEIDGIEL individually could support ESC self-
b, d and f) genes in ESCs after culture in 3D scaffolds containing ECM analog peptides of
, a ligand for integrin a5b1 and avb5 (a and b), TTSWSQ, a ligand for integrin a6b1 (c and

and ESCs were subsequently encapsulated within the material. Gene expression was
l, the expression of stemness-related gene expression was either fully maintained or
GIEL, respectively. The sequences of the peptides used in this experiment are shown in
t colors indicate significant difference (p< 0.05).
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renewal, or alternatively would lead to differentiation. Zero, 400,
800, 1200 and 1600 mM of each adhesion peptide were bound
individually within the scaffold. Co-activation of integrin a5b1 and
avb5 by 400 mM RGDSP-containing adhesion peptide led to up-
regulation of only Nanog among the stemness-related genes
examined (Fig. 2a), while Fgf4 and Gdf4 were down-regulated. At
higher concentrations, all stemness-related genes examined were
down-regulated, with the exception of Oct4, which was neither up-
nor down-regulated at any RGDSP concentration explored. Next,
integrin a6b1 and integrin a9b1 were activated by TTSWSQ- and
AEIDGIEL-containing hydrogels (Fig. 2c,e), respectively. Activation
by 800 mM TTSWSQ or AEIDGIEL strongly up-regulated the
expression of most stemness-related genes (Oct4, Fgf4, Sox2, Foxd3
and Dnmt3b by integrin a6b1 and Oct4, Nanog, Sox2, Lifr, Foxd3,
Dnmt3b and Gdf3 by integrin a9b1), while the same peptides of
different concentrations were not suitable for the observed up-
regulation. No difference in transcription was detected in Gdf3, Lifr
and Rex1 by TTSWSQ-stimulated integrin a6b1, and Fgf4 by
AEIDGIEL-stimulated integrin a9b1. On the other hand, extensive
alterations were observed in the transcriptional levels of the
differentiation-specific genes, while no dose-response behavior for
up- or down-regulation was detected after the stimulations, other
than a dramatic increase derived from the highest dose of AEIDGIEL
(Fig. 2b,d,f). These results indicated that functional activation of
several integrin heterodimers by adhesion peptide sequences being
conjugated with PEG-hydrogel scaffold was critical for self-renewal
of ESCs and that ligation of one integrin heterodimer alone could
not trigger sufficient signal for self-renewal of ESCs.

3.5. Development of synthetic 3D integrin-stimulating matrices
supporting maintenance of ESC pluripotency

To maximize the signal of integrin heterodimers for stem cell
self-renewal, combinatorial conjugation of each adhesion peptide
within the scaffold was conducted. Combinatorial activation of each
integrin heterodimer significantly up-regulated transcription of
Fig. 3. Effects of combined stimulation with RGDSP (a5b1 and avb5), TTSWSQ (a6b1) and/or A
genes in ESCs after culture in either 2D or in the 3D scaffolds. In the case of 2D culture, the
a MEF feeder layer. For the construction of the 3D microenvironment, the ESCs were enca
TTSWSQ, and/or 800 mM AEIDGIEL. Gene expression of the ESCs was quantitatively monitored
and AEIDGIEL in 3D culture yielded the optimal maintenance of the ESCs, with increased e
entiation-related genes. Those levels were either comparable or superior to those observ
experiments. Different colors indicate significant difference (p< 0.05). ND¼ not detected.
stemness-related genes (Fig. 3a) and down-regulated transcription
of differentiation-specific genes (Fig. 3b). The ESCs exposed to all
three adhesion peptides for co-stimulation of a5b1, avb5, a6b1 and
a9b1 increased the transcription of all stemness-related genes,
which became similar to that of ESCs cultured on MEF feeder layers.
In contrast, ESCs treated with blocking antibodies of integrin het-
erodimers on feeder layers prominently down-regulated tran-
scription of most stemness-related genes, which was influenced by
combinatorial treatment of antibodies. Co-treatment of all anti-
bodies for the inhibition of all integrin heterodimers induced
significantly reduced transcription of all the stemness-related
genes, except for Tert. Thus, activation of ESCs by binding to the
artificial ECM via a5b1, avb5, a6b1 and a9b1 all together maintained
ESC stemness as on MEF feeder layers, and these integrins were
demonstrated to be of relevance on the feeder layers as well, shown
through inhibition with blocking antibodies (Supplementary Fig. 5).

On the other hand, no significant up-regulation was detected in
the genes related to differentiation except for mesoderm-specific
Acta2. Compared with the ESCs cultured on a MEF feeder layer,
ectoderm- and mesoderm-specific genes were down-regulated,
while no significant difference was detected in endoderm-specific
genes. The translation of SSEA-1 (Fig. 4a), Oct4 (Fig. 4b), and Nanog
(Fig. 4c) was maintained in the ESCs cultured within the PEG-
hydrogel containing the RGDSP, TTSWSQ and AEIDGIEL peptides for
3 wk without subpassage. Especially, Nanog translation by hydro-
gel-embedded ESCs activated by integrin a9b1 or all four integrin
heterodimers prominently increased, which become similar to that
of the ESCs cultured on the feeder layers. In addition, the ESCs
cultured within the PEG-hydrogel conjugated with all three adhe-
sion peptides formed spherical colonies (Supplementary Fig. 6) and
significantly promoted proliferation and survival (Supplementary
Fig. 7). However, this level of survival (mean� S.D.; 76.3�1.33%)
was significantly lower than those of ESCs cultured in a 2D
microenvironment with (84.5� 6.95%) or without (84.4� 6.95%)
a MEF feeder layer. Thus, these studies showed that a synthetic 3D
microenvironment activating integrin a5b1 and avb5, integrin a9b1
EIDGIEL (a9b1) on the expression of stemness-related (a) and differentiation-specific (b)
ESCs were cultured in the presence (shown as with) or absence (shown as without) of
psulated into the PEG-based scaffold (r¼ 0.7) conjugated with 400 mM RGDSP, 800 mM

by real-time PCR at 5 d culture in the presence of LIF. Combined use of RGDSP, TTSWSQ
xpression of stemness-related genes accompanied with reduced expression of differ-
ed on the 2D culture environment. All data shown are means of five independent



Fig. 4. Maintenance of stemness-related protein expression in ESCs cultured in either 2D or in 3D PEG-based scaffolds containing various integrin-related peptides at optimal
concentrations. Maintenance of ESCs in the undifferentiated state in the 2D microenvironment was attained by the use of mitomycin C-treated MEF feeder cells, while the 3D
microenvironment was created by the PEG-based scaffold (r¼ 0.7) conjugated with 400 mM RGDSP, 800 mM TTSWSQ and/or 800 mM AEIDGIEL. The ESCs were subsequently cultured
for 3 wk on 2D (with subpassage every 3d) or inside the 3D microenvironment (without subpassage) in the presence of LIF, and at the end of culture, the expression of SSEA-1 (a),
Oct4 (b) and Nanog (c), stem cell-specific marker proteins were evaluated by flow cytometric analysis. In all treatments for 3D culture, significant decreases in the reactivity to SSEA-
1 and Oct4 were not detected after culture. Nanog expression was significantly increased in the ESCs encapsulated within the scaffold containing AEIDGIEL or all three peptides
together, within which expression became similar compared with that detected in the ESCs cultured on MEF feeder cells. Dilution rate of antibodies used for flow cytometric
analysis are listed in Supplementary Table 2 and all data shown are means� S.D. of three independent experiments. *,**,***,****p< 0.05.
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and integrin a6b1 could effectively support self-renewal of ESCs
even without feeder cells, up-regulating stemness and down-
regulating differentiation-related genes.

3.6. Regulation of stemness-related signal molecule activity by
downstream signaling of integrin heterodimers within 3D, RGDSP,
TTSWSQ, AIEDGIEL-containing scaffolds

For identifying signal proteins regulated by downstream
signaling derived from combinatorial activation of each integrin
heterodimer, we investigated transcription and translation of Stat3
[34,35], b-catenin [36,37], Smad 1/5/8 [38] and Akt1 [39,40] genes
and proteins, which have been reported as key signal molecules
supporting stem cell self-renewal. In the case of Stat3 activated by
LIF (Supplementary Fig. 8a,b,c), co-stimulation of all four integrin
heterodimers stimulated Stat3 transcription, while the stimulation
of integrin heterodimers within the 3D scaffold significantly
down-regulated the activation of Stat3, regardless of type of
adhesion peptides. In the case of b-catenin transcription factor
regulated by Wnt (Supplementary Fig. 8d,e), the highest b-catenin
gene and protein expression were observed in the ESCs cultured
on MEF feeder layers. There were significant transcriptional up- or
down-regulations in the ESCs stimulated by specific integrin
heterodimers inside a 3D scaffold. However, no translational
regulation was detected and merely the absence of MEF feeder
cells or the 3D scaffold prominently down-regulated b-catenin
translation. In the case of Smad 1/5/8 signaling derived from BMP4
(Supplementary Fig. 9), ESCs significantly changed the transcrip-
tion of Smad 1, 5 and 8 in response to external stimulation of the
integrin heterodimers. However, no alteration in the activation of
Smad 1/5/8 was detected by any of these stimulations. A signifi-
cant increase in the transcription of the kinase Akt1, which is
activated by unknown factor-stimulated phosphoinositide
3-kinase (PI3K), was detected after the stimulation of integrin a6b1

or all integrin heterodimers inside PEG-hydrogel (Fig. 5). Even the
3D scaffold itself, without conjugation of adhesion peptide,
significantly stimulated Akt1 transcription. However, there was no
correlation between the regulation of Akt1 transcription and that
of total Akt1 translation. Mere activation of integrin a6b1, integrin
a6b1 and a9b1 together, or a5b1, avb5, a6b1 and a9b1 heterodimer
signaling all together within the PEG-hydrogel significantly
increased Akt1 activation. The differences in response of the ESCs
between culture on MEFs and culture in the 3D matrix in terms of
Smad 1/5/8, Stat3 and b-catenin activation indicate that different
pathways of signal transduction can lead to the same overall
cellular phenotype of maintenance of the undifferentiated state.
Still, based on the results, we can presume that this Akt1 signal
has a critical effect on stem cell self-renewal and survival within
this material.

4. Discussion

Numerous signals must be integrated by the ESCs within the
niche, to drive self-renewal versus differentiation decisions. Many
of these derived from the ECM, however the roles they play, in
alternately supporting self-renewal or differentiation, remains
unclear. To address this, we developed an artificial ECM analog,
with which we could explore the role of integrin ligation and
activation on ESC fate decisions. Through transcriptional analysis of
24 integrin subunits, followed by confirmation at the protein level
and inhibition with blocking antibodies, we identified a5b1, avb5,
a6b1 and a9b1 as interesting. Using the 3D hydrogel microenvi-
ronment as an experimental tool, we determined that activation of
these four integrins together, but not alone, led to up-regulation of
stemness genes and down-regulation of differentiation genes.
Integrin signaling apparently plays a role in ESC interaction with
feeder cells as well, in that blocking binding of these same integrins
on MEF feeder layers also inhibited maintenance of stemness.
Within the hydrogel that binds a5b1, avb5, a6b1 and a9b1, Akt1-
derived signal transduction along with regulation of other
stemness-related gene appears to be a major key for maintaining
self-renewal of ESCs and inducing additional morphogenesis such
as the formation of spherical colonies.

From a practical perspective, the hydrogels presented herein
may be useful not just to study the roles of integrins in ESC decision
making, but also as a substrate for ESC self-renewal in culture, in
the absence of MEF feeder cells. We note that other approaches,
both based on matrices [5,41] and molecular [36,38] approaches
have been presented. The matrix approach described here is
particularly flexible, and moreover may be useful in investigating



Fig. 5. Transcription and translation of Akt1 signal protein resulted from dimensional differences and combinatorial activation of integrin heterodimers by peptide sequences in
ESCs. Maintenance of the undifferentiated ESCs in the 2D microenvironment was obtained use of mitomycin C-treated MEFs, while the 3D microenvironment was created by PEG-
based scaffolds (r¼ 0.7). Combinatorial activation of integrin heterodimers in ESCs encapsulated within the PEG-based scaffold was achieved by conjugation of 400 mM RGDSP (a5b1

and avb5), 800 mM TTSWSQ (a6b1) and/or 800 mM AEIDGIEL (a9b1) to PEG-VS. On d5 of culture in 2D (with subpassage every 3 d) or within the 3D microenvironment (without
subpassage) in the presence of LIF, expression of Akt1 (a) was quantified by real-time PCR. In 3D culture, the combinatorial stimulation of all integrin heterodimers together induced
significant increase in gene transcription of Akt1, and the 3D scaffold itself greatly increased Akt1 gene expression. In a 2D microenvironment, MEF feeders down-regulated Akt1
gene expression. All data derived from real-time PCR indicate means� S.D. of four independent experiments. Subsequently, the expression of stemness-related signal proteins of
Akt1 (b) and phospho-Akt1 (c) were analyzed by ELISA, and the active level of Akt1 signal proteins were represented as the ratio of absorbance of phospho-proteins to absorbance of
total proteins. Integrin a6b1, co-stimulation of integrin a6b1 and a9b1, and stimulation of all the integrin heterodimers together strongly stimulated Akt1 activation, while total Akt1
translation was lowered. The 3D scaffold itself significantly increased the active level of Akt1 protein and concomitantly inhibited total Akt1 protein translation. All data derived
from ELISA indicate means� S.D. of five independent experiments. *,**,***p< 0.05.
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and applying the influence of matrix interactions in the niche upon
stem cell self-renewal and differentiation more generally.

5. Conclusions

We present an approach by which to qualitatively and quanti-
tatively characterize the requirements for integrin ligation in the
embryonic stem cell microenvironment necessary for maintenance
of stemness. The hydrogel material allows systematic modulation
of mechanics, adhesion ligand(s), amounts of adhesion ligands, and
proteolytic sensitivity. Although we have demonstrated the
approach here with embryonic stem cells, the method is equally
applicable to adult stem cells as well. From the perspective of the
analysis we performed on murine embryonic stem cells, we applied
the method to demonstrate a critical role of simultaneous signaling
from identified a5b1, avb5, a6b1 and a9b1 in maintenance of stem-
ness. This combination of integrins may specific to murine
embryonic stem cells, and comparative analysis in human embry-
onic stem cells is both necessary and under way.
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