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Introduction

Human embryonic stem cells (hESCs) hold great promise in 
regenerative medicine and tissue replacement therapies due to 
their pluripotent nature and ability for unlimited self renewal.1 
Recent advances in the directed differentiation of hESCs have 
also suggested that these cells may be used as an in vitro model 
for the study of early human development, an objective which 
was difficult to achieve in the past. Of particular interest is the 
effective derivation of definitive endoderm from hESCs, as this 
somatic germ lineage contains the essential precursors that are 
required to successfully produce cells from organs such as the 
pancreas, liver and lungs.2,3 Definitive endoderm can currently be 
derived from hESCs following an ontogeny based differentiation 
strategy,4,5 with the approach of mimicking the key biochemi-
cal signaling pathways that are known to be involved in cellular 
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specification in vivo. Although there have been various reports 
in the past few years on the directed differentiation of hESCs 
into a number of endoderm cell types,6,7 mature functional cells 
have yet to be produced in vitro. This suggests that there may be 
important factors that have yet to be described and thus utilized 
in the current protocols, which are essential for the derivation of 
functional cell surrogates.

One such aspect that remains poorly understood and neglected 
in almost all differentiation protocols is the interactions between 
a cell and the extracellular matrix (ECM). These interactions 
are largely mediated by integrins, which are heterodimeric trans-
membrane cell adhesion receptors. Integrins consist of a non- 
covalently bound α- and β-subunit, and upon binding to their 
ligand at the cell surface, are capable of bidirectional signal-
ling across the plasma membrane to serve as a transmembrane 
mechanical link between the extracellular and intracellular 

human embryonic stem cells (hESCs) can be directed to differentiate into a number of endoderm cell types, however 
mature functional cells have yet to be produced in vitro. this suggests that there may be important factors that have yet 
to be described, which may be essential for the proper derivation of these cells. one such factor is the integrin mediated 
interactions between a cell and the extracellular matrix (ECM). on this basis, the present study investigated the role of the 
ECM in the directed differentiation of hESCs to definitive endoderm via analysis of integrin gene expression. the results 
showed that definitive endoderm can be efficiently and effectively derived from hESCs in a feeder free, single defined 
ECM of laminin. Analysis of integrin expression also showed that definitive endoderm highly express the integrins αV and 
β5, which have the ability to bind to vitronectin, whilst expression of the pluripotency related laminin binding integrins 
α3, α6 and β4 were downregulated. this suggested a potential role of vitronectin binding integrins in the development 
of definitive endoderm.



40 Cell Adhesion & Migration Volume 4 issue 1

 Short CoMMuniCAtion

a single defined extracellular matrix. Pluripotent hESCs were 
efficiently and effectively differentiated into definitive endoderm 
on either laminin or Matrigel coated surfaces following the pro-
tocol described by Kroon et al.25 Laminin was chosen alongside 
the commonly used Matrigel as we, and others have previously 
shown that laminin is superior to other defined ECM proteins 
for the preferential adhesion and maintenance of hESCs in a 
pluripotent state.24,29 Indeed, the present study found that initial 
adhesion of the hESC line Envy was comparable on either lami-
nin or Matrigel coated surfaces (Fig. 1). A similar result was also 
observed with adhesion of the HES3 cell line (data not shown).

Gene and protein expression analysis of markers characteristic 
of definitive endoderm yielded similar results between the Envy 
and HES3 hESCs that were differentiated on laminin or Matrigel. 
The results of the qPCR analysis of relevant gene expression by 
the Envy cell line cultured on laminin are presented in Figure 
2A. At the end of the 3 day differentiation period, the hESCs 
that were treated with Wnt3a and activin A highly expressed the 
definitive endoderm markers SOX17, FOXA2, CXCR4 and CER. 
This was in comparison to the untreated control, which consisted 
of cells cultured in the differentiation media without the supple-
mentation of growth factors. As some of these definitive endo-
derm markers are also expressed by extraembryonic endoderm, 
it is important to also examine for the expression of markers of 
visceral and parietal endoderm to allow discrimination between 
definitive endoderm and extraembryonic endoderm. Lower levels 
of expression of the visceral and parietal endoderm marker SOX7 
was detected in the treated cells relative to the untreated control, 
whilst the visceral endoderm marker AFP was not detected in 
the treated cells. This suggested that the high levels of expres-
sion of the definitive endoderm markers should predominantly be 
by hESCs that differentiated into definitive endoderm. Analysis 
for expression of the mesoderm marker FLK1 and the ectoderm 
maker SOX1 showed that expression was lower in the treated 
cell population relative to the untreated control. This indicated 
that only a relatively small proportion of the treated hESCs dif-
ferentiated along these alternative lineages in comparison to the 
untreated samples. Similar patterns and levels of gene expression 

environment.8 This enables a cell to sense and respond to its envi-
ronment, and thus integrin mediated interactions are vital for a 
number of biological processes including the maintenance of nor-
mal cell function, adhesion, proliferation and differentiation.9,10 
At present, 18α and 8β subunits have been identified, which are 
known to assemble into at least 24 distinct integrin heterodimers. 
The distinct structure of a heterodimer determines ligand speci-
ficity and the signalling ability of specific integrins.11,12

The pattern of integrin expression during fetal development 
of endoderm organs including the pancreas, liver and lungs have 
been detailed previously.13-15 These studies showed that specific 
integrins play a critical role in mediating key developmental events 
in later organogenesis. For example, laminin-1 and the laminin 
binding receptor α6β1,16,17 have been found to be essential for 
proper pancreatic ductal morphogenesis during mouse embryonic 
development.18 Integrin expression at the earliest developmental 
stages such as that of definitive endoderm however, has not been 
described and warrants further investigations.

In the present study, we investigated the integrin gene expres-
sion profile of definitive endoderm derived from hESCs. The 
results showed that definitive endoderm highly express the inte-
grins αV and β5, which potentially form a heterodimer that 
binds to vitronectin,19,20 whilst expression of the pluripotency 
related laminin binding integrins α3, α6 and β4,21,22 were down-
regulated. This suggested a potential role of vitronectin binding  
integrins in the development of definitive endoderm.

Results & Discussion

This study has described for the first time, the integrin gene 
expression profile of definitive endoderm derived from hESCs, 
which suggested a potential role of vitronectin binding integrins 
in the formation of definitive endoderm. The results may be uti-
lized to further improve current ontogeny based hESC differen-
tiation protocols. In addition, it provides an insight into integrin 
expression during early human endoderm development.

Feeder free differentiation of hESCs to definitive endo-
derm can be efficiently and effectively achieved on laminin, 

Figure 1. Bright field images of single hESCs from the cell line Envy attached onto laminin or Matrigel coated surfaces. Single hESCs were seeded onto 
laminin or Matrigel coated surfaces and cultured in human fetal fibroblast conditioned media supplemented with 10 ng/mL Fgf2 for 48 hours prior to 
the induction of differentiation. initial adhesion of the hESCs was comparable on either laminin or Matrigel coated surfaces (A) Adhesion at 48 hours 
on laminin (B) Adhesion at 48 hours on Matrigel (scale bar 200 μm).
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Undifferentiated hESCs predominantly express the laminin 
binding integrins α6 and β1, and the vitronectin binding integ-
rins αV and β5. The changes in integrin expression as the hESCs 
differentiated from a pluripotent state into definitive endoderm were 
determined by comparing mRNA expression of a range of α and β 
integrin subunits by undifferentiated and differentiated cells. The 
threshold cycle (C

T
) values from qPCR analyses are presented to 

show the intensity of integrin expression by permitting normaliza-
tion to the housekeeping gene, β-actin (Table 2). The data revealed 
that both undifferentiated hESCs and definitive endoderm cells 
expressed all of the integrin genes that were examined, albeit at dif-
ferent levels. The trends in integrin gene expression were also simi-
lar between the cells cultured on either laminin or Matrigel coated 
surfaces as determined by comparisons of the changes in C

T
 values 

between undifferentiated hESCs and definitive endoderm.

were also displayed by differentiation of the Envy and HES3 cell 
lines cultured on Matrigel (data not shown).

Immunocytochemistry analysis of the definitive endoderm 
markers SOX17 and FOXA2 showed that strong nuclear staining 
was evident for both of these transcription factors, with almost 
all of the treated cells co-expressing both SOX17 and FOXA2 
protein (Fig. 2B). The results shown here were obtained from 
the non-GFP expressing HES3 cell line on laminin in order to 
permit SOX17 and FOXA2 co-staining to be shown. However, 
similar immunostaining results were obtained from hESC dif-
ferentiation on Matrigel with both Envy and HES3 hESCs (data 
not shown). Together, these results confirmed that hESCs can be 
effectively induced to differentiate into definitive endoderm on 
either laminin or Matrigel coated surfaces following the 3 day 
treatment period.

Figure 2. Gene and protein expression analysis of hESC differentiation to definitive endoderm on laminin coated surfaces. (A) the treated hESCs 
highly expressed genes characteristic of definitive endoderm, with relatively low expression of extraembryonic endoderm, mesoderm and ectoderm 
markers. Data presented as the average relative gene expression ± standard deviation (n = four independent experiments with duplicate samples) 
in comparison to the untreated control, which consisted of hESCs cultured in the differentiation media without the supplementation of growth fac-
tors. (B) representative lower and higher magnification images of double immunostaining for SoX17 and FoXA2 in treated hESCs. Almost all hESCs 
displayed strong nuclear staining for the definitive endoderm transcription factors SoX17 and FoXA2.
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a possible role of vitronectin binding receptors in the formation 
of definitive endoderm from hESCs.

Although Matrigel contains a significant amount of collagen 
IV, none of the collagen IV binding integrin subunits such as 
α1, α2, α3, α10 and α11,34-36 were highly upregulated following 
definitive endoderm formation in comparison to undifferentiated 
cells on either laminin or Matrigel (Table 2). Vitronectin on the 
other hand, is not present in laminin or Matrigel.30 Whilst trace 
amounts of this ECM protein may be present in the differentia-
tion media due to the presence of low concentrations of serum, 
the undifferentiated controls were cultured in the presence of 
20% SR, an environment which we expect to contain more sig-
nificant amounts of vitronectin. Therefore, one can speculate that 
the increase in expression of the vitronectin binding integrins αV 
and β5 may be specific to the formation of definitive endoderm 
rather than to the ECM on which the hESCs were cultured.

Furthermore, it has previously been demonstrated that αVβ5 
plays a role in maintaining hESCs in a pluripotent state.30 Integrin 
αVβ5 has also been described as a regulator of the Transforming 
growth factor-beta (TGFβ) signaling pathway in a number of cell 
types.37,38 In hESCs, TGFβ signaling has been associated with 
the maintenance and differentiation of hESCs, with low levels of 
signaling necessary to maintain hESC pluripotency and high lev-
els of signaling inducing hESC differentiation towards particular 
lineages.39,40 Further studies are required to investigate whether 
there are any correlations between TGFβ signaling and αV and 
β5 expression in definitive endoderm derived from hESCs.

In summary, an examination of integrin gene expression by 
definitive endoderm derived from hESCs showed a downregu-
lation in expression of the laminin binding receptors α3, α6 
and β4 and high levels of expression of the vitronectin binding 

Consistent with published data, the undifferentiated hESCs 
predominantly expressed the laminin binding integrins α6 and 
β1, as well as the vitronectin binding integrins αV and β5.24,29,30 
After 3 days of differentiation though, we observed a decrease 
in expression level of the laminin binding integrins α3, α6 and 
β4,21,22 in comparison to undifferentiated hESCs on both laminin 
and Matrigel. This decrease was statistically significant on lami-
nin coated surfaces (Table 2). The downregulation in expression 
of laminin binding integrins in definitive endoderm relative to the 
undifferentiated hESCs suggested that whilst laminin has been 
shown to be an important ECM protein for hESCs in a pluripo-
tent state,24,29 it may not be the optimal ECM for hESC differ-
entiation. This raises questions as to the appropriateness of using 
the laminin-rich Matrigel for hESC differentiation, and reiterates 
the necessity to determine and define an ECM environment that 
is optimal for differentiation to specific cellular phenotypes.

Definitive endoderm highly express the vitronectin bind-
ing integrins αV and β5. In contrast, the formation of defini-
tive endoderm resulted in an increase in expression level of the 
integrins αV, α5, β3, β5 and β7 (Table 2). These subunits 
can potentially form heterodimers with each other to bind to 
fibronectin and vitronectin. Whilst expression of the fibronec-
tin binding integrins α5 and β7,31,32 had two of the greatest lev-
els of relative increase in gene expression, the actual intensity of 
gene expression was low as demonstrated by the high C

T
 values. 

Although αV and β3 form a potent dimer receptor for binding 
to vitronectin,33 our study showed that definitive endoderm most 
highly expressed the integrins αV and β5, and at a level signifi-
cantly higher than undifferentiated hESCs on both laminin and 
Matrigel (Table 2). These subunits in combination can form a 
heterodimer integrin receptor for vitronectin19,20 which suggested 

Table 1. real-time quantitative PCr primer sequences

Gene Forward 5'-3' Reverse 5'-3'

integrin α1 tCAGCCAAGtCAAtGtttCG CAAAAGCACtCAGCAGGAtG

integrin α2 CGGttGAtGGGACAGAAGtAA GGCttGGAAACtGAGAGACG

integrin α3 CCCAACtACAGGCGAAACA GCAtCCGCAAAGGtAAAGAG

integrin α4 GttttCCAGAGCCAAAtCCA GCCAGCCttCCACAtAACAt

integrin α5 CAGGGtGGtGCtGtCtACCt GCtCAGtGGCtCCttCtCtG

integrin α6 GAtAAACtGCGtCCCAttCC tCGtCtCCACAtCCCtCttt

integrin α7 CCtttGAtGGtGAtGGGAAA CAGCAGGtCAGGGtAttGGt

integrin α9 AAGCCGACCACAtCCtACC tCCAGCCCAAtAAAAtGACC

integrin α10 CCCAGAACAAGGAAACAGGA CACAGCCACAtCAGCAAAAC

integrin α11 GAAGGGtGGAAGGAAAGGAG GGGtCACtGGCGAtGtAttt

integrin αV AtGGCAAACtCCAAGAGGtG GAGAtGGGACtGCGttCAAG

integrin β1 CtGCCttGGtGtCtGtGCt CCtCGttGttCCCAttCACt

integrin β2 tGGtGtttGCCACtGAtGAC GAtGGGCtGGAtGttGtttt

integrin β3 GCGGCAAGtGtGAAtGtG ACtGAGAGCAGGACCACCAG

integrin β4 CACCAGCAGtCGCtCtACAC CtCGtCCACCAtCttGACCt

integrin β5 tCtACAAAACCGCCAAGGAC AAGCCCAACAAGGAGGAtG

integrin β6 GtGAGACACAAAGGGCtGCt AACACACttGCCACAAACACA

integrin β7 ACCGtGACCCttGAACACtC GCttGGAGAGAAACCCAGAA

integrin β8 AttAGCAtCCACCCCGAAA CCAGCAGCAAtCttttAGCC
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Serum Replacement (SR) (Invitrogen), 1% 100x Insulin 
Transferrin Selenium (Invitrogen), 1% non-essential amino 
acids stock (Invitrogen), 1% 200 mM L-glutamine (Invitrogen), 
0.1 mM β-mercaptoethanol (Sigma, St. Louis, MO), 5,000 U/
mL penicillin/streptomycin stock mix (Invitrogen) and 10 ng/
mL human recombinant fibroblast growth factor 2 (Fgf2) 
(Invitrogen). Cultures were routinely passaged with 0.05% 
trypsin/EDTA (Invitrogen) upon the colonies reaching approxi-
mately 75% confluence.1

Differentiation of hESCs to definitive endoderm. Pluripotent 
hESC colonies were dissociated into single cells as previously 
described.24 Single cells at a density of 7.5 x 104 cells/cm2 were then 
seeded onto 25 μg/mL mouse laminin (Invitrogen) or Growth 
Factor Reduced Matrigel (1:200 dilution) (BD Biosciences, 
Bedford, MA) coated surfaces and cultured with human fetal 
fibroblast conditioned media (HFF-CM) supplemented with 10 
ng/mL Fgf2. HFF-CM was produced by conditioning of gamma 
irradiated HFFs which were cultured in KO-SR media for 24–36 
hours as described above. The single hESCs were incubated for 
48 hours at 37°C to permit cellular adhesion and the media was 
changed daily. The cells were then briefly washed with phosphate-
buffered saline (PBS, containing Ca2+ and Mg2+) (Invitrogen) 
before differentiation to definitive endoderm was induced fol-
lowing stage 1 of the protocol by Kroon et al.25

receptors αV and β5. This suggested a potential role of vitronec-
tin binding integrins in the development of definitive endoderm. 
Further studies should determine the functional role of the inte-
grins αV and β5 in the development of definitive endoderm and 
the signaling pathways on which they act. Together, the knowl-
edge gained from such studies may present positive implications 
to further improve current hESC differentiation protocols for the 
purpose of creating functional cells for regenerative therapies. In 
addition, whilst it remains unknown whether the findings in the 
current study are a direct reflection of events which occur in vivo, 
it potentially can be utilized as a valuable tool for investigating 
aspects of early human fetal development which could not be 
examined previously.

Materials and Methods

Cell culture. Pluripotent hESCs from the cell line HES3 and its 
green fluorescence protein (GFP) expressing clone Envy23 (both 
generous gifts from Embryonic Stem Cell International via Prof. 
Ed Stanley of Monash Immunology and Stem Cell Laboratories) 
were maintained on gamma irradiated human fetal fibroblast 
(HFF) feeder layers in Knockout Serum Replacement (KO-SR) 
media which consisted of 80% Knockout Dulbecco’s modified 
Eagle’s medium (Invitrogen, Carlsbad, CA), 20% Knockout 

Table 2. real-time quantitative PCr threshold cycle (Ct) values of integrin gene expression by undifferentiated hESCs and definitive endoderm on 
laminin or matrigel coated surfaces

hESC adhesion and differentiation on laminin hESC adhesion and differentiation on matrigel

Integrin Undifferentiateda Definitive 
endoderma

Student’s 
t-testb Integrin Undifferentiateda Definitive 

endoderma

Student’s 
t-testb

α1 25.4 ± 1.2 27.0 ± 0.4 nS α1 26.1 ± 1.2 27.3 ± 0.9 nS

α2 27.1 ± 1.5 27.7 ± 0.6 nS α2 27.5 ± 0.8 27.2 ± 1.1 nS

α3 24.1 ± 1.5 26.2 ± 0.6 p < 0.05 α3 23.5 ± 1.0 25.6 ± 0.6 nS

α4 27.8 ± 1.5 27.2 ± 1.3 nS α4 27.0 ± 1.3 26.9 ± 0.8 nS

α5 34.6 ± 1.1 31.0 ± 0.4 p < 0.05 α5 33.2 ± 0.9 29.9 ± 0.1 p < 0.05

α6 21.9 ± 1.6 24.5 ± 0.7 p < 0.01 α6 21.7 ± 0.6 24.5 ± 0.4 nS

α7 25.6 ± 0.4 25.1 ± 0.6 nS α7 25.2 ± 1.4 25.7 ± 1.9 nS

α9 25.7 ± 1.4 24.1 ± 0.9 nS α9 26.6 ± 0.9 25.5 ± 1.5 nS

α10 32.6 ± 1.1 32.7 ± 1.6 nS α10 33.2 ± 0.3 32.7 ± 1.8 nS

α11 27.9 ± 1.2 26.0 ± 0.9 nS α11 27.8 ± 0.9 25.4 ± 0.6 nS

αV 24.6 ± 1.6 21.4 ± 0.8 p < 0.05 αV 24.3 ± 0.7 20.9 ± 0.5 p < 0.05

β1 20.4 ± 1.4 20.6 ± 0.8 nS β1 20.8 ± 0.9 20.9 ± 0.5 nS

β2 33.0 ± 0.4 33.7 ± 0.3 nS β2 31.7 ± 0.3 31.8 ± 0.2 nS

β3 31.9 ± 1.6 30.6 ± 2.9 nS β3 32.0 ± 0.7 29.8 ± 1.4 nS

β4 26.8 ± 0.5 28.8 ± 1.1 p < 0.01 β4 26.6 ± 1.0 27.7 ± 1.1 nS

β5 22.2 ± 1.2 20.2 ± 0.7 p < 0.01 β5 22.6 ± 1.0 20.6 ± 0.6 p < 0.01

β6 33.8 ± 0.5 33.0 ± 1.1 nS β6 34.8 ± 2.3 34.5 ± 2.5 nS

β7 34.3 ± 1.0 32.1 ± 0.9 nS β7 32.0 ± 1.4 29.0 ± 1.8 nS

β8 29.5 ± 1.0 29.0 ± 0.4 nS β8 27.9 ± 1.1 27.4 ± 1.2 nS
aData presented as average threshold cycle value ± standard deviation for n = three independent experiments with duplicate samples. threshold 
cycles were normalized to the β-actin mrnA threshold cycle in each sample, which was approximately 17 for all cell types; bStudent’s t-test was used 
to determine if there was a significant difference in integrin expression between undifferentiated hESCs and definitive endoderm. Statistically signifi-
cant differences were denoted by p < 0.05 and p < 0.01; nS, not significant.
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