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Abstract: Human mesenchymal stem cells (hMSCs) were
infected with an adenovirus expressing integrin-linked
kinase (ILK) to understand the role of cell-ECM signal
transduction cascades in suppressing anoikis. Survivability
of ILK-infected hMSCs encapsulated in poly(ethylene gly-
col) (PEG) hydrogels, an anoikis-inducing environment,
was sustained at 90% over 7 weeks, and survival was
attributed to increased protein kinase B (PKB/Akt) activa-
tion. hMSCs encapsulated in RGD-modified hydrogels
induced an upregulation in ILK production, PKB/Akt
activation, and subsequent survival to the same extent of
ILK-infected, encapsulated hMSCs. As negative controls,
encapsulated hMSCs were infected with cyclization recom-
binase (a protein not associated with cell survival)-express-
ing virus, and uninfected hMSCs exhibited very little ILK
production, PKB/Akt activation, and survival (*55% after

7 weeks). As a measure of cell–matrix interactions, vincu-
lin was also quantified for the encapsulated hMSCs and
found to be 30-fold greater for cells encapsulated in RGD-
modified hydrogels and fivefold greater for ILK-infected
hMSCs than controls, indicating that cell–material interac-
tions are inducing the cell survivability of hMSCs encapsu-
lated in RGD-modified hydrogels. In sum, ILK infection
can support cell survival in the absence of matrix interac-
tions and enable fundamental studies of three-dimensional
cell function in response to extrinsic signals, independently
of matrix–ligand interactions. � 2007 Wiley Periodicals,
Inc. J Biomed Mater Res 81A: 259–268, 2007
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INTRODUCTION

The nature of cell adhesion and subsequent signal-
ing via receptor–ligand interactions provides the cell
with vital information about its extracellular envi-
ronment, regulating a variety of important processes,
including proliferation, migration, differentiation,

and even survival.1,2 For instance, anchorage-de-
pendent osteoprogenitor cells, such as mesenchymal
stem cells (MSCs), require integrin interactions in
order to survive.3 Indeed, the interaction of epithelial
and endothelial cells with the extracellular matrix
(ECM) inhibits default apoptotic pathways, which
become activated if cell-ECM interactions are dis-
rupted,4 and this process is termed anoikis. Thus,
cell-ECM interactions are paramount for maintaining
cell viability, and a critical aspect of developing niches
for three-dimensional cell culture.

The link between integrins and the ECM takes
place at focal adhesions. Focal adhesions consist of a
cluster of ECM-bound integrins that serve as a mem-
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brane attachment site for actin fibrils inside the cell.
Many accessory cytoskeletal proteins concentrate at
focal adhesions, as do various signaling proteins.
Integrins trigger a number of signaling pathways,
some of which are primarily related to cell adhesion.
Activated protein kinase B (PKB/Akt) plays a critical
role in regulation of adhesion-mediated cell survival
signals.5,6 Integrin-linked kinase (ILK), first identified
as an integrin b1-cytoplasmic domain-binding pro-
tein,7 enhances phosphorylation of PKB/Akt, which
is essential for PKB/Akt activation8 either directly or
through a complex involving PINCH-1.8 ILK has
been implicated in integrin, growth factor, and Wnt
signaling pathways.5–8 ILK functions as a pivotal
effector in the transduction of signals from the ECM,
regulating, among others, anchorage-dependent cell
progression and the apoptotic pathway.3

While interest in culturing cells in three-dimen-
sions has risen in the past decade,9 one of the chal-
lenges is identifying suitable matrices to study cell
function in a biologically relevant niche. Typical
matrices either suffer from a complex array of cell
and protein interactions that confound analyses to
understand isolated effects of signaling molecules or
lead to nonspecific or inadequate cell–matrix interac-
tions to mimic a tissue-like environment. Thus, we
were interested in better understanding the intracel-
lular processes that lead to anoikis and then develop
strategies to enable one to study cell function in
three-dimensions, but in the absence of extracellular
interactions. Such an approach could be useful for
studying cell function in response to different stim-
uli, including mechanical and electrical forces, chem-
ical cues, and growth factors, without the presence
of adhesive ligands, which could confound or mask
trends resulting directly from the stimuli studied.
Further, this strategy could prove to be particularly
useful when aiming to guide the differentiation of a
stem cell down a particular pathway that may be
activated or suppressed by specific ligand interac-
tions (e.g., chondrogenic differentiation of MSCs).

With this in mind, hydrogels synthesized from
poly(ethylene glycol) (PEG) are widely used for cell
encapsulation and three-dimensional cell culture,
and protein adsorption to this synthetic polymer sys-
tem is minimal, making PEG an ideal system to
study cell function in the absence of matrix interac-
tions or in the presence of targeted ligands.10 By tak-
ing a closer look at the cell-ECM signal transduction
cascades in PEG gels, we aim to understand impor-
tant signaling processes that influence cell function,
namely survival, and examine complementary strat-
egies to prevent or limit anoikis. Specifically, the via-
bility of anchorage-dependent hMSCs encapsulated
in unmodified PEG gels drops from 100 to *40%
over the course of 3 weeks, largely the result of min-
imal cell–matrix interactions. Because of the lack of

cell–material interactions, the targeted upregulation
of ILK can be achieved through PEG materials
designed with integrin-specific ligands, such as the
cell-adhesive Arg-Gly-Asp (RGD) peptide sequence.
For example, when RGD is tethered covalently to
PEG-based macromers, human MSC (hMSC) viabil-
ity is rescued.11 Pinske et al. studied the survival of
isolated hepatocytes and found that RGD conferred
survival through the ILK/Akt pathway.12

In the work presented here, we specifically study
ILK production in response to the adhesive ligand
RGD, and to determine whether ILK production is
sufficient for survival, hMSCs were infected with an
adenovirus expressing ILK. ILK infection and pro-
duction were first optimized and characterized with
respect to stability over the course of the study (i.e.,
7 weeks). Then, ILK activity was monitored by
PKB/Akt phosphorylation for MSCs encapsulated in
RGD-functionalized PEG gels and infected MSCs in
PEG gels. Infected hMSCs were encapsulated in a
PEG-based, ‘‘blank slate’’ hydrogel, and the resulting
viability was monitored and compared with the via-
bility in RGD-presenting hydrogels to see if ILK pro-
duction, alone, prevents anoikis. Finally, a potential
and major difference between these culture systems
is the presence of focal adhesions, so vinculin levels
of hMSCs and ILK-infected hMSCS cultured in the
presence and absence of RGD was monitored in
these gel environments.

MATERIALS AND METHODS

Materials were obtained from Sigma-Aldrich unless
otherwise specified.

Infection of MSCs with recombinant adenoviruses

Genetic modification of hMSCs was achieved by infection
with a recombinant adenovirus. The adenoviruses were gen-
erated using the pAdEasy-1 system (MP Biomedicals).
Recombinant pShuttle adenoviral vectors with enhanced
green fluorescent protein (GFP), cyclization recombinase
(CRE), or ILK inserted into the multiple cloning site under
the control of a cytomegalovirus promoter were used in
these studies. Homologous recombination in DH5a bacteria
with the pAdEasy-1 Ad5DE1/DE3 plasmid created a new
plasmid with GFP, CRE, or ILK expression cassette inserted
into the E1 region of the adenoviral genome.

hMSC culture

hMSCs were purchased from Cambrex and cultured in
growth medium: low-glucose Dulbecco’s modified eagle
medium (Gibco) supplemented with 10% FBS (Invitrogen),
1% penicillin/streptomycin (Gibco), 0.25% gentamicin
(Gibco), and 0.25% fungizone (Gibco). hMSCs after passage
3 were used in this study.
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Verification and optimization of ILK infection

Immunoblots were utilized to verify and optimize the
production of ILK and subsequent downstream product,
phosphorylated protein kinase B (PKB/AKT) (pAKT).
hMSCs in 12-well tissue culture treated plates were incu-
bated for 5 days in growth media until 80% confluent and
infected with ILK-expressing virus. Viral multiplicities of
infection (MOI) of 1, 10, 100, and 10,000 were used for
infection. hMSCs were incubated with virus for 48 h,
washed, and lysed [mPER (Pierce), with Protease Inhibitor
Coctail Set III (2 lL/mL of mPER; Calbiochem) and Phos-
phatase Inhibitor Cocktail Set I (10 lL/mL mPER; Calbio-
chem)]. Total protein was separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Bio-
Rad). The membranes were blocked in PBS with 0.5 wt %
Tween 20, 1 wt % bovine serum albumin, and 5 wt % non-
fat dry milk at room temperature for 1 h. Membranes were
incubated separately with rabbit anti-ILK and rabbit anti-
pAKT (Chemicon) overnight at 48C, then incubated with
peroxidase-coupled goat anti-rabbit IgG (Bio-Rad) for 1 h,
and bands were detected with the Opti 4CN kit (Bio-Rad).
Membranes were scanned and analyzed using ImageJ.

Longevity of infection technique

hMSCs were incubated for 5 days in growth media until
80% confluent and infected with GFP-expressing virus
(MOI ¼ 10, which was found to be most efficient for pro-
tein expression). The cells were incubated with virus for
48 h, washed, and maintained in growth media. GFP
expression was monitored before infection, directly after
infection (after washing), and at days 2, 5, 14, 28, and 49,
to determine the longevity of the infection procedure.

Synthesis of PEG diacrylate and acrylated RGD

Poly(ethylene glycol) diacrylate (PEGDA) was synthe-
sized as described previously.13 First, PEG (MW * 4600 g/
mol) was dissolved in methylene chloride. Triethylamine
(TEA) at 20% molar excess was added dropwise, and the
solution was mixed under argon for 5 min. Acryloyl chlo-
ride at 20% molar excess was mixed with 10 mL methyl-
ene chloride and added dropwise to the PEG/TEA solu-
tion, and the final mixture was stirred overnight. The
product was precipitated in ice-cold diethyl ether, filtered,
and dried in a dessicator. After drying, the PEGDA was
redissolved in diH2O and dialyzed (Spectrum, 1000 MW

cutoff) over 24 h with two distilled water exchanges. 1H
NMR analysis (in chloroform-d, Cambridge Isotopes) on
the PEGDA peaks revealed an average of 92% acrylation.

RGDS were synthesized using solid phase methods on
an ABI 433A Peptide Synthesizer (Applied Biosystems,
Foster City, CA) and following procedures for 2-(1H-
benzotriazol)-1,1,3,3-tetramethyluroniumhexafluorophos-
phate (HBTU) activation coupling. The peptides, after UV-
monitored synthesis, were cleaved from the solid support
with a cocktail consisting of 5% phenol, 5% water, and
2.5% triisopropylsilane in trifluoroacetic acid (TFA). The
peptide was then washed with copious amounts of ice-
cold diethyl ether, redissolved in distilled water, and dia-

lyzed (Spectrum, 500 MW cutoff) over 24 h with two
exchanges of distilled water.

RGDS was coupled to acrylated-PEG following a previ-
ously reported method.14 Briefly, RGDS was dissolved in
sodium bicarbonate buffer (50 mM, pH 8.4). Acryloyl-PEG-
N-hydroxysuccinimide (MW * 3400 g/mol, Nektar Thera-
peutics) was reacted with the peptide while stirring at room
temperature for 2 h. The mixture was dialyzed (Spectrum,
1000 MW cutoff) in distilled water over 24 h with two dis-
tilled water exchanges. The dialyzed acrylated-PEG-RGD
was lyophilized and stored at 48C until used. Structures of
PEGDA and acrylated-PEG-RGDS are shown in Figure 1.

Encapsulation of hMSCs

All hydrogels were formulated by dissolving PEGDA in
phosphate-buffered saline (PBS) to achieve a final mono-
mer concentration of 10 wt %. The photoinitiator 2-
hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone
(Ciby-Geigy) was added to a final concentration of 0.05 wt
%. hMSCs were combined with sterile macromer/initiator
solutions (with 5 mM of acrylated RGD for the RGD-con-
taining gels) at a concentration of 25 3 106 cells/mL and
photoencapsulated using a longwave ultraviolet lamp
(UVP, model XX-20) at an intensity of *4 mW/cm2 for
10 min.15 hMSCs infected with ILK and CRE (MOI ¼ 10),
as well as uninfected hMSCs were encapsulated in 10 wt
% PEGDA hydrogels. The CRE infected hMSCs and unin-
fected hMSCs were encapsulated as negative controls.
Without any adhesive ligands, hMSCs are known to
undergo apoptosis after <2 weeks of culture.11,16–17 CRE
has no effect on the apoptotic pathways and was used to
verify that the infection procedure had no effect on viabil-
ity. RGD was incorporated as a positive control, as it has
formerly been shown to rescue hMSC viability under the
same culture conditions.16 The resulting cell-hydrogel con-
structs were incubated in 12-well plates. The constructs
were cultured for 7 weeks in growth medium. Constructs
were removed from culture at days 2, 5, 14, 28, and 49 for
LIVE/DEAD and ILK/pAKT production analysis.

Infected hMSC viability in PEG hydrogels

Cell/polymer constructs were cultured for up to 7
weeks. At each time point, a sample of constructs was

Figure 1. Chemical structures of the multifunctional mac-
romer PEGDA (A) and monovinyl macromers acryloyl-
PEG-RGDS (B) used for hydrogel fabrication.

ILK PREVENTS ANOIKIS IN HUMAN MESENCHYMAL STEM CELLS 261

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



removed from culture and stained using the LIVE/DEAD
assay. Cells were placed in 1.5-mL tubes with 1 mL of
growth media, treated with 0.5 lL Calcein substrate (Cal-
biochem) and 2 lL of Ethidium Homodimer substrate
(Calbiochem), and incubated at 378C for 30 min. Cell via-
bility and distribution were visualized using confocal mi-
croscopy at days 2, 5, 14, 28, and 49. The images were ana-
lyzed using ImageJ to determine the percent of live cells
present at each time point.

Encapsulated hMSC ILK and pAKT production

Immunoblots were utilized to verify the production of
ILK and subsequent downstream product, pAKT, through-
out the 7-week encapsulation. After LIVE/DEAD imaging,
cell/gel constructs were homogenized in the presence of
mPER (Pierce) with Protease Inhibitor Cocktail Set III (2
lL/mL of mPER; Calbiochem) and Phosphatase Inhibitor
Cocktail Set I (10 lL/mL of mPER; Calbiochem). Total pro-
tein was separated by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Bio-Rad). The mem-
branes were blocked in PBS with 0.1 wt % Tween 20, 1 wt
% bovine serum albumin, and 5 wt % nonfat dry milk at
room temperature for 1 h. Membranes were incubated sep-
arately with rabbit anti-ILK and rabbit anti-pAKT (Chem-
icon) overnight at 48C, then incubated with peroxidase-
coupled goat anti-rabbit IgG (Bio-Rad) for 1 h and bands
were detected with the Opti 4CN kit (Bio-Rad). Mem-
branes were scanned and analyzed using ImageJ, normal-
izing the ILK and pAKT bands to the number of living
cells, as analyzed via LIVE/DEAD imaging.

Encapsulated hMSC vinculin quantification

Immunoblots were utilized to verify the production of
vinculin throughout the 7-week encapsulation. Vinculin is
a protein associated with focal adhesions that form in
response to cell-ECM interactions, therefore, should be
more prevalent in cells encapsulated in RGDS-functional-
ized hydrogels than all other formulations.18 Membranes
from above were incubated separately with mouse anti-
vinculin (Chemicon) overnight at 48C, then incubated with
peroxidase-coupled goat anti-mouse IgG (Bio-Rad) for 1 h
and bands were detected with the Opti 4CN kit (Bio-Rad).
Membranes were scanned and analyzed using ImageJ, nor-
malizing to the number of living cells, as analyzed via
LIVE/DEAD imaging.

Statistical analysis

Statistical analysis was performed using a one-way
ANOVA. Data are presented as mean6 standard deviation.

RESULTS

Verification and optimization of ILK infection

To determine the necessary viral concentration for
infection of hMSCs, different concentrations of ILK-

expressing virus were utilized, and subsequent ILK
production and AKT phosphorylation were meas-
ured with immunoblots. As quantified in Figure 2,
increasing concentrations of virus caused increased
ILK and pAKT production in a dose-dependent
manner. MOIs of 10 or greater were determined to
be sufficient for infection. Therefore, subsequent
infections were carried out with MOI ¼ 10.

Longevity of infection technique

To measure the longevity of the infection technique,
cells were infected with GFP-producing viruses under
the same conditions as the ILK-expressing virus. As
seen in Figure 3, at days 2, 5, 14, 28, and 49, GFP was
expressed by the hMSCs. Therefore, at least qualita-
tively, the infection technique imparts a semiperma-
nent expression of the target protein. A slight
decrease in GFP expression was observed over the
time course of the study. Adenoviruses are transient;
the genes are not necessarily transferred to daughter
cells during proliferation. These cells proliferated to a
small extent, as characterized visually, but become
contact inhibited as the cells occupy more of the tis-
sue culture surface. Proliferation caused decreased
production of the product, GFP, in comparison to the
number of cells present. However, the cells initially
infected with GFP maintained expression of the pro-
tein throughout the study.

Viability of virus-infected hMSCs encapsulated
in PEG gels

hMSCs were infected with both ILK-expressing
and CRE-expressing (as a negative control) viruses.

Figure 2. Verification and optimization of ILK/pAKT
protein production through analysis of immunoblots pre-
pared from infected hMSCs (ILK – black; pAKT – white).
Band densities were determined from several samples and
expressed as density (AU)/cell versus MOI. Values are
reported as the average of three samples per composition
(error bars represent one standard deviation).
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These cells and uninfected cells were encapsulated
in PEGDA hydrogels. For comparison, uninfected
cells were encapsulated in RGD-modified PEGDA
hydrogels, a system that provides an avenue for
integrin–material interaction. Encapsulated cells
were cultured for up to 7 weeks and assessed for
viability at days 2, 5, 14, 28, and 49. As Figure 4
shows visually and Figure 5 demonstrates quantita-
tively, the number of live cells is greater in cells
infected with ILK-expressing virus than for CRE-
infected cells or for uninfected cells encapsulated
PEGDA hydrogels, especially as the study pro-
gresses past 5 days. Further, ILK-expressing cells
maintained a similar viability to hMSCs encapsu-
lated in RGD-functionalized gels. The total number
of cells that fluoresce either green or red reduces sig-
nificantly between days 28 and 49, indicating that
cells undergo apoptosis, and cell debris, including
nucleic acids, diffuse out of the gel. As shown in
Figure 5, the quantified LIVE/DEAD images
revealed viability was sustained at about 90% until
day 14 for both uninfected cells encapsulated in
RGD-modified hydrogels, as well as ILK-infected
cells encapsulated in PEGDA hydrogels. Conversely,
uninfected cells or CRE-infected cells encapsulated
in PEGDA suffered significant cell death, where only
about 40% of the cells remained viable at 7 weeks.
Similar to what is shown in Figure 4, the ILK-
infected/PEGDA encapsulated and the uninfected/
RGD-modified PEGDA encapsulated exhibited a
substantial drop in viability between days 28 and 49
from *90 to 65%, perhaps due to increased ECM
production and subsequent decreases in diffusional
properties. Since these are not degradable gels, the
ECM collects in the pericellular space, increasing the
time for diffusion of growth factors, nutrients, and
wastes. The greatest drop in viability for the nega-
tive control gels (CRE-infected and uninfected
hMSCs encapsulated in PEGDA) was between days
5 and 14 from *82 to *55%, as expected from pre-
vious studies.11,16,17

The trend of viability for cells infected with ILK-
producing virus is statistically the same to that of
uninfected cells encapsulated in RGD-modified

PEGDA, which confirms the hypothesis that infect-
ing hMSCs with ILK-expressing virus rescues the
cells over time in a manner similar to RGD. Addi-
tionally, the viability of hMSCs infected with CRE-
expressing virus decreases at statistically the same
rate as uninfected hMSCs, indicating that infection
of CRE does not interfere with the anoikis pathway.

Production of ILK and pAkt by
gel-encapsulated hMSCs

To confirm that the hMSCs were producing ILK
and affecting the downstream product, pAKT, the
samples from the LIVE/DEAD assay were homoge-
nized. Immunoblots for ILK and pAKT were run
with the samples, and the quantification of ILK and
pAKT production over time is shown in Figure 6. As
seen in Figure 6(A), ILK was produced at a similar
level by ILK-infected cells encapsulated in PEGDA
and infected cells encapsulated in RGD-modified
PEGDA over the entire study. Cells in RGD-modi-
fied gels showed slightly lower ILK production at
day 2, when compared with the ILK-infected cells;
however, by day 5, production was statistically the
same as for the ILK-infected cells. In addition, con-
trol cells (CRE-infected cells and uninfected cells
encapsulated in PEGDA) showed production of ILK
at levels about 20-fold less than the production by
ILK-infected or RGD-modified PEGDA encapsulated
cells.

pAKT is also produced at a similar level by ILK-
infected cells encapsulated in PEGDA and unin-
fected cells encapsulated in RGD-modified PEGDA
over the entire study [Fig. 6(B)]. Cells in RGD-modi-
fied gels showed slightly lower pAKT production
during the study, particularly at day 2, where levels
are the same as the controls, uninfected cells and
CRE-infected cells in PEGDA. Control cells (CRE-
infected cells and uninfected cells encapsulated in
PEGDA) showed production of pAKT at levels about
15-fold less than the production by ILK-infected or
RGD-modified PEGDA encapsulated cells from days
14 to 49 of the study.

Figure 3. Fluorescent micrographs of hMSCs infected with GFP-expressing virus; bar ¼ 50 lm. Cells were infected with
MOI ¼ 10 and monitored for the longevity of GFP production. GFP fluorescence was converted to greyscale.
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Vinculin quantification of gel-encapsulated hMSCs

While cell survival and pAKT/ILK production
were similar in the ILK-infected cells in PEG and the
uninfected cells in PEG-RGD gels, a potential and
major difference between these systems is the pres-
ence of focal adhesions. Vinculin is a prominent pro-
tein associated with focal adhesions, and quantifica-
tion of vinculin for the encapsulated hMSCs was
performed using an immunoblot prepared from the
LIVE/DEAD homogenized samples. Data is shown
over time in Figure 7. Vinculin is found at a similar

level by ILK-infected cells encapsulated in PEGDA
and uninfected cells encapsulated in RGD-modified
PEGDA at day 2. However, cells in RGD-modified
gels showed about twofold greater vinculin levels
throughout the rest of the study compared with ILK-
infected cells encapsulated in PEGDA. ILK-infected
hMSCs produced a moderate amount of vinculin,
perhaps due to feedback regulation of ILK. In addi-
tion, control cells (CRE-infected cells and uninfected
cells encapsulated in PEGDA) exhibited very low
levels of vinculin (*30-fold less than cells in RGD-
modified gels). Focal adhesions involving vinculin

Figure 4. Effect of RGD incorporation or infection by ILK- or CRE-expressing virus particles on hMSC viability inside
PEGDA hydrogels. Uninfected hMSCs were encapsulated in unmodified PEGDA or PEGDA containing 5 mM Ac-PEG-
RGD. Infected hMSCs (with ILK or CRE-expressing virus with MOI ¼ 10) were encapsulated in unmodified PEGDA.
Encapsulated cells were cultured for 7 weeks and viability was assessed at days 2, 5, 14, 28, and 49 using the LIVE/
DEAD assay (bar ¼ 200 lm). [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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are specialized structures involving close apposition
of the plasma membrane to the ECM, especially
fibronectin.19 therefore the increased presence of vin-
culin in RGD-modified gels is consistent with the
high level of cell–matrix interactions.

DISCUSSION

Development of biomaterial niches for three
dimensional cell culture is an important area for ba-
sic research, serving as relatively simple and chemi-
cally well-defined models of ECM, allowing studies
of ECM signals controlling cell adhesion, spreading,
proliferation, differentiation, matrix degradation, as
well as viability. Previous reports demonstrated that
hMSCs encapsulated in PEG hydrogels undergo sub-
stantial apoptosis after <2 weeks in culture.11,16,17

Survival of anchorage-dependent cells, such as
hMSCs, requires integrin-mediated adhesion to ECM
components, including collagens, fibronectin, and
laminins.3 Integrins regulate cell survival, among
other cell functions, and are believed to mediate sig-
naling effects by binding and activating different in-
tracellular proteins. One of these is ILK.6 Here, we
utilized ILK in a chemically defined three-dimen-
sional scaffold to gain a better understanding of the
anoikis pathway of hMSCs. After determining the

best infection titer, longevity of the infection, and
ensuring that ILK and the downstream product,
pAKT, were produced, hMSCs were infected with
ILK-expressing and CRE-expressing adenovirus
(negative control) and then encapsulated in PEGDA
hydrogels. As controls, uninfected hMSCs were
encapsulated in PEGDA and RGD-modified PEGDA,
which has been shown to maintain hMSC viability.
Viability and ILK and pAKT production were
assessed over a 7-week period. ILK production, by

Figure 5. Effect of RGD incorporation or infection by
ILK- or CRE-expressing virus particles on hMSC viability
inside PEGDA hydrogels: 10% PEGDA þ uninfected hMSCs
(--^--), 10% PEGDA þ CRE-infected hMSCs (—n—), 10%
PEGDA þ 5 mM RGD þ uninfected hMSCs (—~—), and
10% PEGDA þ ILK-infected hMSCs (���l���). Uninfected
hMSCs were encapsulated in unmodified PEGDA or
PEGDA containing 5 mM Ac-PEG-RGD. Infected hMSCs
(with ILK or CRE-expressing virus with MOI ¼ 10) were
encapsulated in unmodified PEGDA. Encapsulated cells
were cultured for 7 weeks and viability was assessed at
days 2, 5, 14, 28, and 49 using the LIVE/DEAD assay;
series of LIVE/DEAD images for each time point and
treatment were quantified using ImageJ and the results
are shown over time. Error bars represent one standard
deviation.

Figure 6. Verification of ILK/pAKT protein production
through immunoblots prepared from encapsulated hMSCs:
10% PEGDA þ uninfected hMSCs (--^--), 10% PEGDA þ
CRE-infected hMSCs (—n—), 10% PEGDA þ 5 mM RGD
þ uninfected hMSCs (—~), and 10% PEGDA þ ILK-
infected hMSCs (���l���). A: The graphic analysis of ILK
levels over the 7-week experiment. B: The graphic analysis
of phosphorylated PKB/Akt levels over the 7-week experi-
ment. Uninfected hMSCs were encapsulated in unmodified
PEGDA or PEGDA containing 5 mM Ac-PEG-RGD.
Infected hMSCs (with ILK or CRE-expressing virus with
MOI ¼ 10) were encapsulated in unmodified PEGDA.
Encapsulated cells were cultured for 7 weeks and protein
production was assessed at days 2, 5, 14, 28, and 49 using
immunoblots. Band densities were determined from several
samples and expressed as density (AU)/cell over time. Val-
ues are reported as the average of three samples per com-
position (error bars represent one standard deviation).
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itself in the absence of cell–matrix interactions, was
found to maintain viability of hMSCs. This observa-
tion was verified by LIVE/DEAD imaging coupled
with immunoblots verifying the mechanism of the
sustained production of ILK and pAKT from both
the ILK-infected cells and the cells encapsulated
within the RGD-modified hydrogels. These data pro-
vide strong support for the hypothesis that ILK pro-
duction is sufficient to suppress anoikis.

Previous work has established that integrin-medi-
ated cell anchorage is essential for cell survival. The
interaction of epithelial and endothelial cells with
the ECM inhibits default apoptotic pathways, which
become activated if cell-ECM interactions are dis-
rupted.4 Although the engagement of certain integ-
rins results in increased expression of the antiapop-
totic protein Bcl-2, as well as in suppression of cas-
pase activity.20,21 several other studies implicate the
phosphorylation of AKT in the maintenance of cell
survival and inhibition of apoptosis through cell-
ECM interactions. Constitutively active forms of
AKT blocked anoikis in epithelial cells, whereas phar-
macological inhibitors of phosphorylation enhanced
anoikis, which could be overcome by AKT,22 clearly
linking anoikis and AKT. ILK phosphorylates AKT
on Ser473,23 and this modification is essential for the
complete activation of AKT.

Others have studied the effects of ILK expression in
response to integrin–ligand interactions. The applica-
tion of antibodies against the fibronectin receptor
(a5b1, a3b1 integrins) and the vitronectin receptor
(avb3, avb5 integrins) leads to activation of ILK in
mammary epithelial cells.24 In addition, Pinkse et al.
showed that ILK, specifically, is activated in response
to hepatocyte interactions with the RGD peptide,
causing an increased and longer activation than when
treated with anti-b1 integrin antibody.12 RGD has also
been shown to activate ILK in human gomerular mes-
angial cells, which results in an increased secretion of
transforming growth factor b1.25

The exploration of peptides to rescue cells from
anoikis has been applied in several systems. Activa-
tion of integrins that use a peptide derived from
laminin, EIKLLIS, protects hippocampal neurons
from anoikis.26,27 Additionally, the a3b1 integrin
activation by EIKLLIS peptides led to activation of
ILK and pAKT.27 However, in studies utilizing pep-
tides to confer adhesion to nonadhesive biomaterials,
unanticipated changes in cell functions have oc-
curred. For example, ECM production by smooth
muscle, endothelial cells, and osteoblasts was great-
est on substrates that were the least cell adhesive,
while cells on highly adhesive surfaces displayed
significantly decreased ECM production.28,29 This
result suggests a role of adhesion-mediated signaling
events in the regulation of ECM synthesis. As matrix
production is a critical component for the creation of
engineered tissues, these findings emphasize the im-
portance of tailoring materials to contain the optimal
types and concentration of ligands that results in the
desired cellular response, in addition to improved
viability.

Currently, there is a plethora of research focused
on identification of an appropriate three dimensional
cell culture niches for use in basic biology research.
PEG hydrogels, as described here, provide many
advantages for cell encapsulation and culture; how-
ever, cells do not interact with highly hydrated gels
because of limited protein adsorption on this ‘‘blank
slate’’ environment. This bioinert microenvironment
prevents interactions of integrins and other cell sur-
face receptors with the gel, dramatically reducing
survivability of anchorage-dependent cells. However,
to initiate fundamental studies of cell–material inter-
actions, PEG-based biomaterials provide an espe-
cially useful platform; PEG-based materials are re-
sistant to nonspecific protein interactions, and thus,
can be used to test systematically selected cell signal-
ing molecules or other extrinsic signaling such as
mechanical and/or electrical stimulation and study
how this influences subsequent cellular functions. A
common strategy to increase survivability in such
gels is by incorporation of cell-adhesive ligands such
as RGDS. Incorporation of such ligands, as demon-

Figure 7. Quantification of vinculin through immunoblots
prepared from encapsulated hMSCs: 10% PEGDA þ unin-
fected hMSCs (--^--), 10% PEGDA þ CRE-infected hMSCs
(—n—), 10% PEGDA þ 5 mM RGD þ uninfected hMSCs
(—~—), and 10% PEGDA þ ILK-infected hMSCs (���l���).
Uninfected hMSCs were encapsulated in unmodified
PEGDA or PEGDA containing 5 mM Ac-PEG-RGD.
Infected hMSCs (with ILK or CRE-expressing virus with
MOI ¼ 10) were encapsulated in unmodified PEGDA.
Encapsulated cells were cultured for 7 weeks and protein
production was assessed at days 2, 5, 14, 28, and 49 using
immunoblots. Band densities were determined from several
samples and expressed as density (AU)/cell over time.
Values are reported as the average of three samples per
composition (error bars represent one standard deviation).
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strated here, increases vinculin, an important focal
adhesion protein, indicating that cell–material inter-
actions and, therefore, signaling via integrins is
occurring. Therefore, by introduction of adhesive
ligands, one is not only testing extrinsic signals but
also the ligand of choice. From a fundamental stand-
point, use of ILK-infected cells can alleviate these
confounding effects.

While ILK expression is sufficient to elicit viability
of cells in otherwise apoptotic conditions, ILK over-
production can cause other effects, specifically in
terms of differentiation. For instance, by increasing in-
tracellular levels of ILK, p21 is blocked, decreasing
the hypertrophic differentiation of growth plate
chondrocytes, which is a process necessary for endo-
chondal ossification.30 Somasiri et al. found that
overexpression of ILK induced a mesenchymal trans-
formation in mammary epithelial cells.31 In separate
studies, ILK activity was found to be necessary for
the suppression of differentiation of C2C12 myo-
blasts32; however, Miller et al., using L6 myoblasts,
found that ILK overexpression actually increased
myoblast differentiation.33 Clearly, ILK has varied
effects on differentiation that are highly dependent
on cell type. In the work described here, no signifi-
cant change in phenotype was observed due to ILK
overexpression based on the evaluation of histology
and immunohistology of samples at day 49 (data not
shown).

CONCLUSIONS

In exploration of anoikis of hMSCs, it was found
that ILK production was found to be sufficient in
suppressing the anoikis pathway in hMSCs. ILK is a
pivotal effector in the transduction of signals from
the ECM. Through incorporation of the integrin
ligand, RGD, as well as by infecting the cells with
ILK-expressing adenovirus, viability was rescued in
anoikis-conferring conditions. The role of ILK in cell
viability is important for the understanding how in-
tracellular cytoskeletal and signaling proteins con-
nect and communicate with the ECM for the rational
design three dimensional cell culture niches.
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