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Extracellular Matrix Under Varying Oxygen Tension
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ABSTRACT

Human mesenchymal stromal or stem cells (hMSCs) are being investigated for cell therapy in a wide range of diseases. MSCs are a potent
source of trophic factors and actively remodel their immediate microenvironment through the secretion of bioactive factors in response to
external stimuli such as oxygen tension. In this study, we examined the hypothesis that hypoxia influences hMSC properties in part through
the regulation of extracellular milieu characterized by the extracellular matrix (ECM) matrices and the associated fibroblast growth factor-2
(FGF-2). The decellularized ECM matrices derived from hMSC culture under both hypoxic (e.g., 2% 0,) and the standard culture (e.g., 20% 0,)
conditions have different binding capacities to the cell-secreted and exogenenous FGF-2. The reduced hMSC proliferation in the presence of
FGF-2 inhibitor and the differential capacity of the decellularized ECM matrices in regulating hMSC osteogeneic and adipogenic
differentiation suggest an important role of the endogenous FGF-2 in sustaining hMSC proliferation and regulating hMSC fate. Additionally,
the combination of the ECM adhesion and hypoxic culture preserved hMSC viability under serum withdrawal. Together, the results suggest the
synergistic effect of hypoxia and the ECM matrices in sustaining hMSC ex vivo expansion and preserving their multi-potentiality and
viability under nutrient depletion. The results have important implication in optimizing hMSC expansion and delivery strategies to obtain
hMSCs in sufficient quantity with required potency and to enhance survival and function upon transplantation. J. Cell. Biochem. 114: 716-
727, 2013. © 2012 Wiley Periodicals, Inc.
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H uman mesenchymal stromal cells (hMSCs) have generated
excitement in both scientific and clinical communities
because of therapeutic prospects for many devastating diseases.
These reparative adult stem cells can be readily isolated from a small
tissue sample, expand in culture, and enhance tissue repair and
regeneration through differentiation and/or paracrine actions
[Pittenger et al., 1999]. MSCs are being tested in clinical trials
ranging from bone and cartilage repair to ischemic heart and
cerebral injuries, but the main barriers are to obtain hMSCs at
sufficient quantity with required potency and to enhance survival
and function upon transplantation [Sotiropoulou et al., 2006;
Prockop et al., 2010]. Strategies from addition of soluble growth
factors to materials surface engineering or hypoxia pretreatment
have been actively sought to maintain hMSC therapeutic potency
during expansion and to improve the survival of the transplanted
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cells [Hu et al., 2008; Hudalla et al., 2011]. MSCs are significant
source of endogenous growth factors and ECM proteins that
influence hMSC fate via paracrine and autocrine actions [Parekka-
dan and Milwid, 2010; Prockop et al., 2010]. Among various
endogenous growth factors, FGF-2, a pluripotent cytokine,
promotes hMSC proliferation while preserving multipotentiality
and has been commonly used as a culture supplement in hMSC
expansion including clinical trials [Sensebe et al., 2010]. Autocrine
FGF signaling has also been shown to influence hMSC properties in
culture [Zaragosi et al., 2006; Rider et al., 2008]. On the other hand,
MSC-derived ECM matrices improved hMSC multi-lineage potential
and resistance to oxidative stress, partially due to their capacity to
bind with growth factors [Chen et al., 2007; Lai et al., 2010; Pei et al.,
2011]. FGF-2 is known to interact with the components of the ECM
network such as glycosaminoglycans (GAGs) and proteoglycans
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(PGs) [Moscatelli, 1992; Fannon et al., 2000], but the impact of such
interactions on hMSC properties remains unknown.

Bone marrow-derived hMSCs reside in their specialized niche
characterized by a hypoxic microenvironment and by their intimate
interactions with a network of ECM proteins [Ma et al., 2009]. ECM
proteins not only provide the well-known structural support but also
are being recognized as localized signal integrators through which
growth factor binding, sequestration, subsequent activation, and
release are regulated [Hynes, 2009]. Individual ECM components,
including collagen-1 (COL I), vitronectin (VN), fibronectin (FN), and
laminin (LN), have been tested to preserve hMSC properties [Klees
et al., 2005; Salasznyk et al., 2007]. However, it has been suggested
that individual ECM components are inadequate to mimic the
complexity of the endogenous ECM and to direct specific, complex
cell behaviors [Carson and Barker, 2009]. Using the ECM matrices
derived from cell culture, studies have shown that the MSC-derived
ECM matrices significantly improved MSC proliferation without
spontaneous differentiation and retained a stem cell population with
lower level of reactive oxygen species (ROS) compared to the tissue
culture plastics (TCP) coated with serum, FN or COL [Chen et al.,
2007; Lai et al., 2010; Pei et al., 2011]. Other studies have also shown
that the ECM matrices derived under different differentiation stages
regulated hMSC fate in a stage-specific manner, suggesting the
specificity of MSC extracellular milieu in directing MSC fate
[Hoshiba et al., 2010].

Parallel to the effort to decipher the role of the ECM matrices in
directing cell fate, it has been established that oxygen tension
significantly influences hMSC properties. Oxygen tension in the
conventional culture system is 20%, which is considerably higher
than 0, level in the bone marrow (about 1-2%) [Ivanovic, 2009; Ma
et al., 2009]. Many studies have demonstrated that hypoxic culture
preserved hMSC stemness with higher colony numbers and stem cell
genes (e.g., OCT-4 and Rex-1) and regulated MSC proliferation,
metabolism, mobilization, and homing [Annabi et al., 2003;
D’Ippolito et al., 2004; Dos Santos et al., 2010]. Hypoxic condition
also enhanced the secretion of endogenous growth factors [e.g.,
FGF-2, vascular endothelial growth factor (VEGF), and insulin-like
growth factor (IGF)] and ECM proteins (e.g., COL I and FN) as well as
the in vitro migration capacity of MSCs [Annabi et al., 2003;
Grayson et al., 2006; Rosova et al., 2008]. While hypoxia-inducible
factors (HIFs) are the master regulators for hlMSC hypoxic responses
[Grayson et al., 2007; Ohnishi et al., 2007; Liu et al., 2010], the role
of hypoxia in regulating the hMSC extracellular milieu has not been
fully understood.

Since both hypoxia and the ECM are integral components of
hMSC microenvironment, we hypothesize that hypoxia influences
hMSC properties in part through regulation of extracellular
milieu characterized by the ECM matrices and the associated
FGF-2. The results showed that the ECM matrices derived under
different oxygen conditions differentially regulated their FGF-2-
binding capacity and that autocrine FGF-2 signaling played an
important role in mediating the hMSC-ECM interactions. The
results highlight the interplay between the physiological and
cellular components of the hMSC microenvironment and the
need to integrate these components in hMSC expansion and
transplantation.

hMSCs

Standardized frozen hMSCs were obtained from the Tulane Center
for Gene Therapy and cultured following the method outlined in our
prior publications [Grayson et al., 2004; Zhao and Ma, 2005].
Briefly, hMSCs were expanded using minimum essential medium-
alpha (a-MEM) (Life Technologies, Carlsbad, CA) supplemented with
1% Penicillin/Streptomycin (Life Technologies, MD) and 10% fetal
bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA) (growth
media) in a standard CO, incubator (37°C and 5% CO,). Cells from
the same donor at passages 5-6 were seeded for each experiment and
cells from multiple donors were used in experiments. All reagents
were purchased from Sigma-Aldrich (St. Louis, MO) and all
antibodies were purchased from Abcam (San Diego, CA) unless
otherwise noted.

PREPARATION OF THE DECELLULARIZED ECM MATRICES

hMSCs were seeded in six-well plates containing a 22-mm diameter
Thermanox plastic coverslip (Nalge Nunc International, Rochester,
NY) at 1 x 10° cells/well in growth media. Cells were cultured under
normoxia (20% 0,) in a standard CO, incubator or hypoxia (2% 0,)
in a C-Chamber (BioSpherix, Lacona, NY) for up to 15 days. Media
preconditioned under respective oxygen tension were changed
every 3 days. Ascorbic acid (50 wM) was added during the final
8 days of culture. For decellularization, samples were first washed
with phosphate-buffered saline (PBS) and then incubated with 0.5%
Triton X-100 containing 20 mM NH,OH in PBS for 10 min at 37°C,
followed by the treatment with DNase (100 U/ml) for 1h at 37°C
[Chen et al., 2007]. The decellularized ECM matrices obtained from
normoxic and hypoxic culture conditions were termed M(N) and
M(H), respectively (Fig. 1). The plastic coverslips pre-coated with
serum were used as controls and termed TCP.

IMMUNOSTAINING AND ENZYME-LINKED IMMUNOSORBENT
ASSAY (ELISA)

Expression of ECM proteins was examined by immunocytochemis-
try staining as described previously [Grayson et al., 2004]. Briefly,
the ECM matrices were fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.5% Triton X-100 in PBS, blocked with 1%
bovine serum albumin (BSA) in PBS, and incubated with primary
antibodies, followed by fluorescein isothiocyanate (FITC)-conjugat-
ed secondary antibody (Jackson Laboratories, West Grove, PA). The
cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI), and visualized using an Olympus IX70 (Center Valley, PA)
with an Optronics (Goleta, CA) camera attachment.

ECM proteins were quantified by in situ ELISA following a
method outlined in one of our prior publications [Kim and Ma,
2012]. Briefly, samples were washed with PBS and fixed with 4%
PFA in PBS for 1 h. After PBS wash, the samples were permeablized
by washing with 0.2-0.5% Triton X-100 in PBS twice and then
incubated with blocking buffer, 1% BSA in PBS, for 30 min. Samples
were incubated with primary antibody overnight at 4°C, washed
with blocking buffer, and incubated with an alkaline phosphatase
(ALP)-conjugated secondary antibody for 1h at the room tempera-
ture. After blocking buffer wash, 1 ml para-nitrophenolphosphate

JOURNAL OF CELLULAR BIOCHEMISTRY

717

AUTOCRINE FGF-2 IN hMSC AND ECM INTERACTIONS



ECM Formation and Decellularization

Reseeding and Pre-Culture

hMSCs
1111

S —— ——

1 20%0,  NormoxicECM TCP 20% or 2% O, Multipotentiality
.._.- termed M(N) and Cytotoxicity
i hMSCs 3

Il CFU-F,0D, AD,
- and C ici
- : = ; ytotoxicity
2% 0, Hypoxic ECM MM or M{Hy;  20%0r2% O,
termed M(H)
Growth
Morphology
Immunostaining ELISA
In-Situ ELISA ROS
FGF-2 Viability
Q Q Q * Q o *
Seeding Cell Culture  De-cellularization  ECM Re-seeding Pre-Culture  Cellular
(15 days) Characterization (3 days) assays

Fig. 1.

The schematics of the experimental design. ECM matrices were formed by de-cellularization processes after 15 days of culture under standard and hypoxic culture

conditions, respectively. After decellularization, the morphology of the ECM matrices was characterized by immunostaining and expression of ECM proteins and FGF-2
were quantified by ELISA. To evaluate cellular responses, hMSCs were then re-seeded on the decellularized ECM matrices and cell responses were evaluated after 3 days of
culture under two oxygen tensions. The cells on the ECM matrices were also induced to undergo adipogenic and osteogenic differentiation for 5 and 20 days, respectively.

(PNPP) substrate was added to samples and incubated at 37°C
for 15min. After the addition of 0.5N NaOH stop solution,
the absorbance was spectrophotometrically measured at a wave-
length of 405nm and background absorbance at 655nm was
subtracted.

MEASUREMENT OF FGF-2

Normoxic- and hypoxic-conditioned media were collected when
hMSCs were cultured with serum-free media under normoxia
and hypoxia for 24h, respectively. Matrix-bound FGF-2 was
extracted from the decellularized ECM matrices by the treatment
with 2M NaCl (pH 7.4) solution following a method by Fannon
et al. [2000]. Same procedure was also used to extract FGF-2
from hMSCs reseeded on the TCP or the decellularized ECM
matrices after 3 days of culture. The extracted FGF-2 and free FGF-2
in media were quantified using a FGF-2 ELISA Assay Kit (R&D
systems, Minneapolis, MN). FGF-2 protein was purchased from R&D
systems.

DNA ASSAYS, CELL VIABILITY, AND COLONY-FORMING
UNIT-FIBROBLASTIC (CFU-F)

DNA assay was used to quantify cell number on the TCP or the ECM
matrices following a method reported in one of our previous
publications [Zhao and Ma, 2005]. Briefly, cells were lysed using a
Tris-EDTA-Triton-X 100 (TEX) solution with proteinase K at 50°C
overnight. Picogreen (Molecular Probes, Eugene, OR) was added to
triplicate samples and a series of DNA standards in a 96-well plate,
which was then incubated and read using Fluoro Count (Perki-
nElmer, Boston, MA). hMSCs were found to contain an average of
9.3 pg DNA/cell in one of our prior studies [Zhao and Ma, 2005],

which was used to convert DNA concentration to cell number. For
cell number, triplicate samples from each condition were used for
each data point, and three independent runs were repeated under
identical operation conditions. For FGF-2 inhibition studies, hMSCs
were seeded at 1,000 cells per cm? and cultured for 6 days in the
presence of SU5402 [10 wM in dimethyl sulfoxide (DMSO)], a FGFR1
inhibitor (Calbiochem, San Diego, CA), while DMSO alone was used
as control. Cell viability was measured by thiazolyl blue tetrazolium
bromide (MTT) assay as outlined in one of [Sellgren and Ma, 2012].
For ERK activity in the presence of MEK inhibitor, U-0126 (Enzo
Life Sciences International, Farmingdale, NY), hMSCs were seeded
at 1.0 x 10" cells/cm? and cultured for 24h in the presence of U-
0126 at 20.0 M and DMSO alone as control for all substrates.
Phosphorylated ERK (pERK) was measured by an ELISA assay
kit (Enzo Life Sciences International) and normalized to cell
number.

CFU-F numbers were determined following a method reported in
one of our previous publications [Zhao et al., 2009]. Briefly, the cells
were harvested from the decellularized matrices and the TCP using
PBS containing 0.5% trypsin/0.25% collagenase/1 mM EDTA. After
cell counting, hMSCs were seeded at 10 cells per cm?®. After 14 days
of culture, cells were washed with PBS and stained with 0.5% crystal
violet solution for 15 min at room temperature. After washing with
PBS three times, the colonies were counted manually. The colony
number was the average of colonies from three samples for each
condition.

OSTEOGENIC DIFFERENTIATION
After 3 days of culture on the decellularized matrices and the TCP
under two different oxygen tensions, the growth media were
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replaced with the osteogenic media (high glucose Dulbecco’s
modified eagle medium (DMEM) (Life Technologies, Carlsbad, CA)
supplemented with 10% FBS, 1% penicillin/streptomycin, 100 nM
dexamethasone, 10 nM sodium-B-glycerophosphate, and 12.8 mg/L
ascorbic acid-2 phosphate) for an additional 5 days following the
previously reported method [Grayson et al., 2004]. After 5 days of
culture in the differentiation media, calcium mineralization was
quantified and stained by Alizarin Red S and von Kossa,
respectively. Briefly, the samples were washed with PBS, fixed in
400 PFA solution for 1h, and then washed with DI-water. For the
quantification of calcium deposition, the samples were stained with
Alizarin Red S. After washing with DI water, calcium was desorbed
in 10% cetylpyridinium chloride (CPS). The absorbance was
spectrophotometrically measured at a wavelength of 540 nm and
normalized to cell number. For von Kossa staining, the samples were
incubated in 5% silver nitrate solution under a UV light for
approximately 30 min, washed in 5% sodium thiosulfate solution for
5min, and stained with 0.1% nuclear fast red solution for 3 min.
After DI-water wash, the samples were viewed using an Olympus
IX70 with an Optronics camera attachment.

ADIPOGENIC DIFFERENTIATION

After 3 days of culture on the ECM matrices and the TCP under two
oxygen conditions, the growth media were replaced with the
adipogenic induction and maintenance media following a previ-
ously reported method [Grayson et al., 2004]. Briefly, the samples
were induced by treating with adipogenic induction (AI) medium
(high-glucose DMEM supplemented with 10% FBS, 1% Penicillin/
Streptomycin, 0.2mM indomethacin, 0.5mM isobutyl-1-methyl
xanthine, 1 wM dexamethasone, and 10 pg/ml insulin). After 2 days,
the Al media was removed and replaced with adipogenic
maintenance (AM) medium (high-glucose DMEM supplemented
with 10% FBS, 1% Penicillin/Streptomycin, and 10 wg/ml insulin)
for another 2 days. This treatment was continued in a cyclic fashion
for 20 days. Differentiation into adipocytes was quantified and
visualized by Oil Red O staining of the lipid vacuoles. Briefly, the
samples were fixed in 4% PFA for 1h, washed with DI-water, and
washed with 60% iso-propanol. After the incubation in Oil Red O
solution for 5 min, the samples were washed and viewed using an
Olympus IX70 with an Optronics camera attachment. For the
quantification of lipid droplets, the dye retained by the cells was
eluted by iso-propanol and the absorbance was spectrophotometri-
cally measured at a wavelength of 540 nm and normalized to cell
number.

MEASUREMENTS OF INTRACELLULAR ROS

Intracellular ROS was measured with carboxy-H,DCFDA using a
ROS Detection Kit (Invitrogen, Eugene, OR) following the
manufacturer’s instruction. Briefly, hMSCs were seeded on the
ECM matrices and the TCP in growth media. After 3 days of culture,
ROS positive cells were counted with or without the treatment of
tert-butyl hydroperoxide (TBHP), which is a common inducer of ROS
production as a positive control. ROS levels were expressed as the
percentage of ROS positive cells.

CELL VIABILITY AND CYTOTOXICITY

To determine cell viability in low serum, hMSCs were seeded on the
ECM matrices and the TCP at 1,000 cells/well in growth media. After
24 h of incubation, the media were replaced with low serum growth
media with 2% FBS and then incubated under hypoxia or normoxia
for an additional 6 days. Cell viability was determined by MTT assay.
For the cytotoxicity assay, hMSCs were seeded on the ECM matrices
and the TCP under two different oxygen tensions and cultured for up
to 3 days. After culturing for 3 days, cells were placed in serum-free
media for an additional 24 h. Lactate dehydrogenase (LDH) was
measured by a Cytotoxicity Detection Kit (Roche Diagnostics
Corporation, Indianapolis, IN).

STATISTICS/DATA ANALYSIS

At least triplicate experiments were performed and the representa-
tive results were reported. All data points were an average of at least
three replicates and expressed as means + standard deviation of the
means of samples. Statistical comparisons were performed by
ANOVA for multiple comparisons and statistical significance was
accepted at P < 0.05.

CHARACTERISTICS OF HMSC-DERIVED ECM MATRICES AND
MATRIX-BOUND FGF-2
On the decellularized ECM matrices, the structures of the major ECM
proteins, including FN, LN, VN, COL-I, and COL-IV, were maintained
(Fig. 2A). However, quantitative analysis of ECM proteins revealed
the major differences during the initial culture period and after cell
removal under two different oxygen tensions (Fig. 2B). In the first
week of culture, FN (1.4 times) and COL I (1.2 times) were
significantly higher under hypoxia as compared to their normoxic
counterparts (Fig. 2B(i,ii)). Similar trends were observed for COL IV,
VN, and LN. After cell removal at day 15, COL I in the M(H) remained
1.7 times higher than that of the M(N), but COL IV and LN in the M(N)
were 1.9 and 3.9 times higher than those of the M(H) (Fig. 2B(iii)). FN
and VN expressions were comparable in the ECM matrices.
Matrix-bound FGF-2 measured by ELISA was used to determine
the retention of endogenous FGF-2 after cell removal. Matrix-bound
FGF-2 was released from the decellularized matrices by a brief
treatment with 2.0 M NaCl (pH 7.4) solution following the method by
Fannon et al. [2000]. Matrix-bound FGF-2 on the M(H) was 1.7 times
higher than that on the M(N) immediately after cell removal (Fig. 3A)
but declined to undetectable level after 24 h. To examine the FGF-2
adsorption capacity of the decellularized ECM matrices, conditioned
media obtained under normoxic (N-CM) or hypoxic (H-CM)
condition were added to the decellularized ECM matrices 24-h
post-decellularization when the residual FGF-2 on the matrices was
undetectable. Despite the lower levels compared to the freshly
decelluarized ECM matrices, matrix-bound FGF-2 on the M(H) was
higher than that on the M(N) for the conditioned media from both
oxygen tensions. To further examine FGF-2 binding capacity,
exogenous FGF-2 at 10 ng/ml was added to the decellularized ECM
matrices for 24-h post-decellularization and matrix-bound FGF-2
on the M(H) was 2.9 times higher compared to that on the M(N).

JOURNAL OF CELLULAR BIOCHEMISTRY

719

AUTOCRINE FGF-2 IN hMSC AND ECM INTERACTIONS



A Immunostaining of ECM proteins before and after cell removal
i) FN

1) LN

M{H)-Before

w)COLT

I clore

M{H)-Before Mi{H)-Adter M{H)-Before

MiN)-After

iii) VN

MM )-Before

M(H}-Belore MiH)-Ader

MiH)-After

B Quantification of ECM proteins in the initial period of culture and after cell removal

1) FN uyCoL 1 1) ECM proteins after cell removal
0.6 =3
—a —A—N iy = 2 m— 1 (N)
0.6 H _ g (*P<0.05,**:P<0.01%) = 1 M (H)
T ":s:u.at via
; 0.4 = =
_Z *k = a
“0.2 . go2 gl =~
= ik
(*:P<0.05, **:P<0.01%) £ 2
0.0 0.0 -0
0 s 4 6 [} rd 4 6 COLICOLIV VN FN LN
Time (days) Time (days)

Fig. 2. Characteristics of hMSC-derived ECM under two oxygen tensions. A: Components of hMSC-derived ECM were visualized by immunostaining before and after cell
removal. Blue and green represent cell nuclei and the ECM components, respectively. B: Quantification of ECM proteins. In the initial period, cells under hypoxia secreted more
extensive FN and Col | compared to their normoxia counterparts (B(i,ii)). After cell removal at Day 15, the expression of COL | in the M(H) remained higher than those of the
M(N). However, COL IV and LN in the M(N) were higher than those of the M(H), while FN and VN expressions were comparable in the decellularized ECM matrices after cell
removal (B(iii)). Values are expressed as means = SD of three samples of each condition (*P< 0.05, **P< 0.01). Magnification: 200x.

AUTOCRINE FGF-2 SECRETION ON THE DECELLULARIZED ECM
MATRICES

To interrogate the reciprocal interactions between autocrine FGF-2
and ECM matrices, hMSCs were re-seeded on the ECM matrices and
free and matrix-bound FGF-2 were determined after 3 days of
culture under normoxia (Fig. 3B,C). The 3-day culture period was
chosen to minimize the influence of the newly synthesized ECM
matrices while ensuring cell adhesion and endogenous FGF-2
secretion. Free FGF-2 secretion was two times higher on the M(H)
compared to the M(N) with both significantly higher than the TCP,
suggesting the stimulatory effects of the ECM matrices on
endogenous FGF-2 secretion. For the matrix-bound FGF-2, the
M(H) had the highest secretion while the M(N) and the TCP are

comparable. For total FGF-2 secretion, the M(H) was 1.69 and 2.85
times higher than that of the M(N) and the TCP, respectively.

ACTIVATION OF ERK1/2 PATHWAYS

To identify the pathways involved in the ECM matrix-mediated
effects on hMSC proliferation and multi-lineage differentiation,
PERK1/2 expression was measured by ELISA. hMSCs on the M(H)
had significantly higher pERK1/2 expression 24 h after reseeding
compared to the M(N), with the TCP having the lowest expression
(Fig. 3E). The addition of the MEK inhibitor (U-0126) significantly
decreased ERK activity (about 30% decreases) on all substrates under
both normoxia and hypoxia.
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Fig. 3. Free and Matrix-bound FGF-2 and ERK activation. A: Matrix-bound FGF-2 immediately after cell removal. Matrix-bound FGF-2 after cell removal was significantly

higher in the M(H) compared to that on the M(N). Similar trends were observed with the treatment of normoxic- and hypoxic-conditioned media and 10 ng exogenous FGF-2.
B-D: Three days after reseeding and normoxia culture, free, matrix-bound, and total endogenous FGF-2 was the highest in the M(H) among three substrates. E: Adhesion to the
M(H) significantly enhanced pERK expression. Addition of U-0126 significantly reduced pERK expression for all three substrates obtained under two oxygen conditions. Values
are expressed as means & SD of three samples of each condition ("P< 0.05, **P< 0.01).

CELL PROLIFERATION AND CFU-F

Cell numbers on the M(N) and the M(H) under normoxia were
significantly higher (1.2 and 1.3 times, respectively) than those on
the TCP at day 1, but hypoxic condition had minimal effects on all
substrates (Fig. 4A). After 3 days of culture, cell number on the M(N)
and the M(H) increased 4.3 and 4.6 times, respectively, compared to
2.9 times increase on the TCP. Hypoxic culture condition further
enhanced hMSC proliferation with 33%, 13%, and 15% increases
after 3 days of culture on the TCP, the M(N), and the M(H),
respectively. To investigate if autocrine FGF-2 influences cell
proliferation, hMSCs at passage 4 and 6 were cultured on the
decellularized ECM matrices and the TCP for 6 days in the presence
of SU5402 and DMSO carrier alone as controls. For both passages,
the addition of SU5402 resulted in reduction of cell number at
46.4%, 42.2%, and 40.9% of the respective DMSO carrier controls for
the TCP, the M(N), and the M(H), respectively (Fig. 4B). Cell
morphology revealed by F-actin staining was dramatically different
between the TCP and the decellularized ECM matrices (Fig. 4C); cells

on the TCP were flat and large, while the ECM matrices maintained
the spindle shape.

The proportion of primitive hMSCs after 3 days of expansion on
the ECM matrices was determined by CFU-F numbers (Fig. 4D, E).
While both the M(H) and the M(N) had higher CFU-F than the TCP,
CFU-F number on the M(H) was 1.18 times higher than that on the
M(N), suggesting M(H)'s enhanced capacity in preserving CFU-F
forming capacity compared to the M(N). Hypoxia further increased
CFU-F numbers compared to normoxia for all three substrates at
47%, 19%, and 13% for the TCP, the M(N), and the M(H),
respectively.

OSTEOGENIC AND ADIPOGENIC DIFFERENTIATION POTENTIALS

After reseeding and 3 days of culture in growth media under two
oxygen tensions, hMSCs on the decellularized ECM matrices and the
TCP were induced to undergo osteogenic and adipogenic differenti-
ation under standard induction condition (e.g., normoxia in 5% CO,
incubator) (Fig. 5). After 5 days of incubation in the O media, hMSCs
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Fig. 4.

hMSC growth and CFU-F formation on the decellularized ECM matrices after 3 days of culture under two oxygen tensions. A: Cell proliferation was significantly

enhanced on the M(N) and the M(H) compared to the TCP. Hypoxia further increased cell proliferation on all substrates. B: Addition of FGF-2 inhibitor SU5402 for p4 and p6
hMSCs reduced cell number to comparable levels on all three substrates. C: F-actin staining revealed small and spindle-shaped hMSCs on the M(H) and the M(N) compared to
the large and flat cells on the TCP. D,E: CFU-F numbers had similar trends as the cell growth with the highest CFU-F expression on the M(H). Hypoxia enhanced CFU-F expression
on all three substrates. Colony sizes on the M(N) and the M(H) were also much bigger than ones on the TCP. Values are expressed as means & SD of three samples of each

condition (*P< 0.05, **P< 0.01). Magnification: 100x.

on the M(H) exhibited increased calcium depositions compared to
those on the M(N), while both the M(H) and the M(N) had higher
calcium deposition than the TCP (1.5 and 1.9 times, respectively)
(Fig. 5A). The hypoxic culture in growth media further enhanced the
calcium deposition on the TCP and the M(N) (1.5 and 1.1 times,
respectively), but not on the M(H). After 20 days of adipogenic
differentiation, the intensity of hMSC adipogenic differentiation on
the M(H) was significantly higher than that on the M(N), while 3 days
of hypoxic culture in growth media further enhanced Oil Red O
expression on the TCP and the M(N) (1.5 and 1.4 times, respectively),
but not on the M(H) (Fig. 5B).

INTRACELLULAR ROS WITH OR WITHOUT TBHP TREATMENT
About half of cells cultured on the TCP under normoxia were
intracellular ROS positive, while only 14% of cells on the TCP under
hypoxia were ROS positive (Fig. 6A). In contrast, cells on both the
M(N) and the M(H) were ROS negative under both oxygen
conditions. The TBHP treatment significantly increased the
percentage of ROS positive cells, resulting in 92%, 74%, and 67%
of ROS-positive cells on the TCP, the M(N), and the M(H),
respectively. However, there was no difference in the percentage
of ROS expressing cells between the M(N) and the M(H) under two
oxygen tensions post-TBHP treatment (data not shown).
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CELL VIABILITY AND CYTOTOXICITY UNDER SERUM WITHDRAWAL
To test the impact of the ECM matrices on hMSC proliferation under
low serum and viability under serum deprivation, hMSCs were
cultured on the decellularized ECM matrices and the TCP in low
serum (2% FBS) for 7 days or serum-free media for 24h,

respectively. Under normoxia, attachment to the ECM matrices
modestly improved hMSC viability with 1.2 and 1.5 times higher cell
number on the M(N) and the M(H) compared to that on the TCP at
day 7, respectively (Fig. 6B). In contrast, the combination of
attachment to the ECM matrices and hypoxic culture dramatically
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Fig. 6.

Intracellular ROS, cell viability, and cytotoxicity under serum withdrawal after reseeding on the ECM matrices. A: Hypoxia culture reduced ROS expression on the TCP

but addition of TBHP increased ROS to comparable levels. hMSCs cultured on the TCP had significantly higher ROS-positive cells compared to the negligible expression on both
the M(N) and the M(H). The decellularized ECM matrices also significantly reduced ROS expression in the presence of TBHP. B: In media containing 2% serum, cell viability on the
M(N) and the M(H) was significantly higher than that on the TCP under normoxia. However, hypoxia significantly increased cell viability on the M(N) and the M(H) with minimal
impact on the TCP. C: In serum-free media, the ECM matrices and hypoxia significantly reduced the expression of LDH. Values are expressed as means + SD of three samples of

each condition (*P< 0.05, **P< 0.01). Magnification: 100x.

enhanced hMSC viability with 2.2 times higher cell number on both
the M(N) and the M(H) at Day 7 compared to their normoxic
counterparts. Attachment to the ECM matrices also resulted in lower
levels of LDH with 69% on the TCP, 47% on the M(N), and 45% on
the M(H), respectively. Culture in hypoxia further reduced the
secretion of LDH for all three substrates (Fig. 6C).

HYPOXIA REGULATES ECM MICROENVIRONMENT: ECM PROTEINS
AND FGF-2

Hypoxia stimulated the secretion of ECM proteins during the initial
culture period with the most pronounced increases for FN, COL I, and
LN, in agreement with the prior studies [Grayson et al., 2006; Zhao
et al., 2010]. After 14 days of culture, however, the expression of FN
and VN reached comparable levels under two oxygen conditions,
suggesting the dynamic nature of the ECM composition as a

combined result of secretion, sequestration, and proteolytic
modification. The minimal structural changes of the ECM matrices
revealed by immunostaining before and after cell removal indicated
the maintenance of the ECM structure post-decellularization.
Oxygen tension is a developmentally important stimulus that
regulates intrinsic stem cell properties including proliferation,
multi-potentiality, and secretion of cytokines such as FGF-2, VEGF,
transforming growth factor-B (TGF-B), and platelet-derived growth
factor-g (PDGF-B) via HIF activation [Crisostomo et al., 2008;
Rosova et al., 2008; Ivanovic, 2009]. Among these growth factors,
the impact of autocrine FGF-2 on hMSC properties is well-
documented, but its role in mediating cell-ECM interactions has not
been reported [Bianchi et al., 2003; Zaragosi et al., 2006; Rider et al.,
2008; Auletta et al., 2011]. In the current study, the residue FGF-2 in
the decellularized ECM matrices was undetectable by ELISA 24-h
post-decellularization, possibly due to the short half life on the
decellularized ECM matrices [Moscatelli, 1992]. Because the total
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ECM protein was not an accurate measurement of FGF-2 binding
sites and the residual heparan sulfate proteoglycans (HSPGs) in the
decellularized ECM matrices only represented a fraction of FGF-2
binding sites [Fannon et al., 2000] and were undetectable in our
current study, the identification of the specific ECM components
responsible for FGF-2 binding requires further study. However,
the ECM matrices obtained under two oxygen tensions displayed
differential binding capacities with exogenous FGF-2 and FGF-2 in
the conditioned media (Fig. 3A). Furthermore, following reseeding
onto the decellularized matrices, hMSCs also significantly increased
FGF-2 secretion on the M(N) and the M(H), suggesting the
stimulatory effects of ECM binding on the endogenous FGF-2
secretion with the M(H) having the highest potency. Similar to
hypoxia culture, the enhanced endogenous FGF-2 secretion on the
decellularized ECM matrices may be due to their ability to maintain
hMSCs in a more primitive and proliferative state, which has shown
to enhance endogenous FGF-2 secretion [Zaragosi et al., 2006)].

Extracellular signal-related kinase (ERK) is a member of the
mitogen-activated protein kinase (MAPK) family and its roles in
regulating hMSC proliferation and lineage-specific differentiation
have been well established [Carcamo-Orive et al., 2008; Choi et al.,
2008; Lund et al., 2009]. ERK is indirectly activated by matrix
adhesion and by mitogenic growth factors, such as FGF-2 and FGF-
4, but the effects of hypoxia on ERK activation is controversial [Choi
et al., 2008; Crisostomo et al., 2008; Jin et al., 2010]. Several studies
have shown that hypoxic culture (e.g., 1% O0,) significantly
increased pERK expression [Crisostomo et al., 2008; Wang et al.,
2012], while Jin et al. [2010] reported decreases of pERK over long-
term hypoxic hMSC expansion. In the current study, ERK activation
was used as a discriminating point to interrogate the contribution of
adhesion to the decellularized ECM matrices versus hypoxic culture
condition. Hypoxic culture did not lead to significant variation in
PERK expression on all three substrates, but adhesion to the M(H)
resulted in significant increase in pERK expression. Thus, adhesion
to the ECM matrices, at least to the M(H), was more potent in
activating ERK compared to hypoxic culture. Indeed, addition of
MEK inhibitor U-0126 after 24 h of culture reduced the pERK to
basal levels in all culture conditions, confirming the role of ECM
adhesion on ERK activation [Wang et al., 2012; Sharrocks, 2006].
Whether the ERK activation by hypoxia and/or by ECM adhesion
differs in the temporal profile remains to be investigated.

HYPOXIA AND THE ECM MATRICES SYNERGISTICALLY PRESERVE
hMSC PHENOTYPE

Population doubling time estimated on the M(H) and the M(N) under
hypoxia were about 20 and 21h, respectively, which were
significantly lower than what was reported in hypoxic TCP culture
(between 53 and 72 h) [Grayson et al., 2007; Jin et al., 2010] or the
normoxic culture on the decellularized ECM matrices (about 41h)
[Pei et al., 2011]. The synergistic effects of hypoxia and the ECM
matrices may be due to the local enrichment of endogenous FGF-2
stimulated by hypoxia. Indeed, addition of a FGF-2 inhibitor,
SU5402, reduced hMSC proliferation to the basal level on all three
substrates under both hypoxic and normoxic culture conditions,
suggesting the autocrine FGF-2 effects as reported in prior studies
[Zaragosi et al., 2006; Rider et al., 2008]. Zaragosi et al. [2006]

revealed that human multipotent adiposed-derived stem (hMADS)
cells in fast cycling secreted more FGF-2, resulting in much higher
matrix-bound FGF-2 in the fast cycling cells as compared to that in
the slow cycling cells. Thus, the pro-mitotic effects of endogenous
FGF-2 under hypoxia were further propagated by the decellularized
ECM matrices, serving as a localized reservoir.

The synergistic effects of hypoxia and the ECM matrices also
enhanced CFU-F formation and multipotentiality. In addition to
FGF-2, the decellularized ECM matrices enhanced MSC osteogenic
and adipogenic differentiation compared to the TCP coated with
components of ECM proteins [Chen et al., 2007; Lai et al., 2010].
Both the M(H) and the M(N) significantly enhanced hMSC
osteogenic differentiation measured by Alizarin Red S and von
Kossa staining, confirming previous findings [Chen et al., 2007]. For
the adipogenic differentiation, only the M(H) had significantly
higher Oil Red O expression compared to the TCP and the M(N),
whereas hypoxic pre-culture enhanced the lipid formation on the
TCP and the M(N). Pei et al. [2011] found that hMSCs expanded on
the ECM matrices have decreased adipogenic capacity measured by
0il Red O but adipogenic induction was carried out after removing
cells from the ECM matrices, which differed from our current study.
Nonetheless, the enhanced osteogenic and adipogenic differentia-
tion by the ECM matrices and hypoxia also appeared to be FGF-2-
related, as reported in a prior study [Rider et al., 2008].

HYPOXIA AND HYPOXIC-ECM MATRIX PROTECT hMSCs FROM THE
CELL DEATH UNDER THE STRESS

The poor survival and a lack of long-term engraftment due to the
loss of matrix attachment and exposure to the harsh in vivo ischemic
environment of low nutrients and high oxidative stress (0S) are
major obstacles for hMSC application in ischemic injuries [Copland
and Galipeau, 2011; Fraser, 2011]. Among these factors, ROS are
detrimental to cell survival and significantly reduced cell adhesion
and viability both in vitro and in the transplanted region of an
infracted heart [Song et al.,, 2010]. MSC expansion under the
standard culture condition is known to increase the ROS level and
cell senescence, but attachment to the decellularized ECM matrices
has been shown to reduce MSC intracellular ROS level [Sun et al.,
2011]. Interestingly, the cell source for the culture-derived ECM
matrices also influenced the cellular ROS level in that the ECM
matrices derived from young mice (3- vs. 18-month-old mice) were
more potent in reducing ROS level presumably due to the factors
embedded in the ECM [Sun et al., 2011]. Though the mechanism
remains to be determined, the results of our current extended these
observation and further suggest that attachment to the ECM
matrices was more potent in reducing ROS compared to hypoxia
with the M(H) having the highest anti-oxidant capacity.

Nutrient deprivation is another hallmark of ischemic injury and
contributes to cell death of the transplanted hMSCs [Parekkadan and
Milwid, 2010; Copland and Galipeau, 2011]. Under normoxia
culture, the significant reduction of hMSC proliferation under 2%
serum on all three substrates suggests a strong dependence of hMSC
proliferation on the exogenous growth factors in serum. Surpris-
ingly, hypoxic culture on the decellularized ECM matrices
effectively overcome nutrient deprivation and restored hMSC
proliferation to a level comparable to the normoxic TCP culture
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in 10% serum; this is in sharp contrast to the minimal improvement
in cell growth under the hypoxic TCP culture. It is postulated that the
hypoxia-enhanced endogenous growth factor secretion is augment-
ed by the presence of the decellularized ECM matrices and together
they form a protective environment that overcomes nutrient
depletion and sustains hMSC proliferation in the ischemic
environment.

The results of the study demonstrate the interplay between the
extracellular macromolecular milieu and physiological oxygen
tension in directing hMSC fate and the central role of autocrine FGF-
2 in mediating hMSC interaction with the ECM matrices. The results
suggest that the recreation of extracellular microenvironment
may be an effective approach to promote hMSC proliferation and
survival in vivo.
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