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ABSTRACT

Mesenchymal stromal cells (MSCs) display robust repar-
ative properties through their ability to limit apoptosis,
enhance angiogenesis, and direct positive tissue remodel-
ing. However, low in vivo survival of transplanted cells
limits their overall effectiveness and significantly affects
their clinical usage. Consequently, identifying strategies
to improve cell survival in vivo are a priority. One expla-
nation for their low survival is that MSCs are often
transplanted into ischemic tissue, such as infarcted myo-
cardium, where there is poor blood supply and low oxy-
gen tension. Therefore, we examined how MSCs respond
to a hypoxic, nutrient-poor stress environment to identify
trophic factors that could be manipulated in advance of

MSC transplantation. Combining microarray and pro-
teomic screens we identified plasminogen activator inhib-
itor 1 (PAI-1) as one factor consistently upregulated in
our in vitro ischemia-mimicking conditions. Subsequent
genetic and chemical manipulation studies define PAI-1
as a negative regulator of MSC survival in vivo. Mecha-
nistically, MSC-derived PAI-1 does not alter MSC sur-
vival through a plasmin-dependent mechanism but rather
directly impacts on the adhesiveness of MSCs to their
surrounding matrices. Thus we can conclude that post-
transplantation, PAI-1 negatively impacts MSC survival
by promoting anoikis via matrix detachment. STEM
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INTRODUCTION

Conceptually, cellular therapy has evolved from the initial
premise that exogenous progenitor or stem cells regenerate
injured tissue to a broader hypothesis that cell therapy facilitates
complementary aspects of tissue repair [1]. Such complemen-
tary aspects might include augmentation of cell survival by
paracrine release of antiapoptotic factors, improved tissue oxy-
genation by neoangiogenesis, and enhanced recovery of cellular
and tissue function by positive remodeling. In numerous animal
models, bone marrow-derived mesenchymal stromal cells
(MSCs) have shown promise in treating ischemic disorders
[2–5]. Indeed, MSCs have intrinsic features that identify them as
an ideal cell type for cellular therapy. MSCs possess robust
angiogenic and immunomodulatory properties, are a natural
constituent of the host-derived tissue ischemia response, can be
obtained in relatively large numbers through standard clinical
procedures, and are easily expandable in culture [6]. At present,
cell therapies are routinely administered via injections, either
systemically or directly into tissues of interest [7, 8], and are
generally considered safe. However, despite many cell trans-

plantation studies showing beneficial effects, most studies report
low levels of cell persistence. In particular, for those therapies
where cells are injected directly into the tissue of interest,
massive death of transplanted cells has been observed [7, 8].
This limits their overall effectiveness and significantly impacts
their clinical use [9].

One explanation for the low survival rates of transplanted
cells is that cells are often injected into a pre-existing inhospi-
table ischemic environment. Once transplanted, cells are ex-
posed to a hypoxic, nutrient-poor environment and are often
bombarded by a cytokine storm from existing or evolving in-
flammatory reactions. Two complementary approaches that
could dramatically influence the survival of cells post-transplan-
tation are manipulation of the cells prior to transplantation
and/or manipulation of the transplantation site prior to cell
delivery. In vivo manipulation of the transplantation site prior to
delivery offers a complex series of hurdles and may not provide
any clear benefit. As a result, strategies aiming to improve cell
survival in vivo generally rely on ex vivo chemical, physical, or
genetic manipulation of the cells prior to delivery [7]. Hypoxic
preconditioning of MSCs increases their survival and angio-
genic potential in vivo [10–12]. However, adding a nutrient-
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poor component on top of this environment results in massive
cell death [13]. As such, a preconditioning regime involving a
hypoxia nutrient-poor environment is not feasible for MSC
therapies. Therefore, we examined how MSCs responded to a
hypoxic, nutrient-poor stress environment to identify mediators
that could be manipulated in advance of MSC transplantation. In
particular, since MSCs can regulate tissue regeneration via the
secretion of trophic factors [14], we focused on how the secre-
tome of MSCs was altered. Surprisingly, plasminogen activator
inhibitor 1 (PAI-1) identified itself as a key regulator of MSC
autograft survival in vivo, and this effect was mediated through
PAI-1’s ability to regulated MSC adherence.

MATERIALS AND METHODS

Condensed Materials and Methods are contained herein. Additional
information regarding materials and methods can be found in the
supporting information.

All animal experiments conducted at the Lady Davis Institute
for Medical Research (Jewish General Hospital) were conducted
with approval of the Lady Davis Institute for Medical Research
Standing Committee on Animals. All animal protocols conformed
to the Guide for the Care and Use of Laboratory Animals published
by the NIH (NIH Publication No. 85-23, revised 1996).

In Vitro Characterization of Wild-Type and
PAI-Null MSCs
Wild-type (WT) and PAI-null MSC isolation and culture was per-
formed as previously described [15]. Briefly, female C57Bl/6
(Charles River Laboratories, St. Constant, QC, Canada, http://www.
criver.com) or PAI-null mice (Jackson Immunoresearch Laborato-
ries, West Grove, PA, http://www.jacksonimmuno.com) weighing
approximately 15–20 g were euthanized by CO2 asphyxiation.
Whole bone marrow was harvested in cell culture dishes by flushing
resected femurs and tibias with complete culture media (Dulbecco’s
modified Eagle’s medium [DMEM] supplemented with 10% fetal
bovine serum (FBS) (unselected lots) and 48 �g/ml Gentamicin
[Sandoz Canada Inc., Boucherville, QC, Canada, http://www.
sandoz.ca]) and placed at 37°C with 5% CO2. Nonadherent hema-
topoietic cells were discarded 5 days later, and adherent stromal
cells maintained in culture for seven passages to generate a poly-
clonal MSC population. MSCs were immunophenotyped by flow
cytometric analysis at passage 8 and were differentiated, for 3
weeks, into adipocytes (complete culture media supplemented with
0.5 mM dexamethasone, 0.5 �M isobutylmethylxanthine, and 50
�M indomethacin), osteoblasts (complete culture media supple-
mented with 1 nM dexamethasone, 20 mM �-glycerol phosphate,
and 50 �M L-ascorbic acid-2-phosphate) and chondrocytes (in-
verted-drop culture with serum-free culture media supplemented
with 10 nM dexamethasone, 50 �M L-ascorbic acid-2-phosphate,
and 5 ng/ml TGF-�1) [16, 17] (details in supporting informa-
tion). MSCs were maintained and expanded in culture for no
longer than 2 months.

In Vitro Characterization of Human MSCs
Adult human MSCs were collected from volunteer donors and
isolated by Ficoll separation. Mononuclear cells were plated in cell
culture dishes with complete culture medium (�-minimal essential
medium supplemented with 16.5% unselected FBS, 2 mM L-glu-
tamine, and 48 �g/ml Gentamicin [Sandoz Canada Inc.]) and placed
at 37°C with 5% CO2. Nonadherent hematopoietic cells were dis-
carded 5 days later, and adherent stromal cells maintained in culture
for up to 10 passages. Human MSCs were immunophenotyped by
flow cytometric analysis at passage 4 and were differentiated, for 3
weeks, into adipocytes (complete culture medium supplemented
with 0.5 mM dexamethasone, 0.5 �M isobutylmethylxanthine, and
50 �M indomethacin), osteoblasts (complete culture medium sup-
plemented with 1 nM dexamethasone, 20 mM �-glycerol phos-
phate, and 50 �M L-ascorbic acid-2-phosphate), and chondrocytes

(inverted-drop culture with serum-free culture media supplemented
with 10 nM dexamethasone, 50 �M L-ascorbic acid-2-phosphate,
and 5 ng/ml TGF-�1) [16, 17] (details in supporting information).
Human MSCs were maintained and expanded in culture for no
longer than 2 months.

Microarrays
Total cellular RNA isolation, reverse transcription, labeling and
hybridization, and analysis were performed as previously described
[18] (details in supporting information). Three separate array ex-
periments were performed for each experimental condition (i.e.,
hypoxia vs. normoxia). The gene expression database was subjected
to a variety of analysis tools, including scatterplot clustering, Sig-
nificance Analysis of Microarrays (SAM), and gene ontology com-
parison (GoStat, http://gostat.wehi.edu.au/). On the basis of SAM
analysis [19], a twofold change in gene expression between the
normoxia and hypoxia experimental conditions was considered sig-
nificant only when the false-positive discovery rate was set for
�1%.

Proteomics
Conditioned media from normoxia and hypoxia serum-deprived
MSCs were collected and concentrated on 5-kDa exclusion spin
columns (Millipore, Billerica, MA, http://www.millipore.com).
iTRAQ labeling, tryptic digestion, and peptide chromatography
were performed as previously described [20]. Isolated fractions
were processed for identification and quantification by the QSTAR1
XL hybrid liquid chromatography (LC) tandem mass spectrometry
(MS/MS) system (Applied Biosystems, Foster City, CA, http://
www.appliedbiosystems.com) interfaced with an 1100 Series Cap-
illary LC system (Agilent Technologies, Palo Alto, CA, http://www.
agilent.com). Mass spectrometry (MS) time of flight scans were
acquired from m/z 350 to 1,600, with up to two precursors selected
for MS/MS from m/z 60 to 2,000 using information-dependent
acquisition; rolling collision energy was used to promote fragmen-
tation. Nanospray MS and MS/MS data from the QSTAR System
were analyzed using ProQUANT 1.0 software (Applied Biosystems
Inc.) for both identification and quantification. N terminus, lysine,
tyrosine, and cysteine modifications were selected as fixed, methi-
onine oxidation was selected as variable, one missed cleavage was
allowed, precursor error tolerance was at �0.15 Da, and product ion
error tolerance was at �0.1 Da.

Western Blotting
Proteins were then subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) using Tris-glycine gradient (4%–20%) gels (In-
vitrogen, Burlington, ON, Canada, http://www.invitrogen.com) and
electroblotted to polyvinylidene difluoride membranes (Millipore).
All incubations and washes were done at room temperature with
constant agitation. Membranes were blocked in 5% (wt/vol) nonfat
milk in Tris-buffered saline containing 0.1% (vol/vol) Tween 20
(TBST). Rabbit anti-mouse PAI-1, uPA, tPA, and uPAR polyclonal
affinity purified antibodies (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, http://www.scbt.com) diluted in blocking solution 1:500
were added to the membranes for 2 hours. The membranes were
washed in TBST and incubated for 1 hour with horseradish perox-
idase-conjugated goat anti-rabbit IgG (R&D Systems Inc., Minne-
apolis, http://www.rndsystems.com) diluted 1:10,000 in blocking
solution. Proteins were detected using an enhanced chemilumines-
cence kit (Amersham Biosciences, Buckinghamshire, United King-
dom, http://www.amersham.com).

Plasmin-Activity Assay
Plasmin activity in culture medium from MSC cultures was detected
using an ANSN-based fluorogenic substrate (SN-5; Hematologic
Technologies Inc., Essex Junction, VT, http://www.haemtech.com)
[21]. In brief, 100 �l of culture medium was mixed with 10 �M
SN-5 in a 96-well plate for 1 hour at 37°C. The relative change in
fluorescence was assessed at 470 nm emission wavelength with a
352 nm excitation using a fluorescent plate reader. All experiments
were performed in triplicate with cells that had been serum-deprived
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for at least 24 hours. In all experiments exogenous plasmin was used
as a positive control.

Zymography
Gelatinolytic activity in culture medium from MSC cultures was
detected by zymography as described previously [22]. Briefly, an
aliquot (20 �l) of the culture medium was subjected to SDS-PAGE
with a 7.5% (wt/vol) polyacrylamide gel containing 0.1 mg/ml
gelatin. Gels were then washed twice for 30 minutes in 2.5%
(vol/vol) Triton X-100 to remove SDS and then rinsed in distilled
water. Gels were then incubated at 37°C for 20 hours in a 20 mM
NaCl2, 5 mM CaCl2, 0.02% (vol/vol) Brij-35, 50 mM Tris/HCl
buffer (pH 7.6). The gels were then stained with 0.1% Coomassie
Brilliant Blue R-250, followed by destaining in 10% (vol/vol) acetic
acid, 30% (vol/vol) methanol in water. Gelatinolytic activity was
detected as unstained bands on a blue background. All experiments
were performed with cells that had been serum-deprived for at least
24 hours.

Reverse Transcription-Polymerase Chain Reaction
Two micrograms of total RNA was reverse-transcribed in a total
volume of 50 �l containing 5 �l of reverse transcription buffer, 11
�l of MgCl2 (25 mM), 5 �l of dNTP (10 �M each), 2.5 �l of
random hexamers (50 �M), 1.5 �l of MULV reverse transcriptase
(1 IU/�l), and 0.5 �l (5 IU/ml) of RNase inhibitor. Samples were
first incubated at 25°C for 10 minutes and then at 37°C for 70
minutes. Reactions were stopped by heating to 70°C for 5 minutes.
Polymerase chain reaction (PCR) was performed on 50 ng of cDNA
to determine PAI-1 expression, whereas 5 ng of cDNA was ampli-
fied for 18S. The thermocycler parameters were 95°C for 3 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for 30
seconds, followed by an extension at 72°C for 30 seconds.

Matrigel Implantation of WT and PAI-Null MSCs
We have previously described the subcutaneous implantation of
MSCs admixed in Matrigel (Becton, Dickinson and Company,
Mississauga, Ontario, Canada, http://www.bd.com) to ascertain
neovascularization in vivo [23]. Briefly, MSCs were mixed with
chilled liquid Matrigel, syringe-loaded, and injected subcutaneously
to syngeneic C57Bl/6 mice where they formed a semisolid plug.
The plugs can be surgically retrieved at latter time points and
subjected to histological analyses for survival based upon �-galac-
tosidase and PKH26 staining. Vascularity was assed through im-
munostaining for von Willebrand factor (vWF; NeoMarkers, Fre-
mont, CA, http://www.labvision.com). For each experimental
condition, six Matrigel implants were analyzed.

Vessel Density Determination
Capillary endothelial cells were identified by immunohistochemical
staining for vWF (NeoMarkers). Following blocking, primary
(vWF; NeoMarkers) and secondary antibody incubations (Alexa
488 goat anti-rabbit IgG; Invitrogen), samples were viewed using a
Leica DM6000B (Leica, Wetzlar, Germany, http://www.leica.com)
microscope. No signal was observed when primary antibodies were
omitted or when samples were incubated with isotype control an-
tibodies. For each Matrigel plug, quantitative assessment of vascu-
lar density with fluorescent microscopy was performed using 10
randomly selected high-power fields (magnification, �200). The
number of vessels from each section was averaged and expressed as
the number of vessels per high-power field (HPF).

LacZ Transduction of WT and PAI-Null MSCs
In gene marking studies, WT and PAI-null MSCs were stably
transduced with a LacZ integrating retroviral vector as previously
described [24]. Following LacZ transduction, �90% of WT and
PAI-null MSCs expressed detectable �-galactosidase activity as
assessed by 5-bromo-4-chloro-3-indolyl-�-D-galactoside (X-Gal)
staining. LacZ�MSCs were expanded in vitro for implantation.
Prior to implantation, �90% LacZ positivity was confirmed for
both the WT and PAI-null MSC populations. Two weeks postim-
plantation, surviving LacZ�MSCs and their progeny could be iden-

tified on histologic sections by a characteristic indigo-blue color
when incubated with X-Gal staining solution. For each Matrigel
plug, quantitative assessment of X-Gal with light microscopy was
performed using 10 randomly selected high-power fields (magnifi-
cation, �200). The number of X-Gal-positive cells from each
section was averaged and expressed as the number of X-Gal-
positive cells per HPF.

PKH26 Labeling of MSCs
Culture expanded MSCs were trypsinized, washed, and resuspended
in Diluent C buffer for general membrane labeling (Sigma-Aldrich,
Oakville, ON, Canada, http://www.sigmaaldrich.com). Cells were
then mixed with a 2� stock of PKH26 labeling solution and
incubated at room temperature for 5 minutes. The reaction was
stopped and cells were washed prior to injection.

In Vitro Matrigel Survival Assay
Cells were dislodged after brief trypsinization and dispersed into
homogeneous single-cell suspensions. Cells were washed exten-
sively and resuspended in serum-free DMEM to a concentration of
1 � 106 cells per milliliter. MSCs (2 � 105) were then mixed with
an equal volume of cold Matrigel, added to microtiter plate, and
placed into a tissue culture incubator at 37°C with 5% CO2. Apo-
ptosis was assessed 2 and 6 days postplating. Live cells were
retrieved from in vitro Matrigel implants by cutting the implants
into small fragments and incubating these fragments in a solution of
1� phosphate-buffered saline (PBS) supplemented with 1.6 mg/ml
type IV collagenase and 200 �g/ml DNase I (Sigma-Aldrich) for 30
minutes at 37°C. Cells were dissociated by repeated pipetting,
incubated for an additional 20 minutes at 37°C, collected, and
washed. Intact cells were then resuspended in staining buffer con-
taining annexin-V antibody and propidium iodide (PI) for 15 min-
utes at room temperature in the dark. Cells were then washed and
placed into flow cytometric buffer and analyzed. Controls included
untreated cells stained with annexin-V and PI, as well as untreated
cells stained solely with annexin-V or PI.

Adhesion Assay
Microtiter plates were coated with either Matrigel (1:5 dilution in
PBS) or vitronectin (5 �g/ml) for 18 hours at 4°C. Plates were then
washed with PBS to remove excess matrices and incubated for 1
hour at 37°C with PBS containing 1% bovine serum albumin to
block nonspecific binding. MSCs (5 � 104) in serum-free DMEM
were added to each well, spun at 400g for 2 minutes, and allowed
to attach for 20 minutes at 37°C. After incubation, the microtiter
plates were agitated twice for 30 seconds and gently washed with
PBS. The remaining cells were fixed (4% PFA), stained (0.1%
crystal violet), and washed in water. The stain was extracted from
the cells with 2% SDS, and the amount of extracted stain was
quantified by absorbance at 590 nm.

Detachment/Anoikis Assay
Twenty-four-well plates were coated with either Matrigel (1:5 di-
lution in PBS) or vitronectin (5 �g/ml) for 18 hours at 4°C. Plates
were then washed with PBS to remove excess matrices. MSCs (1 �
105) in DMEM containing 0.5% albumin were added to each well,
spun at 400g for 2 minutes, and allowed to attach for 20 minutes at
37°C. After incubation, the plates were gently washed to remove
nonadherent cells, and fresh DMEM containing 0.5% albumin was
added. Specific wells then received either no treatment or rPAI-1
(25 �g/ml). Cells were then returned to the incubator for 72 hours,
after which the adherent and floating cells were counted separately
to determine the percentage of detached cells.

Migration Assay
Cells were dislodged after brief trypsinization and dispersed into
homogeneous single-cell suspensions. Cells were washed exten-
sively and resuspended in serum-free DMEM to a concentration of
1 � 106 cells per milliliter. To assess invasion from established
monolayers, MSCs (1 � 105) were dispersed onto Matrigel-coated
chemotaxis filters (8-�m pore size; BD Biosciences, San Diego,
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http://www.bdbiosciences.com) within Boyden chamber inserts and
allowed to adhere for 1 hour at 37°C, after which they were
challenged by the addition of 600 �l of chemoattractant solution to
the lower compartments composed of either DMEM alone or
DMEM containing 10% FBS. Invasion was allowed to proceed for
16 hours at 37°C in 5% CO2. Cells remaining attached to the upper
surfaces of the filters were carefully removed with cotton swabs.
Cells that had invaded to the lower surfaces of the filters were fixed
with 3.7% formaldehyde, stained with 0.1% crystal violet/20%
MeOH, and counted by microscopic examination. The average
number of migrating cells per field was assessed by counting at least
six random fields per filter.

Statistical Analysis
Statistical analyses were performed using either the two-tailed Stu-
dent t test or nonparametric analysis of variance, as appropriate. A
p value less than .05 was considered statistically significant. All
statistical analysis was performed using SPSS data analysis soft-
ware (SPSS, Chicago, http://www.spss.com).

RESULTS

Genomic and Proteomic Screens Identify PAI-1 as
an Ischemia-Regulated Factor in MSCs
In our effort to identify factor(s) that were altered by MSCs
under stress-like conditions, we cultured murine MSCs (passage
8; immunophenotype and multipotentiality are described in sup-
porting information Fig. 1) to approximately 80% confluence,
washed them several times with serum-free DMEM to remove
exogenous growth factors, and then placed the MSCs into either
normoxic (O2 approximately 21%) or hypoxic (O2 � 3%)
incubators for 24 hours. Consistent with Mylotte et al. [25],
serum deprivation of MSCs for 24 hours was not associated with
overt cell death, and hypoxia did not increase cell death at the
24-hour time period (data not shown). From these cells we
collected both RNA for microarray analysis and conditioned
serum-free DMEM for proteomic analysis.

Three separate RNA extractions were performed on each
MSC treatment group (n � 3 for normoxia; n � 3 for hypoxia)
and processed as described in Materials and Methods. Each
MSC RNA isolate was hybridized to an Affymetrix Murine
Genome U74v2 chip (Affymetrix, Santa Clara, CA, http://www.
affymetrix.com), which contains �30,000 mouse genes. A total
of six separate array experiments were performed. When ana-
lyzing the expression levels from these experiments, we set
exclusion criteria such that only those genes that showed at least
a twofold change in expression and had a false-positive rate of
�1% according to SAM analysis [19] were considered signifi-
cantly different between the normoxia and hypoxia groups. As
expected, the majority of genes from the two groups had similar
expression levels and when plotted graphically lined up along a
45-degree diagonal axis (Fig. 1A, black points). However, 24
hours of hypoxia influenced the expression of 445 unique genes
(Fig. 1A, gray points). Of these 445 genes, 174 were increased,
whereas 271 were decreased (complete list of genes is given in
supporting information Table 1). Since our focus was on se-
creted factors, we restricted our analysis to these genes. We
submitted our list of 445 genes to GoStat [26] to identify only
those genes whose proteins are found in the extracellular com-
partment. GoStat analysis identified 21 secreted proteins whose
mRNAs were altered (12 upregulated, nine downregulated)
when hypoxic stress was combined with nutrient deprivation
(Fig. 1B). Within the upregulated group there were notable
increases in vascular endothelial growth factor and members of
the IGF-binding proteins.

Since microarray data do not necessarily reflect protein
production, we conducted several experiments using iTRAQ
labeling followed by mass spectrometry to identify proteins
secreted by MSCs in normoxic and hypoxic nutrient-poor con-
ditions. Using this methodology, 24 hours of medium condi-
tioning in the nutrient-poor environment was not conducive to
identifying a large spectrum of secreted proteins. However,
consistent with our microarray data, in each iTRAQ experiment
the serine (or cysteine) proteinase inhibitor-clade E, member 1,
also known as PAI-1, was increased due to hypoxia (Fig. 1C).
Confirming this observation, Western blotting experiments
showed that PAI-1 was increased not only in mouse MSCs
under hypoxic conditions but in human MSCs (passage 5;
immunophenotype and multipotentiality are described in sup-
porting information Fig. 2) as well (Fig. 1D).

Plasminogen-Plasmin System in MSCs Under
Ischemic-Like Conditions
PAI-1 is a primary regulator of the plasminogen activators (uPA
and tPA), which regulates the conversion of plasminogen to
plasmin [27]. Since ischemic-like conditions upregulated PAI-1
in our MSCs, we decided to further define the plasminogen-
plasmin system in MSCs. From our mouse microarray data, we
could infer that MSCs constitutively express the mRNA for
PAI-1 and uPAR but do not normally produce high transcript
levels for uPA or tPA (Fig. 2A). Western blotting, on 24-hour
serum-free conditioned media from human mesenchymal stro-
mal cells (hMSCs) (passage 6), did not reveal appreciable levels
of either tPA or uPA (Fig. 2B, 2C); however, when these same
hMSCs were stimulated with TGF-�1, small amounts of pre-
cursor uPA were detected (Fig. 2C). As expected, uPAR and
PAI-1 from human (passage 6) and mouse (passage 8) MSCs
were readily detected (Fig. 2D, 2E). These data suggested that
MSCs do not actively convert plasminogen to plasmin. Consis-
tent with this observation, when we assayed for plasmin activity
in conditioned media from human and mouse MSCs (average
relative fluorescence [RFI]: hMSC RFI, 166.58 � 93.1; murine
mesenchymal stromal cell [mMSC] RFI, 845 � 119.5), regard-
less of whether MSCs were in a normoxic or hypoxic environ-
ment, or whether we exogenously primed the system with plas-
minogen and TGF-�1, substantial plasmin activity was not
detected compared with our positive control (0.25 mIU plasmin
per milliliter RFI � 28,969) (Fig. 2F). Since plasmin can di-
rectly alter matrix metalloproteinase (MMP) activity [28, 29],
we used zymography as a second means of assessing whether
MSCs could convert plasminogen to plasmin. Our experiments
clearly demonstrated that exogenous addition of plasminogen
and TGF-�1, onto human or mouse MSCs, did not alter MMP-2
activity (Fig. 2G, 2H). Notably, exogenous plasmin added,
postcollection, to the MSC media effectively activated MSC-
derived MMP-2 (Fig. 2G, 2H). In mouse MSCs (passage 8), we
also noted that exogenous addition of recombinant PAI-1 or the
inhibition of endogenous PAI-1, using a PAI-1-neutralizing
antibody, did not affect MMP-2 activation (Fig. 2H).

Phenotypic and Functional Analysis of PAI-Null
MSCs
To better understanding the role that PAI-1 plays in MSC
biology, we isolated MSCs from PAI-1 knockout mice (PAI-
null) and compared them with MSCs from normal mice (WT-
MSC). Upon plating, like WT bone marrow cells, PAI-null bone
marrow cells formed discrete spindle colonies after 7 days (Fig.
3A) and could be propagated in vitro. PCR analysis showed that
PAI-1 mRNA was readily detected in WT-MSCs but was absent
in PAI-null MSCs (Fig. 3B). After eight passages, we immuno-
phenotyped our PAI-null MSCs and exposed them to media
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inductive for adipogenic, osteoblastic, and chondrocytic differ-
entiation. PAI-null MSCs were similar to WT-MSCs regarding
their cell surface expression for CD44, CD105, and MHC Class
I and lack of expression for CD45, CD11b (Mac-1), MHC Class
II, and CD31 (Fig. 3C). Like WT-MSCs (supporting informa-
tion Fig. 1), PAI-null MSCs also readily differentiated into
adipocytes, osteoblasts, and chondrocytes (Fig. 3D).

Using a Matrigel-embedded MSC subcutaneous assay, we
have previously demonstrated that MSCs are capable of produc-
ing a robust host-derived angiogenic response in vivo [23].
Using this same assay system, we tested the host angiogenic
response of PAI-null MSCs. Two weeks postimplantation, plugs
embedded with either WT (passage 8) or PAI-null (passage 8)
MSCs (2.0 � 106 cells per implant) were resected, fixed, and
prepared for histologic analysis of blood vessel density. Immu-
nostaining for vWF (green) identified blood vessels (Fig. 4A,
4B, arrows), and enumeration (Fig. 4C) demonstrated that PAI-
null MSC implants had a significantly higher blood vessel
density compared with WT-MSC implants. To determine
whether the enhanced neovascularization of PAI-null MSC im-
plants could be attributed to altered in vivo cell survival, we
performed an additional set of subcutaneous Matrigel implants.
For these experiments, we retrovirally transduced WT and PAI-
null MSC populations with the LacZ gene and confirmed prior
to implantation that �90% of cells were LacZ-positive, based

on X-Gal staining (data not shown). At the time of implantation,
2 � 106 MSCs (WT and PAI-null MSCs, both at passage 12)
were resuspended in Matrigel and injected subcutaneously in the
right flank in each test mouse. Fourteen days postimplantation,
mice were sacrificed and Matrigel implants were excised for
analysis. Excised implants were briefly fixed, stained for X-Gal,
and then prepared for histological analysis. Histologically, PAI-
null MSC implants clearly had more X-Gal-positive cells com-
pared with WT-MSC implants (Fig. 4D, 4E), and when enu-
merated they demonstrated a 3.7-fold increase in survival (Fig.
4F). Despite our WT and PAI-null MSC population having
similar immunophenotypes, it was conceivable that our PAI-null
MSC population possessed some unrealized difference that
could account for its survival advantage. To preclude this pos-
sibility we performed additional subcutaneous Matrigel im-
plants where WT-MSCs were first prelabeled with the mem-
brane label PKH26. Prior to injection, one set of MSC implants
was mixed with a PAI-1-neutralizing antibody (25 �g/ml; Mo-
lecular Innovation Inc., Novi, MI, http://www.mol-innov.com)
and the other with an isotype control antibody (25 �g/ml IgG).
These experiments confirmed our observations from the PAI-
null MSC implants. At 2 weeks post-transplantation, there was
clear evidence of more MSCs surviving in the implants mixed
with the PAI-1-neutralizing antibody compared with those
mixed with the IgG isotype control antibody (Fig. 4G, 4H).

Figure 1. Impact of hypoxia on mesenchymal stromal cells. (A): Scatterplot of normoxia and hypoxia phenotype class based on differential gene
expression in mMSCs. (B): Tabular representation of top 11 upregulated and top 9 downregulated genes for secreted proteins altered by hypoxia in
mMSCs. (C): Comparison of PAI-1 expression alterations from microarray (mRNA) and iTRAQ (protein) experiments in mMSCs. (D): Represen-
tative Western blot of PAI-1 expression from media of mMSCs and hMSCs cultured in normoxia or hypoxia for 24 hours. (PAI-1 microarray, iTRAQ
comparison; n � 3 separate experiments � SD). Abbreviations: FoldDiff, fold difference; hMSC, human mesenchymal stromal cell; IGF, insulin-like
growth factor; iTRAQ, isobaric tag for relative and absolute quantization; mMSC, mouse mesenchymal stromal cell; PAI, plasminogen activator
inhibitor.
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These data clearly indicate that extracellular PAI-1 negatively
influences the survival of MSCs post-transplantation.

Local Extracellular PAI-1 Affects MSCs Adhesion
To determine the mechanism by which PAI-null MSCs have
enhanced cell survival in vivo, we first assessed whether our
PAI-null MSCs had altered MMP activity (supporting informa-
tion Fig. 3a, 3b) or plasmin generation (supporting information
Fig. 3c). Using the previously described assays, we could not
detect a significant difference between our WT and PAI-null
MSCs in regards to their MMP or plasmin activity. Thus the
endogenous ability of PAI-null MSCs to convert plasminogen to
plasmin does not explain the increased survival we observed in
vivo. Supporting this observation, when we conducted an in
vitro survival assay using MSCs embedded in Matrigel, where
half the plugs were supplemented with mouse plasmin, those
implants receiving exogenous plasmin showed reduced viability
at 2 and 6 days postplating (Fig. 5A). These data suggest that a
fine balance may exist between plasmin and PAI-1 activity in
modulating cell survival post-transplantation.

Next we determined whether enhanced PAI-null MSC sur-
vival post-transplantation might be attributed to altered adhe-
siveness. Based upon previous work by Al-Fakhri et al. [30] and
Czekay et al. [31], a series of short-term in vitro adhesion assays
was conducted using tissue culture plates coated with either
vitronectin (VN) or Matrigel (MTG). Vitronectin was chosen as
a coating on the basis of evidence that PAI-1 can bind to VN and
influence cell adhesion [32], whereas MTG-coated plates were
used to allow direct comparisons of our in vitro and in vivo
results. Compared with WT-MSCs, PAI-null MSCs had equal
adhesion affinity to both VN and MTG, and blocking PAI-1
activity from MSCs did not overtly affect adhesion (Fig. 5B).
Thus PAI-1 from MSCs does not alter initial adhesion of MSCs
onto basement membranes regardless of whether they are ad-
hering to a simple (i.e., vitronectin alone) or more complex (i.e.,
Matrigel) substrate. However, when recombinant PAI-1 (20
�g/ml) was added, to the VN or MTG matrix during the non-
specific blocking step, a significant decrease in MSC adhesion
occurred on both substrates (Fig. 5B). This suggests that if
PAI-1 levels are elevated at the site of MSC injection, survival

Figure 2. Plasminogen-plasmin system in mesenchymal stromal cells (MSCs). (A): Microarray data extrapolation of relative gene expressions for
mMSCs. (B–D): Representative Western blots for in vitro-cultured MSC expression of tPA (B), uPA (C), uPAR (D), and PAI-1 (E). (F): Fluorometric
in vitro plasmin activity assay on mMSC- (C57Bl/6) and hMSC-conditioned media. (G): Zymography of hMSC-conditioned media demonstrating
that exogenously added plasmin can activate MMP-2. (H): Zymography of mMSC-conditioned media demonstrating that alterations in levels or
activity of PAI-1 do not affect MMP-2 activation (n � 4 individual experiments � SD) (plasminogen, 10 g/ml; plasmin, 0.25 mIU/ml; TGF, 1–10
ng/ml) (for [B, C, E], Blk was unconditioned serum-free media; for [D], Blk was loading dye only). Abbreviations: Blk, negative control blank;
hMSC, human mesenchymal stromal cell; hrs, hours; MMP, matrix metalloproteinase; mMSC, murine mesenchymal stromal cell; PLG, plasminogen;
PAI, plasminogen activator inhibitor; tPA, tissue plasminogen activator; TGF, transforming growth factor; uPA, urokinase plasminogen activator;
uPAR, urokinase plasminogen activator receptor.
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of these cells will be compromised due to reduced adherence.
Subsequently, we determined whether the accumulation of
PAI-1 once MSCs had adhered to their matrices would promote
cell detachment. In these experiments, we plated MSCs, onto
both VN- and MTG-coated plates, and following their initial
attachment period we added recombinant PAI-1 (20 �g/ml) at 0
and 12 hours. At all time points tested, the addition of recom-
binant PAI-1 increased MSC detachment (data not shown), and
by 72 hours the addition of recombinant PAI-1 increased MSCs
detachment on both VN- and MTG-coated plates by 74% and
86%, respectively (Fig. 5C). Thus, over time the accumulation
of PAI-1 at the site of MSCs injection will promote cell detach-
ment.

In the final set of experiments, we conducted in vitro inva-
sion assays to determine whether abrogating the actions of
PAI-1 influenced the migratory capacity of MSCs. The rationale
for these experiments is rooted in the belief that MSCs are
motile and will migrate toward environments more conducive to
their survival. Thus, MSCs that are injected into an ischemic

environment can potentially migrate away from their intended
site of action. Using an MTG-coated transwell invasion assay
system, we found that when MSCs were plated in the upper
chamber and no chemoattractant applied to the lower chamber,
few MSCs migrated over the 16-hour invasion period (Fig. 5D,
negative control), whereas 10% FBS in lower chamber acted as
a powerful chemoattractant for WT-MSCs (Fig. 5D). Compar-
atively, the migratory capacity of PAI-null MSCs was signifi-
cantly lower than WT-MSCs, toward 10% FBS chemoattractant,
and incubating WT-MSCs with a PAI-1-neutralizing antibody
replicated the reduced migratory capacity of PAI-null MSCs
(Fig. 5F). These data suggest that PAI-1 has a negative impact
on MSC persistence at their injection site.

DISCUSSION

With the exception of a study by Mylotte et al. [25], very little
is known regarding the ischemic response of MSCs. In partic-

Figure 3. Isolation of mouse PAI-1-null MSCs. (A): Typical appearance of fibroblast-like colonies 7 days after plating of WT and PAI-1-null bone
marrow cells. (B): Upper panel: Reverse transcription-polymerase chain reaction demonstrating presence of PAI-1 mRNA in WT-MSC and the lack
thereof in PAI-null MSCs. Lower panel: 18S rRNA control. (C): Flow cytometry analysis on in vitro-cultured PAI-null MSCs determined cell surface
antigen expression of CD44, CD105, MHC class I, CD45, Mac-1, MHC class II, and CD31, as described in Materials and Methods. (D):
Undifferentiated PAI-null MSCs were cultured in conditions inductive of adipogenic (upper panel, stained with oil red O) osteogenic (middle panel,
stained with alizarin Red S) and chondrocytic (lower panel, stained with Alcian Blue) differentiation. Abbreviations: bp, base pairs; MSC,
mesenchymal stromal cell; PAI, plasminogen activator inhibitor; WT, wild-type.
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ular, it is unclear how ischemia alters the secretome of MSCs.
To better understand their true regenerative potential, investiga-
tors are trying to define the trophic factors that MSCs produce
[33, 34]. However, as the list of factors MSCs secrete grows, the
likelihood that MSCs secrete factors that are detrimental to their
survival post-transplantation also grows. In an effort to identify
secreted factors that could influence MSC survival, upon trans-
plantation into ischemic tissues, we exposed murine MSCs to
both a hypoxic and metabolic stress for 24 hours and profiled
their secretomes using both genomic and proteomic approaches.
Our gene array analyses identified a distinct set of genes whose
expressions were altered when hypoxia was combined to nutri-
ent deprivation. However, our mass spectrometry analyses
showed that these changes were not readily detected in the
media. Despite this, we found a correlation with PAI-1 and
identified an unexpected causal role for extracellular PAI-1
levels influencing the survival of MSCs post-transplantation.
Combined with our mechanistic data, we propose that modulat-
ing the activity of PAI-1, at the site of MSC transplantation,
could enhance the efficacy of cellular therapy through enhanced
persistence.

PAI-1 is a pleiotropic molecule, having both beneficial and
detrimental effects. As a detrimental factor, PAI-1 influences
the progression of metabolic disorders such as obesity and

insulin resistance [35] and can also negatively influence tissue
repair in the dermis [36], vasculature [37], and skeletal muscu-
lature [38]. PAI’s best recognized function is preventing the
conversion of plasminogen to plasmin by blocking the actions of
tPA and uPA [27]. In the interstitium, where MSCs would be
transplanted, plasmin can promote the release of latent growth
factors and zymogens, which can promote local cell survival,
proliferation, and migration [39]. Therefore, our initial hypoth-
esis was that hypoxia-mediated MSC production of PAI-1
would negatively affect cell survival by preventing plasmin
activation. Our data clearly suggest that this is not the case. The
data revealed that MSCs do not normally produce tPA or uPA,
and even when stimulated with TGF-�1, MSCs produce only
the latent form of uPA. Furthermore, even when MSCs are
stimulated with TGF-�1 and have plasminogen substrate avail-
able, MSCs cannot produce plasmin. Recently, Chiellini et al.
also demonstrated that adipose-derived human MSCs actively
produce PAI-1 but do not produce uPA or tPA [40]. Together
these bodies of work imply that transplanted MSCs will not
actively promote the conversion of plasminogen to plasmin.
Although these data do not definitively disprove our original
hypothesis, the fact that exogenous plasmin negatively affected
MSC survival in our in vitro assays suggests that an alternative
mechanism was at play. Furthermore, the negative effect plas-

Figure 4. Regenerative potential of PAI-
null MSCs. Morphometry (4,6-diamidino-2-
phenylindole [Dapi], blue) and immuno-
staining for blood vessels (von Willebrand
factor, green, arrows) of Matrigel implants
from WT (A) and PAI-null MSCs (B), 2
weeks postimplantation. (C): Quantification
of blood vessel density for WT and PAI-null
MSC implants. (D, E): Morphometry (red)
and MSC survival (blue) of LacZ-transduced
WT (D) and PAI-null (E) MSC implants, 2
weeks postimplantation. (F): Quantification
of X-Gal-positive surviving WT and PAI-
null MSCs. (G, H): Morphometry (Dapi,
blue) and MSC survival (red) of PKH26-
labeled WT-MSCs with isotype control an-
tibody (G) or (H) PAI-1-neutralizing anti-
body (25 �g/ml), 2 weeks postimplantation.
All graphs are presented as mean � SD (n �
6 individual experiments) (#, p � .01 vs.
WT-MSCs) (pictures are representative of
six separate experiments; nuclei stained with
Dapi, blue) (�, enlargement of vessel in [A]
without Dapi overlay). Abbreviations: HPF,
high-power field; MSC, mesenchymal stro-
mal cell; PAI, plasminogen activator inhibi-
tor; WT, wild-type; X-Gal, 5-bromo-4-
chloro-3-indolyl-�-D-galactoside.
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min had on MSC survival suggests that a balance must be
achieved between plasmin and PAI-1 levels to maximize sur-
vival of transplanted MSCs. Indeed, plasmin has been shown to
promote cell death (anoikis) in vascular smooth muscle cells
[41, 42] via pericellular proteolysis, and although we did not
investigate the mechanism of plasmin-induced MSCs death, we
suspect that a similar mechanism was involved. Determining the
balance between PAI-1 and plasmin levels to achieve optimal
cell survival post-transplantation warrants further investigation.

Since MSCs do not actively convert plasminogen to plasmin
and exogenous plasmin is actually detrimental to MSC survival,
we sought an alternative explanation for why a lack of extra-
cellular PAI-1 enhances MSC survival. From our in vitro mech-
anistic experiments, PAI-1’s ability to influence adhesion and
invasiveness clarifies why PAI-null MSCs and those WT-MSCs
injected with a PAI-1-neutralizing antibody had a survival ad-
vantage in vivo. Studies have shown that uPAR and PAI-1 (both
expressed by MSCs) can bind to the extracellular matrix protein
vitronectin. However, since PAI-1 has a higher affinity to vi-
tronectin, PAI-1 can out-compete uPAR for binding to vitronec-
tin [43]. Thus, a high level of PAI-1 not only can reduce initial
adhesion but also can actively promote cell detachment. When
recombinant PAI-1 was added during the initial blocking step of
our adhesion assays, MSC attachment was significantly reduced
not only on vitronectin but also on the more complex matrix,
Matrigel. Furthermore, when exogenous PAI-1 was added to
WT-MSCs following their attachment, PAI-1 caused detach-

ment of these cells. Finally, we found that when MSCs were
exposed to a permissive chemotactic gradient, a lack of PAI-1
prevented the detachment of MSCs. Together these data suggest
that PAI-1 acts as an antiadhesive molecule for MSCs and likely
has a negative effect in vivo when MSCs are directly implanted.

As demonstrated in several cell types, controlling adhesive
cues can dramatically increase cell survival post-transplantation
by preventing anoikis [44–46]. Anoikis is defined as a process
of programmed cell death induced by the loss of cell-matrix
interactions [47, 48]. Our data support the theory that PAI-1 is
an anoikis-inducing factor when MSCs are transplanted into
ischemic tissue. Consistent with this view, Al-Fakhri et al. found
the antiadhesive properties of PAI-1 proanoikic in vascular cells
[30], whereas Czekay et al. found that PAI-1 not only caused
cell detachment but also prevent detached cells from reattaching
[31]. Thus one can hypothesize that transplanting MSCs into an
ischemic environment, where PAI-1 may already be elevated,
would reduce initial attachment, and the subsequent release of
PAI-1 from surviving MSCs would prevent the long-term per-
sistence of these cells.

Within this body of work, we acknowledge certain limita-
tions. Foremost is the fact that our work was primarily con-
ducted in the murine system. It is well known that differences
exist between murine and human MSCs; however, by demon-
strating that human MSCs behave similarly to murine MSCs in
regards to their ability to elevate PAI-1 levels due to hypoxia
and their inability to actively convert plasminogen to plasmin,

Figure 5. Neg actions of PAI-1 on MSC survival. (A): Annexin-V-propidium iodide staining of in vitro Matrigel plug survival assay demonstrating
that exogenous plasmin is detrimental to MSC survival over time. (B): In vitro MSC adhesion assay on vitronectin- and Matrigel-coated plates. (C):
In vitro MSC detachment assay on vitronectin and Matrigel-coated plates. (D): MSC invasion conducted on in vitro-cultured WT and PAI-null MSCs
for 16 hours, exposed to serum-free media, media containing 10% FBS, and media containing PAI-1-neutralizing or isotype Ctrl ab (25 g/ml). All
graphs are presented as mean � SD (n � 4 individual experiments) (#, p � .01 vs. WT-MSC). Abbreviations: Ab, antibody; Ctrl, control; FBS, fetal
bovine serum; MSC, mesenchymal stromal cell; Neg, negative; PAI, plasminogen activator inhibitor; rec., recombinant; WT, wild-type.
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we believe our findings are transferrable. Supporting our asser-
tion, recent work by Chiellini et al. showed that human adipose-
derived MSCs produce PAI-1 and express uPAR but do not
naturally produce tPA or uPA [40]. Thus, our observations can
be applied to MSCs not only from different species but also
from different tissue sources. A second limitation in our study is
that our MSCs were exposed to a relatively mild and short
duration of hypoxia. Conceivably, a longer duration and more
severe hypoxia might have identified additional targets, but that
does not preclude the importance of our findings. PAI-1 is a
pleiotropic factor well known to be regulated not only by
hypoxia, but also by a diverse range stimuli, including lipopoly-
saccharide, tumor necrosis factor-�, and interleukins [32]. Con-
sequently, abrogating PAI-1 activity may enhance the survival
and efficacy of MSC cellular therapy in a variety of settings.
Furthermore, since PAI-1 is expressed by numerous cell types,
abrogating PAI-1 activity may, also enhance the efficacy of
other cell therapies, such as those involving myogenic stem cells
[49, 50] or endothelial progenitor cells [51].

CONCLUSION

This study defines PAI-1 as an important mediator of MSC
survival post-transplantation and supports ex vivo manipulation
of PAI-1 to enhance the efficacy of MSC-based therapies for
ischemic disorders. In the simplest approach, PAI-1-neutralizing

antibodies or small molecule inhibitors could be physically
encapsulated, covalently coupled, or associated via secondary
bonding with the MSC transplantation vehicle. As a result,
PAI-1-neutralizing factors would be present in vivo at high local
concentration but have low systemic exposure [52], minimizing
potential side effects. Essentially, local blockage of PAI-1
around MSCs would be advantageous for initial MSCs engraft-
ment and adaptation to the ischemic environment but would not
disrupt the long-term importance of PAI-1 in tissue repair and
remodeling [53].
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