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SPECIAL FOCUS

Extracellular Matrix Remodeling, Integrin Expression,
and Downstream Signaling Pathways Influence
the Osteogenic Differentiation of Mesenchymal Stem Cells
on Poly(Lactide-Co-Glycolide) Substrates

Anup K. Kundu, Ph.D.,"" Chirag B. Khatiwala, M.S.,"" and Andrew J. Putnam, Ph.D."?

The possibility of using multipotent adult bone marrow—derived mesenchymal stem cells (MSCs) for tissue-
engineering applications hinges on the ability to predictably control their differentiation. Previously, we showed
the osteogenic potential of adult bone marrow—derived MSCs cultured on thin films of poly(lactide-co-glycolide)
(PLGA) depends in part on the identity of extracellular matrix (ECM) ligands initially deposited onto the
material from serum in the culture medium. Here we have addressed the hypothesis that remodeling of the
PLGA surface via the de novo synthesis of ECM proteins by the MSCs may also play an important role in
governing their osteogenic differentiation. Supporting this hypothesis, increasing amounts of fibronectin and
type-I collagen were synthesized and deposited onto thin-film PLGA substrates, whereas vitronectin levels
diminished over a 28-day time course. Integrin expression profiles changed accordingly, with higher levels of
a2P1 and o5B1 than avp3 at three different time points. The mitogen-activated protein kinase (MAPK) and
phosphatidyl inositol-3-kinase (PI3K) pathways were also activated in MSCs cultured on these substrates, and
their inhibition significantly inhibited osteogenic differentiation as assessed according to alkaline phosphatase
activity and mineral deposition. These data indicate that initial ECM deposition, subsequent matrix remodeling,
and corresponding integrin expression profiles influence osteogenesis in MSCs cultured on PLGA in part by
engaging MAPK and PI3K signaling pathways. Understanding the mechanisms by which stem cells respond to
different polymers will be critical in their eventual therapeutic use.

Introduction

THE CLASSIC PARADIGM for tissue engineering involves
seeding an appropriate cell source on or within a scaf-
fold that facilitates cell growth, organization, and differen-
tiation into functional tissues. The prototypical scaffolds in
this paradigm are often composed of biodegradable poly-
mers, which can be tailored to degrade at a rate coincident
with new tissue development' and readily support cell at-
tachment. However, the mechanism of cell adhesion to most
synthetic polymers is indirect and relies on the passive de-
position of extracellular matrix (ECM) proteins,>> a process
that is difficult to control and predict. As a result, such
traditional polymeric scaffolds may lack the specificity of
protein-resistant substrates covalently modified with specific
ECM ligands* and therefore may fail to provide important
instructive signals in a stable fashion. Nevertheless, because

materials such as poly(lactide-co-glycolide) (PLGA) are FDA-
approved, easily processed, and relatively inexpensive, they
continue to be widely used in the tissue-engineering field. It
is therefore critical to understand the mechanisms by which
these scaffolding materials may govern cell function and the
consequences of cell-mediated remodeling events on the
stability of the cell-material interface and thus the perfor-
mance of these polymer scaffolds.

Equally as important as the scaffold in the classic tissue-
engineering paradigm are the cells. Stem cells in particular
represent an attractive cell source for regenerative medi-
cine based on their potential to regenerate a wide range
of tissues. A great deal of excitement is associated with
the use of embryonic stem cells because of their pluripotency,
but many adult stem cells, including bone marrow-derived
mesenchymal stem cells (MSCs), provide viable alterna-
tives in some cases and do not raise the same sociopolitical
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debates.” MSCs are particularly attractive in the context of
bone tissue engineering and other reconstructive applica-
tions, given that autologous cells may be used for eventual
therapy.® Prior studies using marrow stromal cells have also
demonstrated their capacity to differentiate into multiple
lineages,7 including bone,®’ cartilage,m fat,'1? tendon,'®
muscle,'*1® and even nervous tissue.'®!” Other studies have
shown their ability to act in a paracrine fashion when de-
livered with other cell types to support more-complex mor-
phogenetic events, such as capillary morphogenesis.'®"’
Given the wide interest in their therapeutic potential, an
important hurdle to expanding their use in clinical applica-
tions is to predictably control their differentiation in vitro and
in vivo. This may be accomplished by better understanding
the signaling pathways that govern their fate decisions.

The roles of various soluble factors in promoting the os-
teogenic differentiation of MSCs have been extensively
studied. Dexamethasone, bone morphogenetic protein-2
(BMP-2), B-glycerophosphate, ascorbic acid, and transform-
ing growth factor-p (TGF-) have all been identified as key
soluble factors involved in regulating osteogenesis.”* Media
containing these factors stimulate activation of signal trans-
duction pathways to upregulate osteogenic genes, including
type I collagen (Col I), osteocalcin (OCN), osteopontin
(OPN), and alkaline phosphatase (ALP), and the eventual
deposition of calcium phosphate mineral.*® Although the
ECM’s role in osteogenesis is not well characterized, prior
studies using committed osteoblasts have shown a role for
integrins, a family of heterodimeric cell adhesion receptors
that provide a biophysical bridge and a biochemical link
between cells and their ECM*** in osteogenesis.”>>® Whe-
ther the ECM (or substrate analogs of the ECM) instructs
MSC differentiation via similar integrin-dependent mecha-
nisms remains unclear.

In prior work using two common synthetic polymeric
substrates as platforms for cell culture, we documented that
the passive adsorption of two key matrix proteins, vi-
tronectin (VN) and Col I, primarily mediates the adhesion of
MSCs.> A subsequent study showed that MSCs on VN- or
Col I-coated substrates differentially activated the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol-3
kinase (PI3K) signal transduction pathways.?’ However, the
synthesis and secretion of new ECM proteins by the cells
accompanies prolonged culture of MSCs on polymer scaf-
folds, and it is unclear what effect this may have on stem cell
fate. Here we have used MSCs and PLGA substrates to more
precisely address how cell-mediated remodeling of the sub-
strate influences osteogenesis. Our findings reveal that the
de novo synthesis and deposition of ECM proteins by the
MSCs alters the chemical identity of the polymeric sub-
strate, stimulates changes in integrin expression profiles, and
thereby alters the MAPK and PI3K signaling pathways to
influence osteogenesis.

Materials and Methods
Materials

Purified Col I, VN, and fibronectin (FN) were purchased
from Cohesion (Palo Alto, CA), Chemicon International
(Temecula, CA), and BD Transduction Laboratories (Lex-
ington, KY), respectively. Monoclonal antibodies to phos-
phorylated p44/42 MAPK (also called extracellular signal—-
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regulated kinase, ERK1/2), Akt-1 and p-actin were pur-
chased from Cell Signaling Technology, Inc. (Beverly, MA).
Antibodies to ERK-1 and FN were purchased from BD
Transduction Laboratories. A rabbit polyclonal anti-pser473-
Akt antibody was purchased from Biosource International,
Inc. (Camarillo, CA). Mouse monoclonal anti-a2f1, anti-
a5B1, and anti-oVB3 integrin antibodies were obtained
from Chemicon International (Temecula, CA). Horseradish
peroxidase—conjugated secondary anti-mouse and anti-
rabbit antibodies were all purchased from Jackson Immuno-
research Laboratories, Inc. (Baltimore, PA). PD98059, which
inhibits MEK-1 in the MAPK pathway, and LY294002,
which inhibits the PI3K pathway, were purchased from Cell
Signaling Technology, Inc. and used at concentrations of
50 puM and 20 pM, respectively. Kaleidoscope pre-stained and
low-range pre-stained sodium dodecyl sulfate polyacryl-
amide gel electrophoresis standards were obtained from Bio-
Rad Laboratories, Inc. (Hercules, CA). Anti-OPN antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). All other routine tissue culture supplies and reagents
were purchased from Fisher Scientific or Invitrogen (Carls-
bad, CA).

Routine cell culture

Cryopreserved human bone marrow—derived MSCs were
purchased from Lonza (Walkersville, MD) at passage 2. The
manufacturer tests these cells for purity using flow cytome-
try and for their ability to differentiate into osteogenic,
chondrogenic, and adipogenic lineages. The cells are positive
for the cell surface markers CD105, CD166, CD29 (integrin
B1), and CD44 and negative for CD14, CD34 and CD45.
In our experiments, the MSCs were routinely cultured and
expanded in a non-differentiating growth medium consist-
ing of Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 4mM of
L-glutamine, 100 units/mL of penicillin and 0.1 mg/mL of
streptomycin. Cells were grown in a 5% CO, atmosphere at
37°C, and the medium was renewed every 2 to 3 days. Before
confluence, cells were detached using trypsin- ethylenedi-
aminetetraacetic acid (Invitrogen) and passaged 1:3 into
fresh culture flasks. All experiments were conducted using
cells below passage 8.

Preparation of polymeric films for cell cultures

Polymer films for two-dimensional cell culture were fab-
ricated by spin-coating a 1% solution of 85:15 PLGA (Sigma-
Aldrich, St. Louis, MO) dissolved in tetrahydrofuran onto
silanized slides (Fisher Scientific) as previously described.?
After coating, slides were placed in a fume hood to permit
residual organic solvents to evaporate, washed extensively,
and subsequently sterilized using ultraviolet light before
seeding with cells. Cells were seeded in standard growth
medium at a pre-defined density (2.5x10* cells/cm?) onto
these PLGA-coated slides and cultured overnight to permit
attachment and spreading. The medium was then changed to
growth medium with or without osteogenic supplements (OS
medium; 0.1 um dexamethasone, 10 mM B-glycerophosphate,
and 50 pg/mL ascorbic acid). For the coating experiments
with purified ECM proteins, PLGA-coated substrates were
incubated overnight with Col I (100 pg/mL), FN (5 pg/mL), or
VN (2 ug/mL), followed by washing with PBS before cultur-
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TABLE 1. PRIMERS AND CONDITIONS FOR REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION
Accession Amplicon Annealing
Gene Primers (F = forward; R = reverse) Number Size (bp) Temperature (°C)
Type I collagen F: 5'-CTGGTGATGCTGGTCCTGTT-3 NM_000088 620 65
R: 5-CATGTAGGCCACGCTGTTCT-3
Fibronectin F: 5'-AGGAGACCACATGAGACT-3 X02761 355 52
R: 5-TGCCTCTCACACTTCCACT-3
Runt-related transcription ~ F: 5-GGAATGCCTCTGCTGTTATG-3’ NM_001024630 581 65
factor 2/core binding R: 5-TGCCTGGCTCTTCTTACTGA-3'
protein A-1
Bone sialoprotein F: 5'-CTCAATCTGTGCCACTCACT-3 NM_004967 355 62
R: 5-TCCTCCTCCTCTTCTGAACT-3’
Osteocalcin F: 5'-CACCGAGACACCATGAGAGC-3' NM_199173 270 65
R: 5-GTGGTCAGCCAACTCGTCAC-3
Glyceraldehyde- F: 5-AAGGTCGGAGTCAACGGATT-3 NM_002046 443 65
3-phosphate R: 5-CAGGAGGCATTGCTGATGAT-3'
dehydrogenase

ing cells. (Although these coating solutions were of different
concentrations, they represent the values recommended by
the manufacturers for each ECM ligand; all three exceed the
theoretical 1 pg/cm?® saturation density of ECM ligands on 1-
cm? 24-well dishes.*

Flow cytometric analysis of integrin expression

The cell surface expression of a2p1, a5p1, and VB3 in-
tegrins was quantified using quantitative flow cytometry as
previously described.” Briefly, MSCs (2.5x10" cells/cm?)
were cultured on 1% PLGA-coated thin films in normal
growth medium for 24h. After that, the medium was re-
placed with OS medium, and cells were cultured for a total
of 7 days and 14 days, with medium changes every other
day. MSCs were harvested from their culture environment,
counted, and resuspended in PBS plus 0.1% bovine serum
albumin (BSA). Cell suspensions were incubated with anti-
a2f1, anti-a5B1, or anti-avp3 antibodies (diluted 1:200) and
rotated at 4°C for 45min. Cells were collected via centrifu-
gation and then washed three to four times with PBS. Bound
primary antibodies were then detected by incubating cells
with a fluorescein isothiocyanate—conjugated anti-mouse
secondary antibody (diluted 1:100) and rotated at 4°C for
another 45 min. After additional centrifugation and washing
steps to remove unbound antibodies, MSCs were fixed in
PBS plus 1% paraformaldehyde and washed one to two more
times. Non-specific background staining was determined by
staining cells with secondary antibody only in parallel
(negative control). Stained cells were then analyzed using a
BD FACSCalibur instrument (Becton Dickinson, San Jose,
CA). A minimum of 10,000 cells was counted in each sample.
All experimental data were analyzed offline using FlowJo
software (Tree Star, Inc., Ashland, OR), with the mean fluo-
rescent intensity used to determine the relative expression of
each integrin heterodimer.

Determination of relative messenger RNA transcript
levels using reverse transcriptase polymerase
chain reaction

Reverse transcriptase polymerase chain reaction (RT-PCR)
was used to monitor osteoblastic gene expression of MSCs

cultured in normal growth medium or OS medium at 1, 7, 14,
and 28 days. The messenger RNA (mRNA) levels of Col I (a1
chain), FN, runt-related transcription factor 2 (Runx2), bone
sialoprotein (BSP), and OCN were examined and normalized
to the levels of glyceraldehyde-3-phosphate dehydrogenase,
an internal standard used for relative quantitative purposes.
Briefly, at each time point, total RNA was isolated using the
SV Total RNA Isolation System kit (Promega Corporation,
Madison, WI) per the manufacturer’s protocol. Samples were
treated with 25 units of DNase I for 25min at room tem-
perature to remove residual genomic DNA. The concentra-
tion of the purified RNA was quantified using Quant-iT
RiboGreen RNA assay kit (Molecular Probes, Eugene, OR),
per instructions. Total RNA (220-240 ng) was used to syn-
thesize complementary DNA (cDNA) templates using the
ImProm-II Reverse Transcription System (Promega Corpo-
ration) according to the manufacturer’s protocol. The cDNA
(2 pL) for each sample was amplified using PCR for 30 cycles
in a reaction volume of 50 uL containing 200 nM of each
primer, 0.3 mM deoxynucleoside triphosphate (ANTP) (Pro-
mega Corporation), 2.5 mM magnesium chloride (MgCl,),
and 1 U of Taq DNA polymerase (Denville Scientific, Inc.,
South Plainfield, NJ). The primer sequences, amplicon size,
and annealing temperatures are listed for each analyzed gene
in Table 1. Amplified products were separated on 2% aga-
rose gels and stained with ethidium bromide. Intensities of
bands were determined according to quantitative densitom-
etry using NIH Image ] software.

Electrophoresis and Western blot analyses

The expression of three different ECM proteins present on
the PLGA thin films in the presence of the MSCs was assessed
using electrophoresis and Western blot analysis. MSCs were
seeded at a density of 2.5x10* cells/cm? on PLGA thin films in
normal growth medium or OS medium. At each of four time
points (1, 7, 14, and 28 days), cultures were lysed in modified
radioimmunoprecipitation assay lysis buffer (150 mM sodium
chloride, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 50 mM Tris-hydrochloric acid pH 7.5, 1% Nonidet P-40
including 1pg/mL aprotinin, 1pg/mL leupeptin, 10 pg/mL
phenylmethylsulfonyl fluoride plus 10 uM sodium orthova-
nadate), yielding intracellular and extracellular proteins. The
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lysates were cleared using centrifugation at 13,000rpm for
10 min at 4°C. After a bicinchoninic acid protein assay (Pierce
Biotechnology, Inc., Rockford, IL), equal protein amounts
were separated using gel electrophoresis and transferred to
a polyvinylidene fluoride membrane. After blocking with
5% BSA-PBS for 1h, membranes were incubated for 2h at
room temperature with anti-FN (1:250) or anti-VN (1:200)
antibodies. After washing with PBS plus 0.1% Tween-20,
membranes were incubated with horse radish peroxidase—
conjugated secondary antibody for 1h. Finally, membranes
were washed again and the bands detected on film using en-
hanced chemiluminescence. Similar Western blotting tech-
niques were performed to analyze signal transduction events
using the following primary antibodies at the indicated dilu-
tions: anti-p44,/42-MAPK (1:2000), anti-ERK-1 (1:1000), anti-
pser473-Akt (1:1000), anti-Akt-1 (1:1000), anti-OPN (1:200) and
anti-B-actin (1:1000).

Immunofluorescence staining experiments

ECM proteins synthesized and deposited by the MSCs
onto PLGA thin films were also assessed qualitatively using
immunofluorescence detection of type-I collagen, FN, and
VN. Briefly, MSCs (2.5x10* cells/cm?) were cultured on 1%
PLGA-coated silanized slides in growth medium at 37°C
with medium changes every other day. After the desired
incubation period, slides were washed twice with PBS and
subsequently fixed with 4% formaldehyde in PBS. Samples
were incubated for 1 to 2 hours with primary antibodies
against Col I (Chemicon International, Temecula, CA), VN
(Santa Cruz Biotechnology, Santa Cruz, CA) or FN (BD
Transduction Laboratories, Lexington, KY) diluted 1:200 in
PBS. After washing with PBS, the slides were incubated
with corresponding tetramethyl rhodamine iso-thiocyanate—
conjugated secondary antibodies (Jackson Immunoresearch,
West Grove, PA) for an additional hour. After some final
washing with PBS to remove unbound antibodies, fluores-
cently labeled samples were detected using a Nikon E800
fluorescence microscope equipped with a digital camera
(Optronix, Goleta, CA).

Osteogenic differentiation assays

The osteogenic differentiation of MSCs on PLGA thin
films was monitored using an ALP activity assay and the
von Kossa method to stain for deposited calcium phosphate
mineral, as done previously.” For both assays, MSCs
(2.5%10* cells/cm?) were seeded on 35-mm PLGA-coated
dishes in serum-containing medium for 24h. The culture
medium was replaced with OS medium and changed every
other day. For experiments involving the pharmacologic in-
hibitors (PD98059 and LY294002), fresh inhibitor was added
at each medium change. For the ALP assay, MSCs were
lysed after 7 and 14 days in passive lysis buffer (Promega
Corporation) for 15min at room temperature. Lysates were
scraped and collected from the PLGA-coated surface and
then incubated with 50mM of p-nitrophenylphosphate in
assay buffer (containing 100mM glycine, 1 mM MgCl2, pH
10.5) at 37°C for 25 minutes. The reaction was stopped
with 500 pL 0.1N sodium hydroxide and the absorbance
read at 405nm. The specific ALP activity was determined
using the extinction coefficient for p-nitrophenylphosphate
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(1.85x10*/M per cm) and was then expressed in units of ALP
activity per mg of protein.

For von Kossa staining, a commercially available kit
(American MasterTech Scientific Inc, Lodi, CA) was used to
stain calcium phosphate mineral deposited by MSCs cul-
tured on PLGA thin films in OS medium in the presence or
absence of PD98059 (50 uM) or LY294002 (20 uM). As in the
ALP assays, medium with fresh inhibitors was provided
every other day. After 14 days, cells were washed twice with
warmed PBS pH 7.4, followed by fixation using 4% formal-
dehyde in PBS at 25°C for 40 min. Samples were then ex-
tensively rinsed with double distilled water and incubated in
the presence of 5% silver nitrate, followed by exposure to
ultraviolet light for 40min. After extensive rinsing with
water, the cells were treated with 5% sodium thiosulphate
for 3min, rinsed, and then incubated in Nuclear Fast Red
stain for 5min before a final rinse with water. Staining re-
sults were visualized on a Nikon E800 (Nikon, Melville, NY)
microscope using a 10x objective and the images compiled
with Picture Frame software (Optronics, Goleta, CA).

Statistical analysis

All statistical analyses were performed using InStat
2.01 for Macintosh (GraphPad Software, La Jolla, CA). Data
are reported as means =+ standard deviations, unless other-
wise noted. In cases where statistical comparisons were made
between three or more groups of data, a one-way analysis of
variance was performed, followed by a Student-Newman-
Keuls post-test comparison between two data sets at a time.
In cases where only two sets of data were compared, a
Student unpaired t-test was performed. P-values less than
0.05 denote statistical significance.

Results

ECM synthesis and remodeling by MSCs
cultured on PLGA substrates

In a prior study, we demonstrated that FN, Col I, and VN
are the predominant ECM ligands that deposit from serum to
mediate the attachment of MSCs to PLGA substrates.”
However, the stability of these deposited ligands, and in
particular their remodeling by the MSCs, was not clear in our
initial study. Therefore, here these same proteins were de-
tected using two different methods in MSC cultures grown
on PLGA films in regular growth medium or OS medium for
up to 28 days (Fig. 1). Western blotting of lysates from cell
cultures revealed high levels of FN and VN in both culture
media on the PLGA surfaces after just 1 day, consistent with
our earlier report.2 Over the time course studied, FN levels
gradually increased, whereas VN levels gradually decreased
irrespective of the presence of the osteogenic supplements
(Fig. 1A). Representative immunofluorescent images of ex-
tracellular VN, FN, and Col I from cells cultured in OS me-
dium at an intermediate time point (day 7) support these
Western blot data (Fig. 1B). These fluorescent micrographs
show low levels of VN relative to FN and Col I and suggest
that the newly deposited ECM proteins retain a pericellular
localization.

Based on these dynamics of ECM remodeling, next we
assessed whether the integrin expression profiles of MSCs
would correspondingly change when cultured on PLGA
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FIG. 1. Extracellular matrix (ECM) and integrin expression in mesenchymal stem cells (MSCs) cultured on poly(lactide-co-
glycolide) (PLGA) substrates. (A) MSCs were cultured on non-tissue culture dishes coated with 85:15 PLGA in the presence of
normal growth medium (serum medium) or medium containing osteoinductive supplements (OS medium) for 1, 7, 14, or 28
days. At each time point, cell lysates were analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis and
Western blot for levels of fibronectin (FN) and vitronectin (VN). Results shown are from a representative blot, similar to those
obtained from multiple experiments. (B) MSCs cultured on thin PLGA films in OS medium were also fixed and fluorescently
stained for extracellular type I ollagen, VN, or FN. Images shown are representative of one of the intermediate time points (7
days). Scale bar represents 10 pm. (C) Quantitative flow cytometry was used to assess the relative expression of the 021, a5p1,
and avp3 integrins in MSCs, with mean fluorescent intensities used to determine the relative expression of each integrin.

substrates for up to 2 weeks. Flow cytometric analysis of the
cells before seeding on the PLGA surfaces revealed that the
expression levels of 2Bl and o5B1 integrins were signifi-
cantly higher than that of aVB3 (Fig. 1C). As MSCs were
cultured on the PLGA substrate in the presence of osteogenic
supplements, the expression levels of 421 and a5B1 rose in
the first 7 days, consistent with increased synthesis and de-
position of Col I and FN, the canonical ligands for these two
receptors, respectively. The levels of «VPB3 also rose during
the first week. To the contrary, after 2 weeks, the levels of
aVB3 were nearly undetectable, consistent with the low
levels of the VN ligand for this receptor. The high levels of
a5P1 also dropped off substantially from day 7 to 14,

whereas the levels of a2f1 returned to baseline, thus re-
maining relatively stable over the 2-week time course.

Expression patterns of ECM and osteogenic genes
as revealed by RT-PCR

To confirm the results observed at the protein level, the
expression patterns of ColI and FN at the mRNA levels were
also assessed using RT-PCR, as were the patterns of several
known osteogenic markers (Fig. 2). Semi-quantitative analysis
of these patterns showed that Col I mRNA expression levels
were higher in MSCs cultured in OS medium after 7 and 14
days. On the other hand, Col I mRNA levels were higher in
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FIG. 2. Extracellular matrix (ECM) and osteogenic gene expression levels in mesenchymal stem cells (MSCs) cultured on
poly(lactide-co-glycolide) (PLGA). (A) MSCs were cultured on spin-coated PLGA substrates for 1, 7, 14 and 28 days in normal
growth medium or osteoinductive medium (OS medium). Type I collagen, fibronectin, runt-related transcription factor
2 (Runx2), bone sialoprotein, and osteocalcin gene expression levels were assessed by RT-PCR at each timepoint.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) messenger RNA expression was also examined as an internal control.
Representative images of ethidium bromide-stained agarose gels are shown. (B-E) After scanning densitometry, type I
collagen (B), fibronectin (C), Runx2 (D), and bone sialoprotein (E) gene expression levels were normalized to corresponding
GAPDH expression levels, and the ratios were compared to OS medium day 28 condition. Statistical comparisons were made
at each time point between the two different media conditions (*p <0.05, ***p < 0.001).
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FIG. 3. Coating poly(lactide-co-glycolide) (PLGA) sub-
strates with purified extracellular matrix (ECM) proteins al-
ters alkaline phosphatase (ALP) activity. Non-tissue culture
dishes spin-coated with a 1% solution of 85:15 PLGA were
incubated with a purified ECM protein solution [type I col-
lagen (100pg/mL), fibronectin (5ug/mL), or vitronectin
(2 pg/mL)] or kept uncoated overnight at 4°C. Mesenchymal
stem cells were cultured on these substrates, and ALP activity
was assessed after 14 and 21 days of culture. The ALP values
for all of the ECM-coated PLGA substrates were significantly
higher than the uncoated control surface (***p < 0.001).

normal growth medium at day 1 and day 28, showing an
inverse relationship to the results in the OS medium (Fig. 2B).

FN mRNA levels remained relatively unchanged over 28
days in both culture media (Fig. 2C), consistent with the
observations using Western blotting at the protein level
(Fig. 1). The expression of Runx2 (also called core binding
protein A-1 (CBFA-1)), a potent transcription factor involved
in the regulation of several osteoinductive genes,®>*
showed increased expression with time in culture over the
first 14 days (Fig. 2D), indicative that the MSCs are on a path
toward a more-mature osteoblastic fate. By day 28, the levels
of Runx2 expression were significantly lower in MSCs cul-
tured in OS medium than in regular growth medium. The
gene expression of BSP, a marker that is expressed during the
intermediate phase of osteoblastic maturation,”* similarly
increased with time in culture and was significantly higher in
the MSCs in OS medium at 7 and 14 days (Fig. 2E). Finally,
the expression of OCN, a late-stage marker of mature oste-
oblasts,*"*> was highly expressed after 28 days in OS me-
dium (Fig. 2A). OCN expression was not detectable in
cultures in regular growth medium.

Coating PLGA with purified ECM proteins induced
higher ALP activities than uncoated surfaces

Next, a simple experiment was performed in which the
PLGA thin films were coated overnight with solutions of
Col I, EN, or VN. After 14 days, MSCs cultured on these
ECM-coated PLGA substrates displayed little differences in
ALP activity with respect to the different coatings and in
comparison with the uncoated substrates (Fig. 3). On the
other hand, after 21 days of culture, substrates coated with
any one of the three ECM ligands supported significantly
higher levels of ALP activity than uncoated substrates.
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FIG. 4. Mitogen-activated protein kinase (MAPK) and
phosphatidyl inositol-3-kinase (PI3K) pathways are activated
in mesenchymal stem cells (MSCs) cultured on poly(lactide-
co-glycolide) (PLGA). (A) MSCs were cultured on spin-
coated PLGA substrates for 1, 7, 14, and 28 days in normal
growth medium (labeled FBS) or osteoinductive medium
(labeled OS). Cell lysates at each time point were analyzed
using electrophoresis and Western blot by probing for
phosphorylated MAPK, phosphorylated Akt, osteopontin,
and B-actin. Membranes were stripped and reprobed for the
total levels of extracellular signal-regulated kinase and Akt-
1. Western blots representative of multiple experiments are
shown. (B) MSCs were cultured on substrates coated with
fibronectin, type I collagen, and vitronectin in basal medium
lacking serum (labeled DMEM), normal growth medium
(labeled FBS), or osteoinductive medium (labeled OS). Shown
are representative Western blots from lysates generated after
7 days.

MAPK and PI3K signaling pathways are activated
in MSCs cultured on PLGA

To investigate the downstream signaling pathways that
may be involved in the regulation of osteogenesis by MSCs
cultured on PLGA substrates, we focused on the MAPK and
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FIG. 5. Mitogen-activated protein kinase (MAPK) and phosphatidyl inositol-3-kinase (PI3K) pathways are required for the
osteogenic differentiation of mesenchymal stem cells (MSCs) on poly(lactide-co-glycolide) (PLGA) substrates. (A) MSCs were
cultured on spin-coated PLGA substrates in OS medium with or without the MAPK pathway inhibitor PD98059 (50 pM) for 1,
7, or 14 days, with the inhibitor replenished at every medium change. Cell lysates analyzed using Western blot for p-MAPK
confirmed the pharmacologic inhibition of the MAPK pathway via PD98059. (B) Inhibition of the PI3K pathway via LY294002
(20 uM) generated similar inhibition of that pathway. (C) MSCs cultured on PLGA substrates with or without PD98059 or
LY294002 (20 pM) in OS medium show significant reductions in alkaline phosphatase activity. (D) Pharmacologic inhibition
of these pathways also induced qualitative reductions in mineral deposition at 14 days, as revealed by von Kossa staining

(mineral deposits denoted by black arrows).

PI3K signaling pathways, motivated by our earlier studies
implicating these pathways.?” MSCs were cultured on PLGA
thin films for up to 28 days in normal growth medium or OS
medium. Qualitative Western blotting of cell lysates revealed
that MSCs cultured on PLGA substrates activated MAPK
and PI3K pathways (Fig. 4A). In the case of the PI3K path-
way, Akt-1 phosphorylation was higher in MSCs grown in
OS medium than in those grown in normal medium. The
expression of OPN, another early marker of osteoblastic
differentiation, was also higher in MSCs cultured in OS
medium than in normal growth medium at all four time
points. On the other hand, in the case of the MAPK pathway,
activation of ERK1/2 was notably higher in growth medium
than in OS medium.

We next assessed the activation of the MAPK and PI3K
pathways in MSCs cultured on purified ECM proteins to
ascertain whether there might be a link between these sig-
naling pathways and the observed ECM synthesis and re-
modeling described earlier (Fig. 1, 2). To accomplish this,
MSCs were seeded in medium without FBS (DMEM), con-
taining FBS, or containing FBS and osteogenic supplements

(OS medium) on substrates coated with Col I, FN, or VN.
Activation of the MAPK and PI3K pathways were assessed
using Western blotting of cell lysates generated after 7 days
in culture (Fig. 4B). The results show that MSCs grown on
Col I or EN substrates readily activated these two pathways,
particularly in medium containing osteogenic supplements.
However, cells cultured on VN displayed low levels of PI3K
and MAPK signaling in all media. These data correlate with
the adsorbed proteins and the signaling events on the PLGA
substrates, with high levels of Col I and FN present on the
polymer surfaces capable of supporting, or perhaps driving,
activation of MAPK and PI3K signaling.

MAPK and PI3K pathways are both required for MSCs
to undergo osteogenesis on PLGA

Finally, to examine whether the observed activities of the
MAPK and PI3K pathways are actively involved in MSCs
undergoing osteogenesis on PLGA, rather than passively
correlated, we performed two different end-point assays of
osteogenic differentiation in the presence of a MAPK inhib-
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itor (PD98059) or a PI3K inhibitor (L'Y294002). First, we con-
firmed the inhibitory nature of these compounds in these
particular cells by demonstrating that MSCs cultured in the
presence of either of these two inhibitors display lower
MAPK (Fig. 5A) and Akt-1 (Fig. 5B) phosphorylation levels,
as expected. Then, we assessed the contributions of these two
pathways on the osteogenic differentiation of MSCs cultured
on PLGA substrates via a quantitative ALP activity assay
and a qualitative von Kossa stain of mineral deposits. In-
hibition of the PI3K pathway resulted in significantly lower
levels of ALP activity than in untreated controls at the 7- and
14-day time points (Fig. 5C). Inhibition of the MAPK path-
way resulted in significantly lower ALP activity (relative to
untreated controls) after 14 days of culture (Fig. 5C). Simi-
larly, treatment of MSCs cultured on PLGA substrates with
either of these compounds for 14 days qualitatively reduced
the levels of mineralization as detected using von Kossa
staining (Fig. 5D).

Discussion

Stem cells offer enormous therapeutic potential for re-
generative medicine, and it is increasingly important to un-
derstand their interactions with natural and synthetic
biomaterials used as artificial stem cell niches in vitro or as
scaffold carriers for cell delivery in vivo. We have used PLGA
thin films as prototypical synthetic polymer substrates and
studied their interactions with MSCs, previously showing
that the deposition of ECM ligands from serum onto these
substrates plays a critical role in the regulation of osteogen-
esis.”> Here we monitored the dynamics of these substrates
over a 28-day culture period, demonstrating that the MSCs
remodel the polymer surface to present increasing amounts
of FN and Col I and decreasing amounts of VN. The cell
surface of the MSCs changes accordingly, with higher levels
of the receptors for FN and Col I (¢5p1 and a2f1 integrins,
respectively) than those for VN (aVB3 integrin).

Consistent with the idea that the dynamic cell-material
interface influences the phenotype of MSCs, our gene ex-
pression analysis via RT-PCR suggests that MSCs cultured
on PLGA substrates in the presence of osteoinductive me-
dium increasingly express the gene for Col I during the first
14 days of culture (Fig. 2). Greater gene expression of the
osteogenic transcription factor Runx2/CBFA-1 and of BSP
accompanies this. After 28 days, however, the gene expres-
sion patterns suggest that the MSCs are proceeding toward a
more-mature osteoblast phenotype characterized by reduc-
tions in the levels of mRNA transcripts for Col I, BSP, and
Runx2, consistent with reports that activity and/or levels of
Runx?2 decrease as cells become more mature in their osteo-
blastic lineage.*"** Further support for a more maturing os-
teoblastic phenotype are the increasing levels of OCN mRNA
(Fig. 2A) and OPN detected via Western blot (Fig. 4).

MSCs cultured in the absence of the soluble osteoinductive
agents were also found to express some of the genes required
for the onset of osteogenesis, including Runx2 and BSP
(Fig. 2), although the lack of Col I synthesis coupled with
significantly lower levels of BSP suggests the delayed onset
of a more-mature osteogenic phenotype. Further supporting
this argument of a delay, not necessarily a block, of differ-
entiation are our data showing that significantly higher
Runx2 expression levels are maintained in medium lacking
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the osteoinductive supplements at day 28, along with an
increasing trend in levels of BSP and collagen throughout the
time course. These findings confirm that MSCs are primed
for osteogenic differentiation, as might be expected given
their bone marrow origins, but their differentiation is de-
pendent on the presence of soluble factors known to stimu-
late bone formation. The new contribution provided by our
data lies in the finding that the dynamic identity of the cell
culture substrate is also a critical determinant of the osteo-
genic process.

Mechanistically, cell adhesion to Col I, FN, and VN has
been shown to induce the activity of the MAPK cascade in
many cell systems®**” and is also critical to sustain growth
factor-induced activation of ERK1/2, the most widely stud-
ied of the MAPK enzymes.38410 Furthermore, MAPK signal-
ing in response to soluble agonists and ECM ligands appears
to play a critical role in the osteogenic differentiation of pre-
osteoblastic cells by activating the Runx2/CBFA-1 tran-
scriptional activator.*'** Our group and others have also
shown that different ECM ligands differentially regulate this
pathway in MSCs,****** and our results here show that ac-
tivation of this pathway in MSCs cultured on PLGA sub-
strates is sustained for up to 28 days (Fig. 4A). The sustained
activity of this pathway is consistent with cells cultured on
purified FN and Col I but not VN (Fig. 4B). MAPK activity
was higher after 21 days for MSCs cultured in normal
growth medium than in OS medium which suggests that the
osteoinductive supplements may slightly attenuate the
highest activation of the MAPK pathway induced by mito-
gens present in serum. Nevertheless, pharmacologic inhibi-
tion of the MAPK pathway shows that its activity is clearly
required for ALP activity (Fig. 5C) and mineral deposition
(Fig. 5D). The pro-survival PI3K pathway, assessed accord-
ing to the phosphorylation of Akt, was also activated in
MSCs cultured on PLGA substrates (Fig. 4A) and is also
essential for osteogenic differentiation (Fig. 5). We previously
reported that MSCs cultured on purified VN display lower
levels of MAPK and PI3K activity than do those on FN and
Col I but are still capable of undergoing osteogenesis albeit
via different mechanisms and different kinetics.”” Our data
here suggest that the MSCs on PLGA behave in much the
same fashion as when they are cultured on purified FN or
Col 1.

Based on our findings, a reasonable hypothesis is that
MSC adhesion via o2B1 or a5p1 integrins, which typically
bind Col I and EN, respectively, is preferred and perhaps
even required for osteogenic differentiation, whereas adhe-
sion via avP3 is not. This would suggest that simply coating
polymeric scaffolds with ECM proteins that enforce cell ad-
hesion via these B1 integrins would be sufficient to support
the osteogenic differentiation of MSCs, a simple solution
partially supported by the data presented in Fig. 3. However,
it is well known that multiple integrins can bind to a single
ECM protein (i.e., @51 and avf3 can both bind to FN) and
that multiple ECM proteins can bind a single integrin (i.e.,
ovp3 can bind to FN, Col I, and VN).*® Therefore, it may not
be just a simple matter of providing a uniform coating to
engage a distinct receptor, but instead to identify the surface
properties that control the presentation of integrin-specific
epitopes within these coatings. For example, an earlier study
from Garcia and colleagues used self-assembled monolayers
of alkanethiols on gold as model substrates presenting well-
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defined surface chemistries to show that different chemical
functionalities modulate the structure of deposited FN to
alter integrin binding.*® Whether this or similar approaches
can be extended to control the protein deposition and re-
modeling process on a biomaterial scaffold material suitable
for use in cell transplantation (e.g.,, PLGA) remains to be
seen. On the other hand, becuase we and others have shown
that Col I, FN, and VN (which may or may not engage
specific integrins) can all support the osteogenic differentia-
tion of MSCs, this suggests that integrin homogeneity, rather
than specificity per se, may be capable of conveying a more-
permissive osteogenic environment to MSCs. There are many
more questions to be addressed regarding the chemical role
of the cell-material interface with respect to the regulation of
stem cells. Furthermore, differences introduced by changes
in ECM dimensionality (i.e., two versus three dimensions)*”
and mechanical properties*® are also likely to influence in-
tegrins and their associated signaling pathways. It will
therefore be critical to consider how all of these ECM-derived
inputs are integrated to yield a specific cell-fate decision.

In conclusion, the data presented here suggest that MSCs
grown on PLGA alter their microenvironment via FN and
Col I synthesis, alter their integrin expression profiles, and
alter downstream signaling pathways that are required for
osteogenic differentiation. Future work will focus on devel-
oping a more-detailed and quantitative understanding of
how the surface of polymeric substrates evolves with time in
culture and the consequences of that evolution in terms of
signal transduction events. Such data will facilitate the de-
velopment of appropriate cue-signal-response models to
mathematically describe how MSCs respond to multiple
morphogenetic cues in their environment. Such predictive
models will in turn enable a more-rational approach to our
efforts to design biomaterials for bone regeneration appli-
cations.
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