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Inhibition of Osteoarthritis by
Adipose-Derived Stromal Cells Overexpressing
Fra-1 in Mice
Kay Schwabe,1 Mireia Garcia,1 Kenia Ubieta,1 Nicole Hannemann,1 Bettina Herbort,1
Julia Luther,2 Daniele No€el,3 Christian Jorgensen,3 Louis Casteilla,4 Jean-Pierre David,2
Michael Stock,1 Martin Herrmann,1 Georg Schett,1 and Aline Bozec1
Objective. To determine whether overexpression
of the activator protein 1 (AP-1) transcription factor
Fra-1 in adipose-derived stromal cells (ADSCs) is an
effective treatment of collagenase-induced osteoarthritis (OA).
Methods. OA was induced by injection of collagenase into the knee joints of male C57BL/6 mice. ADSCs
were isolated from the inguinal fat pads of 8-week-old
wild-type or Fra-1–transgenic mice and injected into
the knee joints of mice with collagenase-induced OA 7
days after OA induction. Histologic analyses of cartilage
destruction and chondrocyte cell death were performed.
Adipogenic differentiation capacity was evaluated, gene
expression was analyzed, and cytokine profiling was performed in stromal vascular fractions (SVFs) and ADSCs.
Results. OA-related cartilage destruction and
chondrocyte cell death were significantly reduced in
mouse knee joints treated with ADSCs from Fra-1–
transgenic mice compared to mouse knee joints treated

with ADSCs from wild-type mice. This effect did not
result from the higher number of adipogenic progenitors observed in SVFs from Fra-1–transgenic compared
to wild-type mouse fat pads, since injection of wild-type
mouse ADSCs enriched for adipogenic progenitors did
not show any additional chondroprotective effects compared to nonsorted ADSCs. However, Fra-1–transgenic
mouse ADSCs showed decreased adipogenic differentiation capacity. Moreover, Fra-1 significantly inhibited
proinflammatory interleukin-6 and pentraxin 3 expression, while increasing the expression of extracellular
matrix proteins, such as periostin and spondin 1. These
findings suggest that Fra-1 overexpression leads to an
increased chondroprotective effect of ADSCs in OA.
Conclusion. ADSCs overexpressing Fra-1 effectively
protect against OA. Our data indicate that genetic modifications of ADSCs, such as Fra-1 overexpression, may
improve their potential to protect articular cartilage
against OA-mediated damage.
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Osteoarthritis (OA) is the most common rheumatic disease, characterized by degeneration of articular
cartilage. OA patients experience intense pain and
impaired physical function. The high prevalence of OA,
along with the severe disease burden, is also associated
with high socioeconomic costs and loss of productivity
(1,2). Mechanistically, it is thought that the balance
between anabolic and catabolic factors in cartilage is
disturbed, leading to a catabolic phenotype of articular
chondrocytes. Different primary triggers eventually lead
to a decrease in the capacity of chondrocytes to secrete
specific components of the extracellular matrix, such as
type IIB collagen or aggrecan, while at the same time
the synthesis of catabolic enzymes, such as aggrecanases
of the ADAMTS family and collagenases of the matrix
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metalloproteinase (MMP) family, increases (3,4). These
catabolic effects are further aggravated by a higher rate
of chondrocyte cell death and increased production of
proinflammatory cytokines (e.g., interleukin-1b [IL-1b],
IL-6, and tumor necrosis factor [TNF]) by synoviocytes
and chondrocytes, promoting the production of proteinases, prostaglandins, and nitric oxide (5). To date no
treatment has been developed that is actually capable of
altering the progression of OA. Furthermore, therapeutic options are limited to the management of inflammation and pain as well as surgical intervention (6,7).
Apart from new drugs, stem cell–mediated approaches to treatment have been studied, mainly using
mesenchymal stem cells (MSCs) from the bone marrow
or adipose-derived stromal cells (ADSCs) from the adipose tissue. Both cell types are able to self-renew and
are capable of differentiating toward chondrocytes,
osteoblasts, and adipocytes (8). The number of MSCs
derived from the bone marrow is very low compared to
the number of ADSCs. It has been calculated that in
adipose tissue up to 5% of all nucleated cells in the stromal vascular fraction (SVF) are ADSCs, whereas in the
bone marrow only 0.0001–0.01% of the nucleated cells
are MSCs (9). In addition, the isolation of ADSCs is
easily feasible by liposuction, making ADSCs of particular interest as an instrument for OA treatment. Recently, it has been shown that intraarticular injections of
ADSCs in mouse and rabbit models of OA reduced disease severity by inducing antiinflammatory responses and
chondroprotective effects (10,11). However, the beneficial effects of ADSCs could possibly be improved by the
use of genetically modified ADSCs with enhanced antiinflammatory and/or chondroprotective potential.
Activator protein 1 (AP-1) transcription factors
act as sensors of the cellular microenvironment, inducing proliferative, apoptotic, or differentiating signals.
Since AP-1 is known to control the development of mesenchymal tissue (12), we hypothesized that ADSCs
overexpressing Fra-1 (a Fos member of the AP-1 family)
might have a beneficial effect in OA. Fra-1 regulates
matrix Gla protein (MGP) in osteoblastic cells (13), and
its overexpression blocks adipocyte differentiation (14),
suggesting that Fra-1–transgenic mouse ADSCs may
retain their progenitor properties. Finally, Fra-1 can
negatively regulate the expression of proinflammatory
cytokines such as TNF and IL-1b (15,16). Therefore,
Fra-1 is an interesting candidate for fostering the protective effects of ADSCs during OA.
In the present study, we show that Fra-1 overexpression in ADSCs indeed changes the expression pattern of secreted proteins in ADSCs, leading to decreased
IL-6, pentraxin 3 (PTX3), and plasminogen activator

inhibitor 1 (PAI-1) production and increased periostin
and spondin 1 expression. Most importantly, we provide
evidence that ADSCs overexpressing Fra-1 possess an
elevated potential to convey cartilage protection in an
experimental OA model.
MATERIALS AND METHODS
Animals. C57BL/6 mice were obtained from Charles
River. Male mice were evaluated at ages 8–12 weeks and
received a standard diet and tap water ad libitum. Fra-1–
transgenic mice ubiquitously overexpress the transcription factor Fra-1 (Fra-1–transgenic mice on a C57BL/6 background)
and have been described previously (17). The local ethics committee of the University of Erlangen–Nuremberg approved all
experimental procedures.
Adipose-derived stromal cells. ADSCs were isolated
from adipose tissue surrounding the inguinal lymph nodes of
8-week-old female mice as previously described (18). They were
cultured until the end of passage 1 according to standard procedures in Dulbecco’s modified Eagle’s medium (DMEM)–Ham’s
F-12 (Gibco) supplemented with 10% newborn calf serum (NCS;
Sigma-Aldrich), 1% penicillin/streptomycin (Invitrogen), 0.5%
amphotericin B (Invitrogen), 16 mM biotin (Sigma-Aldrich), 18
mM pantothenic acid (Sigma-Aldrich), and 100 mM ascorbic acid
(Sigma-Aldrich). A total of 20,000 ADSCs (passage 1) in 6 ml of
mouse serum (Sigma-Aldrich) were injected intraarticularly into
the mouse knee joint. Control mice were injected with mouse
serum only (Figure 1A).
For short hairpin RNA (shRNA) transfection, ADSCs
(passage 1) were cultured in 6-well plates until they reached
70–80% confluence. Cells were transfected with 1 mg per well
of periostin shRNA plasmid (Santa Cruz Biotechnology) or
green fluorescent protein–expressing control plasmid using
Lipofectamine transfection reagent according to the recommendations of the manufacturer (Life Technologies). The
transfected cells were incubated at 378C in 5% CO2 for 3 days.
For differentiation studies, ADSCs (passage 1) were
plated at a density of 4,000 cells/cm2 (adipogenesis) or 20,000
cells/cm2 (chondrogenesis). When cells reached confluence, adipogenic differentiation was induced by the addition of medium
with 5 mg/ml insulin, 1 mM dexamethasone, and 5 mM 3-isobutyl1-methylxanthine (Sigma-Aldrich). Chondrogenic differentiation
was induced by supplementing medium with 50 mM L-ascorbic
acid 2-phosphate, 1028M dexamethasone, 13 insulin–transferrin–selenium (Sigma-Aldrich), and 10 ng/ml of transforming
growth factor b3 (TGFb3; Life Technologies).
For stimulation experiments, confluent ADSC cultures
were starved for 6 hours in medium with 0.5% NCS and then
stimulated with 10 nM recombinant leptin (Biomol) or 10%
NCS for the indicated periods. To study inflammatory responses,
confluent ADSC cultures were stimulated with 10 ng/ml of lipopolysaccharide (LPS) for the indicated times.
Induction of OA. Experimental collagenase-induced
OA was induced as previously described (19). Briefly, the knee
joints of mice were injected with 1 unit of type VII collagenase
from Clostridium histolyticum (Sigma-Aldrich) dissolved in 5
ml of phosphate buffered saline (PBS) on days 0 and 2, respectively. Mice were evaluated on day 42 after induction of OA
(Figure 1A). In this model, which is characterized by OA-like
cartilage damage, the injected collagenase does not directly
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Figure 1. Increased chondroprotective effects of Fra-1–transgenic (Fra-1Tg) mouse adipose-derived stromal cells (ADSCs) in collagenaseinduced osteoarthritis (OA). A, Schematic illustration of the schedule of induction of collagenase-induced OA in mice and treatment with wildtype (WT) and Fra-1–transgenic mouse ADSCs. IA 5 intraarticular; IHC 5 immunohistochemical analysis. B, Safranin O–fast green–stained
frontal knee joint sections from control mice without OA (sham) and mice with OA that were injected with serum, wild-type mouse ADSCs, or
Fra-1–transgenic mouse ADSCs. Black arrows indicate cartilage lesions. Green arrows indicate empty chondrocyte lacunae. C and D, Quantification of cartilage damage (C) and mean number of empty chondrocyte lacunae per knee joint (D) in control mice without OA and mice with OA
that were injected with serum, wild-type mouse ADSCs, or Fra-1–transgenic mouse ADSCs. Data in C are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the mean. Lines outside the boxes represent the 10th and 90th percentiles.
Bars in D show the mean 6 SEM. Symbols represent individual mice (n 5 6 mice per group). E and F, TUNEL staining (E) and mean percentage of TUNEL-positive cells (F) in knee joint sections from control mice without OA and mice with OA that were injected with serum, wildtype mouse ADSCs, or Fra-1–transgenic mouse ADSCs. Arrows indicate TUNEL-positive cells. Bars in F shows the mean 6 SEM. Symbols represent individual mice (n 5 6 mice per group). G, Subchondral bone thickness (SCBP Th) quantification at the medial and lateral tibial plateaus
in control mice without OA and mice with OA that were injected with serum, wild-type mouse ADSCs, or Fra-1–transgenic mouse ADSCs. Values are the mean 6 SEM. Bars in B and E 5 100 mm. * 5 P , 0.05; ** 5 P , 0.001; *** 5 P , 0.0001.

digest cartilage but causes instability of the joints by damaging
ligaments (20,21).
Histologic analysis of OA. Mouse knee joints were
dissected and fixed in 4% formalin. After fixation, the joints
were decalcified in 14% EDTA and processed for histologic
analysis. The starting point for the collection of frontal anterior serial sections was the disappearance of the infrapatellar fat
pad tissue and the appearance of femoral and tibial plateaus.
Serial sections (2 mm each) were collected on glass slides until

loss of cartilage on the tibia and/or appearance of synovial tissue in the joint space. A minimum of 10 sections per joint, distributed over the entire joint, were stained with Safranin O–
fast green for analysis of cartilage damage and empty chondrocyte lacunae.
In the collagenase-induced OA model, cartilage fibrillation and lesions were observed and scored using a modified
form of the OA Research Society International (OARSI)
grading system for histopathologic assessment of OA cartilage
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(22). The depth of the cartilage damage as well as the extent
of the damaged surface were scored in a blinded manner at 4
different locations in the mouse knee joint, i.e., the lateral and
medial tibia and femur, using an arbitrary grading scale of 0–6
for the severity of cartilage destruction and of 0–5 for the
extent of damaged cartilage surface (stage). Average grades of
5 sections per joint were then multiplied with average stage to
determine the OA score per location. The average of these
location scores represented the mean OA score per knee joint.
Empty cartilage lacunae, indicating chondrocyte cell death,
were counted in the cartilage plateaus of the 4 different joint
regions. A TUNEL assay was performed according to the
manufacturer’s instructions (Roche). Slides were mounted in
Vectashield mounting media with DAPI and analyzed on a
fluorescence microscope. Immunohistochemical staining for
IL-6 (Santa Cruz Biotechnology) was performed on paraffin
sections using a Vectastain kit according to the instructions of
the manufacturer (Vector).
Analysis and sorting of SVFs. SVFs were analyzed
by fluorescence-activated cell sorting (FACS) as previously
described (23). Briefly, isolated SVFs were resuspended in icecold DMEM or magnetic-activated cell sorting (MACS) buffer
supplemented with 2% FCS and stained for 15 minutes on ice
with phycoerythrin (PE)–Cy7–conjugated CD31, allophycocyanin (APC)–eFluor780–conjugated CD45, APC–eFluor780–
conjugated TER119, APC-conjugated CD29, eFluor450conjugated CD34, fluorescein isothiocyanate (FITC)–conjugated Sca-1, and PE-conjugated CD24 (eBioscience). Cells
were centrifuged and resuspended in fresh MACS buffer.
Samples were analyzed by a Gallios flow cytometer (Beckman
Coulter), equipped with Kaluza analysis software, or sorted by
a MoFlo Legacy cell sorter (Beckman Coulter).
Flow cytometric analysis of apoptosis. Apoptosis and
necrosis were quantified in confluent ADSCs (passage 1) by
FITC-conjugated annexin V (Life Technologies) staining in
the presence of TO-PRO-3 iodide (Life Technologies).
Detached ADSCs were incubated for 15 minutes at room temperature with 200 ml of FITC-conjugated annexin V in annexin
V binding buffer, washed, and resuspended in 200 ml of
annexin binding buffer together with TO-PRO-3 iodide.
Stained cells were then analyzed by flow cytometry (FACSCalibur; BD Biosciences).
Quantitative reverse transcriptase–polymerase chain
reaction (qRT-PCR). Total RNA was extracted using a combination of TriFast reagent according to the recommendations
of the manufacturer (PeqLab). Residual genomic DNA was
digested with DNase I (Fermentas), and purified RNA was
used for the synthesis of complementary DNA (cDNA) with a
reverse transcription system kit (Applied Biosystems). In all
assays, cDNA was amplified using a standardized program.
Real-time qRT-PCR was performed using a SYBR Green kit
(Eurogentec) for amplification in a LightCycler system
(Applied Biosystems). Analysis of dissociation curves was carried out to exclude artifacts resulting from nonspecific amplification (e.g., primer dimers). Relative quantification was
performed after normalization to multiple housekeeping genes
(HPRT, GAPDH, and actin) using the DDCt method. In the
figures, qRT-PCR representative graphs are presented with
relative expression normalized to that of HPRT. The following
primers were used for real-time qPCR analyses: for HPRT,
forward GTTAAGCAGTACAGCCCCAAA and reverse
AGGGCATATCCAACAACAAACTT; for GAPDH, forward

CTACACTGAGGACCAGGTTGTCT and reverse CAGGAAATGAGCTTGACAAAGTT; for actin, forward TGTCCACCTTCCAGCAGATGT and reverse AGCTCAGTAACAGTCCGCCTAGA; for Fra-1, forward GAGACGCGAGCGGAACAAG and reverse CTTCCAGCACCAGCTCAAGG;
for peroxisome proliferator–activated receptor 2 (PPARg2),
forward CTGATGCACTGCCTATGAGC and reverse GGGTCAGCTCTTGTGAATGG; for CCAAT/enhancer binding
protein a (C/EBPa), forward TGGACAAGAACAGCAACGAG and reverse CTGGTCAACTCCAGCACCTT; for C/EBPb,
forward TTTCGGGACTTGATGCAATC and reverse CCGCAGGAACATCTTTAAGG; for C/EBPd, forward GAACACGGGAAAGCATGACT and reverse CTTCGGCAACCACCTAAAAG; for glucose transporter 4 (GLUT-4), forward GAACAGCAGCCTGGGGAACT and reverse GAGTCTGGGTAGGGGCAGGA; for Pref-1, forward GACACTCGAAGCTCACCTGG and reverse GGAAGGCTGGGACGGGAAAT; for Kruppel-like factor 4 (KLF4), forward GCAGTCACAAGTCCCCTCTC and reverse TAGTCACAAGTGTGGGTGGC; for Krox20, forward AGGCCGTAGACAAAATCCCAG and reverse GATACGGGAGATCCAGGGGT; for
Col2a1, forward AGAACAGCATCGCCTACCTG and reverse CTTGCCCCACTTACCAGTGT; for Col10a1, forward
GAAGAGCCTCGAATCACCTG and reverse ATCCTGGGCACATTATGGAA; for IL-6, forward TGTGCAATGGCAATTCTGAT and reverse TCCAGTTTGGTAGCATCCATC; for periostin, forward TGGTCACTTCACGCTCTTTG
and reverse GCCACTTTGTCTCCCATGAT; for spondin 1,
forward AGAGGCACCGTATGGTCAAG and reverse CGGGATGGTATGGCACTCAG; for PTX3, forward CTGCCCGCAGGTTGTGAAA and reverse AGCTTCATTGGTCTCACAGGA; for PAI-1, forward AACTACACTGAGTTCACCACCC and reverse TTCTCAAAGGGTGCAGCGAT; for
hypoxia-inducible factor 1a (HIF-1a), forward CCTGCACTGAATCAAGAGGTGC and reverse CCATCAGAAGGACTTGCTGGCT; for STAT-3, forward TCCTTTCCCACTTGACCTTG and reverse CTGTAAGGCAATCCCTCTCG; for
STAT-1, forward GCCTCTCATTGTCACCGAAGAAC and
reverse TGGCTGACGTTGGAGATCACCA; for TNF, forward GGAGGCAACAAGGTAGAGAGG and reverse CACAGCCTTCCTCACAGAGC; for MMP-13, forward AGTTTCTTTATGGTCCAGGCGA and reverse CCTCGGAGACTGGTAATGGC; for IL-1 receptor antagonist (IL-1Ra), forward GCAAGATGCAAGCCTTCAGAATC and reverse TGGATGCCCAAGAACACACT; for cyclooxygenase 2 (COX2), forward GCGACATACTCAAGCAGGAGCA and reverse
AGTGGTAACCGCTCAGGTGTTG; for MMP-3, forward
CGATGATGAACGATGGACAG and reverse AGCCTTGGCTGAGTGGTAGA; for MMP-9, forward CATTCGCGTGGATAAGGAGT and reverse TCACACGCCAGAAGAATTTG; for tissue inhibitor of metalloproteinases 1 (TIMP-1),
forward GCATCTGGCATCCTCTTGTT and reverse CCTTATGACCAGGTCCGAGT; for TIMP-2, forward TTCCGGGAATGACATCTATGG and reverse GGGCCGTGTAGATAAACTCGAT; for IL-1a, forward AGTGAGCTGACCCAGCAGAT and reverse CAGGGGCTGTGTTTCTTCTC; for
IL-1b, forward CCCTATGGAGATGACGGAGA and reverse
CTGTCTGCTGGTGGAGTTCA; for TIMP-3, forward GAGTGAGCTCGGACTGTAGC and reverse TTTGGCCCGGATCACGATG; for HIF-2a, forward CAAGCTGAAGCTAAAGCGGC and reverse TTGGGTGAATTCATCGGGGG; for
2326 to 257 bp, forward GAAAAAACTCAGGTCAGAAC
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and reverse AAGAATCACAACTAGGAAGG; and for 289
to 81 bp, forward GTGGGATTTTCCCATGAGTC and
reverse GCTCCAGAGCAGAATGAGC.
Cytokine quantification. The levels of granulocyte–
macrophage colony-stimulating factor, interferon-g (IFNg),
IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, and TNF were analyzed in the supernatants of undifferentiated confluent ADSC
cultures with a bead-based Analyte Detection System for
quantitative detection by flow cytometry according to the recommendations of the manufacturer (eBioscience). Levels of
IL-6 and periostin were measured by enzyme-linked immunosorbent assay according to the recommendations of the manufacturer (R&D Systems).
Western blot analysis. Cell extracts of stimulated or
unstimulated ADSC cultures were prepared using 13 Laemmli
buffer (Bio-Rad). Briefly, cells were washed twice with ice-cold
PBS and snap-frozen with liquid nitrogen. Afterward, lysates
were boiled for 5 minutes and centrifuged. Cell extracts from
ADSCs transfected with periostin shRNA expression plasmid
were prepared in Frackelton lysis buffer containing protease
inhibitor cocktail. The protein content was measured by the
Bradford method. Ten micrograms of protein was separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis on a
10% acrylamide gel. Semidry immunoblotting was carried out
with rabbit anti-mouse STAT-3 or phospho–STAT-3 antibody
(Cell Signaling Technology), rabbit anti-mouse periostin, Fra-1
antibody (Santa Cruz Biotechnology), or mouse anti-mouse
b-actin antibody (Sigma-Aldrich).
Chromatin immunoprecipitation (ChIP). A ChIP
assay was performed using a ChIP-IT Express kit (Active
Motif). For immunoprecipitation, rabbit anti-mouse Fra-1
antibody (N-20; Santa Cruz Biotechnology) and isotype rabbit
IgG antibody (Vector) as a negative control were used.
Statistical analysis. Data are shown as the mean 6
SEM. The mean values from 2 groups were compared by
unpaired t-test using GraphPad Prism software. For comparisons of more than 2 groups, one-way analysis of variance with
a nonparametric post-test was performed.

RESULTS
Improved protection against collagenase-induced
OA by ADSCs overexpressing Fra-1. The protective
effect of ADSCs derived from 8-week-old Fra-1–transgenic mice against collagenase-induced OA was compared to that of ADSCs from wild-type mice (Figure 1).
Histologic analysis of cartilage damage indicated that the
protective effect of ADSCs on cartilage was greater in
mice that received Fra-1–transgenic mouse ADSCs than
in those that received wild-type mouse cells. Collagenase
injection induced significant OA-related cartilage damage in mice, as shown by an increase in OARSI scores.
OARSI scores were slightly decreased in mice that
received an injection of wild-type ADSCs. Most importantly, injection with Fra-1–transgenic mouse ADSCs significantly reduced OARSI scores in mice with OA, to
levels virtually indistinguishable from those in mice without OA (Figures 1B and C).

The protective effect of Fra-1–transgenic mouse
ADSCs was further confirmed by quantifying the number of empty lacunae in the cartilage, which was reduced
in mice injected with wild-type mouse ADSCs, and further decreased in mice injected with Fra-1–transgenic
mouse ADSCs (Figure 1D). Both wild-type and Fra-1–
transgenic mouse ADSCs reduced TUNEL staining to
normal levels in the knee joints of mice with OA. This
indicates that the decrease in empty lacunae after injection with wild-type or Fra-1–transgenic mouse ADSCs
was likely due, at least partially, to an ADSC-triggered
decrease in OA-related chondrocyte apoptosis observed
after the injection of ADSCs (Figures 1E and F). However,
TUNEL staining did not reveal differences in chondrocyte
apoptosis between OA joints treated with wild-type ADSCs
and those treated with Fra-1–transgenic mouse ADSCs,
indicating that Fra-1–transgenic mouse ADSCs may not
primarily act via influencing chondrocyte cell death. We
also investigated potential changes in the subchondral
bone in response to OA induction and ADSC administration. However, we did not observe significant formation
of osteophytes or thickening of the subchondral bone
after OA induction, with injection of either vehicle or
ADSCs (Figure 1G and Supplementary Figure 1A, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39425/abstract).
Taken together, these data suggest that ADSCs that overexpress Fra-1 have a higher potential to ameliorate OArelated cartilage degeneration than wild-type ADSCs.
Increased number of adipogenic progenitors in
ADSCs from Fra-1–transgenic mice. Fra-1–transgenic
mice exhibit lipodystrophy, which worsens with age (14).
Therefore, we hypothesized that the progenitor population
of ADSCs isolated from Fra-1–transgenic mice may be different than ADSCs from wild-type mice. To analyze SVFs
of the Fra-1–transgenic mouse ADSC population,
(CD452, TER1192), CD312, CD291, CD341, Sca-11,
and CD241 cells were isolated from the fat pads of wildtype and Fra-1–transgenic mice and quantified by FACS.
This subpopulation is believed to represent early adipocyte
progenitor cells in white adipose tissue (24). As expected,
their absolute number was decreased in the fat pads of Fra1–transgenic mice (data not shown). However, the percentage of adipogenic progenitors in SVFs from 8-week-old Fra1–transgenic mice was almost twice as high as that in SVFs
from wild-type littermate controls (Figures 2A and B).
In order to investigate whether Fra-1 overexpression affects the differentiation potential of fat-derived
progenitor cells, we studied adipogenic and chondrogenic differentiation of ADSCs isolated from the fat
pads of wild-type and Fra-1–transgenic mice. After 14
days of adipogenic differentiation in vitro, oil red O
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Figure 2. Increased number of adipogenic progenitors in the fat pads of 8-week-old Fra-1–transgenic (Fra-1Tg) mice. A, Dot plots showing representative fluorescence-activated cell sorting staining profiles, and gating with lineage-negative (CD452, TER1192), CD312, CD291, CD341, Sca11, and CD241 cells as adipogenic progenitor markers of stromal vascular fractions (SVFs), in 8-week-old wild-type (WT) and Fra-1–transgenic
mice. B, Quantification of adipogenic progenitors in Fra-1–transgenic mouse SVFs normalized to SVFs from 8-week-old wild-type mice. Bars show
the mean 6 SEM (n 5 6 mice per group). * 5 P , 0.05.

staining indicated impaired adipogenesis of Fra-1–
transgenic compared to wild-type mouse ADSCs (Figure 3A). Blockade of adipogenesis was confirmed by
analyzing the levels of messenger RNA (mRNA) for
adipogenic marker genes during the course of adipocyte
differentiation (Figure 3B). Overexpression of Fra-1
was associated with significantly decreased C/EBPa and
PPARg2 mRNA levels and a tendency toward reduced
GLUT-4 gene expression (Figure 3B). In addition, the
expression of marker genes for adipogenic progenitors,
such as Pref-1, C/EBPb, Krox20, and KLF4, was
increased in Fra-1–transgenic mouse ADSCs on day 0,
probably reflecting the higher proportion of adipocyte
progenitors in Fra-1–transgenic mice (Figure 3B and
Supplementary Figure 1B, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39425/abstract).

In contrast to these differences in adipogenic differentiation, we did not observe a difference in the chondrogenic potential between wild-type mouse and Fra-1–
transgenic mouse ADSCs, as shown by similar Col2a1 and
Col10a1 mRNA levels after chondrogenic differentiation
in vitro (see Supplementary Figures 1C and D, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39425/abstract).
Finally,
analysis of apoptosis revealed no difference between wildtype and Fra-1–transgenic mouse ADSCs (Figure 3C).
These findings suggest that enhanced protection against
OA by ADSCs that overexpress Fra-1 may be mediated by
increased numbers of adipogenic progenitors in Fra-1–
transgenic mouse ADSC fractions.
No increased protection against OA with progenitor-enriched ADSCs. To test the above hypothesis,
SVFs from 8-week-old wild-type mice were either
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Figure 3. Decreased adipogenic potential of Fra-1–transgenic (Fra-1Tg) mouse adipose-derived stromal cells (ADSCs) in vitro. A, Oil red O
staining of ADSCs from wild-type (WT) and Fra-1–transgenic mice, after 14 days of adipogenic differentiation. B, Relative expression levels of
mRNA for Fra-1 and the adipocyte marker genes CCAAT/enhancer binding protein a (C/EBPa), glucose transporter 4 (GLUT-4), peroxisome
proliferator–activated receptor g2 (PPARg2), and Pref-1 on days 0 and 7 of in vitro adipogenic differentiation of wild-type or Fra-1–transgenic
mouse ADSCs. Bars show the mean 6 SEM (n 5 4 mice per group). C, Representative quadrant dot plot analysis showing fluorescence-activated
cell sorting staining profiles of unstained wild-type mouse ADSCs and stained wild-type or Fra-1–transgenic mouse ADSCs at passage 1. Gating
and quantification were performed using fluorescein isothiocyanate (FITC)–conjugated annexin V (AxV) and TO-PRO-3 (Topro). Bars show
the mean 6 SEM (n 5 3 mice per group). * 5 P , 0.05.

directly cultured until the end of passage 1 (nonsorted
ADSC pool) or enriched for adipogenic progenitor cells
prior to cultivation. For enrichment of adipogenic progenitors, cells were sorted by FACS for lineage-negative

(CD452, TER1192), CD312, CD291, CD341, Sca-11
cells and cultured until the end of passage 1 (sorted
ADSC pool). Both ADSC pools were then injected into
the knee joints 7 days after the induction of OA (Figure
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Figure 4. Enrichment of adipogenic progenitors does not increase the protective effects of adipose-derived stromal cells (ADSCs) on
collagenase-induced osteoarthritis (OA). A, Schematic illustration of the schedule of induction of collagenase-induced OA in mice and treatment
with nonsorted or sorted ADSCs. Stromal vascular fractions isolated from 8-week-old wild-type (WT) mice were cultured either as nonsorted
wild-type ADSCs or after enrichment for adipogenic progenitors by fluorescence-activated cell sorting for lineage-negative (CD452, TER1192),
CD312, CD291, CD341, and Sca-11 cells (sorted ADSCs). SS Lin 5 side scatter lineage; FS Lin 5 forward scatter lineage; IA 5 intraarticular;
IHC 5 immunohistochemical analysis. B, Safranin O–fast green–stained frontal knee joint sections from control mice without OA (sham) and
mice with OA that were injected with serum, nonsorted wild-type ADSCs, or sorted wild-type ADSCs. Arrows indicate cartilage lesions. C,
Quantification of cartilage damage and mean number of empty chondrocyte lacunae per knee joint in control mice without OA and mice with
OA treated as indicated. Data in the left panel are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes
represent the mean. Lines outside the boxes represent the 10th and 90th percentiles. Bars in the right panel show the mean 6 SEM. Symbols
represent individual mice (n 5 5 mice per group). D and E, TUNEL staining (D) and mean percentage of TUNEL-positive cells (E) in knee joint
sections from control mice without OA and mice with OA that were injected with serum, nonsorted wild-type ADSCs, or sorted wild-type
ADSCs. Arrows indicate TUNEL-positive cells. Bars in E show the mean 6 SEM. Symbols represent individual mice (n 5 5 mice per group).
Bars in B and D 5 100 mm. * 5 P , 0.05; ** 5 P , 0.001; *** 5 P , 0.0001.
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Figure 5. Decreased interleukin-6 (IL-6) secretion and modified expression of extracellular matrix homeostasis regulators in Fra-1–transgenic
(Fra-1Tg) mouse adipose-derived stromal cells (ADSCs). A, Levels of cytokines released into the medium by cultured wild-type (WT) and Fra1–transgenic mouse ADSCs. GM-CSF 5 granulocyte–macrophage colony-stimulating factor; IFNg 5 interferon-g; TNF 5 tumor necrosis factor.
B, IL-6 mRNA and protein levels in wild-type and Fra-1–transgenic mouse ADSCs. C, Western blot analysis of STAT-3, phospho–STAT-3, and
b-actin protein levels in wild-type and Fra-1–transgenic mouse ADSCs stimulated with leptin (n 5 2 mice per group). D, Chromatin immunoprecipitation of Fra-1 binding to the IL-6 promoter. Arrows indicate primer-amplifying fragments for the TRE elements. Real-time polymerase
chain reaction analyses and loading of the gel are shown (n 5 2). E, Immunohistochemical staining for IL-6 in knee joint sections from control
mice without OA and mice with OA that were injected with serum, wild-type mouse ADSCs, or Fra-1–transgenic mouse ADSCs. The larger panels are higher-magnification views of the boxed areas in the insets. Original magnification 3 20; 3 10 in insets. Bars 5 100 mm. F, Fold change
in expression levels of mRNA for catabolic and anabolic factors in knee joints from mice with OA that were injected with wild-type or Fra-1–
transgenic mouse ADSCs. HIF-1a 5 hypoxia-inducible factor 1a; MMP-3 5 matrix metalloproteinase 3; TIMP-1 5 tissue inhibitor of metalloproteinases 1. G, Relative expression levels of mRNA for spondin 1 (Spon1), pentraxin 3 (PTX3), plasminogen activator inhibitor 1 (PAI-1), and
periostin (Postn) in wild-type and Fra-1–transgenic mouse ADSCs. H, Protein levels of periostin in conditioned medium (left) and cell lysates of
wild-type and Fra-1–transgenic mouse ADSCs (right). Values in A, B, D, F, G, and H are the mean 6 SEM (n 5 2–4 mice per group in A, 4 mice
per group in B and G, 2 mice per group in D, 6 mice per group in F, and 3 mice per group in H). * 5 P , 0.05; ** 5 P , 0.001.
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4A). Histologic analyses, including OA scores and quantification of empty lacunae and TUNEL-positive articular chondrocytes, revealed that nonsorted and sorted
wild-type ADSCs had similar protective effects against
collagenase-induced OA (Figures 4B–E). These data
suggest that enrichment of adipogenic progenitors in
ADSC fractions does not improve the chondroprotective potential of ADSCs in OA. Fra-1 overexpression
therefore appears necessary for mediating the protective
effect of ADSCs in OA.
Molecular characteristics of ADSCs overexpressing Fra-1. To elucidate the molecular mechanisms
mediating the improved protective effect of Fra-1–overexpressing ADSCs in OA, cytokine secretion by wild-type
and Fra-1–transgenic mouse ADSCs were profiled by
FACS bead-based cytokine array. As shown in Figure 5A,
IFNg secretion into the medium was up-regulated, while
secretion of IL-6, a proinflammatory cytokine, was decreased in Fra-1–transgenic mouse ADSC cultures. Decreased IL-6 secretion by Fra-1–transgenic mouse ADSCs
was confirmed by enzyme-linked immunosorbent assay
(ELISA). Furthermore, IL-6 mRNA levels were significantly lower in Fra-1–transgenic mouse ADSCs compared to wild-type cells (Figure 5B). Moreover, wildtype and Fra-1–transgenic mouse ADSCs treated with
LPS had similar TNF, IL-1a, and IL-1b mRNA levels
(Figure 6C).
IL-6 expression can be induced by leptin, which
is abundantly present in OA. Therefore, we investigated
the induction of the IL-6 signaling pathway in ADSCs
after stimulation with leptin. Leptin-triggered STAT-3
phosphorylation, a central event in IL-6 signal transduction, was effectively altered in Fra-1–transgenic mouse
ADSCs compared to wild-type mouse ADSCs (Figure
5C). These data suggest that Fra-1 regulates IL-6
expression and secretion in ADSCs. Interestingly, the
IL-6 promoter harbors 2 TPA DNA response elements
(TRE; 50 -TGAG/CTCA-30 ), which represent consensus
binding sites for AP-1 transcription factors (Figure 5D).
This prompted us to examine whether IL-6 is a direct
target of Fra-1 in ADSCs. Indeed, Fra-1 can directly
bind to the IL-6 promoter, indicating that Fra-1 directly
modulates IL-6 transcription (Figure 5D).
Molecular expression patterns of the joints of
mice with OA that received ADSCs. We next analyzed
the molecular expression patterns of the joints of mice
with OA that received wild-type or Fra-1–transgenic
mouse ADSCs in vivo. Despite the fact that immunohistochemical staining revealed increased IL-6 protein levels in the knee joints of mice with OA, we were not able
to detect overt differences in IL-6 expression between
vehicle-treated or ADSC-treated joints by immunohis-

tochemistry (Figure 5E). Because of the limitations of
immunohistochemistry in quantifying changes in marker
expression, we undertook comparative gene expression
studies of the knee joints of mice with OA treated with
wild-type or Fra-1–transgenic mouse ADSCs. We found
that not only expression of mRNA for IL-6, but also
expression of the proinflammatory mediator PTX3 and
of PAI-1 were significantly decreased in mice that
received Fra-1–transgenic compared to wild-type mouse
ADSCs (Figure 5F). We also found a slight decrease in
HIF-2a expression, while expression of HIF-1a, MMPs
(MMP-3, MMP-9, and MMP-13), TIMPs 1–3, and
TGFb was not affected (Figure 5F and data not shown).
In contrast, levels of the matrix proteins periostin and
spondin 1 were significantly increased in the joints of
mice with OA treated with Fra-1–transgenic mouse
ADSCs (Figure 5F). Consistent with these findings,
Fra-1–transgenic mouse ADSCs also exhibited increased periostin and spondin 1 mRNA levels compared to
wild-type ADSCs in vitro, whereas PTX3 and PAI-1
mRNA levels were decreased (Figure 5G).
In order to investigate ADSC gene expression
under inflammatory conditions, wild-type and Fra-1–
transgenic mouse ADSCs were stimulated with LPS. Fra1–transgenic mouse ADSCs exhibited significantly milder
induction of COX-2 gene expression after LPS stimulation, while the expression levels of TIMPs 1–3, IL-1Ra,
and MMP-13 did not significantly differ between LPStreated wild-type and Fra-1–transgenic mouse ADSCs
(Figures 6A and B).
Periostin has been described to regulate chondrocyte survival. Here we showed that periostin expression was increased at the mRNA and protein levels in
Fra-1–transgenic mouse ADSCs and in knee joints
injected with Fra-1–transgenic mouse ADSCs (Figures
5F–H). In order to investigate whether periostin may
mediate Fra-1–triggered protective effects against OArelated cartilage damage, periostin was knocked down
in Fra-1–transgenic mouse ADSCs (Supplementary Figure 2, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39425/abstract).
However, the knockdown of periostin did not reverse
the chondroprotective effect of Fra-1–transgenic mouse
ADSCs in collagenase-induced OA (Figure 6D), suggesting that periostin alone is not sufficient to conduce
the protective effect of Fra-1–transgenic mouse ADSCs
and that a more comprehensive change in ADSC gene
expression, as indicated above, is necessary to mediate
the protective role of Fra-1–transgenic mouse ADSCs
on the articular cartilage. Taken together, these results
demonstrate that decreased proinflammatory IL-6 and
PTX3 expression along with increased spondin 1 and peri-
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Figure 6. Decreased levels of cyclooxygenase 2 (COX-2) and interleukin-6 (IL-6) mRNA during inflammatory response in Fra-1–transgenic
(Fra-1Tg) mouse adipose-derived stromal cells (ADSCs). A and B, Relative expression levels of mRNA for tissue inhibitors of metalloproteinases (TIMPs) 1–3 (A) and IL-1 receptor antagonist (IL-1Ra), matrix metalloproteinase 13 (MMP-13), and COX-2 (B) in wild-type and Fra-1–
transgenic mouse ADSCs at the indicated time points after stimulation with lipopolysaccharide (LPS) (n 5 3 mice per group). C, Relative expression levels of mRNA for the inflammatory marker genes tumor necrosis factor (TNF), IL-1a, and IL-1b at the indicated time points after stimulation of wild-type and Fra-1–transgenic mouse ADSCs with LPS (n 5 3 mice per group). D, Relative expression levels of IL-6 mRNA and
protein in cells and supernatants at the indicated time points after stimulation of wild-type and Fra-1–transgenic mouse ADSCs with LPS (n 5 3
mice per group). Values are the mean 6 SEM. * 5 P , 0.05, wild-type versus Fra-1–transgenic mouse ADSCs.
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ostin expression in Fra-1–transgenic mouse ADSCs may
essentially mediate the beneficial effect of Fra-1–
transgenic mouse ADSCs on cartilage degradation in OA.

phages by modulating cytokines such as IL-6, TNF, and
IL-1b (27–29). IL-6 plays a pivotal role in autoimmune
mechanisms, in acute inflammation, and in the development of chronic inflammatory states through the IL-6R/
STAT-3 pathway (30,31). Most importantly, in mouse
models of OA, IL-6 promotes cartilage destruction
by inducing the expression of catabolic genes (32).
Our analysis of the cytokine secretion pattern of ADSCs
that overexpress Fra-1 by multiplex bead-based immunoassay or ELISA revealed significantly reduced secretion of IL-6 from Fra-1–transgenic mouse ADSCs
compared to wild-type cells. This effect was based on a
Fra-1–dependent decrease in the levels of IL-6 mRNA,
since we showed that Fra-1 directly binds to the promoter of IL-6, and Fra-1–transgenic mouse ADSCs exhibit
reduced levels of IL-6 mRNA. Consistent with these
findings, STAT-3 signaling was also reduced in Fra-1–
transgenic mouse ADSCs, suggesting lower levels of
autocrine IL-6 signaling in Fra-1–transgenic mouse ADSCs
compared to wild-type cells. Interestingly, even wild-type
mouse ADSCs have been shown to exert antiinflammatory
effects on chondrocytes and synoviocytes in vitro, including the suppression of IL-6 mRNA expression (25). In this
study, we demonstrate that total IL-6 mRNA levels in OA
joints were reduced even further after injection of Fra-1–
transgenic mouse ADSCs than after injection of wild-type
mouse ADSCs, suggesting that the reduction in IL-6 levels
may represent a pivotal contribution to ADSC-dependent
antiinflammatory and chondroprotective effects.
In addition to IL-6, other chemokines, such as
CXCL1, CCL2, and CCL5, as well as matrix degradation
enzymes have been found to be down-regulated after
treatment of OA with ADSCs (25). We hypothesized
that Fra-1 overexpression may additionally alter the
expression and secretion of other proteins involved in
cartilage metabolism in ADSCs. Interestingly, Fra-1 has
been shown to directly control the expression of MGP, a
secreted protein associated with calcification processes.
MGP mRNA levels have been shown to be markedly
increased in the long bones of Fra-1–transgenic mice
(13). Moreover, Fra-1 knockdown has been demonstrated to enhance the expression of type I collagen and to
down-regulate MMP-1 and MMP-13 gene expression in
human lung epithelial cells (33). These examples highlight the potential of Fra-1 to regulate gene expression
of secreted proteins associated with cartilage and bone
homeostasis.
Although we did not observe major differences
between the expression levels of MMPs or TIMPs, the
expression levels of PTX3 and PAI-1, as well as those of
periostin and spondin 1, were significantly altered by
Fra-1 in ADSCs. Effectively, the decrease in PTX3 and

DISCUSSION
Several studies have demonstrated that MSCs can
be used to treat OA. In rabbit and mouse studies, intraarticular injection of stem cells from adipose tissue ameliorated collagenase-induced and surgically induced OA
(10,11). In fact, wild-type ADSCs have intrinsic antiinflammatory effects on chondrocytes and synoviocytes
(25). Since secondary synovial inflammation in OA is
believed to be a major contributor to disease burden,
fostering antiinflammatory pathways in ADSCs might
improve the therapeutic value of these cells. Furthermore, ADSCs decreased the tendency of OA chondrocytes to become fibrotic or hypertrophic (26). In addition
to their primary effect on cartilage, wild-type ADSCs
may affect other joint tissues, such as the synovial membrane, the ligaments, and the subchondral bone (10,26).
Modulating the secretion of extracellular matrix proteins
from ADSCs, which could affect the turnover of cartilage
and other joint tissues, may therefore further stimulate
the chondroprotective effects of ADSCs in OA.
In this study, we considered the AP-1 transcription factor Fra-1 as a potential candidate to modulate the
effect of ADSCs on OA progression since it is involved in
both bone and fat differentiation as well as in the regulation of inflammation (12). Indeed, the transcription factor Fra-1 regulates MGP and (13) C/EBPa transcription
(14). The present study demonstrates that Fra-1 overexpression can enhance the protective effect of ADSCs on
cartilage integrity during experimental OA in mice. We
first hypothesized that the increased numbers of adipogenic progenitor cells observed in ADSC fractions from
Fra-1–transgenic mice might be the mechanism by which
Fra-1–transgenic mouse ADSCs provided better protection against OA-mediated cartilage damage compared to
wild-type mouse ADSCs. However, an increase in adipogenic progenitor numbers was not sufficient to modulate
ADSC-mediated cartilage protection in OA. Thus, injection of wild-type ADSCs enriched for adipogenic progenitors did not augment the level of protection when
compared to the nonsorted ADSCs cells. This observation is supported by previous studies showing that ADSCs
from different fat tissue samples with different quantities
of progenitors have similar chondroprotective properties
in OA (25). Therefore, increased Fra-1 expression mediated the beneficial effect of ADSCs in OA.
Several in vitro studies have shown that Fra-1 is
highly involved in the inflammatory response of macro-
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PAI-1, as well as the increase in periostin and spondin 1
in Fra-1–transgenic mouse ADSCs, could contribute to
the increased protective effect of Fra-1–transgenic
mouse ADSCs in OA (34). PTX3 is a mediator of
inflammation (35,36), and PAI-1 is expressed by OA
chondrocytes and modulates plasmin activation and
degradation of the extracellular matrix (37). Expression
of the extracellular matrix protein periostin is increased
during fracture healing where its primary role is to promote recruitment and adhesion of chondroprogenitors
and osteoprogenitors from bone marrow and blood
(38). Therefore, it is tempting to speculate that the elevated secretion of periostin by Fra-1–transgenic mouse
ADSCs may alone be sufficient to increase the chondroprotective effect of these cells in OA. However, siRNAmediated knockdown of periostin in Fra-1–transgenic
mouse ADSCs was not sufficient to alter the effect of
these cells in ameliorating OA-induced cartilage damage. Thus, the improved protective effect of Fra-1–
transgenic mouse ADSCs on cartilage integrity is probably mediated by a comprehensive change in the gene
expression pattern of ADSCs, consisting of the downregulation of inflammatory genes and increased expression of extracellular matrix genes.
In summary, we demonstrated that ADSCs that
overexpress Fra-1, which show a comprehensive change
toward an antiinflammatory/proanabolic gene expression pattern, effectively protect against cartilage damage
in experimental OA. These data provide new insights
into the understanding of the best configuration of
ADSCs to effectively protect against cartilage damage.
Genetic modification of ADSCs may therefore emerge
as a powerful tool to enhance the chondroprotective
effects of these cells in OA treatment.
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