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Transplantationofmesenchymal stemcells (MSCs) is a prom-
ising therapy for ischemic injury; however, inadequate survival
of implanted cells in host tissue is a substantial impediment in
the progress of cellular therapy. Secreted Frizzled-related pro-
tein 2 (sFRP2) has recently been highlighted as a keymediator of
MSC-driven myocardial and wound repair. Notably, sFRP2
mediates significant enhancement of MSC engraftment in vivo.
We hypothesized that sFRP2 improves MSC engraftment by
modulating self-renewal through increasing stem cell survival
and by inhibiting differentiation. In previous studies we demon-
strated that sFRP2-expressing MSCs exhibited an increased
proliferation rate. In the current study, we show that sFRP2 also
decreased MSC apoptosis and inhibited both osteogenic and
chondrogenic lineage commitment. sFRP2 activity occurred
through the inhibition of bothWnt and bonemorphogenic pro-
tein (BMP) signaling pathways. sFRP2-mediated inhibition of
BMP signaling, as assessed by levels of pSMAD 1/5/8, was inde-
pendent of its effects on the Wnt pathway. We further hypoth-
esized that sFRP2 inhibition of MSC lineage commitment may
reduceheterotopic osteogenic differentiationwithin the injured
myocardium, a reported adverse side effect. Indeed, we found
that sFRP2-MSC-treated hearts and wound tissue had less
ectopic calcification. This work provides important new insight
into the mechanisms by which sFRP2 increases MSC self-re-
newal leading to superior tissue engraftment and enhanced
wound healing.

Bone marrow-derived mesenchymal stem cells (MSCs)2 are
an attractive candidate for cell-mediated wound repair.
Because of their plasticity, MSCs have been utilized in several

preclinical and clinical trials of tissue regeneration (1).3 MSCs
have been able to repair infarcted myocardium, bone, and soft
tissue, albeit with varying degrees of success (3). These prom-
ising results are inconsistent, partly due to the low levels of
engraftment of MSCs within the injured tissues (4). Hence,
strategies to increase survival and engraftment within the
wound may enhance MSC therapy.
Self-renewal is an intrinsic property of stem cells that allows

them to give rise to non-differentiated daughter cells by prolif-
erating, preventing apoptosis, and avoid lineage commitment
(5, 6). This process is important for the maintenance of a stem
cell pool that, in the case of MSCs, can exert a more robust
effect within the context of a wound. Although several cyto-
kines, growth factors, adhesion molecules, and extracellular
matrix components have been identified as cues that signal
MSCs to differentiate, the molecular signals that modulate
MSC self-renewal remain unknown (5). Data from the hemato-
poietic stem cell (HSC) field have documented the involvement
of Wnt, Notch, and BMP signaling cascades in self-renewal;
these pathways are implicated in the expansion of undifferen-
tiated HSCs that upon transplantation into lethally irradiated
mice successfully reconstitute the cleared bone marrow (7–9).
Although no data are available to demonstrate the role of these
pathways in MSC self-renewal, theWnt and BMP cascades are
involved in MSC lineage commitment. Canonical Wnt signal-
ing directs osteogenic differentiation of MSCs by stimulating
the expression of osteocalcin (10), this pathway is also involved
in early chondrogenesis (11). The BMPpathway alsomodulates
osteogenic differentiation of MSCs by controlling osteocalcin
(12), and BMP2 induces chondrocyte fate determination (13).
TheWnt cascade is involved in other cellular processes besides
differentiation; canonicalWnt signaling inhibition, through the
activity of Dkk-1, increases human MSC proliferation without
overt differentiation (14). The mechanisms by which MSCs
modulate these signaling events during growth and/or lineage
commitment remain unknown. The data herein, describe the
ability of sFRP2 to promote MSC self-renewal by inhibition of
both the Wnt and BMP pathways.
Secreted frizzled-related protein-2 (sFRP2) has recently been

implicated by our group and others as a mediator of MSC-
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drivenmyocardial andwound repair; however, themechanisms
are unclear. sFRP2-mediated regeneration can be attributed, at
least in part, to its paracrine role in mediating myocardial sur-
vival by inhibiting apoptosis (15). However, there are compel-
ling data that sFRP2 has direct effects on MSCs themselves.
Overexpression of sFRP2 by MSCs results in increased MSC
proliferation and long-term engraftment in vivo (16).
Themembers of the secreted frizzled-related protein (sFRPs)

family contain a regionwith high homology to the cysteine-rich
domain (CRD) of the Wnt-pathway frizzled receptors (17).
sFRPs bind Wnt glycoproteins through the CRD, preventing
them from reaching their cognate receptors (18). The five
mammalianmembers, sFRP1–5, have been associatedwith sev-
eral developmental and disease processes (19, 20). Their docu-
mented effect thus far has been that of Wnt inhibition (18).
Here, we demonstrate that sFRP2 plays dual and important

roles in increasing MSC self-renewal by inhibiting both the
Wnt and BMP pathways. We show that sFRP2 confers apopto-
tic resistance to MSCs in parallel to Wnt pathway inhibition.
sFRP2 affects the rate ofMSCmultilineage differentiation; pro-
cesses directed by Wnt and BMP signaling. This article is the
first to demonstrate that sFRP2 directly inhibits BMP signaling
in MSCs. The data contained within describe the mechanisms
by which sFRP2 enhances MSC self-renewal to promote MSC-
mediated wound healing.

EXPERIMENTAL PROCEDURES

Antibodies—�-Catenin (BD Transduction Labs, 610153),
Active Caspase 3 (Promega, G748A), Caspase 3 (Cell Signaling,
9665), Smad 1/5 (Santa Cruz Biotechnology, sc-6201), phos-
pho-Smad1/5/8 (Cell Signaling, 9511).
Recombinant Proteins—FromR&DSystems: BMP2 (355-BEC),

sFRP2 (1169-FR), sFRP3 (592-FR),Wnt3a (1324-WN).
Small Molecule Inhibitors—The Wnt inhibitor, pyrvinium,

was a gift fromDr. Ethan Lee, Vanderbilt University.4 The BMP
inhibitor, dorsomorphin, was a gift from Dr. Charles Hong,
Vanderbilt University (21).
Animals/Surgical Interventions—All procedures were car-

ried out in accordance with Vanderbilt Institutional Animal
Care and Use Committee. NOD/SCID and NOD/SCID/�-glu-
curonidase-deficient (�-gluc�/�) maintained by PPY. Surgical
interventions were performed as previously described (16).
Cells—Primary MSCs were generated from pooled BM from

n � 3mice as previously described (22). For sFRP2 overexpres-
sion, MSCs were infected with retrovirus constructs LZRS-
sFRP2-GFP or LZRS-GFP as control as previously described
(16). GFP-positive cells were sorted using BDFACS Aria 2 days
after transduction. At least four independent stable lines were
tested; sorted cells were used for a maximum of five passages.
Immunofluorescence—MSCs on coverslips were fixed with

cold acetone, blockedwith 10% goat serum, and incubated with
primary antibody. Secondary antibody conjugated to Cy5 was
incubated in the dark. Coverslips were affixed onto slides using

Vectashield Hard Set mounting medium with Dapi (Vector
H-1500).

�-Catenin and Caspase 3 Immunoblotting—400,000 MSCs
were plated onto 10-cm dishes in 2% FBS-containing medium.
The cells were grown in hypoxic conditions (5% O2) for 24 h.
Cytoplasmic extracts were obtained by lysing the cells in 20mM

Tris-HCl, pH 7.5 and removing themembrane fraction via cen-
trifugation at 100,000 � g for 2 h. After BCA Protein Assay
(Pierce) proteins were resolved by SDS/PAGE and transferred
to nitrocellulose. Membranes were incubated with primary
antibody diluted in 5%milk-TBST at 4 °C overnight (�-catenin
1:1000 and caspase 3 1:1000). Species-specific secondary anti-
bodies conjugated to HRP were used and chemiluminescence
(PerkinElmer, NEL104) was detected by film. ImageJ version
1.38� (National Institutes of Health) software was used for
densitometry analysis of the appropriate lanes; values are nor-
malized to �-actin loading control.
pSMAD 1/5/8 (SMAD 1/5) Immunoblotting—30 h serum-

starved MSCs plated onto 10-cm dishes were treated and, at the
appropriate times, cellular proteins were extracted with RIPA
buffer containingNaF andNa3VO4. After the BCAProtein assay,
proteins were resolved by SDS/PAGE and transferred to nitrocel-
lulose.Membranes were incubatedwith primary antibody diluted
in5%milk-TBSTat4 °Covernight (1.5:1000). Species-specific sec-
ondary antibodies conjugated to HRP were used and chemilumi-
nescence (PerkinElmer, NEL104) was detected by film. ImageJ
version1.38� (National InstitutesofHealth) softwarewasused for
densitometry analysis of the appropriate lanes; values are normal-
ized to �-actin loading control.
AnnexinVFlowCytometryAnalysis—AnnexinV-PE apopto-

sis detection kit from BDBiosciences (559763) was used.MSCs
were grown in 2% serum, serum-free conditions or in hypoxic
conditions for 48–72 h prior to analysis. To stain, 1 � 105 cells
in 100�l of binding buffer were incubated with 5�l of Annexin
V-PE and 5 �l of 7-AAD for 15min at room temperature in the
dark. Flow cytometry analysis was performed in the LSMII flow
cytometry and subsequently analyzed using FACSDiva v5.02
software (Becton Dickinson).
In Vitro Differentiation and RNA Isolation—MSCs were

plated at minimal cell density in differentiation media with or
without Wnt3a (50 ng/ml) or BMP2 (100 ng/ml) as previously
described (16). Following differentiation, Trizol (Invitrogen) was
used to obtainRNA. cDNAwas synthesized (iScript, Bio-Rad) and
real-time PCR for osteocalcin, Collagen XI, PPAR� and Runx2
was performed in triplicate for each sample (iCycler; Bio-Rad)
(FastStart SYBRGreen; Roche). Reactionswere normalized to 18S.
BMP Signaling/ID-1 Luciferase—MSCs were transiently

transfected using Lipofectamine 2000 (Invitrogen) with a
reporter construct containing ID-1 promoter with SMAD
binding elements upstream of luciferase (23). A CMV-driven
�-galactosidase (�-gal) reporter was used to control for trans-
fection efficiency. Cells were collected, and luciferase activity
measured with the Dual Luciferase assay (Promega).
Histology and Morphometry—PVA sponges were cut in half

and embedded with cut surface down for histology. Von Kossa
staining was performed on sponge sections. Five random
images fromeach sectionwere photographedwith aCoolSNAP
Hq CCD camera (Photometrics). The area of differentiated tis-

4 Thorne, C. A., Hanson, A. J., Schneider, J., Tahinci, E., Orton, D., Cselenyi, C. S.,
Jernigan, K. K., Meyers, K. C., Hang, B. I., Waterson, A. G., Kim, K., Melancon,
B., Ghidu, V. P., Sulikowski, G. A., LaFleur, B., Salic, A., Lee, L. A., Miller, 3rd,
D. M., and Lee, E. (October 3, 2010) Nat. Chem. Biol. 10.1038/nchembio.453.
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sue for each field was quantified using MetaMorph (Molecular
Devices Corp., Sunnyvale, CA) by outlining tissue and calculat-
ing total area per field.MSC-treated heart sectionswere stained
with Von Kossa. Two, blinded pathologist scored the amount
and quality of the positive areaswithin themyocardial scar. The
scores ranged from zero to three, where zero meant no Von
Kossa-positive areas observed and three meant extensive and
brightly stained areas. The average score between the two
pathologists is presented.
Statistical Analysis—The statistical significance between

experimental groups and control were determined by Student’s
t test or ANOVA followed byNewman-Keulsmultiple compar-
ison test, unless otherwise noted, using GraphPad Prism (San
Diego, CA). Graphs show mean � S.D., and p � 0.05 is statis-
tically significant.

RESULTS

sFRP2 IncreasesMSC Engraftment and Inhibits CanonicalWnt
Signaling to Protect MSCs from Undergoing Apoptosis—
sFRP2 has been identified as a key factor responsible for the
biogenesis of a superiorMSCphenotype (15, 16).We traced the
ability of MSCs to remain within PVA sponges 2 weeks follow-
ing implantation in the ventral subcutaneous space of
�-gluc�/� mice. The activity of �-glucuronidase within the
extracted sponges served as a surrogate marker for the MSCs.
As seen in Fig. 1A, sFRP2-overexpressing MSCs have statisti-
cally significant increased engraftment within granulation tis-
sue. In this figure, each mouse corresponds to one line, a clear
trend in the increase of enzyme activity in the sFRP2-MSC-
loaded sponges is observed. Overall, sFRP2 overexpression
resulted in an approximate 2-fold increase in engraftment. In a
previous study, we showed a similar (2–3-fold) increase in
engraftment in an in vivo model of myocardial infarction and
wound repair (16). To understand the cellular basis of the
enhanced engraftment, we assessed if this effect was due, in
part, to decreased apoptosis.Wedeterminedbasal levels of acti-
vated caspase 3 by indirect immunofluorescence (IF) of MSCs
stably overexpressing sFRP2 (sFRP2-MSCs) versus those stably
transduced with empty vector (GFP-MSCs). Approximately 47�
18% of GFP-MSCs were undergoing apoptosis under high-
confluency in vitro conditions, whereas only 8.5 � 4.3 (p �
0.002) percent of sFRP2-MSCs were positive for this effector
caspase (Fig. 1B). To detect apoptosis by an independent
method, we assessed Annexin V levels on MSCs grown under
2% serum, 0% serum, or low oxygen conditions, by flow cytom-
etry. The level of apoptosis was increased to �7% when MSCs
were grown in no serum as compared with low serum (�2.5%).
Hypoxia (5% O2) further doubled the level of apoptosis. An
overall 2-fold decrease in Annexin V-positive cells was
observed in sFRP2-MSCs regardless of the in vitro conditions.
Statistical significance was only achieved when the cells were
exposed to hypoxia (Fig. 1C).
To determine if the ability of sFRP2 to protect MSCs from

undergoing apoptosis was, in part, due to its Wnt inhibitory
activity, we grew GFP-MSCs and sFRP2-MSCs under hypoxic
conditions. GFP-MSCs were treated with recombinant sFRP2,
Wnt3a, or the small molecule Wnt inhibitor pyrvinium.
Pyrvinium causes inhibition of axin degradation and promotes

degradation of both �-catenin and pygopus thereby leading to
functional inhibition of the canonical Wnt cascade.4 Western
blot analysis of the cytoplasmic extracts of these cells revealed
that sFRP2-MSCs had decreased Wnt activity, as observed by
the levels of �-catenin, when compared with GFP-MSCs. As
seen in Fig. 1D, a decrease in Wnt signaling correlated with a
decrease in activated caspase 3 levels; sFRP2-MSCs had �44%
lower levels of the cleaved caspase 3 fragment.
sFRP2 Inhibits Chondrogenic and Osteogenic Differentiation

of MSCs in Vitro—Control of the balance between stem cell
self-renewal and subsequent differentiation is crucial to the
therapeutic efficacy of MSCs. To enhance their engraftment
within wounds, MSCs must promote their survival and delay
differentiation.We assessed the effect of sFRP2 overexpression
on the in vitro multilineage commitment by two different
methods. First, we performedquantitative real-timePCR (qRT-
PCR) analysis of peroxisome proliferator-activated receptor �
(PPAR-�), collagen XI, and osteocalcin as specific markers of
the adipogenic, chondrogenic, and osteogenic lineages, respec-
tively. The transcript levels were normalized to 18S content.
Second, quantification of biochemical markers for adipogenic,
chondrogenic, and osteogenic differentiation was also carried
out: Oil Red-O, dimethylmethylene blue (sulfated glycosamino
glycans) and Alizarin Red, respectively. Fig. 2A depicts the
changes in the transcript levels of the different lineagemarkers,
and the quantification of the stains is seen in Fig. 2B. sFRP2-
MSCs had no difference in the levels of PPAR-� or Oil Red-O
stain comparedwithGFP-MSCs.On the other hand, sFRP2had

FIGURE 1. sFRP2 enhances engraftment and protects MSCs from under-
going apoptosis by inhibiting canonical Wnt signaling. A, levels of �-glu-
curonidase enzyme activity, normalized to DNA content, are higher within
sFRP2-MSC-loaded PVA sponges. Data show the enzymatic activity within the
different sponges implanted in the same mouse. *, p � 0.041, Mann Whitney
U-Test, n � 11. B, basal levels of activated caspase 3 positivity in sFRP2-MSCs
are reduced as compared with GFP-MSCs, as determined by IF. *, p � 0.002,
Mann Whitney U-Test, n � 10. C, quantification of flow cytometry analysis for
annexin V in GFP-MSCs and sFRP2-MSCs grown in 2% serum, serum-starved,
or hypoxic conditions. n � 9; one-way ANOVA with Bonferroni’s multiple
comparison test. D, representative Western blot analysis of cytoplasmic
lysates of GFP-MSCs treated with sFRP2 (100 ng/ml), Wnt3a (50 ng/ml), or
pyrvinium (100 nM). N/T, no treatment, n � 3. sFRP2 inhibits canonical Wnt
signaling and concomitantly reduces apoptosis.
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an inhibitory effect on the chondrogenic and osteogenic differ-
entiation. Decreased chondrogenesis was seen in the lower lev-
els of collagen XI and sulfated glycosamino glycans observed in
sFRP2-MSCs. The decreased osteogenic differentiation of
sFRP2-MSCs was observed in the statistical reduction of osteo-
calcin transcript levels and the amount of calcified matrix (as
determined by Alizarin Red staining) compared with GFP-
MSCs.We confirmed the involvement ofWnt and BMP signal-
ing in MSC lineage commitment in vitro and in vivo (supple-
mental Fig. S1, A—C). The addition of recombinant Wnt3a or
BMP2 was not sufficient to increase the in vitro osteogenic or
chondrogenic differentiation of sFRP2-MSCs (supplemental
Fig. S1D), thus sFRP2 could decrease differentiation by inhibit-
ing either pathway.
To further determine the effect of sFRP2 on the decreased

osteogenic differentiation of MSCs, we quantified the levels of

Runx2 transcription factor by qRT-PCR.This transcription fac-
tor is essential for bone formation; its deletion completely
ablates ossification (24). Bone-specific activation of the osteo-
calcin promoter is regulated by Runx2 (25). Wnt signaling, as
well as BMP signaling, are involved in osteogenic lineage com-
mitment, in part by regulating the expression of Runx2 (10, 26).
Although therewas no difference in the baseline levels of Runx2
transcripts, Runx2 levels were decreased in sFRP2-MSCs
undergoing osteogenic differentiation (Fig. 2C). We came up
with a working model shown in Fig. 2D where we hypothesize
that sFRP2 could be regulating Runx2 expression by inhibiting
either theWnt or the BMP pathways. This model prompted us
to determine whether sFRP2 plays a role in BMP signaling.
sFRP2 Inhibits Phosphorylation of Nuclear SMAD 1/5/8 in a

Wnt-independentManner—Data from the chick,Xenopus, and
zebrafish homologues of sFRP2 indicate that this protein could

FIGURE 2. sFRP2 decreases the chondrogenic and osteogenic differentiation of MSCs, not on adipogenesis. A, relative transcript levels of PPAR-�
(adipogenic marker, n � 3), collagen XI (chondrogenic marker, n � 4), and osteocalcin (osteogenic marker, n � 5) increase in relation to time in GFP-MSCs and
sFRP2-MSCs under differentiating conditions. There is no effect of sFRP2 in the adipogenic potential of the MSCs. There is decreased chondrogenic and
osteogenic commitment of sFRP2-MSCs compared with GFP-MSCs as observed by the lower levels of collagen XI and osteocalcin. ns, not statistically significant,
*, p � 0.05. B, quantification of Oil Red-O stain demonstrates no difference in the oil droplet formation between GFP-MSCs and sFRP2-MSCs. The amount of
sulfated glycosaminoglycans quantified by the use of dimethylmethylene blue dye in sFRP2-MSCs is lower compared with GFP-MSCs. There is decreased
extracellular calcification (as quantified by the Alizarin Red stain) in sFRP2-MSCs, compared with GFP-MSCs. *, p � 0.05, n � 4. C, relative transcript levels of
Runx2, a transcription factor that controls osteocalcin expression, is not changed in non-differentiated MSCs. During osteogenic differentiation, Runx2 levels
are greater in GFP-MSCs. *, p � 0.05, n � 4. D, model figure depicting that canonical Wnt and BMP signaling cascades are involved in the regulation of Runx2
in MSCs.
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inhibit the BMP pathway (27). BMPs mediate their signals
through phosphorylation of specific receptor-associated
Smads, which then complex with other Smads, translocate to
the nucleus, and affect gene transcription. We explored
whether, under basal conditions, sFRP2 overexpression altered
the transcript levels of BMP2, known to play a role in both
osteogenic and chondrogenic commitment (12, 13). Baseline
relative transcript levels of BMP2 were similar in both groups
(Fig. 3A). We explored whether BMP downstream targets were
differentially regulated in sFRP2-MSCs compared with GFP-
MSCs and found a significant decrease in the transcript levels of
both ID-2 and ID-3 transcript levels (Fig. 3B). To further
explore if sFRP2 altered basal BMP signalingweutilized aBMP-
responsive luciferase reporter construct driven by the ID-1

gene (23). GFP-MSCs and sFRP2-MSCs were co-transfected
with the ID-1 reporter construct as well as a �-gal expression
vector employed to ensure equal transfection efficiency. The
addition of recombinant sFRP2 to GFP-MSCs led to a decrease
in luciferase production. Moreover, sFRP2-MSCs had signifi-
cantly reduced levels of luciferase activity (Fig. 3C), suggesting a
role for sFRP2 in BMP signaling inhibition, an effect that has
not been previously documented for this mammalian protein.
Recombinant BMP2 treatment increases the luciferase signal in
both cell types (data not shown). To assess BMP signaling by an
independent method, we quantified the number of nuclei pos-
itive for phosphorylated SMAD 1, 5, and 8 (pSmad1/5/8) by IF.
sFRP2-MSCs had a statistically significant, 7-fold decrease in
the percentage pSMAD-positive nuclei under basal conditions

FIGURE 3. sFRP2 inhibits phosphorylation of nuclear SMAD 1/5/8 in a Wnt-independent manner and causes functional inhibition of BMP signaling.
A, no changes in the relative transcript levels of BMP2 in serum-starved GFP-MSCs and sFRP2-MSCs. n � 4. B, significant decrease in the relative transcript levels
of BMP downstream target genes ID-2 and ID-3 in serum-starved sFRP2-MSCs compared with GFP-MSCs. n � 3, *, p � 0.01. C, involvement of sFRP2 in BMP
signaling demonstrated through transcriptional inhibition of BMP-driven luciferase reporter. sFRP2-MSCs had lower basal BMP activity. Addition of recombi-
nant sFRP2 reduced luciferase activity in GFP-MSCs. n � 4, *, p � 0.0001. D, sFRP2-MSCs exhibit decreased basal phosphorylation of nuclear SMAD1/5/8 as
determined by indirect immunofluorescent analysis. Average percentage of positive nuclei per high power field is shown, at least 4 fields counted in three
independent experiments. *, p � 0.006. E, representative photomicrographs demonstrating modulation of BMP pathway in MSCs in the presence of BMP2 (50
ng/ml), alone or with combination treatments: pyrvinium (100 nM), dorsomorphin (5 �M), sFRP2 (100 ng/ml), or sFRP3 (100 ng/ml). pSMAD 1/5/8 in red, DAPI in
blue. F, data (n � 5 independent experiments) quantifying the average percentage of MSCs containing nuclear pSMAD 1/5/8 were graphed and show that only
dorsomorphin and recombinant sFRP2 reduced BMP2-induced activation of nuclear pSMAD in MSCs. Mean � 95%, confidence interval; *, p � 0.0001.
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(Fig. 3D). Fig. 3E shows representative images of a series of IF
studies where GFP-MSCs were serum-starved prior to treat-
ment with recombinant BMP2 for 1 h and subsequent treat-
ment for 30 min with either recombinant sFRP2, sFRP3,
pyrvinium, or the BMP inhibitor dorsomorphin. Dorsomor-
phin has been shown to selectively inhibit BMP type 1 recep-
tors, and subsequent pSMAD1/5/8 signaling, presumably by
blocking the ALK2, ALK3, and ALK6 receptor kinase function
(28). Only dorsomorphin and sFRP2 statistically decreased the
percentage of pSMAD-positive nuclei. Wnt inhibition through
the activity of either pyrvinium or sFRP3 did not affect the
nuclear localization of pSMAD1/5/8. The quantification of
these experiments is seen in Fig. 3F. The capacity of sFRP2 to
inhibit nuclear pSMAD1/5/8 was concentration dependent
(data not shown). Our data showed that while BMP2 transcript
levels were similar in sFRP2-MSCs, BMP signaling was signifi-
cantly down-regulated relative to GFP-MSCs.
Inhibition of Phosphorylated SMAD 1/5/8 Accumulation Is

Not a BMP-Wnt Cross-talk Event—Although a novel BMP-in-
hibitory role of sFRP2was suggested by the above studies, it was
important to determine if it was due to a translational cross-talk
betweenWnt and BMP.We performed immunoblot analysis to
determine the time course of phosphorylation of Smads1/5/8.
Serum-starvedMSCswere treatedwith recombinant BMP2 for
1 h prior to treatmentwith either sFRP2 or sFRP3. The addition
of sFRP2, but not sFRP3, decreased pSMAD1/5/8 levels by 43�
17% within 30 min of treatment (Fig. 4A). sFRP2-mediated
BMP pathway inhibition did not require new protein synthesis
as addition of protein synthesis inhibitor, cycloheximide, did
not abrogate sFRP2 effect. We examined whether pyrvinium
could affect the levels of pSMAD1/5/8; whereas dorsomorphin
significantly reduced BMP2-induced phosphorylation of

Smads1/5/8 by 62 � 14%, there was no significant diminution
by pyrvinium (Fig. 4B). The ability of sFRP2 to inhibit pSMAD
accumulation was not affected in the presence of pyrvinium
(supplemental Fig. S2). Together, these data support a concept
that sFRP2directlymodulates theBMP signaling pathway inde-
pendent of its effect on the Wnt pathway.
sFRP2-MSCs Demonstrate Decreased Osteogenic Differentia-

tion in Vivo—We have demonstrated that sFRP2-MSCs have a
significant (2–3-fold) increase in engraftment compared with
GFP-MSCs in two separate in vivomodels of wound repair (16).
Using the PVA sponge model of granulation tissue formation,
we examined whether the increase in engraftment correlated
with a decrease in differentiated progeny by visualizing matrix
calcification withinMSC-loaded sponges. Fig. 5A shows repre-
sentative images of sections of GFP- and sFRP2-MSC-loaded
PVA sponges stained for Von Kossa (as an indicator of calcified
matrix) and clearly demonstrate the decreased osteogenic dif-
ferentiation of sFRP2-MSCs. Von-Kossa-positive areas were
quantified withmorphometric analysis, and the data are shown
in Fig. 5B. The inhibition of osteogenic differentiation observed
in vitro translates to an in vivo setting. These data indicate that
increased engraftment was due to the maintenance of un-dif-
ferentiated MSCs, further demonstrating the effects of sFRP2
on self-renewal.
sFRP2 Expression Reduces Ectopic Calcification of MSC-

treated Hearts—A serious reported complication of MSC-me-
diated myocardial therapy following injury is ectopic calcifica-
tion and/or ossification (29). Based on our data that showed that
sFRP2 decreases osteogenic differentiation in vitro as well as in
vivowithinPVAsponges,wepredicted that sFRP2mayameliorate
this complication ofMSC therapy. In a previous studywe demon-
strated that in the setting of myocardial infarcts induced through

FIGURE 4. Wnt-independent inhibition of phosphorylated SMAD1/5/8 accumulation. A, time course of sFRP2-induced SMAD1/5/8 phosphorylation in
mouse MSCs. MSCs were serum-starved for 24 h and stimulated with recombinant BMP2 (50 ng/ml) for 1 h prior to addition of recombinant sFRP2 (100 ng/ml)
or sFRP3 (100 ng/ml) for 15 or 30 min. sFRP2-mediated BMP-signaling inhibition was unaltered by the addition of protein synthesis inhibitor, cycloheximide (10
�M). Representative Western blot analysis and the quantification of the relative pSMAD1/5/8 protein abundance in cell lysates normalized to �-actin; n � 3.
B, serum-starved MSCs were pretreated with BMP2 (50 ng/ml) for 1 h before addition of designated treatments: sFRP2 (100 ng/ml), sFRP3 (100 ng/ml),
pyrvinium (100 nM), or dorsomorphin (5 �M). Only sFRP2 and dorsomorphin decreased BMP-induced pSMAD levels. sFRP3 and a Wnt inhibitor did not alter BMP
signaling. Representative Western blot analysis and the quantification of the relative pSMAD1/5/8 protein abundance in total cell lysates normalized to �-actin; n � 3.
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coronary artery ligation, sFRP2-MSCs reduced infarct size, pre-
ventedadverse remodelingand improvedcardiovascular function.
sFRP2-MSC-treated hearts contained a higher density of blood
vessels and greater numbers of MSCs at 30 days post infarct and
cell therapy (16). We examined histologic sections stained with
Von Kossa to detect calcifications within both GFP- and sFRP2-
MSC treated hearts (Fig. 5C). Von Kossa-positive calcified matrix
within the left-ventricular scar tissue was found in almost 70% of
GFP-MSC-treated (4/6) hearts but only in 14% of sFRP2-MSC-
treated hearts (1/7) (Fig. 5D). These data suggest that sFRP2 not
only drives more effective MSC-mediated repair but may reduce
the frequency by which MSC-mediated therapy may induce
ectopic myocardial calcifications.

DISCUSSION

MSCs are utilized in a variety of preclinical models to ame-
lioratewound healing. Enhanced cardiac tissue repairmediated

by MSCs, in concert with clinical
studies suggesting that their clinical
use is feasible and safe, have spurred
a number of clinical trials using
bone marrow-derived MSCs as re-
generative cell therapy. At least 14
trials are currently ongoing using
MSCs to treat myocardial disease
(clinicaltrials.gov).3 However, our
understanding on howMSCs medi-
ate cardiac and soft tissue repair,
including aspects that regulateMSC
self renewal, remains incomplete.
sFRP2 has been identified as a

factor mediating myocardial repair
and wound granulation tissue for-
mation by MSCs (15, 16). Although
sFRP2 has been postulated to func-
tion as a paracrine modulator of
cardiomyocyte apoptosis (30), we
have provided compelling data that
sFRP2 is an important autocrine
factor for MSCs themselves. sFRP2
overexpression directly up-regu-
latedMSC proliferation in vitro and
enhanced their long-term engraft-
ment in mouse models of myocar-
dial injury and wound granulation
tissue. In these studies we sought to
better clarify how sFRP2 was coor-
dinating repair by MSCs at the cel-
lular level. Our studies showed that
sFRP2 is an important modulator of
MSC self-renewal. In addition to its
published role to enhance prolifera-
tion (16), we report that it also
inhibits both MSC apoptosis and
their differentiation along osteo-
genic and chondrogenic lineages.
Our previous study showed that

sFRP2 resulted in a dose-dependent
increase in human andmurineMSCproliferation in vitro. Con-
versely, addition of recombinant Wnt3a (or its overexpression
in MSCs) resulted in a decreased proliferation rate. Dkk1, an
inhibitor of canonical Wnt signaling, has been demonstrated
to increase human MSC proliferation and entry into the cell
cycle in vitro (14). Taken together with our findings that sFRP2
was able to decrease functional canonical Wnt signaling in
MSCs (16), these data suggested that sFRP2 increased prolifer-
ation through inhibition of canonical Wnt signaling.
The sFRP family has also been termed the secreted apopto-

sis-related proteins, or SARPs, and as their name suggests has
been documented to play important roles in the cytoprotection
of distinct cells (31). Herein we demonstrated that sFRP2
served to protect MSCs from apoptosis under basal and
hypoxic conditions. This pro-survival effect was likely to be
mediated by sFRP2 inhibition of canonical Wnt signaling as
sFRP2 decreased both �-catenin and cleaved caspase 3 levels.

FIGURE 5. Overexpression of sFRP2 causes decreased ectopic calcification within infarcted myocardium
in vivo. A, sFRP2-MSCs, which have higher levels of engraftment within PVA-sponges, have decreased osteo-
genic differentiation in vivo. Representative images of calcified matrix within granulation tissue of MSC-loaded
PVA sponges. Black arrows point to Von Kossa-positive areas (40�). B, quantification of the total percentage
Von Kossa-positive areas within the granulation tissue in PVA sponges shows a decrease in the amount of
calcified matrix within the sFRP2-loaded sponges. Wilcoxon sum ranks test; *, p � 0.0012, GFP-MSC n � 6,
sFRP2-MSC n � 7. C, representative images of GFP- and sFRP2-MSC-treated hearts of NOD/SCID mice stained
for Von Kossa to visualize ectopic calcification. Black arrows point to calcified matrix. L, lumen (10�). D, histo-
logical score of the amount and the quality of Von Kossa-positive staining within MSC-treated hearts. sFRP2-MSC-
treated hearts, which demonstrated statistically improved cardiac function, have statistically decreased ectopic
calcification within the infarcted myocardium. Mann-Whitney U-Test, GFP-MSC n � 6, sFRP2-MSC n � 7.
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The anti-apoptotic action of sFRP2 in MSCs closely mirrors its
recently reported paracrine anti-apoptotic effects on cardiom-
yocytes through direct binding of Wnt3a and inhibition of
Wnt3a-induced activation of caspase activities (30).
MSCs are capable of differentiating into multiple connective

tissue lineages, in particular bone, cartilage and fat. Differenti-
ation of MSCs along these lineages occurs at very low levels
spontaneously but is accelerated by specific differentiation-in-
ducing culture conditions. By testing for biochemical and
genetic markers characteristic of adipose, cartilage, and osteo-
genic lineages, we showed that sFRP2 inhibited differentiation
of MSCs along both cartilage and osteogenic lineages in vitro.
We further demonstrated a sFRP2-dependent decrease in tran-
script levels of Runx2, a transcription factor necessary for
osteogenic commitment. Wnt and BMP pathways regulate
Runx2 transcript levels, and BMP is a known critical regulator
of both osteogenic and chondrogenic differentiation of MSCs,
we evaluated the effect of sFRP2 on the BMPpathway. Our data
provided evidence that sFRP2 inhibited BMP signaling: sFRP2
inhibited nuclear levels of BMP effectors, pSMAD1/5/8, as well
as BMP signaling-dependent Id-1 driven reporter gene. Inhibi-
tion of pSMAD1/5/8 occurred within 30min, independently of
protein synthesis, and was not affected by the addition of the
Wnt inhibitor, pyrvinium. These data suggested that sFRP2
inhibition of BMP signaling did not result from cross-talk
between the Wnt/BMP pathways and occurred independently
of its effect on Wnt inhibition. Moreover, BMP signaling inhi-
bition occurred bothwith the addition of recombinant sFRP2 as
well as in cells overexpressing sFRP2, suggesting that sFRP2
inhibited BMP in a non-self-autonomous manner.
The mechanism by which sFRP2 directly inhibits BMP sig-

naling in mammalian cells is not known and, until this report,
only clues as to its involvement in BMP signalingwere available.
For example, the non-mammalian homologue of sFRPs, Sizzled
(Szl), establishes dorsal-ventral patterning in the Drosophila
melanogaster,Xenopus, and zebrafish by regulating gradients of
BMPs in the developing embryos (27). The vertebrate dorsal
center secretes BMP antagonists, among which chordin is
known to sequester BMP ligands to prevent receptor binding
(32). Szl inhibits BMP signaling by inhibiting the activity of
Xolloid-related (Xlr), the metalloproteinase that degrades
chordin. In this developmental process the effect of Szl on Xlr
allows sequestration of BMPs by chordin (33) and ultimately
BMP pathway inhibition. In a cell-free in vitro system, mouse
sFRP2 interacted with Xenopus Xlr to prevent the degradation
ofXenopus chordin (34). Another recent report suggests sFRP2
may play a role in BMP inhibition in the developing embryo;
unilateral electroporation of murine BMP and sFRP2 into the
chick neural tube blocked the induction of BMP downstream
targets (35). This study did not address whether the observed
BMP inhibition was an indirect or a direct effect of sFRP2.
In this report, we show direct, Wnt-independent inhibition

of BMP signaling molecules, accomplished not only by overex-
pression of sFRP2 byMSCs, but by the addition of recombinant
mouse sFRP2 to the extracellular space. This biochemical inhi-
bition led to functional inhibition of BMP signaling observed by
a decrease in both chondrogenic and osteogenic lineage com-
mitment of MSCs. Compiling our data with the information

available about sFRP2 and its non-mammalian homologues, we
speculate that the effects of sFRP2 as a BMP inhibitor are car-
ried out in the extracellular space. Our results support the fol-
lowing model (Fig. 6): Increased expression of sFRP2 in MSCs
inhibits both canonical Wnt and BMP signaling. The resulting
cellular effects of sFRP2 on proliferation, apoptosis, and differ-
entiation impactMSC self-renewal and ultimately engraftment
within the wound.
Recent reports have highlighted the potential complication

of spontaneous in situ osteogenic differentiation of MSCs fol-
lowing cardiac cell therapy. We assessed heterotopic calcifica-
tion in two, independent in vivo models following MSC cell
therapy. Our data showed that in the setting of myocardial
infarction and within experimental granulation tissue gener-
ated in PVA sponges, sFRP2-expressing MSCs demonstrated
significantly fewer foci of ectopic calcification thanGFP-MSCs.
These data suggest that sFRP2-mediated inhibition of differen-
tiationmay reduce the risk of heterotopic cartilage and/or bone
tissues observed with MSC therapy.
Despite direct injection of large numbers of cells into tissues,

preclinical studies show poor engraftment with only small
numbers or no MSCs remaining after 30 days. Hence, a better
understanding of the molecular players, such as sFRP2, that
favorably modulate MSC self-propagation, engraftment, and
differentiationmay alter the overall efficacy ofMSCcardiac and
wound therapy.
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