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Abstract

Whnt signaling has recently emerged as an important regulator of cardiac progenitor cell
proliferation and differentiation, but the exact mechanisms by which Wnt signaling modulates
these effects are not known. Understanding these mechanisms is essential for advancing our
knowledge of cardiac progenitor cell biology and applying this knowledge to enhance cardiac
therapy. Here, we explored the effects of Sfrp2, a canonical Wnt inhibitor, in adult cardiac
progenitor cell (CPC) differentiation and investigated the molecular mechanisms involved. Our
data show that Sfrp2 treatment can promote differentiation of CPCs after ischemia-reperfusion
injury. Treatment of CPCs with Sfrp2 inhibited CPC proliferation and primed them for cardiac
differentiation. Sfrp2 binding to Wnt6 and inhibition of Wnt6 canonical pathway was essential for
the inhibition of CPC proliferation. This inhibition of Wnt6 canonical signaling by Sfrp2 was
important for activation of the non-canonical Wnt/Planar Cell Polarity (PCP) pathway through
JNK, which in turn induced expression of cardiac transcription factors and CPC differentiation.
Taken together, these results demonstrate a novel role of Sfrp2 and Wnt6 in regulating the dynamic
process of CPC proliferation and differentiation, as well as providing new insights into the
mechanisms of Wnt signaling in cardiac differentiation.
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1. Introduction

Over the past decade, multiple studies have identified and characterized various populations
of cardiac progenitor cells (CPCs) that may be involved in cardiac regeneration [1-5].
Within the adult heart, CPCs reside in niches with supplementary cells that provide a
specialized microenvironment, which can promote the replacement of mature cells lost
during injury or turnover [6]; albeit at levels insufficient to achieve functional repair of the
myocardium. In an effort to unlock the clinical potential of these endogenous processes,
recent studies have focused on identification of factors and molecular pathways that promote
ex vivo expansion of CPCs and/or enhance regenerative processes /n vivo[7, 8].

Modulation of paracrine factors of the Wnt signaling pathway at different stages of
cardiomyogenesis controls progenitor cell specification, expansion, and differentiation
through a time-dependent and dose-dependent dynamic process [9]. Notably, blockade of
canonical Wnt/f-Catenin signaling during cardiac injury reduces infarct size and induces
differentiation of adult Sca-1*aMHC™ cardiac progenitors [10, 11]. Still, the connection
between Whnt signaling and cardiac progenitor differentiation is complex, and the
mechanisms involved remain unclear.

The Wnt antagonist Secreted Frizzled Related Protein 2 (Sfrp2) is one of the most
upregulated Wnt signaling modulators during cardiac injury [12]. Sfrp2 has been shown to
play a key paracrine role in enhancing cardiac function after injury [13-16] by modulating
cardiac repair through cytoprotection [13], fibrosis [12, 15] and angiogenesis [17]. Here we
show that Sfrp2 can also promote differentiation of CPCs after ischemia-reperfusion injury.
In vitro, treatment of CPCs with Sfrp2 inhibited CPC proliferation and primed them for
cardiac differentiation. Sfrp2 binding to Wnt6 and inhibition of the Wnt6 canonical pathway
was essential for the inhibition of CPC proliferation. This inhibition of Wnt6 canonical
signaling by Sfrp2 was important for activation of the non-canonical Wnt/Planar Cell
Polarity (PCP) pathway through JNK, which in turn induced expression of cardiac
transcription factors and CPC differentiation. Taken together, these results demonstrate a
novel role of Sfrp2 and Wnt6 in regulating the process of CPC proliferation and
differentiation by modulation of both canonical and non-canonical Wnt signaling pathways.

2. Materials and Methods

Detailed Material and Methods are presented in Supplementary Information.

2.1. Animal studies

All animal procedures were approved by the Duke University Institutional Animal Care and
Use Committee. Myocardial ischemia-Reperfusion was performed in 10-12 week old mice
as described previously (13) and further details are provided in the Supplementary.

2.2. Mouse Cardiac Progenitor Cell Isolation and Differentiation

CPCs were isolated from 8-16 week old FVB mice. Single cell clones were isolated by
limiting dilutions and cultured in the media (DMEM/F12-K 1:1, 20% ES cell qualified FBS,
10 ng/mL bFGF, 20 ng/mL EGF, 100U LIF, and 1x ITS (insulin-transferrin-selenium)).
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CPCs were plated at >80% confluence on gelatin-coated glass bottom tissue culture plates.
24-hours later, the media was changed to Differentiation Media (aAMEM with 2% FBS) or
Ascorbic Acid Media (Advanced DMEM /F12, 0.2% BSA, 2 mM L-glutamine, 1x ITS, 250
UM ascorbic acid) with or without SFRP2 for 14-21 days.

2.3. Co-immunoprecipitation

2.4

CPCs were grown for 48 hours in Reduced Growth Factor Media prior to harvest of
conditioned media. Conditioned media was separated from cell debris by filtration using a
0.45 um low protein binding filter (Milipore, Billerica, MA). 6xHis tagged Sfrp2 (R&D
System, Minneapolis, MN) was diluted to 10 nM and incubated in conditioned or fresh
media for 1 hour at 37 °C, 5% CO2. Sfrp2-bound prey was incubated with Dynabead anti-
His Pulldown beads (Invitrogen, Carlsbad, CA) per manufacturer’s protocol.

gRT-PCR, FACS, BrdU Cell Cycle analysis, Western Blot and Immunostaining were
performed using standard protocols.

2.5. Data analysis

3. Results

Statistical comparison was performed using 2-tailed Student’s t-test for single comparisons
(animal study, assuming unequal variance) or two-way analysis of variance with Bonferroni
Correction for multiple comparisons.

3.1. Sfrp2 enhances CPC differentiation in vivo

To investigate the effects of treatment with the Sfrp2 protein treatment in CPC
differentiation /n vivo, we utilized transgenic animals with eGFP under the control of the
Sca-1 (Ly6a) promoter [18] to track the cell fate of the Sca-1* cells. Sca-1* CPCs, a sub-
population of the Sca-1 population in the heart, are defined as non-hematopoietic cells
(CD457) that express a variety of mesenchymal stem cells markers [2, 4, 19]. These cells
have been shown to participate in cardiomyocyte repair [19, 20]. Ischemia-reperfusion injury
resulted in an increase in the number of Scal-eGFP* cells present in the myocardium (Sham
23.4 + 2.2% vs Saline 38.2 + 3.1%; P<0.05) (Supplementary Figure S1A and S1B). Sfrp2
treatment 2 days after ischemia-reperfusion injury did not affect the numbers of Scal-eGFP*
in the myocardium (Supplementary Figure S1B). However, it led to an 2-3 fold increase in
the number of Scal-eGFP* also co-expressing cardiac markers Gata4 (Saline 8.1 + 1.0% vs
Sfrp2 12.8 + 1.8%; P<0.05) (Figure 1A) or Nkx2.5 (Saline 1.7+ 0.7 vs 4.0 £ 0.7%; P<0.05)
(Figure 1B) in the border zone of the infarct (Figure 1B). Of note, while a subset of Sca-1*
cells also expressed cKit, all cKit* cells were positive for Sca-1 (Supplementary Figure
S2A). Neither the total number nor the number of proliferating cKit* cells within the
myocardium increased in response to Sfrp2 treatment after injury (Supplementary Figure
S2B). Co-expression of Gata4, Nkx2.5, and cTnT in cKit* cells was never detected
(Supplementary Figure S2C), In addition, Scal-eGFP cells positive for the hematopoietic
cells marker CD45 existed in the myocardium, cells co-expressing Sca-1 with Gata4 and
CD45 were never detected (Supplementary Figure S2D), indicating that the Scal-
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eGFP*Gata4* cells were derived from Scal-eGFP*CD45™ cardiac progenitors. These results
were associated with the formation of new cardiomyocytes (Figure 1C and Supplementary
Figure S3A-C) as shown by the use of an inducible aMHC-MerCreMer transgene and
tdTomato-eGFP reporter ((MHC-MerCreMer*/"x ROSA-mTmG*/"). In these mice,
tamoxifen-induced recombination results in cardiomyocyte-specific eGFP expression and
any newly generated cardiomyocytes derived from non-myocyte (a¢MHC™) source after
injury express tdTomato (tdTom)[21]. Following cardiac ischemia-reperfusion injury, Sfrp2
increased the number of newly regenerated cardiomyocytes by 2-fold in the border zone
(Saline 7.5 + 2.5% vs Sfrp2 13.8 + 1.8%; P<0.05) (Figure 1C and Supplementary Figure
S3A-C). No tdTom*eGFP* double positive cardiomyocytes were detected excluding the
possibility that the tdTom* cardiomyocytes were the result of cell fusion. Parallel
experiments confirmed that injection of Sfrp2, compared to saline control, reduced infarct
size and improved cardiac function at 2 months (Supplementary Figure S4). Overall, these
results are consistent with the notion that Sfrp2 treatment after cardiac injury has pleiotropic
reparative effects, which include priming of CPCs for differentiation.

3.2. Sfrp2 primes CPC for cardiac differentiation by inducing cell cycle arrest and
upregulation of cardiac transcription factors

To gain insights into the potential mechanism by which Sfrp2 mediates CPC differentiation,
we established single cell CPC clones for /n vitro studies. For this, CPCs were isolated from
the non-cardiomyocyte fraction of the adult mouse heart (Supplementary Figure S5A).
Cultured cells appeared homogeneous and exhibited a spindle-like shape. (Supplementary
Figure S5B). These cells were positive for Sca-1 expression and typical mesenchymal
markers such as CD44, CD105, CD73, CD90 and CD54 [3, 4]. Initially they also expressed
the c-Kit, but they lost this expression upon passaging in culture (Supplementary Figure S5C
and S5D). As expected for CPCs (4), the cultured cells showed the capacity for
differentiation towards the cardiomyocyte lineage (Supplementary Figure 6A).

To test for the direct effects of Sfrp2 in these CPCs, the cells were treated with increasing
doses of Sfrp2 (0-10 nM) for 16 hours and cell proliferation was measured by ELISA for
BrdU incorporation. Treatment with 10 nM Sfrp2 resulted in significant decrease in CPC
proliferation (Figure 2A). To further define the role of Sfrp2 in CPC cell cycle, cells were
treated with 1-100 nM of Sfrp2 for 8 hours and subjected to FACS analysis using BrdU and
7-AAD staining to determine the percent of cells in S-phase and cell ploidy, respectively. An
8 hour incubation in this assay to prevent double-labelling of the cells which precludes
analysis of the data. In accordance with the ELISA data, Sfrp2 treatment resulted in 16 + 7%
reduction of CPCs in S phase accompanied by 43 + 13% increase of cells at the G1/GO0 stage
compared to no treatment (Figure 2B). No significant changes were seen in the G2-M phase.
These data suggest that Sfrp2 treatment induces cell cycle arrest of CPCs.

Accumulating evidence in recent years has linked cell cycle regulation with stem cell
maintenance and differentiation [22]. To test if Sfrp2 treatment also affected CPC
differentiation, the cells were continuously treated for 14 days with 10 nM of Sfrp2. Gene
expression analysis by gRT-PCR showed that the levels of cardiac-specific markers, such as
Nkx2.5, Gata4, Mef2c and cTnl, were all increased after Sfrp2 treatment (Figure 2C).
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Additional analysis using immunofluorescence microscopy confirmed the induction of
Nkx2.5 expression (Nt: 3.6 £ 0.9 % vs. Sfrp2: 27.2 + 3.2%; P<0.05) (Figure 2D with
controls shown in Supplementary Figure S7); though treatment with Sfrp2 alone rarely
induced the expression of more mature cardiac contractile markers (cTnl, a-MHC, and a-
Actinin) at the protein level. To investigate if Sfrp2 could induce expression of mature
cardiomyocyte markers in combination with other treatments, CPCs were treated with Sfrp2
and 250 uM ascorbic acid, a known inducer of cardiac differentiation [23, 24]. Continuous
treatment with Sfrp2 enhanced the cardiomyogenic potential of ascorbic acid by increasing
the percent of cells expressing cTnl (Nt: 5.5 + 2.3% vs. Sfrp2: 8.4 + 1.7%; P<0.05) (Figure
2E). Collectively, these data indicate that treatment with 10 —100 nM Sfrp2 primes CPCs for
cardiac differentiation by inducing cell cycle arrest and upregulation of cardiac transcription
factors.

3.3. Sfrp2 affects both Wnt canonical and non-canonical pathways in CPCs

Sfrp2 is a well-known inhibitor of canonical Wnt signaling, however recent evidence
suggests it can also act through modulation of non-canonical Wnt pathways [17]. To define
the downstream effects of Sfrp2 on Wnt pathways in CPCs, cells were treated with 10 nM of
Sfrp2 for 5-60 minutes. Activation of the canonical pathway was then evaluated by western
blot analysis of nuclear and phosphorylated f-Catenin, whereas activation of non-canonical
pathways was assessed by phosphorylation of JINK (Planar Cell Polarity (PCP) pathway)
[25], or CaMKII (Wnt/Ca™ pathway) [26, 27]. Treatment with Sfrp2 resulted in increased
phosphorylation of f-Catenin, thereby targeting free f-Catenin for proteasomal degradation
(Figure 3A and 3B. Immunoblot controls provided in Supplemental Figure S8). Accordingly,
Sfrp2 decreased nuclear localization of fCatenin, effectively inhibiting the canonical
pathway (Figure 3A and 3B). In contrast, Sfrp2 activated both non-canonical Wnt pathways
as shown by increased phosphorylation of both INK and CaMKII (Figure 3C and 3D). To
validate these observations, CPCs were transduced with luciferase reporter constructs that
allow monitoring of transcriptional activation of Wnt signaling through p-Catenin/TCF
(TOP-Flash), PCP (AP1-Flash) or Wnt/Ca* (NFAT-Flash), and treated with 1-100 nM of
Sfrp2. After 24 hours of treatment, Sfrp2 reduced canonical f-Catenin/TCF signaling and
activated JNK-AP1 and NFAT signaling at a concentration equal or greater than 10 nM
(Figure 3E). Altogether, the above data suggest that in CPCs, Sfrp2 acts by modulating both
the inhibition of canonical and activation of the non-canonical Wnt pathways.

3.4. Sfrp2 promotes CPC priming via inhibition of Canonical/p-Catenin and activation of
Non-canonical/PCP Wnt Pathway

Next, we tested if the above observations had a functional association with CPC
proliferation and differentiation. For this we first used CPCs with constitutively active /-
Catenin (MSCV-AGSKpCatenin). At baseline, these cells had increased proliferation
compared to control CPCs (MSCV-eGFP) (Figure 4A). Sfrp2 was no longer able to reduce
proliferation in these cells, suggesting that inhibition of the canonical pathway by Sfrp2 is
crucial for mediating its effect on CPC proliferation (Figure 4A). CPCs with dominant
negative f-Catenin (MSCV-Axinl) showed reduced proliferation (Figure 4A), providing
corroborating evidence for the importance of Wnt canonical pathway inhibition in CPC
proliferation. Sfrp2 addition did not further reduce the proliferation in these cells
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strengthening the hypothesis that its effects are canonical pathway dependent. To also test if
the non-canonical/PCP and Wnt/Ca™* pathways were also involved, we treated CPCs with the
JNK inhibitor SP600125 or the CaMKII inhibitor KN-93. However, no effect on Sfrp2’s
anti-proliferation effect was observed (Figure 4B). These data support the hypothesis that
Sfrp2 inhibits CPC proliferation through inhibition of the Wnt canonical pathway alone.

To further investigate the downstream Wnt pathways involved in Sfrp2-mediated priming of
CPC for cardiomyocyte differentiation, CPCs with constitutively active f~Catenin were
treated for 14 days with and without Sfrp2 and immunostained for Nkx2.5 expression. CPCs
with constitutively active f-Catenin not only showed lower baseline expression of Nkx2.5,
but they also did not respond to Sfrp2 treatment (Figure 4C and 4D). Similar experiments to
investigate the role of the non-canonical Wnt pathways showed that inhibition of JINK by
AP600125, but not CaMKII by KN-93, prevented Sfrp2 from upregulating Nkx2.5
expression (Figure 4E with quantification provided in Figure 4F. Immunostaining controls
Supplementary Figure S9A), suggesting that Sfrp2 affects CPC differentiation via activation
of the non-canonical/PCP pathway through JNK. We further validated our findings with
AS601245 and Autocamtide-2-related inhibitory peptide (AIP), a JNK and CaMKI|I
inhibitor respectively (Supplementary Figure 9B). Collectively, these data indicate that both
downregulation of canonical signaling and activation JNK by Sfrp2 are crucial in priming
CPC:s for differentiation.

3.5. Sfrp2 promotes CPC priming and differentiation by blocking canonical Wnt6

Sfrps are traditionally known to bind to Wnt proteins and inhibit these Wnts from acting
[28]. To determine the Wnt protein that Sfrp2 acts upon to modulate the effects on CPCs
observed above, we assessed for Wnt gene expression in CPCs by RT-PCR. CPCs expressed
canonical Wnt9a [29], the non-canonical Wnt5a [30] and Wnt11 [31, 32], as well as Wnt6,
which has been associated with both canonical and non-canonical pathways [33, 34] (Figure
5A). Therefore, we hypothesized that Sfrp2 modulates downstream pathways in CPCs by
directly interacting with any of these Wnts. To test this, 10 nM 6x-HIS tagged Sfrp2 was
added to conditioned media from CPCs and was used as bait to pull-down Sfrp2 binding
partners. Under the conditions examined, Sfrp2 was found to interact with Wnt5a and Wnt6,
but not Wnt9a or Wntl11 (Figure 5B).

To define the potential roles of Wnt6 and Wnt5a in regulating the effects of Sfrp2 on CPCs,
cells were treated with recombinant Wnt6 or Wnt5a protein. Cell proliferation and
differentiation was then assessed as before. Wnt5a had no effect on either CPC proliferation
or differentiation (Supplementary Figure 10). In contrast, treatment of CPCs for 16 hours
with 1 nM Wnt6 induced a 3.95 + 0.95 fold increase in proliferation (Figure 5C). Moreover,
treatment of CPCs with 1 nM of Wnt6 was able to increase nuclear f-Catenin signaling, but
not p-JNK non-canonical signaling in these cells (Figure 5D). To further validate the effect
of Wnt6 on canonical and non-canonical Wnt signaling in CPCs, CPCs transduced with
luciferase reporter constructs $-Catenin/TCF (TOP-Flash), PCP (AP1-Flash) or Wnt/Ca+
(NFAT-Flash), and treated with 0.1-10 nM of Wnt6. After 24 hours, Wnt6 activated
canonical B-Catenin/TCF signaling at 1 nM but did not affect INK-AP1 or NFAT signaling
at greater than 10 nM (Supplementary Figure S11A-C), suggesting in CPCs, Wnt6 acts as a
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canonical Wnt. Co-incubation of CPCs with 1 nM of Wnt6 with increasing concentrations of
Sfrp2 achieved neutralization of both the Wnt6-induced p-Catenin activation
(Supplementary Figure S11D) and the Wnt6-induced proliferative effects (Figure 5E),
suggesting a functional importance between the interaction of Sfrp2 and Wnt6 in modulating
CPC proliferation.

To further determine the importance of interaction of Sfrp2 and Wnt6 in CPC proliferation
and differentiation, Wnt6 was knocked down in CPCs using a lentiviral ShRNA construct
(shwnt6) (Supplementary Figure S11E). As expected, shwnt6 CPCs had reduced
proliferation compared to shControl CPCs and addition of Wnt6 restored proliferation
(Figure 5F). Importantly, the addition of Sfrp2 did not change proliferation compared to
non-treated shwnt6 CPCs (Figure 5F), demonstrating that the antiproliferative effects of
Sfrp2 are mediated solely through the interaction of Sfrp2 and Wnt6. Accordingly, CPC
differentiation as measured by Nkx2.5 expression was increased in shwnt6 CPCs compared
to shControl CPCs (Figure 5G). In the absence of Wnt6, addition of Sfrp2 did not have any
effect on Nkx2.5 expression (Figure 5G). Altogether, these results support the hypothesis
that Sfrp2 promotes CPC priming and differentiation by binding and blocking Wnt6
canonical signaling.

3.6. Sfrp2 activates non-canonical Wnt/PCP pathway by inhibiting canonical Wnt6

Based on the finding that activation of the non-canonical/PCP pathway through JINK was
important for the Sfrp2 mediated CPC differentiation; we next directed our attention to the
mechanism by which Sfrp2 increases p-JNK. Two potential mechanisms by which Sfrp2
may be acting include: a) directly, by binding a Frizzled receptor, promoting activation in a
Whnt-independent manner [28]; b) indirectly, by inhibition of the canonical Wnt pathway,
activating the non-canonical JNK signaling [35].

To test the first possibility, CPCs were treated with a pan-Wnt inhibitor (C59 Porcupine
inhibitor) [36, 37] to block secretion of all Whnts, followed by addition of Sfrp2 to measure
the effects on non-canonical/PCP signaling using both western blot analysis and ELISA
assay for p-JNK (Figure 6A-B). As expected, cells treated with Sfrp2 had increased p-JNK
relative to non-treated cells. However, this effect was abrogated when the cells were pre-
treated with C59, suggesting that Sfrp2 does not activate JNK via a direct interaction with
Frizzled receptors and requires a Wnt to function.

To inquire whether Sfrp2 increased p-JNK and activated non-canonical/PCP downstream
pathways indirectly by its inhibition of the canonical Wnt pathway, we used CPCs with
constitutively active (MSCV-AGSKfCatenin) or dominant negative f-Catenin (MSCV-
Axinl), and assessed for INK phosphorylation as before (Figure 6C). As expected, in
MSCV-eGFP CPCs, Sfrp2 increased p-JNK similar to non-transduced cells. When the
canonical pathway was constitutively active, addition of Sfrp2 could not activate INK
(Figure 6C). In agreement, CPCs with dominant negative f-Catenin (MSCV-Axinl),
whereby the canonical pathway is suppressed, showed increased JNK activation (Figure 6C).
Previous studies have shown that such f-Catenin dependent activation of non-canonical
pathways is possible by regulation of the expression of non-canonical Wnts, in particular
Whntl1 [35]. To address this possibility, we treated CPCs with Sfrp2 for 8h and measured the
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levels of non-canonical Wnts such as Wnt5a and Wnt11; however we did not observe any
changes (Supplementary Figure S11F). To determine if Wnt6 plays a role in these effects,
we next used CPCs transduced with either control ShRNA (shControl) or shRNA against
Whnt6 (shwnt6). Wnt6 knockdown doubled the levels of INK activation compared to
shControl (Figure 6D). However, Sfrp2 treatment did not have an additive effect (Nt-shWnt6
2.16 + 0.36% vs. Sfrp2-shwnt6 2.51 + 0.1 7%; P=0.874), suggesting that inhibition of
canonical Wnt6 signaling by Sfrp2 is essential in mediating the Sfrp2 effects on INK
activation.

Overall, the above data support the notion that Sfrp2 activation of INK non-canonical
pathway and differentiation does involve an indirect component through its inhibition of
Whnt6 canonical signaling (Figure 7).

4. Discussion

Current studies support an important role for Wnt signaling in cardiac function and repair
[11, 38-40]. The overarching conclusion from these studies is that inhibition of Wnt/3-
Catenin signaling is beneficial and results in improved cardiac function and regeneration
after injury (Reviewed in [10, 41, 42]). However, the mechanisms and exact Wnt pathway
factors involved remain elusive.

Here, we identified a novel role for Wnt6 signaling in maintaining CPCs in their
proliferative state preventing their differentiation. Wnt6 inhibition plays a role in Xenopus
heart development by regulating cardiogenic mesoderm differentiation into heart muscle [34,
43], however its importance for mammalian cardiac differentiation and function is unknown.
Our data highlight a role for Wnt6 in adult CPC differentiation, inferring its potential as a
novel therapeutic target for cardiac regeneration.

We also highlight a novel role for Sfrp2 as multifaceted regulator of Wnt pathways in CPCs.
Binding of Wnt6 by Sfrp2 primes Sca-1" CPCs for differentiation through blocking of
canonical fCatenin signaling. This is accompanied by Sfrp2/Wnt6/canonical f-Catenin
dependent activation of the non-canonical Wnt/PCP signaling through JNK, which is an
important step in promoting upregulation of early cardiac transcription factors. One potential
mechanism for the inhibition of the non-canonical/PCP pathway by f-Catenin would be the
indirect regulation of non-canonical Wnt expression [35], however our data do not support
this hypothesis. Further investigations to determine the intracellular signals that regulate /-
Catenin dependent activation of JNK and non-canonical/PCP downstream pathways would
be of great value in elucidating the complex molecular networks involved in Wnt signaling
effects in cardiogenesis and cardiac repair. One should note that from our analysis we cannot
exclude the possibility that binding of Sfrp2 to Wnt6 alters the stoichiometry of non-
canonical activating Wnts present, which could also act to reinforce the activation of non-
canonical downstream pathways (Figure 6C). In line with the /n vitro studies, Sfrp2
treatment in Scal-eGFP transgenic mice after cardiac injury provided direct evidence that
Sfrp2 promotes priming of a fraction of CPCs for differentiation as measured by increased
Gatad or Nkx2.5 expression in Sca-1* cells. Although the Scal-eGFP mouse model does not
allow marking of Sca-1 derived mature cardiomyocytes ([19] and internal data), the use of
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the aMHC-MerCreMer*/~x Rosa-mTmG*~ mouse model suggested that the enhancement
of CPC differentiation by Sfrp2 was associated with enhanced cardiac regeneration /n vivo.
Co-staining with cKit* marker, did not detect any Scal*cKit* cells expressing
cardiomyocyte markers. This might be explained by a possible loss of the cKit expression
during differentiation as reported previously. Still we cannot exclude that in vivo Sfrp2 only
affects the subfraction of Scal* CPCs that are c-Kit negative[4, 44]. The very recent
development of Cre recombinase based CPC lineage tracing models [5, 19] will be useful to
address this question directly. Similarly, the validation of our /in vitro findings regarding the
role of Wnt6/Sfrp2 interaction will require the development of appropriate cell and time
specific models of Wnt6 or canonical Wnt/#Catenin inhibition, which are not currently
available.

Nevertheless, our data provide additional evidence for the potential importance of Sfrps in
cardiac disease. Studies involving exogenous delivery or overexpression of Sfrps in the heart
suggest that the different Sfrp isofroms might have overlapping but distinct contributions to
cardiac repair [45]. Overexpression of Sfrpl in transgenic animals improved cardiac
function by modulating Wnt/Ca?* pathway and the inflammatory response after injury [46,
47]. Interestingly, Sfrpl overexpression in endothelial cells or cardiomyocytes did not have
any effect suggesting that cell specific expression of the Sfrps is crucial for determining the
effects in cardiac repair. Sfrp2 has been shown to inhibit cardiomyocyte apoptosis [13, 48]
and promote neovascularization [14, 17]. While the anti-apoptotic effects of Sfrp2 were
attributed to blockade of Wnt3a induced canonical signaling [48], the pro-angiogenic effects
are related to the activation of the non-canonical Wnt/Ca* pathway [17]. Moreover, Sfrp2
can act as profibrotic [12] or antifibrotic [15] depending on its concentration (10-20 nM pro-
fibrotic, 100-200 nM antifibrotic) highlighting that Sfrp2 effects are highly dependent on
timing, cellular context and concentration [49]. The current study provides new information
about a robust role of Sfrp2 (10-100nM /n vitro) on CPC differentiation and the indirect
activation of non-canonical/PCP pathway in CPCs. These data suggest that Sfrp2 might have
a time dependent cell specific role in the autocrine/paracrine regulatory pathways of the
cardiac niche; the future development of cell specific conditional models of Sfrp2 cardiac
overexpression or ablation could aid in addressing these questions directly.

In conclusion, the present study demonstrates that Sfrp2 primes CPCs for cardiac
differentiation by blockade of Wnt6 canonical/#-Catenin pathway and activation of non-
canonical/PCP signaling through JNK (Figure 7). These data provide further support for
Sfrp2 as a key paracrine factor with multiple effects in vital mechanisms of cardiac repair.
This information is important for understanding how the Wnt signaling pathway can affect
cardiac repair and reinforce the potential of Sfrp2 as a prime therapeutic candidate for
cardiac injury.

Conclusion

The mechanisms that regulate cardiac progenitor cell fate after injury remain largely elusive.
Understanding of these mechanisms is important for cardiac therapy. Here, we show that
administration of Sfrp2, a canonical Wnt pathway inhibitor, promoted differentiation of
adult cardiac progenitor cells (CPCs) in vivo. In vitro, Sfrp2 treatment induced CPCs to exit
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the cell cycle and primed them for cardiac differentiation. This was achieved by inhibition of
Whnt6 canonical signaling and activation of Wnt non-canonical pathways. Our results
provide mechanistic insights on how the Wnt signaling pathway can regulate CPC cell
biology and potentially affect cardiac repair after injury.
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Highlights

e  Sfrp2 promotes CPC differentiation in vivo and in vitro.

»  Sfrp2 inhibits CPC proliferation in vitro.
o  Sfrp2 binds to Wnt6.
« Inhibition of Wnt6 by Sfrp2 activates INK.
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Figure 1. Sfrp2 promotes differentiation of CPCs in vivo
(A and B) Representative images and quantification of (A) Scal-eGFP* and Gata4* cells

and (B) Scal-eGFP* and Nkx2.5* cells 7 days after ischemia-reperfusion injury (arrows
point to Scal-eGFP*Gata4* and Scal-eGFP*Nkx2.5* cells respectively); n=7 saline, n=9
Sfrp2. * P<0.05. (C) Representative images of immunofluorescence staining of newly
formed tdTomato*cTnT* cardiomyocytes in the infarct border zone of Sfrp2 treated heart
with quantification. *P<0.05, compared to PBS treated animals; n=6 Sham, n=5 PBS, n=6
Sfrp2.
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Figure 2. Sfrp2 primes CPC for cardiac differentiation
(A) BrdU incorporation ELISA of CPCs treated for 16 hours with Sfrp2. Cyclosporin A

(CsA) was used as control for decreased proliferation. Data shown as mean + SE of 5
independent experiments. *P<0.01 compared to no treatment; n=6.

(B) FACS analysis of CPCs cultured for 8 hours in the presence or absence of Sfrp2. Ploidy
was identified by 7-AAD (DNA) staining and S-phase was identified by BrdU. Data from a
representative experiment are presented as mean + SD (n=3).* P<0.05, compared to no
treatment.

(C) gRT-PCR analysis for cardiac markers in non-treated (Nt) and CPCs treated with 10nM
Sfrp2 for 10 days. Relative mRNA levels are expressed as fold change over control Nt cells.
Data shown as mean + SE of 4 independent experiments. * P<0.05; n=4.

(D) Representative immunofluorescence staining images for nuclear Nkx2.5 in CPCs after
14 days of continuous treatment with 10nM of Sfrp2. Data shown as mean * SE. *P<0.05
compared to Nt; 5 images x n=3.

(E) Representative immunofluorescence staining images for cTnl in CPCs after 21 days of
continuous treatment with ascorbic acid (AA) with or without 10 nM Sfrp2. Data shown as
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mean + SE. *P<0.05, compared to Nt: 4-5 images x n=3. In D and E arrows denote positive
cells.
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Figure 3. Sfrp2 modulates both canonical and non-canonical Wnt signaling in CPCs
(A) Canonical Wnt pathway activation assessed by western blotting for p-/#-Catenin or

nuclear f-Catenin at various time points after treatment with 10 nM Sfrp2. Representative
blots are shown.

(B) Densitometry of p-#-Catenin (n=4) or nuclear p-Catenin (n=4) immunoblots from (A).
*P<0.05, compared to Nt.

(C) Non-canonical Wnt pathway assessed by western blotting for p-JNK or p-CaMKII at
various time points after treatment with 10 nM Sfrp2. Representative blots are shown.

(D). Densitometry of p-JNK or p-CaMKII immunoblots from (C). *P<0.05, compared to Nt.
(E) Assessment of canonical and non-canonical Wnt pathway activity by relative Luciferase
expression in CPCs transduced with TOP-Flash (#-Catenin), AP1-Flash (PCP pathway), and
NFAT-Flash (Wnt/Ca* pathway) 24 hrs after treatment with 10 nM Sfrp2. FOP-Flash (empty
vector) was used as control for TOP-FLASH and TA-Luc (empty vector) was used as control
for AP1-Flash and NFAT-Flash. Data shown as mean + SD. *P<0.05, compared to Nt; n=6
per condition. The compounds BIO and C59 were used at 10 uM each as positive and
negative controls for canonical Wnt signaling. Sorbitol at a concentration 0.5M and 10
pg/mL PMA + 10 nM lonophore were used as positive controls for the JINK and CaMKI|I
non canonical pathway activation respectively. The compounds SP600125 at 5 uM and
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KN-93 at 10 uM were used as negative controls for JINK and CaMKII non canonical
pathway activation respectively. Additional tests for the controls used are presented in
Supplementary Figure 9. Nt: No treatment.
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Figure 4. The effects of Sfrp2 on CPC proliferation and differentiation are mediated by
inhibition of canonical and activation of non-canonical Wnt pathways

(A) BrdU ELISA in CPCs transduced with constitutively f~Catenin (MSCV-AGSKfCatenin)
and treated for 16 hours with 10 nM Sfrp2. MSCV-eGFP transduced cells were used as
negative control. MSCV-Axin transduced cells with constitutive inhibition of f-Catenin
served as positive controls. Data shown as mean + SD. * P<0.05; n=6.

(B) BrdU ELISA of CPCs treated with 10 nM Sfrp2 for 16 hours in the presence or absence
of INK inhibitor SP600125 or CAMKII inhibitor KN-93. Data shown as mean + SD. *
P<0.05; n=6.

(C) Immunofluorescence staining for Nkx2.5 in CPCs transduced with constitutively active
S-Catenin (MSCV-AGSKpCatenin) and treated for 14 days with 10 nM Sfrp2. MSCV-eGFP
transduced cells were used as negative control. *P<0.05; 5 images x n=3.

(D) Quantitative analysis of (C).

(E) Immunofluorescence staining for Nkx2.5 after 14 days continuous treatment with Sfrp2
in the presence or absence of JNK inhibitor SP600125 or CamKII inhibitor KN-93. DMSO
was used as a vehicle.
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(F) Quantitative analysis of Figure 4E. Data shown as mean + SE. *P<0.05; 5 images x n=3,
analysis performed on data from 3 independent experiments. Nt: No treatment; NS: Not
significant.
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Figure 5. Sfrp2 promotes CPC priming and differentiation by blocking canonical Wnt6
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(A) RT-PCR analysis of three different CPC isolations for expression of Wnts compared to

adult cardiac fibroblasts [cFb].

(B) Western blot protein analysis for Wnts binding to HIS-Tagged Sfrp2 after Ni+ bead pull
down from control Growth Media [GM] or CPC Conditioned Media [CM].
(C) BrdU ELISA of CPCs treated for 16 with 1 nM Wnt6. *P<0.05; n=6.

(D) Western blot analysis for nuclear f~Catenin and p-JNK in CPCs at various time points

after treatment with 1 nM Wnt®6.

(E) BrdU ELISA of CPCs treated with 1nM Wnt6 in the presence of increasing amounts of

Sfrp2 (0-100). *P<0.05; n=6.

(F) BrdU ELISA of shControl and shwnt6 CPCs in the presence or absence of 10nM Sfrp2
or 1nM Whnt6. *P<0.05; n=6. All data shown as mean + SD of representative experiments.

Nt: No treatment.

(G) Representative images of immunofluorescence staining (top) and quantification (bottom)
for Nkx2.5 expression (Red) in shControl or shwnt6é CPCs after 14 days of continuous
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treatment with 10nM Sfrp2. * P<0.05; 4-5 images x n=3. All data are shown as mean = SD
of a representative experiment. Nt: No treatment.
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Figure 6. Sfrp2 activates non-canonical Wnt/PCP pathway by inhibiting canonical Wnt6
(A) Western blot protein analysis of p-JNK in CPCs after overnight treatment with 10 uM

C59 Porcupine inhibitor with or without 10 nM Sfrp2.

(B) p-JNK activation in CPCs as assessed by ELISA in the presence or absence of 10 uM
C59 Porcupine inhibitor with and without 10 nM Sfrp2 treatment. *P<0.05 compared to Nt;
n=6.

(C) p-INK activation in Control (MSCV-eGFP), constitutively active f-Catenin (MSCV-
AGSKpCatenin) or dominate negative f-Catenin (MSCV-Axin1) CPCs as assessed by
ELISA with and without 10 nM Sfrp2.

(D) p-JNK activation in shControl and shwnt6 CPCs assessed by ELISA in the presence or
absence of 10 nM Sfrp2. *P<0.05; n=4. Nt: no treatment.
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Figure 7. Proposed mechanism of Sfrp2/Wnt6/B-Catenin signaling action on CPC proliferation

and differentiation

Sfrp2 binds and inhibits Wnt6 signaling through the canonical pathway leading to cell cycle
arrest. This inhibition of canonical pathway activates JNK and non—canonical/PCP
downstream pathways which in turn induce expression of cardiac transcription factors
priming CPC for differentiation. Sfrp2 binding to Wnt6 could further facilitate binding and
activation of non-canonical Wnt signaling (grey font and arrows).
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