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Cardiomyogenesis, the process by which the body generates
cardiomyocytes, is poorly understood. We have recently shown that
Sfrp2 promotes cardiomyogenesis in vitro. The objective of this
study was to determine if Sfrp2 would similarly promote cardio-
myogenesis in vivo. To test this hypothesis, we tracked multipotent
cKit(+) cells in response to Sfrp2 treatment. In control adult mice,
multipotent cKit(+) cells typically differentiated into endothelial cells
but not cardiomyocytes. In contrast, Sfrp2 switched the fate of these
cells. Following Sfrp2 injection, multipotent cKit(+) cells differenti-
ated solely into cardiomyocytes. Sfrp2-derived cardiomyocytes inte-
grated into the myocardium and exhibited identical physiological
properties to preexisting native cardiomyocytes. The ability of Sfrp2
to promote cardiomyogenesis was further supported by tracking
EdU-labeled cells. In addition, Sfrp2 did not promote the formation
of new cardiomyocytes when the cKit(+) cell population was selec-
tively ablated in vivo using a diphtheria toxin receptor–diphtheria
toxin model. Notably, Sfrp2-induced cardiomyogenesis was associ-
ated with significant functional improvements in a cardiac injury
model. In summary, our study further demonstrates the importance
of Sfrp2 in cardiomyogenesis.

cell differentiation | cell lineage | heart injuries/pathology | myocytes | Wnt
signaling pathway

The mammalian heart lacks the capacity to repair itself fol-
lowing injury. Specialized muscle cells called cardiomyocytes

are not replaced in significant numbers, leading to a progressive
loss of function and eventual death from heart failure (1–3).
Replacing these lost cardiomyocytes requires an understanding of
how cardiomyocytes are generated (cardiomyogenesis). Insights
into cardiomyogenesis have been provided by inducible pluripotent
stem cells (iPSCs) as these cells can be robustly differentiated into
cardiomyocytes. In the iPSC model of cardiomyocyte differentiation,
the pluripotent iPSCs are first converted into multipotent car-
diac progenitors (4–7). Inhibition of β-catenin signaling drives
the differentiation of these multipotent cardiac progenitors into
cardiomyocytes (4–7). How Wnt/β-catenin signaling is inactivated
during cardiomyocyte development in vivo is unclear. We have
found a potentially important role for Sfrp2. Lineage-tracing
studies indicate that cardiac Sca-1(+) and cKit(+) cells typically
differentiate into endothelial cells (8, 9). Analogous to iPSC-derived
multipotent cardiac progenitors, we have found that Sfrp2 redirects
the fate of Sca-1(+) and cKit(+) cells to cardiomyocyte-like cells
(10, 11). Our data suggest that Sfrp2 drives cardiomyocyte differ-
entiation by modulating the competition between canonical Wnt
and noncanonical Wnts. Canonical Wnts activate β-catenin and
inhibit cardiac specification (12–14). In contrast, noncanonical Wnts
inhibit β-catenin and promotes differentiation into cardiomyocytes
(15). In the absence of Sfrp2, canonical Wnts out-compete non-
canonical Wnts for binding to Fzd receptors. The addition of Sfrp2
upsets this balance as it appears to preferentially bind, and sequester,
canonical Wnts such as Wnt3a and Wnt6. This leaves noncanonical
Wnts free to bind to Fzd receptors, activating noncanonical pathways,
resulting in β-catenin inhibition and cardiac differentiation (10, 11).
While our studies have outlined an important role for Sfrp2 in
regulating cardiomyocyte differentiation in vitro, we have not dem-
onstrated a role for Sfrp2 in cardiomyogenesis in vivo.

In this study, we wanted to determine if Sfrp2 promoted car-
diomyogenesis in vivo. To test this hypothesis, we tracked the fate
of the multipotent cKit(+) cell population in vivo in response to
Sfrp2 as cKit(+) cells do not differentiate into cardiomyocytes
in vivo (8). In our study, in response to Sfrp2, cKit(+) cells were
able to develop into cardiomyocytes that exhibited functionally
identical properties to preexisting native cardiomyocytes. In ad-
dition, we demonstrated the loss of Sfrp2 effects when this cell
population was selectively ablated in vivo. Notably, Sfrp2-induced
cardiomyogenesis was associated with significant improvements in
cardiac function following myocardial infarction (MI). These
findings demonstrate that Sfrp2 may play an important role in
cardiomyogenesis in vivo and may have clinical relevance for the
treatment of MI.

Results
Sfrp2 Induces Cardiomyocyte Differentiation in Lineage-Committed
Cells. The objective of this study was to determine if Sfrp2 promoted
cardiomyogenesis in vivo. We used cKit(+) cells for the study of
the potential cardiomyogenic actions of Sfrp2 since, analogous to
iPSC-derived cardiac progenitors, cKit(+) cells appear to be mul-
tipotent. Lineage-tracing studies show that cKit(+) cells typically
differentiate into endothelial cells (8). Using high-throughput RNA
sequencing (RNA-seq), we found that Sfrp2 switched the fate of
these cells and induced cKit(+) cells to express cardiomyocyte-
specific messenger RNAs in vivo (10) and suggested that Sfrp2
may drive cKit(+) cells to differentiate into cardiomyocytes in vivo.
To test this hypothesis, in this study, we tracked the fate of cKit(+)
cells in response to Sfrp2 with a cKit(+) lineage-tracing model (16).
In this lineage tracing model, a tamoxifen-inducible Cre (CreERT2)
was targeted to the cKit locus (Fig. 1A). The cKitCreERT2 mice were
crossed with the double-fluorescent R26mT/mG reporter mouse
line to obtain cKitCreERT2/mTmG mice, in which a tamoxifen-
inducible Cre is specifically expressed in cKit(+) cells and mani-
fests as enhanced green fluorescent protein (eGFP) expression
following tamoxifen administration. This model has been used to
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track mast cells as well as cKit(+) progenitor cells in the olfactory
system (17, 18). The C57BL6 cKitCreERT2/mTmGmice were injected
for 14 consecutive days with a low dose of tamoxifen (0.5 mg/mouse/
day) to induce Cre expression and to label cKit(+) cells with eGFP.
This dosing schedule was developed (19) to prevent the transient
cardiotoxicity that can occur in response to tamoxifen treatment/Cre
expression (20). Immunocytochemistry and fluorescence-activated
single cell sorting (FACS) analysis indicated that cKit(+) cells
were efficiently labeled with green fluorescent protein (GFP)
(Fig. 1B). Notably for our study, immediately following tamoxifen
administration, no eGFP labeling was observed in cardiac cells
such as endothelial, smooth muscle, or cardiomyocytes (Fig. 1C).

Following verification of our lineage tracing model, mice received
tamoxifen for 14 d to induce recombination. At the end of the
tamoxifen treatment, the mice were left for 4 d and then subjected
to MI by permanent ligation of the left anterior descending artery
(LAD). Two days after MI, the point at which cKit(+) cells nor-
mally begin to lose their cardiomyocyte lineage gene expression,
mice received vehicle or Sfrp2 via direct cardiac injection (11).
Tissue was analyzed for eGFP expression 2 mo following injury by
confocal microscopy. In agreement with previous reports, there
were no eGFP+ cardiomyocytes in control animals (Fig. 1 D and
E). In contrast, eGFP+ cardiomyocytes were observed in the Sfrp2
group (Fig. 1D and E). The effect of Sfrp2 was strong: ∼15% of the

Fig. 1. Sfrp2 induces cardiomyogenesis in vivo. (A) Description of the cKit(+) lineage tracing mouse. cKitCreERT2/mTeG mice, where the cKit promoter drives
the expression of a tamoxifen-inducible Cre, were used. This transgenic mouse that carries a Cre-ERT2 expression cassette inserted into the ATG start codon of
the endogenous cKit locus was generated by homologous recombination. Upon tamoxifen treatment, Cre-mediated recombination at the LoxP sites allows
expression of eGFP exclusively in cKit(+) cells. (B) Heart tissue was analyzed for eGFP expression in cKit(+) cells by confocal microscopy (Left) and flow
cytometry (Right). (Left) Heart tissue from tamoxifen-treated mice was stained with cKit and GFP antibodies and then visualized by confocal microscopy.
(Scale bar, 100 μm for representative confocal microscopy images.) Images are from three separate animals. (Right) Heart tissue from vehicle or tamoxifen-
treated mice was digested by collagenase, and the resulting single cell suspension was analyzed for cKit and eGFP expression by flow cytometry. CKit(+) cells
represented <0.001% of the total population in the heart. Considering the rarity of these cells, a contour plot was used to visualize what is a very small
population. (C) Hearts were digested with collagenase. The resulting single cell suspension was analyzed for eGFP expression in cardiomyocytes, endothelial
cells, and smooth muscle cells via flow cytometry. (D) Expression of eGFP [cKit(+) cells and cells derived thereof] and the cardiac marker cardiac troponin-T was
analyzed by confocal microscopy. Representative confocal images are shown. (Scale bar, 50 μm.) (E) Quantification of D. n = 7 for vehicle-treated group, and
n = 10 for Sfrp2-treated group; ANOVA with Bonferroni post hoc tests. Significance shown: **P < 0.01. (F) Cardiac tissue was analyzed for coexpression of GFP
and the endothelial cell–specific stain isolectin B4. Representative confocal images are shown. (Scale bar, 50 μm [vehicle] and 100 μm [Sfrp2].) Individual
channels are shown in SI Appendix, Fig. S1B. (G) Quantification of F. n = 7 for vehicle-treated group, and n = 10 for Sfrp2-treated group; ANOVA with
Bonferroni post hoc tests. Significance shown: ***P<0.001.

2 of 8 | PNAS Gomez et al.
https://doi.org/10.1073/pnas.2103676118 A role for Sfrp2 in cardiomyogenesis in vivo

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103676118/-/DCSupplemental
https://doi.org/10.1073/pnas.2103676118


www.manaraa.com

cardiomyocytes in the infarct border zone expressed eGFP (Fig. 1D,
quantification in Fig. 1E and SI Appendix, Fig. S1A).
Lineage tracing experiments indicate that cardiac injury induces

cKit(+) to differentiate into endothelial cells (8, 21). Consequently,
we wanted to determine if the typical differentiation process of
cKit(+) cells was affected by Sfrp2. As expected, in control mice,
following cardiac injury, cKit(+) cells differentiated into endothelial
cells (Fig. 1F, with quantification in Fig. 1G. Individual channels are
shown in SI Appendix, Fig. S1B). While in control animals cKit(+)
cells differentiated into endothelial cells, the lineage tracing showed
that most endothelial cells were not derived from cKit(+) cells. In
contrast to the control group, there were no cKit(+) derived en-
dothelial cells in the Sfrp2 group (Fig. 1F, with quantification in
Fig. 1G. Individual channels are shown in SI Appendix, Fig. S1B).
Despite disappearance of cKit(+) derived endothelial cells,
GFP+ cardiomyocytes (cardiomyocytes derived from the action of
Sfrp2) were supported by de novo vascularization (Fig. 1F). In-
deed, the number of endothelial cells was not significantly dif-
ferent between the control and Sfrp2 groups. Further analysis of
cKit(+) differentiation indicated that cKit(+) cells did not dif-
ferentiate into smooth muscle cells in either the control or Sfrp2
groups (SI Appendix, Fig. S2).

Sfrp2-Derived Cardiomyocytes Integrate with the Myocardium and Are
Physiologically Normal. Notably, Sfrp2-derived eGFP+ cardiomyocytes
expressed connexin-43 in structures that indicate gap junctions,
suggesting integration into the myocardium. Gap junctions were
observed between adjacent Sfrp2-derived eGFP+ cardiomyocytes
(Fig. 2A) as well as between Sfrp2-derived eGFP+ cardiomyocytes
and preexisting (eGFP−) cardiomyocytes (Fig. 2B). A significant
majority of the Sfrp2-derived eGFP+ cardiomyocytes were ap-
parently functionally integrated (Fig. 2C).
We then investigated whether Sfrp2-induced eGFP+

cardiomyocytes exhibited the physiological characteristics of iso-
lated mature wild-type cardiomyocytes by measuring excitation-
contraction (EC) coupling 4 wk following Sfrp2 treatment. To
evaluate calcium signaling and contractility, we used wide field
imaging during pacing with electric field stimulation. This revealed
that rod-shaped Sfrp2-derived eGFP+ cardiomyocytes exhibited
normal sarcomeres, rapid and large calcium transients, and con-
current contractions in response to depolarization (Fig. 2D). The
effect was identical to preexisting cardiomyocytes (Fig. 2D). The
proportion of eGFP− and eGFP+ cardiomyocytes that showed
successful electrical pacing was identical in both groups (∼90%).
Further analysis by RNA-seq indicated that preexisting car-

diomyocytes and eGFP+ cells isolated from the post-MI heart
12 d after Sfrp2 treatment were functionally identical as ex-
pression levels of cardiomyocyte-specific genes were broadly
similar in the two groups (SI Appendix, Fig. S3).

Fate-Mapping with EdU. To provide an alternative method to fate-
mapping cells, we labeled the eGFP+ cKit(+) cells with the
thymidine analog EdU. The number of Sfrp2-derived eGFP+
cardiomyocytes (∼15%) is vastly greater than the cKit(+) pop-
ulation in the heart (<0.1% of all cells in the heart), indicating
that the cells must undergo a proliferative phase before differ-
entiating into cardiomyocytes. Thus, the addition of the synthetic
thymidine analog EdU during this phase should mark all Sfrp2-
derived cardiomyocytes. Consequently, we injected EdU into
mice for 10 d immediately post-MI. Following the end of EdU
labeling, we waited a further 6 wk after which we measured EdU
incorporation in both eGFP(−) and eGFP(+) cardiomyocytes.
Approximately 3% of eGFP(−) cardiomyocytes were labeled with
EdU (Fig. 3). As expected, 100% of the eGFP(+) cardiomyocytes,
i.e., cardiomyocytes derived from a cKit(+) origin, were labeled
with EdU (Fig. 3).

Sfrp2 Does Not Produce Cardiomyocytes in the Absence of Multipotent
cKit(+) Cells. To further demonstrate that eGFP+ cardiomyocytes
were not an artifact, we genetically ablated the cKit(+) population
from the heart. In the absence of cKit(+) cells, Sfrp2 should not
induce eGFP+ cardiomyocyte formation. We ablated the cKit(+)
cells from the heart using a diphtheria toxin receptor (DTR)–
diphtheria toxin model. The DTR is required to transport diph-
theria toxin into a cell. However, mice do not express the DTR
and as a result, they are unaffected by diphtheria toxin adminis-
tration. Expression of DTR allows uptake of diphtheria toxin,
leading to cell death. Crucially, adjacent cells not expressing DTR
are unaffected by the diphtheria toxin. This model has been suc-
cessfully employed in vivo to selectively ablate a number of dif-
ferent cell types (22–24).
To selectively ablate cKit(+) cells, we employed the Gt(ROSA)

26Sortm1(HBEGF)Awai/J mouse line where DTR expression is acti-
vated following expression of Cre. These mice were crossed with
the cKitCreERT2/mTmG line (Fig. 4A). Tamoxifen treatment in
the progeny results in DTR expression specifically in cKit(+)
cells. Administration of diphtheria toxin ablates only those cells
expressing DTR, thus selectively removing cKit(+) cells. Diphtheria
toxin administration had no effect on gross morphology of heart,
kidney, spleen, lung, and liver. We next assessed eGFP staining in
the myocardium post–diphtheria toxin administration. No eGFP
expression was observed in the preinjury heart (Fig. 4B).
Following these studies, mice received vehicle or diphtheria

toxin to ablate the cKit(+) population. Mice then underwent MI
and 2 d later were treated with Sfrp2. Two months following MI,
mice were killed. In the absence of diphtheria toxin, Sfrp2 promoted
the formation of eGFP+ cardiomyocytes (Fig. 4C). In contrast, no
eGFP+ cardiomyocytes were observed in the tamoxifen/diphtheria

Fig. 2. Cardiomyocytes generated via Sfrp2 are physiologically normal and
integrate with the myocardium. Following tamoxifen administration to ac-
tivate the Cre, cKitCreERT2/mTeG mice were subjected to MI. Two days after
injury, mice received either vehicle or Sfrp2. Two months after injury, cardiac
tissue was analyzed. Sfrp2-derived (eGFP+) cardiomyocytes formed gap
junctions with (A) adjacent Sfrp2-derived (eGFP+) cardiomyocytes as well as
(B) preexisting (eGFP−) cardiomyocytes, as shown by connexin-43 staining.
(Scale bar, 50 μm in A or 25 μm in B.) (C) Quantification of the percentage of
Sfrp2-derived (eGFP+) cardiomyocytes, which show apparent integration.
n = 7 individual animals. (D) EC coupling in eGFP− and eGFP+ car-
diomyocytes. Representative examples of calcium transients obtained from
Fura-2–loaded wild-type (eGFP−) and Sfrp2-derived (GFP+) cardiomyocytes
during pacing at 0.5 Hz with electric field stimulation.
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toxin–treated group (Fig. 4C). These data supported our hypothesis
that Sfrp2 promotes cardiomyogenesis.

Sfrp2-Induced Cardiomyogenesis Improves Cardiac Function in Mice
Following Cardiac Injury.We next wanted to determine if Sfrp2-induced
cardiomyogenesis influenced cardiac function following cardiac
injury. Mice (cKitCreERT2/mTmG) received tamoxifen for 14 d to
induce recombination. At the end of the tamoxifen treatment, the
mice were left for 4 d and then subjected to MI by permanent
ligation of the LAD. Two days after MI, mice received vehicle or
Sfrp2 via direct cardiac injection. Two months after MI, tissue
sections 0.5 mm and 1 mm below the injection site were analyzed
for the areas occupied by scar tissue and cardiac muscle. When
compared to the control group, Sfrp2 was associated with reduced
scar size (Fig. 5A). Corresponding with reduced scar size, Sfrp2
increased the cardiac muscle area (Fig. 5A).
Cardiac function was assessed immediately prior to injury and

then 2 and 8 wk after injury. Cardiomyocyte differentiation is
typically a long process, taking >4 wk to generate mature car-
diomyocytes (25, 26). Cardiac function 2 wk after injury, prior to
the development of mature cardiomyocytes, was broadly similar
between the control and Sfrp2 groups (SI Appendix, Table S1).
By 8 wk post-MI, by which point mature cardiomyocytes had
developed, the control and Sfrp2 groups had markedly diverged.
In the control group, there were further decreases in cardiac
function (SI Appendix, Table S1). In contrast, the Sfrp2 group
showed significantly improved cardiac function (SI Appendix,
Table S1). To further evaluate the effect of Sfrp2, the change in
cardiac function between 2 and 8 wk post-MI was calculated for
each animal. Further underlying the beneficial effect of Sfrp2,
while the control mice typically demonstrated worsening cardiac
function, all of the mice in the Sfrp2 group showed improvements
in ejection fraction and fractional shortening (Fig. 5B). Further
analysis of the cardiac function data showed that Sfrp2-induced
cardiomyogenesis had a stronger effect on systolic measurements
(Fig. 5B), indicating improved cardiac contractility.

Discussion
Cardiomyocyte differentiation remains a poorly understood process.
It has been proposed that Wnt/β-catenin signaling has a biphasic
function during cardiac development (27). Early cardiac specifi-
cation requires Wnt/β-catenin activation, whereas differentiation
requires inhibition of this pathway (27). Crescent, a member of the
Sfrp family, and Dkk1 promote cardiac development in chicken
and Xenopus embryos via inhibition of the Wnt/β-catenin pathway
(28, 29). Similarly, β-catenin genetic ablation specifically in the

mouse endoderm results in the formation of multiple ectopic
hearts (30), and the development of the heart from the posterior
mesoderm requires Wnt inhibition (28, 29). Important insights
into cardiomyogenesis have also been provided by iPSCs as these
cells can be robustly differentiated into cardiomyocytes. In the
iPSC model of cardiomyocyte differentiation, pluripotent iPSCs
are first converted into multipotent cardiac progenitors (4–7).
Generation of multipotent cardiac progenitors requires Wnt/
β-catenin activation (4–7). The status of the Wnt/β-catenin signaling
pathway determines the subsequent fate of these multipotent
cardiac progenitors. Inactivation of Wnt/β-catenin signaling drives
the differentiation of the iPSC-derived multipotent cardiac pro-
genitors into cardiomyocytes (4–7). In contrast, if Wnt/β-catenin
signaling is not inhibited, these iPSC-derived multipotent cardiac
progenitors will differentiate into a restricted number of alterna-
tive cell types (31). How Wnt/β-catenin signaling is inactivated
during cardiomyocyte development in vivo is unclear. Endogenous
Wnt/β-catenin inhibitors include proteins in the Dikkopf and
secreted frizzled receptor-protein (Sfrp) families. Dikkopf-1
has been implicated in cardiomyocyte development from multi-
potent cardiac progenitors (29, 32). Our findings described pre-
viously as well as previous work in our laboratory suggest that
Sfrp2 plays an important role in the switch from Wnt/β-catenin
activation to Wnt/β-catenin inactivation. In this respect, it is in-
teresting that we found Sfrp2 was apparently sufficient to com-
pletely switch the fate of cKit(+) cells. Under standard conditions,
cKit(+) cells differentiated into endothelial cells. In contrast, Sfrp2
redirected the fate of these cells to cardiomyocytes. Switching the
fate of cells from endothelial cell differentiation to cardiomyocyte
differentiation further suggests that Sfrp2 is influencing the Wnt/
β-catenin pathway, as Wnt/β-catenin activation is believed to be
important for endothelial cell differentiation (33–35). Our studies
(10, 11) suggest that Sfrp2 promotes cardiomyocyte differentiation
by modulating the competing actions of canonical and noncanonical
Wnts. Canonical Wnts inhibit cardiomyocyte activation via β-catenin
activation (12–14). In contrast, noncanonical Wnts promote dif-
ferentiation into cardiomyocytes via the inhibition of β-catenin
(15). What we have discovered is that in the absence of Sfrp2,
canonical Wnts out-compete noncanonical Wnts for binding to
Fzd receptors such as Fzd5. Sfrp2 appears to preferentially bind,
and sequester, canonical Wnts such as Wnt3a and Wnt6. This tips
the balance in favor of the noncanonical Wnts which are now free
to bind to Fzd receptors. Once bound to Fzd receptors, these
noncanonical Wnts inhibit β-catenin via the planar cell polarity
pathway and JNK (10, 11). These studies outlined an important
role for Sfrp2 in regulating cardiomyocyte differentiation in vitro.

Fig. 3. Fate-mapping with EdU. Mice were subjected to MI and for the following 10 d received EdU by daily i.p. injection. Six weeks post-MI, eGFP(−) and
eGFP(+) cardiomyocytes were analyzed for EdU incorporation. n = 3 for vehicle-treated group, and n = 4 for Sfrp2-treated group; t test, P value shown.
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The importance of the current study is the demonstration that
Sfrp2 promotes cardiomyocyte differentiation in vivo. Of note, our
genome profiling of cKit(+) cells isolated from the heart revealed
that Sfrp2 induced the expression of genes involved in non-
canonical Wnt signaling (10). While this suggests that the outlined
mechanism is also important in vivo, future studies with genetic
knockout models will be needed to fully address this question.
Another important question to address is the origin of the cKit(+)
cells, as our models are unable to distinguish between resident
cKit(+) cells and cKit(+) cells that entered the heart following
injury. Such studies would provide useful information regarding
the role of Wnt inhibitors in cardiac development, for example, by
potentially acting as chemoattractants to localize cells to the cor-
rect environment for cardiomyocyte differentiation.
Another feature of our study is the use of a cell ablation model.

In the first instance, we employed standard lineage tracing. Genetic
lineage tracing is carried out by combining an inducible Cre
expressed in the cell type of interest with a Cre-activated reporter
expressing a fluorescent protein. In essence, lineage tracing is a

“pulse-chase” experiment where cells are marked only when the
Cre is activated. In our study, a tamoxifen-inducible Cre marked
cKit(+) cells with the fluorescent protein GFP. Using this model,
we found that Sfrp2 gave rise to GFP+ cardiomyocytes. This finding
suggested that Sfrp2 was promoting cKit(+) differentiation into
cardiomyocytes. We verified the findings of the lineage tracing by
ablating the cKit(+) cell population in a DTR–diphtheria toxin
model. The significant advantage of this DTR cell ablation model
is that it definitively ties the presence of the fluorescent reporter to
the progeny of the marked cell. In standard lineage tracing, the
presence of the fluorescent reporter is taken to mean that the
fluorescent cell developed from the initially marked cell. However,
random events could potentially activate the fluorescent reporter
in any cell type during the duration of the study. These random
events would give rise to “false positives”: the appearance of dif-
ferentiation from the initially marked cell when in reality there was
none. In a cell ablation model, random activation of a fluorescent
reporter would be obvious. We lost all fluorescent events with

Fig. 4. Genetic ablation prevents Sfrp2-induced cardiomyogenesis. (A) cKitCreERT2/mTmG mice were crossed with a DTR strain to selectively ablate cKit(+)
cells in the heart. Mice (cKitCreERT2/mTmG/DTR) were injected with tamoxifen (0.5 mg/mouse) for 14 consecutive days. In the final 7 d of tamoxifen
treatment, dipththeria toxin (100 ng/mouse) was injected daily to ablate cKit(+) positive cells. Four days later, treatment mice were subjected to MI.
Two days later, mice were injected with Sfrp2 (0.5 μg) or vehicle at the infarct border zone. (B) cKitCreERT2/mTmG/DTR mice were injected with tamoxifen
(0.5 mg/mouse) for 14 consecutive days. In the final 7 d of tamoxifen treatment, dipththeria toxin (100 ng/mouse) was injected daily to ablate cKit
positive cells. Heart tissue was analyzed for cardiac troponin-T and eGFP expression by confocal microscopy. n = 3. (C ) Representative confocal images
of 2 mo post-MI hearts. Colocalization of eGFP and the cardiac marker cardiac troponin-T was determined by confocal microscopy. (Scale bar, 50 μm.)
n = 5 per group.
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the DTR model, indicating that Sfrp2 was definitively inducing
cKit(+) to differentiate into cardiomyocytes.
Finally, there are potential clinical implications of our study.

Our observation that Sfrp2-induced cardiomyogenesis pro-
moted functional recovery in the infarcted heart suggests that

Sfrp2, or small molecules that inhibit Wnt, could be delivered
into patients following MI to regenerate heart muscle from
cells within the scar tissue. Our findings may also prove ap-
plicable in other settings where tissue is lost postinjury. Fol-
lowing stroke, damage to the brain could be repaired through

Fig. 5. Sfrp2-induced cardiomyogenesis is associated with improved therapeutic outcomes. Mice (cKitCreERT2/mTmG) were injected with tamoxifen (0.5 mg/
mouse) for 14 consecutive days. Four days after tamoxifen treatment, mice were subjected to MI. Two days after injury, mice were injected with Sfrp2 (0.5 μg)
or PBS at the infarct border zone. (A) Analysis of Masson’s trichrome staining for cardiac muscle (red) and fibrosis (blue). Sections were taken at 0.5 mm and
1 mm below the Sfrp2/vehicle injection point. n = 4 (vehicle) or 8 (Sfrp2); t test, **P < 0.01. Representative Masson’s trichrome–stained cardiac sections are
shown. (B) Cardiac function was assessed by echocardiography immediately prior to injury, 2 wk after injury, and finally 8 wk after injury. Raw cardiac
function data are provided in SI Appendix, Table S1. Comparisons were made between 2 and 8 wk postinjury in the control and Sfrp2 groups. The graphs
show the comparison for each animal (open circle) as well as the average value in each group (bar). n = 4 (vehicle) or 8 (Sfrp2). t tests were carried out
between the control and Sfrp2 groups; *P < 0.05, **P < 0.01.
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molecular activation of resident cells (36) that reside in the
tissue.
In summary, we have identified that Sfrp2 plays an important

role in cardiomyocyte differentiation in vivo. This finding may
aid the development of therapies to replace cardiomyocytes that
are lost following injury.

Materials and Methods
Study Design.
Sample size. Sample size was selected based on previous studies in the lab-
oratory. The number was not altered during the course of the study.
Rules for stopping data collection. Death before the end of the study period
stopped data collection.
Data inclusion/exclusion criteria. All data were included and no data were ex-
cluded. This was decided before the study was undertaken.
Outliers. No data were removed. Thus, there were no outlier tests.
Selection of end points. The primary end point was determined prior to the
study.
Replicates. Animal numbers can be found in each figure legend.
Research objectives. The hypothesis tested was that Sfrp2 induces cKit(+) cells
to differentiate into cardiomyocytes.
Research subjects or units of investigation. Animal lineage tracing models (see
Animal Models).
Experimental design. This was a laboratory experiment. Vehicle or Sfrp2 was
injected into mice 2 d after MI. See below for further details [MI (Acute LAD
Coronary Artery Ligation) and Sfrp2 Injection].
Randomization. Animals of the correct genotype were randomly selected.
Randomization was performed blinded (see Blinding).
Blinding. Three separate blinded investigators carried out the staining and
counting protocols described. Investigators were blinded with respect to
animal identifiers and group assignments. Values were averaged between
the three blinded investigators. The animal surgeonwho carried out the mice
procedures did not know the animal genotype or the identity of the chemicals
given to the animals. All compounds used in this study were colorless and
odorless; thus, there was no way to differentiate between vehicle, Sfrp2, or
diphtheria toxin. For any given experiment, all groups were subjected to
surgery at the same time; thus, there was no bias in how the groups were
treated with respect to surgeries.

Animal Models. Mice were maintained at the Duke University animal facility
following the local guidelines. Animal procedures were approved by the
Duke University Institutional Animal Care and Use Committee prior to
starting the experiments.

C57BL/6:cKit CreERT2: R26mT-mG/+ (cKitCreERT2/mTmG) mice were used where
the cKit promoter drives the expression of a tamoxifen-inducible Cre (Fig. 1A).
This transgenic mouse carries a Cre-ERT2 expression cassette inserted into the
start codon of the endogenous cKit locus (16). Upon tamoxifen treatment, Cre-
mediated recombination at the Locus of Crossover in P1 (LoxP) sites allows
expression of eGFP exclusively in cKit(+) cells. cKit CreERT2/mTmG mice were
then crossed with a DTR strain (C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J; Jackson
Labs) to selectively ablate cKit cells. Mice were maintained on a C57BL6
background. Eight-week-old mice received 0.5 mg/day 4-OH tamoxifen
(Sigma) diluted in sunflower oil (Sigma) by intraperitoneal (i.p.) adminis-
tration for 14 consecutive days in order to induce Cre expression and re-
combination. In the final 7 d of tamoxifen treatment diphtheria toxin
(100 ng/mouse, Sigma) was injected daily to ablate cKit positive cells. One
week after the last 4-OH tamoxifen dose, mice were subjected to perma-
nent ligation of the LAD.

MI (Acute LAD Coronary Artery Ligation) and Sfrp2 Injection. Anesthetized
10-wk-old mice were intubated prior to left thoracotomy and exposure of
the left ventricle of the heart. Mice were anesthetized with ketamine
(100 mg/kg) and xylazine (5 mg/kg) by i.p. injection. Ophthalmic ointment was
applied to both eyes to prevent corneal desiccation during the procedure.
Following washing of the skin with iodophore/alcohol, an endotracheal intu-
bation was performed, and the mouse was connected to a ventilator (model
683, Harvard Apparatus, tidal volume 0.7 to 1 mL, respiratory rate 120 breaths
per minute) via an intravenous catheter (20 GA 1 IN) as the cannula under
direct laryngoscopy. The chest cavity was opened between the fourth and the
fifth rib in the intercostals muscle, the heart externalized, and a 7–0 nylon
suture placed through the myocardium into the anterolateral left ventricular
(LV) wall, corresponding to the course of the LAD. The suture was positioned
approximately midway between the apex and base and a ligature made.

Before ligation, left coronary artery entrapment was confirmed by upward
traction. The suture was completely tied off (MI), and the apex of the LV was
observed for evidence of myocardial blanching, indicating interruption in
coronary flow. The wound was then closed using 7–0 nylon and the chest
cavity was subsequently closed in layers with 5–0 monofilament suture.
Negative pressure was re-established at closure, and the animal was grad-
ually removed from the respirator. Following the resumption of spontaneous
respiration, the endotracheal tube was removed and the animal allowed to
recover on a deltaphase isothermal pad set at 37 °C. The animals remained in a
supervised setting until fully conscious and then were returned to their cages
and given standard chow and water. Postoperative analgesia was used:
bupivacaine locally + buprenorphine subcutaneous twice daily for 5 d.

Two days following MI, mice underwent a second left thoracotomy fol-
lowed by intracardiac injection of a total of 0.5 μg of recombinant mouse
Sfrp2 (R&D Systems) or normal saline (vehicle) at 3 to 5 sites within the infarct
border zone. Direct cardiac injection of the Wnt inhibitor Sfrp2 significantly
reduces the possibility of Sfrp2 affecting organs other than the heart.

All skin sutures were removed by 7 d postoperation, if the sutures remained.

Serial Echocardiography. High-resolution two-dimensional echocardiography
was performed pre-MI and at 2 wk and 8 wk post-MI. At each time point, the
following information was acquired: fractional shortening, ejection fraction,
LV mass, LV end-diastolic diameter, LV end-systolic diameter, LV end-diastolic
volume, and LV end-systolic volume.

Immunohistochemistry. Sixteen heart sections were immunostained with GFP
(abcam, ab6556), cardiac troponin (abcam, ab105439), isolectin β4 (Life Tech-
nologies, I21413), alpha smooth muscle actin (Sigma, A5228), or connexin 43
(Sigma, C6219) antibodies as appropriate in a blinded manner. The entire peri-
infarct region in each heart slice was analyzed by confocal imaging using an
LSM 510 Meta DuoScan microscope (Zeiss), and processed and positive cells
were quantified using Zeiss Zen and cell profiler software. All secondary an-
tibodies were Alexa-Fluor (Invitrogen) and were used according to standard
techniques. Note: as samples were paraffin embedded, there is no fluores-
cence from GFP or tdTomato. Antibodies are needed for the detection of the
fluorescent proteins.

Heart Tissue for EdU Analysis. Mice were subjected to MI. One day later, mice
received EdU injections by i.p. [48 mg/kg (37)] daily for 10 d post-MI. Six-week
post-MI hearts were homogenized as described above. Cardiomyocytes were
collected by centrifugation at 300 × g for 1 min. All other cells were collected
by centrifugation at 400 × g for 7 min. Pellets were combined and fixed with
2% vol/vol paraformaldehyde for 15min. Cells were incubated with a BV421-GFP
antibody (BD Biosciences 566040) for 1 h at 4 °C in Perm/Wash buffer (BD
Biosciences). Following washing in Perm/Wash buffer, cells were incubated
with a 647-EdU antibody according to the manufacturer’s instructions (BD
Biosciences 647 EdU Click Proliferation Kit 565456). Following washing
according to the manufacturer’s instructions, cells were incubated with
phycoerythrin-conjugated cardiac troponin-T antibody (Miltenyi Biotech
130-106-746) for 1 h at 4 °C in Perm/Wash buffer (BD Biosciences). After
washing in Perm/Wash buffer, cells were analyzed by flow cytometry. Com-
pensation was carried out by FloJo software postacquisition. Gating was based
on isotype controls.

Flow cytometry data were compensated and analyzed with FlowJo
version 10.

Ex Vivo Analysis: Calcium and Contractility Measurements. Cardiomyocytes
were isolated according to Louch et al. withmodifications (38). Prior to harvest,
the heart was flushed with Krebs-Henseleit buffer until clear of blood. The
heart was then excised, carefully dissecting mediastinal adhesions, atria
surgically removed, and ventricles dissociated using standard procedures.
Following isolation, dissociated cells were suspended in Tyrode solution
containing 140 mMNaCl, 5.4 mM KCl, 1.05 mMMgCl2, 1.8 mM CaCl2, 0.33 mM
NaH2PO4, 5 mM Hepes, and 10 mM glucose (pH 7.4 with NaOH) and analyzed
with 12 h of isolation.

Dissociated cells were plated on laminin-coated dishes, the cells were
allowed to attach, and the dishes were loaded with the calcium indictor Fura-2
(1 μM, Molecular Probes/Invitrogen 20 min) for 20 min, then mounted on a
Nikon TE2000 inverted microscope equipped with a Photometrics CoolSnap
camera, a xenon arc lamp, and a lambda DG-4 rapid filter changer (Sutter).
Dishes were perfused at room temperature with Tyrode solution containing
140 mM NaCl, 5.4 mM KCl, 1.05 mM MgCl2, 1.8 mM CaCl2, 0.33 mM NaH2PO4,
5 mM Hepes, and 10 mM glucose (pH 7.4 with NaOH). Dishes were visually
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scanned, rod-shaped cardiomyocytes identified, and cells paced at 0.5 and 1 Hz
using electrical field stimulation with 5 ms voltage pulses at 150% of threshold
(Warner Field Stimulation chamber). Calcium dynamics and contraction were
determined for single cells. Images were acquired using a 40× S Plan 1.3 NA
objective and image acquisition controlled using Metafluor/Metamorph soft-
ware (Molecular Devices). Single wavelength fluorescence images were ac-
quired by excitation at 380 nm and emission at 510 nm to increase time
resolution (acquisition interval of 38 to 39 ms). This sampling frequency was
suboptimal for accurately capturing calcium transient peaks, which resulted in
apparent variability in transient amplitudes. The changes in Fura-2 fluores-
cence intensity (ΔF) shown thus provide a qualitative measure of the calcium
signals evoked during EC coupling. For each group (eGFP− and eGFP+), 20
cardiomyocytes were analyzed for electrical pacing.

Masson’s Trichrome: Fibrosis and Muscle Area Measurements. Hearts of anes-
thetized (isoflurane, Henry Schein-VetUS) mice 2 mo post-MI were arrested
via cold cardioplegic solution (35 mmol/L KCl, 68.6 mmol/L mannitol, 5%
dextrose, 1.6 mmol/L bicarbonate, 1,000 units heparin in normal saline).
Hearts were excised and fixed overnight at 4 °C in 10% vol/vol neutral
buffered formalin, followed by incubation in 30% wt/vol sucrose for a fur-
ther 24 h at 4 °C. The entire heart from the suture to the apex was cut into a
number of 0.5-mm sections using a Zivic Stainless Steel Mouse Heart Matrix
(HSHS005-1). These sections were paraffin embedded. Sections taken at
0.5 mm and 1 mm distal to the suture were used for the fibrosis and muscle
measurements. For each section, five 10-μm slices were taken and mounted
onto a glass slide. Masson’s trichrome staining was then performed
according to standard techniques. All slides were stained at the same time to
avoid any environmental bias. For each tissue slice total LV, fibrosis and
muscle area were calculated as sum of areas in the slices by blinded

investigators using ImageJ software. Fibrosis and muscle areas are expressed
as a percentage of total LV area.

Images. Images were processed with CorelDraw. Confocal microscopy images
were processed using Zeiss software Axiovision Rel4.8 and Zen.

Statistics. All statistical analysis was performed using GraphPad. For experi-
ments containing two conditions, a t test was performed. ANOVA was used
for experiments with three or more conditions followed by Bonferroni post
hoc tests for comparisons between individual groups. Grubb’s test was used
to identify outliers. A P value of less than 0.05 was considered significant.

Study Approval. Animal procedures and experiments were approved by the
Duke University Institutional Animal Care and Use Committee prior to starting
the experiments.

Data Availability.All study data are included in the article and/or SI Appendix.
Raw and processed RNA-seq data can also be found in the NIH Gene Ex-
pression Omnibus (GSE90615) (39).
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