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Epicardial cells are unlikely to be affected by
blocking Cxcr4

Cells other than CMs, such as epicardial cells and vascular
endothelial cells, are also known to participate in heart
regeneration in zebrafish (Kikuchi et al., 2011b; Kim et al.,
2010; Lepilina et al., 2006). To further understand how Cxcr4
regulates heart regeneration, we examined whether these cells
are also affected by blocking Cxcr4 function during heart
regeneration. Expression of aldehyde dehydrogenase 1a2
(aldhla2, also known as retinaldehyde dehydrogenase 2,
raldh?2), a gene encoding a rate-limiting enzyme for retinoic acid
synthesis, is upregulated in the epicardial tissue after cardiac
damage (Lepilina et al., 2006), and retinoic acid signaling is
required for heart regeneration (Kikuchi et al., 2011b). We
observed aldhla2 expression in a wide region of the epicardium
at 3 dpa, and at the surface of the injury site at 7 dpa, similar to
the control heart (supplementary material Fig. S9A-F). aldhla2
expression is also detected in endocardial cells after heart injury
(Kikuchi et al., 2011b), which can be visualized by flil-EGFP
reporter at 3 dpa (supplementary material Fig. S9C,D). Thus,
aldhla?2 expression in both epicardial and endocardial tissue
appeared to be unaffected by CXCR4 antagonist treatment.
Expression of wtlb marks the epicardial tissue in regenerating
hearts (Gonzalez-Rosa et al., 2011; Kikuchi et al., 2011a;
Schnabel et al., 2011). We detected comparable w¢t/b mRNA
expression in the epicardial tissue of both control and Cxcr4-
blocked hearts at 3 dpa (supplementary material Fig. SOG-H )
and 7 dpa (supplementary material Fig. S9I-J ). To further
evaluate whether epicardial responses are affected by CXCR4
antagonist treatment, we measured the length of the wt¢/b-
expressing domain (supplementary material Fig. S9G,H,L]J, blue
lines). The ratio of the lengths of the wt/b-expressing domain to
the length of the surface of the regenerating area were
comparable in control and CXCR4-antagonist-treated hearts at
both time points (supplementary material Fig. S9K). These
results indicate that gene expression in the epicardial tissue was
not affected by blocking Cxcr4 function during heart
regeneration.

Blocking of CXCR4 function is unlikely to affect
neo-vascularization in regenerating heart
Neo-vascularization of the regenerating area is crucial for heart
regeneration (Kim et al., 2010; Lepilina et al., 2006). Although
Cxcr4 was not detected in endothelial cells after ventricular
amputation (Fig. 2), we sought to clarify whether vascularization
was affected by blocking Cxcr4 function. The flil-EGFP signal
was detected similarly in control and CXCR4-antagonist-treated
hearts at 7 dpa (Fig. 8A,B, n=3) and 14 dpa (Fig. 8C,D, n=3).
Analysis of the flil-EGFP-positive region in the regenerating area
at 14 dpa by Image] software showed a similar level of
vascularization (Fig. 8E). Thus, CXCR4 antagonist-treatment is
unlikely to affect neo-vascularization during heart regeneration in
zebrafish.

It has been shown that FGF signaling is required for neo-
vascularization of the regenerating area during heart regeneration
(Lepilina et al., 2006); thus, we also examined activation of FGF
signaling. Phosphorylation of ERK, a hallmark of the activation of
FGF signaling, was detected both in control and Cxcr4-blocked
hearts (Fig. 8F,G). Expression of mkp3/dusp6, a target of FGF
signaling (Kawakami et al., 2003), was also detected similarly in
the control and CXCR4-antagonist-treated heart (Fig. 8H,I). These
results indicate that activation of FGF signaling occurred similarly

Fig. 6. CM labeling by the Kaede photoconversion shows no CM
migration in non-injured hearts. (A-F) Localized photoconversion of
the adult cmic2a-Kaede heart. Green (A,D), red (B,E) and merged
images (C,F) of whole mount samples without irradiation (A-C) and
immediately after irradiation (D-F) are shown. Without irradiation,
hearts show only green fluorescence (A-C). After localized irradiation,
the fluorescence was converted to red in the irradiated area (E,F). (G-
V) Green (G,K,0,S), red (H,L,PT) and merged images (I,M,Q,U) of
sectioned samples are shown. J, N, R and V show higher magnification
images of the boxed area in I, M, Q and U, respectively. (G-J)No red
fluorescence was detected without irradiation and injury. (K-N) No red
fluorescence was detected at 7 dpa without irradiation. The dotted line
indicates the amputation plane. Some green cells are detected in the
regenerating area (N, open arrowheads). (O-R) Images immediately
after irradiation without injury. The green signal in the irradiated area
was lost (arrowheads, O) and red signal in the same area was detected
(arrowheads, P). The merged images show boundary of green-red
signal (Q,R). The yellow arrows in R point to the photoconverted CMs.
(S-V)Images 7 days after irradiation without injury. Red signal was
detected in the irradiated area (arrowheads, T), and green signal was
detected in the irradiated area by newly synthesized Kaede
(arrowheads, S). The yellow arrows in V point to the photoconverted
CM:s. Scale bars: 500 pm in A; 50 um in G and J.

in both control and Cxcr4-blocked hearts. Comparable activation
of gene expression in the epicardial tissue (supplementary material
Fig. S9) and vascularization (Fig. 8) further support the idea that
the failure to regenerate the injured heart by blocking Cxcr4
function is caused by a defect in the CMs themselves.

DISCUSSION

Two cxcll2-cxcr4 systems in zebrafish

In this report, we identified cxcll2a-cxcr4b-dependent CM migration
as an essential mechanism for heart regeneration in zebrafish. The
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Fig. 7. Cxcr4 function is required for CM migration during heart
regeneration. (A) Experimental strategy to assay CM migration during
heart regeneration. After localized photoconversion of the cmic2a-
Kaede heart, hearts are exposed by enlarging the pericardiac window,
and the ventricular apex is amputated. At the desired time, labeled
CMs are examined by imaging analysis. (B-O) Green signal represents
non-irradiated Kaede and newly synthesized Kaede after irradiation and
red signal represents photoconverted Kaede. C, E, I, M, G, K and O
show higher magnification images of boxed areain B, D, H, L, F, J and
N, respectively. (B,C) Immediately after photoconversion and
amputation, green signal was lost at the irradiated site (B, arrowheads),
where red signal was detected (C, arrows). Ventricular amputation was
performed in the non-irradiated area. (D,E) At 7 dpa, red signals
(photoconverted CMs, white arrowheads in E) and green signals (non-
photoconverted CMs, open arrowheads in E) were detected in the
injury site. (H-M) At 10 dpa (H,1) and 14 dpa (L,M), red signals and
green signals were also detected in the injury site. (F-O) CMs were not
detected in the injury site of the CXCR4-antagonist-treated heart. All
photoconverted CMs stayed outside the injury site (yellow arrows in
G,K,0) by blocking Cxcr4 function. (P) Quantitation of the migrated
CMs 7, 10 and 14 days after photoconversion and amputation. The
vertical axis represents the percentage of photoconverted CMs in the
injury site compared with the number of entire photoconverted CMs. A
section at the center of the injury site was examined from each heart.
Dotted lines indicate the amputation planes. The yellow arrowheads in
B, D and F point to the irradiated areas. The yellow arrows in C, E, G, |,
M, K and O point to red signals outside the injury site. The open
arrowheads and white arrowheads point to non-photoconverted CMs
and photoconverted CMs, respectively, in the regenerating area. The
asterisks in D, J and N indicate the valves between the atrium and
ventricle. Scale bars: 50 um.

CXCL12-CXCR4 system is a major chemokine-receptor system that
regulates directed migration of a variety of cells (Raz and
Mahabaleshwar, 2009). Zebrafish have two cxc/12 genes and two
cxcr4 genes as a result of the teleost genome duplication during
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Fig. 8. Normal neo-vascularization and activation of FGF
signaling after blocking Cxcr4 function. (A-D) fli1-EGFP (green) and
cmlc2a-mCherry (magenta) signal in the control (A,C) and CXCR4-
antagonist-treated (B,D) heart at 7 dpa (A,B) and 14 dpa (C,D).
Arrowheads point to neo-vascularization in the regenerating area,
visualized by the fli1-EGFP signal. (E) Quantitation of neo-
vascularization. The fli-EGFP positive area compared with the
regenerating area was measured and by Image) software. A section at
the center of the injury site of each heart was examined (n=3). (F-1) FGF
signaling status, visualized by phospho ERK1/2 (pERK1/2)
immunoreactivity (F,G) and expression of mkp3/dusp6 (H,1) at 14 dpa in
control (F,H) and CXCR4 antagonist-treated (G,l) hearts. The
arrowheads point to the pERK1/2 (F,G) and mkp3/dusp6 (H,1) signals.
The dotted lines indicate the amputation planes. Scale bars: 50 um.

evolution (Amores et al., 1998). This gene duplication appears to
contribute to functional segregation of the cxcll2-cxcr4 system. For
instance, during embryonic development, the cxcll2b-cxcr4a system
functions for blood vessel development, endothelial cell migration
(Bussmann et al., 2011; Siekmann et al., 2009), and endoderm
migration during gastrulation (Mizoguchi et al., 2008; Nair and
Schilling, 2008). The cxcl12a-cxcr4b system is known to function
for primordial germ cell migration (Knaut et al., 2003; Raz, 2003),
sensory ganglia assembly (Knaut et al., 2005) and lateral line
migration (Haas and Gilmour, 2006), and is also expressed in
regenerating fins (Bouzaffour et al., 2009). This functional
segregation might have contributed to the viability of the cxcr4b
mutant line, because mouse mutants that lack either Cxc/12 or Cxcr4
die before birth owing to a ventricular septal defect, defective
formation of the large vessels in the gastrointestinal tract and
impaired hematopoietic development (Ma et al., 1998; Tachibana et
al., 1998; Zou et al., 1998). Our data demonstrated that the cxcll2a-
cxcr4b system functions to regulate CM migration, which is essential
for heart regeneration, and that the cxcll2b-cxcr4a system might be
involved in the regeneration of other organs.
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Cxcr4 function is necessary in CMs during heart
regeneration in zebrafish

Our analysis showed that Cxcr4 functions for directed migration of
CMs toward the injury site in zebrafish. This is in contrast to
mammalian myocardial infarction models (Takahashi, 2010), in
which Cxcr4 functions in CMs (Hu et al., 2007) and bone-marrow-
derived mesenchymal stromal cells (Honczarenko et al., 2006). In
mammals, Cxcr4 in CMs is shown to act for enhanced cell survival
and reduction of infarction size (Hu et al., 2007). The Cxcl12-Cxcr4
system in the mesenchymal stromal cells functions for
cardioprotection (Saxena et al., 2008), and a fraction of bone-
marrow-derived cells can differentiate into CMs (Wojakowski et al.,
2010). In amputated zebrafish hearts, CM proliferation and survival
were not affected by blocking Cxcr4 function (Fig. 5; supplementary
material Fig. S7). Moreover, it is yet to be determined whether
mesenchymal stromal cells in zebrafish (Lund et al., 2012) can
contribute to CMs. Nonetheless, our data highlight the requirement
of Cxcr4 function in CMs during heart regeneration in zebrafish.

The Cxcl12-Cxcr4 system and neo-vascularization

Our analysis showed a lack of Cxcr4 signal in endothelial cells in
regenerating hearts (Fig. 2). This contrasts to mammalian
myocardial infarction models (Takahashi, 2010), according to
which Cxcr4 is expressed in cell types involved in neo-
vascularization, such as bone-marrow-derived mesenchymal
stromal cells (Honczarenko et al., 2006; Yamaguchi et al., 2003)
and endothelial progenitor cells (Yamaguchi et al., 2003). Although
zebrafish stromal cells can exhibit endothelial-like properties (Lund
et al.,, 2012), neo-vascularization seems to be unaffected in
CXCR4-antagonist treated fish (Fig. 8). Studies have demonstrated
that neo-vascularization in regenerating zebrafish hearts involves
the contribution of epicardial cells (Kim et al., 2010; Lepilina et al.,
2006), which are unlikely to be affected by CXCR4 antagonist
treatment (supplementary material Fig. S9). The present study does
not rule out the possibility that other unidentified cell types migrate
to the injured heart in a Cxcr4-dependent manner and contribute to
heart regeneration in zebrafish. However, data obtained in our
analyses suggest that neo-vascularization occurs independently
from Cxcr4 function during heart regeneration in zebrafish (Fig. 9).

Kaede-photoconversion system and cell tracing

Cell lineage analysis is an important issue to understand complex
processes of regeneration, in which multiple cell types are involved
(Tanaka and Reddien, 2011). A genetic recombination approach
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Fig. 9. A model of heart regeneration in zebrafish. Amputation
induces cxcl12a-cxcrd4b-dependent directed migration of CMs into the
injury site. CM proliferation and neo-vascularization are regulated
independently from CM migration. Coordinated progression of these
processes regenerates the injured heart. The orange circles represent
proliferating CMs.

using CreER transgenic lines is a powerful method, especially for
long-term lineage analysis (Jopling et al., 2010; Kikuchi et al.,
2010). The advent of photoconvertible fluorescent proteins, such
as Kaede, has led to the development of an effective approach for
tracing migration of specific cell types in vivo (Ando et al., 2002).
Our data show that CMs labeled by Kaede photoconversion
migrate toward the injury site during heart regeneration (Fig. 7).
Recent studies also showed neutrophil mobilization in zebrafish
larvae (Deng et al., 2011) and developmental timing assays during
zebrafish heart development (de Pater et al., 2009) with similar
approaches. Thus, localized photoconversion in combination with
the use of cell-type-specific promoters/enhancers would be a
valuable approach for cell migration and lineage analysis in a
variety of biological processes.

A role for CM migration during heart
regeneration

The present study demonstrates that CM migration is an essential
mechanism for heart regeneration, in addition to CM proliferation
and vasculature formation. Considering that clearing fibrin scarring
would also be important for heart regeneration, remodeling of the
extracellular matrix should also be coupled to these processes. Such
a process might involve unidentified molecular systems, and is to
be studied in the future. Our data also indicate that the proliferation
of CMs and neo-vascularization are regulated independently from
migration (Fig. 9). As both proliferation of CMs (Jopling et al.,
2010; Kikuchi et al., 2010) and their migration (this study) are
necessary, these two events need to be coordinated for the
regeneration of the injured heart. Previous studies show that genes
involved both in cell cycle regulation and cell movement are
upregulated in regenerating zebrafish hearts (Lien et al., 2006;
Sleep et al., 2010), which supports the conclusions of our research.
Given that the neonatal mammalian heart also possesses the ability
to regenerate after resectioning through the proliferation of pre-
existing CMs (Porrello et al., 2011), the correct coordination of
migration and proliferation may prove to be crucial for heart
regeneration not only in zebrafish but also in mammalian species.
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