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Runx1 is a transcription factor that plays a key role in deter-

mining the proliferative and differential state of multiple cell-

types, during both development and adulthood. Here, we re-

port how runx1 is specifically upregulated at the injury site dur-

ing zebrafish heart regeneration, but unexpectedly, absence of

runx1 results in enhanced regeneration. Using single cell se-

quencing, we found that the wild-type injury site consists of

Runx1-positive endocardial cells and thrombocytes that induce

expression of smooth muscle and collagen genes without differ-

entiating into myofibroblasts. Both these populations are ab-

sent in runx1 mutants, resulting in a less collagenous and fib-

rinous scar. The reduction in fibrin in the mutant is further

explained by reduced myofibroblast formation and by upregu-

lation of components of the fibrin degradation pathway, includ-

ing plasminogen receptor Annexin 2A as well as downregulation

of plasminogen activator inhibitor serpine1 in myocardium and

endocardium, resulting in increased levels of Plasminogen. In

addition, we find enhanced myocardial proliferation as well as

increased myocardial survival in the mutant. Our findings sug-

gest that Runx1 controls the regenerative response of multiple

cardiac cell-types and that targeting Runx1 is a novel therapeu-

tic strategy to induce endogenous heart repair.
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Introduction
Heart regeneration potential varies considerably between
species as well as with age. While zebrafish, neonatal mouse
and neonatal human hearts can replace dead or lost cardiomy-
ocytes rapidly with new heart muscle (1–5), medaka (6, 7),
cave fish (8), as well as adult mice and human hearts (9) show
only poor repair. Numerous studies are, therefore, looking
into the underlying principles and mechanisms that promote,
or prevent, effective cardiac regeneration to establish a ba-
sis for therapeutic intervention (10). In models of successful
regeneration, remaining cardiomyocytes have been shown to
proliferate and replace the scar tissue with new heart mus-
cle (2, 11–13). This is dependent on a fine balance of in-
teraction with other cell-types, including the epicardium and
endocardium (10, 14). Due to the complexity of this interac-
tion, we still lack a clear understanding of how the scar tissue
can be broken down and replaced by proliferating myocar-
dial cells. Here, we report a role for Runx1 in regulating the
delicate balance between scar degradation and myocardial re-
generation.

Runx transcription factors, which hetero-dimerise with
core binding factor β (CBFβ), are transcription factors that
can function as activators as well as repressors and, as
such, are important regulators of lineage-specific cell fate.
Runx1 (also known as acute myeloid leukaemia 1 protein
(AML1) or core-binding factor subunit alpha-2 (CBFA2))
is a master transcription factor for determining the prolif-
erative and differential state of multiple cell-types, during
both development and adulthood. Runx1 is most studied
for its role in endothelial-to-haematopoietic transition during
haematopoiesis in development (15–20) and as a well-known
fusion oncogene (21, 22). Relatively little is known about
the role of Runx1 in skeletal and heart muscle. It has been
shown that Runx1 is important in skeletal muscle stem cell
(SC) proliferation and its levels can affect the proliferative
timing and thus the regenerative capacity of skeletal muscle
cells (23). In the heart, Runx1 is expressed in neonatal mouse
cardiomyocytes and is upregulated in zebrafish, adult mouse,
rat and human cardiomyocytes after injury (24–28). Condi-
tional Runx1 deficiency in mouse cardiomyocytes has been
demonstrated to protect the mouse against the negative con-
sequences of cardiac remodelling after myocardial infarction
(29). Although no changes in injury size were found between
myocardial conditional Runx1 knock-out and control mice,
the remaining cardiomyocytes displayed improved calcium
handling, accompanied by improved wall thickness and con-
tractile function compared to wild-type (29). However, as
the knockout was cardiomyocyte specific, the involvement of
other cardiac cell-types was not investigated. In contrast to
mouse, where constitutive Runx1 deletion is embryonically
lethal, zebrafish runx1W84X mutants (30) are homozygote vi-
able adults, allowing us to investigate the role of runx1 loss
of function during zebrafish heart repair down to the single
cell level.

We show that Runx1 has important roles in the response
of various cell-types to injury, including thrombocytes, the
epicardium, endocardium and myocardium. Thrombocytes
are the fish equivalent of platelets and important for blood
clotting, with the difference that these are nucleated cells
(31). While removal of runx1 leads to unique cell-type spe-
cific responses, in combination, these tip the balance towards
faster scar degradation and enhanced myocardial regenera-
tion. Runx1 not only controls myocardial survival and pro-
liferation, it also regulates the composition and degradation
of extracellular matrix at the wound site. Thrombocytes and
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endocardial cells that normally express smooth muscle and
collagen genes are missing in the mutant, not only chang-
ing the cellular composition of the wound, but also strongly
reducing the amount of collagen and fibrin deposition. The
epicardium shows reduction in the level of smooth muscle
and collagen genes in the runx1 mutant, on top of which
there is a strong reduction in the number of myofibroblasts
formed. Degradation of the wound is further enhanced by
increased fibrinolysis, allowing invasion of highly prolifera-
tive cardiomyocytes and improved heart regeneration. Col-
lectively this leads to enhanced heart regeneration in the ab-
sence of runx1 and identifies Runx1 inhibition as a potential
therapeutic target to improve cardiac repair in mammals.

Results
Runx1 becomes widely expressed in zebrafish hearts after
injury
To evaluate runx1 expression in the adult heart we in-
duced cryo-injury using a liquid nitrogen cooled probe in
the Tg(BAC-Runx1P2:Citrine) zebrafish line, in which cyto-
plasmic Citrine fluorescence is placed under the control of
the runx1 P2 promotor (32). The P2 promoter is the main
one of 2 runx1 promoter regions known to drive expression
in definitive hematopoietic stem cells (HSCs) in the dorsal
aorta during development (20), however, its expression in
the adult heart is unknown. In the uninjured heart, Runx1-
Citrine expression was sparse but present in a small num-
ber of cells spread throughout the heart, mostly blood cells
(Fig. 1a-a’). However, after injury, expression became much
more widespread: one day post cryo-injury (dpci), a large
collection of bright Citrine positive cells was present in the
injury site (Fig. 1b-b’), indicating the presence of Citrine-
positive blood cells in the wound. In addition to the blood
cells, other cell populations started to express Citrine, in-
cluding cells within the epicardium all around the heart (ar-
rowheads, Fig. 1b). Additionally, weak expression of Cit-
rine was observed in cardiomyocytes bordering the injury
site (Fig. 1b’-b”, insert). Three days after injury, Citrine ex-
pression in these cell-types was even more pronounced, espe-
cially within the endocardium specifically near the injury site
(arrowheads, Fig. 1c-c”). Moreover, at this time-point, my-
ocardial cells surrounding the injury site strongly expressed
Citrine as shown by overlapping expression of Citrine with
the myocardial marker MF20 (Fig. 1c-c”, insert). This pat-
tern was maintained at 7dpci, but started to taper-off around
14dpci (Supp Fig. 1a-a”, Fig. 1c-d”). Even in sham op-
erated hearts, in which the ventricle was only exposed to a
room-temperature probe, Citrine expression was upregulated
in both the epicardium (arrowheads) and myocardium, but
not endocardium (Supp Fig. 1b-b”). To verify the cell-type
specific expression of Citrine, we confirmed overlapping ex-
pression with different cell-type specific markers. The bright
blood cell population present in the wound at 1dpci was also
highly positive for itga2b, which is a marker for nucleated
thrombocytes (arrowheads, Fig. 1e-e’) (33). Additionally,
we found Citrine overlapping with leukocyte marker LyC, en-
dothelial/endocardial marker ERG1 and epicardial/fibroblast

marker tcf21 (Supp Fig. 1c-e) at 3dpci. As runx1 expression
was analysed by visualisation of a transgene, we also checked
if transgene expression followed the same pattern as endoge-
nous runx1 RNA using RNA-scope in situ hybridisation (34).
Runx1 RNA and Citrine expression showed clear overlapping
expression patterns, with RNA present in the Citrine positive
epicardium, myocardium and endocardium (Supp Fig. 2a-c)
after injury. Runx1 RNA was not or very low expressed in
the Citrine-negative myocardium of the rest of the ventricle
(Supp Fig. 2b-c, asterisks). To summarise, runx1 expression
becomes strongly upregulated in several cell populations of
the heart after injury, in the myocardium, endocardium and
epicardium surrounding the wound area. This upregulation
of runx1-Citrine after cryo-injury suggests a role for runx1 in
multiple cell-types during heart regeneration.

Enhanced regeneration in runx1 mutants compared to wild–
type zebrafish
Based on the observed expression of Runx1 after injury, we
questioned if heart regeneration is affected in absence of
runx1. We used the global runx1W84X/W84X mutant, which has
a truncation mutation, leading to complete loss of function
(35). After performing cryo-injury on runx1 wild-type and
mutant fish we isolated the hearts at 5 different time-points,
from 3 to 70 days post injury. Acid Fuchsin Orange G stain-
ing (AFOG, labelling collagen in blue, fibrin in bright red
and myocardium/blood cells in orange), showed a clear dif-
ference between wild-type and mutant hearts (Fig. 2a-k). At
3dpci, the injury site was clearly visible in both fish, but the
wild-type hearts showed a much more extensive deposition of
red fibrin compared to the mutants (Fig. 2a). As well as less
fibrin deposition, we also observed reduced collagen (blue)
deposition at 7dpci in the mutants (Fig. 2b, h-k). While the
wild-type wound consisted on average of 39.2% fibrin (red)
blood clot and 14.3% collagen (blue), runx1 mutant hearts
had around 22.7% fibrin (red) and 2.4% collagen (blue) la-
belling. Despite these differences in wound composition,
comparison of the wound size did not show any significant
differences between the wild-type and mutant hearts at 3 and
7dpci (Fig. 2a-b, f-g). However, at 14dpci, there was a signif-
icantly stronger decrease in open wound length in the mutant
compared to the controls, indicating a faster resolution of the
lesion (Fig. 2c, f-g). At 30dpci both mutants and controls
had closed the compact myocardial wall over the wound, but
the remaining scar was less visible in the mutants, with blue
collagen mainly present in between the regenerated trabecu-
lae (Fig. 2d). The difference was still visible at 70dpci, with
trace amounts of blue collagen label present in the mutants.
These data show that the runx1 mutants have a significantly
larger area of their compact wall closed at 14dpci compared
to wild-types and deposit a different extracellular matrix after
heart injury compared to wild-types.

Significant increase in Runx1-Citrine positive endocardial
cells after injury
Since we observed strong expression of Runx1-Citrine in the
endocardium, which plays crucial roles during regeneration
and scar formation (10, 36, 37), we next analysed this in more
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Fig. 1. Runx1-Citrine becomes strongly expressed in the heart after cryo-injury. a-d”, immunohistochemistry for Runx1-Citrine (GFP antibody) and myocardial marker

MF20 at different time points after cryo-injury. a-a’, Citrine expression in the uninjured hearts was confined to a small number of cells scattered around the heart (arrowheads).

b-b”, at 1 dpci the epicardium was Citrine-positive (arrowheads), as well as bright blood cells within the wound and dim expression of Citrine overlapping with MF20 (b”). c-c”,

at 3 dpci, the epicardium, endocardium (arrowheads) and other wound cells were positive for Citrine. Also the myocardium in the border zone next to the wound was highly

Citrine-positive (c”). d-d”, expression of Citrine diminishes at 14 dpci. But expression is still visible, especially in the myocardium (d”). e-e’, in situ hybridisation for itga2b with

immunohistochemistry for Runx1-Citrine and nuclear marker Dapi. Arrowheads point to overlap of Runx1-Citrine with itga2b mRNA indicating that thrombocytes are positive

for Runx1-Citrine. a, atrium; ba, bulbus arteriosus; dpci, days post cryo-injury; en, endocardium; ep, epicardium; v, ventricle; w, wound. Scale bars depict 100 μm.
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Fig. 2. Different wound composition and faster regeneration in runx1 mutant compared to wild-type hearts. a-e, AFOG staining of wild-type and runx1 mutant

ventricles at 5 different time points after injury. f-g, quantification of the difference in wound size between the wild-type and mutant at the different time points, measured

by percentage of the compact wall not yet closed (f) and the % of scar area compared to total ventricle area (g). n=5 per time point, two-way ANOVA with Sidak test. h-i,

quantification of differences in wound composition between the fish at 7dpci, n=5. c, collagen; f, fibrin; v, ventricle; w, wound. Scale bars depict 100 μm.

detail (Fig. 3a-f). We crossed the Tg(BAC-Runx1P2:Citrine)
with the Tg(kdrl:Hsa.HRAS-mCherry) line, which in combi-
nation label Runx1-Citrine endothelial/endocardial cells with
membrane mCherry fluorescence (38), and initially observed
very few Citrine-mCherry double positive cells in intact or
sham-operated hearts (Fig. 3e). At 1dpci, we observed a sig-
nificant increase in mCherry positive cells in the wound area
with a flat endocardial cell morphology and dim Citrine ex-
pression compared to the bright Citrine-positive blood cells
(Fig. 3a’, e). Double positive cells were most clearly visi-
ble at 3dpci (Fig. 3b-b’, e), with a rounder cell morphology,
while throughout the remaining intact ventricle away from
the wound, only few cells were observed at all stages anal-
ysed (ventricle, Fig. 3c-c’, e). This Citrine/mCherry double
positive population was still highly present at 7dpci, but de-
creased towards baseline levels at 14dpci (Fig. 3d-e). The
known functions of Runx1 (15–20), combined with its exten-

sive expression pattern in the endocardium, suggests a role
for runx1 and the endocardium in the deposition of the wound
extracellular matrix after injury.

Single cell sequencing identifies subpopulations of runx1
expressing cells after injury
To further investigate the function of Runx1 in all
runx1 expressing cell types after injury, with a focus
on the endocardium/endothelium, we performed single
cell sequencing using the 10x Genomics platform. The
runx1W84X/W84X mutant line was crossed into the Tg(BAC-
Runx1P2:Citrine;kdrl:Hsa.HRAS-mCherry) background and
confirmed for preserved BAC-Runx1P2:Citrine expression
(Supp Fig. 3a). Citrine expression was overall similar
to that in the wild-type heart, including expression in en-
docardial cells. However, we observed a reduction in the
number of Citrine and mCherry double positive cells in the
mutant wound (Fig. 3f-g). The ventricles of runx1 wild-
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Fig. 3. Runx1-Citrine positive endocardial cells appear in the wound after injury. a-g, immunohistochemistry analysis for Citrine and mCherry positive cells in the

Tg(BAC-Runx1P2:Citrine;kdrl:Hsa.HRAS-mCherry) line. a-a’, shows the wound at 1dpci, with the box highlighting the flat and weakly Citrine positive mCherry-positive

endocardial cells in the wound. b-c, show well visible and round Citrine-mCherry positive cells in the wound at 3dpci (b-b’), but not further away from the wound (c-c’). d-d’, at

14dpci not many double positive cells are visible anymore. e, quantification of the number of Citrine-mCherry double positive cells in and away from the wound, n4, two-way

ANOVA with Tukey’s test. f-g, runx1 mutant wounds have a reduced number of double positive cells. en, endocardium; v, ventricle; w, wound. Scale bars depict 100 μm.

type uninjured, runx1 wild-type 3dpci and runx1 mutant
3dpci Tg(BAC-Runx1P2:Citrine;kdrl:Hsa.HRAS-mCherry)
fish were dissociated and FACS sorted (Fig. 4a). FACS sort-
ing for Citrine and mCherry, we found a 4.5-fold increase
in double positive cells in wild-type 3dpci hearts compared
to wild-type uninjured hearts, confirming our image-based
cell counts (Supp Fig. 3b, Fig. 3e). Mutant hearts had
only a third of the amount of double positive cells after in-
jury compared to wild-types (Supp Fig. 3b). Before se-
quencing, we excluded negative cells and combined all sin-
gle positive and double positive cells, while enriching for
the double positive population which might otherwise have
been missed during single cell analysis, due to their low num-
bers. Sequencing and subsequent clustering of all cells com-
bined led to the identification of 27 cell clusters (C) that com-
prised all the expected cell populations, including endocar-
dial/endothelial cells, myocardial cells, epicardial cells, my-
ofibroblasts, thrombocytes and different leukocyte popula-
tions (Fig. 4b-c, supp Fig. 4a). Kdrl/mcherry mRNA positive
cells were mainly present in a large group of closely related
cell clusters (C0-6), whereas runx1/citrine mRNA-positive
cells were as expected present in all clusters, and double pos-
itive cells largely grouped in the main kdrl/mcherry group
(Fig. 4d). In the uninjured heart, endocardial/endothelial
cells grouped into 3 main different clusters (C1,3,4), indicat-
ing a degree of heterogeneity within these cell populations
(Fig. 4e). After injury in both wild-type and runx1 mutant
hearts, 2 large additional endocardial/endothelial cell popu-

lations appeared (C0,2) while C3 was reduced in number (ar-
rowheads, Fig. 4e). These injury-specific endocardial pop-
ulations were highly positive for serpine1 expression (Supp
Fig. 4b), indicating that this population is largely similar to
the previously identified highly mobile serpine1-positive en-
docardial population (36), which was confirmed on sections
(Supp Fig. 4c-c’, arrowheads). Although citrine-positive
populations of neutrophils and macrophages were present in
both the mutant and wild-type after injury (C13,15), we ob-
served differences in other blood cell populations and most
notably mutant hearts lacked an obvious population of ma-
ture thrombocytes and monocytes (C 24-25 and C16, Fig.
4b-e). In contrast, other blood cell clusters unique to the mu-
tant were present (C19, 22, 23), and characterised by highly
expressed genes such as gata2b or myb (Supp Fig. 4d). Anal-
ysis of wild-type and mutant tissue sections confirmed the
unique presence of these abnormal blood cell populations in
the mutant, resulting in an altered leukocyte profile in the
wound after injury (Supp. Fig. 4e-h’). These results show
on a single cell basis how Runx1 becomes activated after in-
jury with specific cell composition differences between the
mutant and wild type hearts.

Runx1-positive endocardial cells express smooth muscle
genes

Within the individual runx1-citrine expressing cell groups,
we focussed next on the endocardial/endothelial cells in
the wild-type uninjured and wild-type 3 dpci hearts. cit-
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Fig. 4. Single cell sequencing of Citrine and mCherry positive cells. a, experimental design of selection of cells for single cell sequencing using the 10x Genomics

platform. b, UMAP plot of all cells combined, clustering into 27 different clusters. c, annotation of the different cell clusters. d, UMAP plot separated into citrine/runx1-

positive cells, mcherry/kdrl-positive cells and double positive cells. e, UMAP plot separated into wild-type uninjured cells, wild-type 3dpci cells and runx1 mutant 3dpci

cells. Arrowheads point to the shift in endocardial/endothelial cells, with C0 and C2 appearing and C3 reducing in size after injury. HSC, haematopoietic stem cells, mt,

mitochondrial.

rine/mcherry double positive endocardial cells showed a
highly injury specific upregulation of collagens, for exam-
ple collagen 1a1b (Fig. 5a). Upregulation of collagens in
the wound endocardium has been observed before (36, 37),
but has not previously been analysed using single cell tran-
scriptomics. Clustering of the citrine/mcherry double posi-
tive cells showed 2 clusters (C4 and C5) appearing after in-
jury, with upregulation of genes involved in extracellular ma-
trix formation (Fig. 5b-c, Supp Fig. 5a). Interestingly, the
endocardial cells of cluster 4 specifically upregulated smooth
muscle genes, with high expression of myh11a, myl6 and
myl9a/b. Tagln (sm22a) was expressed in both clusters 4 and
5, but strongest in cluster 4 (Fig. 5c-d). We were able to

confirm this endocardial expression of smooth muscle gene
Myh11 on sections (arrowheads Fig. 5e-f, Supp Fig. 5b).
These data combined suggests that the runx1-positive en-
docardium is a heterogeneous cell population, with subsets
of cells starting to express collagens and/or smooth muscle
genes after injury. This combination of high collagen and
smooth muscle gene expression is normally a hallmark of
myofibroblasts. As the presence of smooth muscle genes in
the endocardium has not been reported yet, we looked into
this in more detail and expanded our analysis to the runx1
mutants.
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Fig. 5. Subset of wild-type double positive cells expresses smooth muscle genes. a-b, all wild-type uninjured and 3dpci Tg(BAC-Runx1P2:Citrine;kdrl:Hsa.HRAS-

mCherry) double positive cells visualised in an UMAP plot. a, expression of collagen 1a1b specifically in 3dpci double positive cells. b, cell clustering within the double

positive population identifies 6 different cell clusters. c, heatmap showing that both cluster 4 and 5 express high levels of collagens, whereas cluster 4 specifically expresses

smooth muscle genes. d, myh11a and tagln are expressed in cluster 4 after injury. Arrowhead points to myh11a expression in cell cluster 4. e-f, immunohistochemistry for

Citrine, mCherry and Myh11. Arrowheads point to expression of Myh11 in Tg(BAC-Runx1P2:Citrine;kdrl:Hsa.HRAS-mCherry) double positive cells at 3 (e-e’) and 7 dpci (f).

en, endocardium; v, ventricle; w, wound. Scale bars depict 100 μm.

Smooth muscle genes are expressed in the endocardium
and thrombocytes, but both these cell-types are absent in
the runx1 mutant
We first wanted to see if the lower number of citrine/mcherry
double positive cells in the mutant obtained a similar smooth
muscle profile as the injured wild-type and included the
runx1 mutant to our analysis of double positive cells of the
single cell data. While cluster 5 was present, the smooth mus-
cle gene expressing endocardial cluster 4 was completely ab-
sent in the runx1 mutant (arrowheads, Fig. 6a-b) as were the
cells most strongly expressing myh11a and tagln (Fig. 6b).
Analysis of Myh11 expression in the wound confirmed that
these cells were indeed missing in the mutant, however, the
strongly reduced area of cells expressing Myh11 in the mu-

tant (Fig. 6c-d) was too large to be attributed exclusively
to endocardial cells. While analysing endocardial Myh11
presence via antibody staining on heart sections, we also no-
ticed Myh11 expression in circulating blood cells in wild-
type hearts (arrowheads, Fig. 6e-e’). Myh11 is considered
a marker for smooth muscle and myofibroblasts, but in ad-
dition to being present in endocardial cells, Myh11 staining
also clearly overlapped with strong itga2b expressing cells,
identifying these cells as thrombocytes (Fig. 6e-e’). The
single cell data confirmed that the itga2b-positive throm-
bocyte populations highly express myh11a (Fig. 4b-c, Fig.
6f-g) and we confirmed the accumulation of Myh11/itga2b-
positive thrombocytes in the wound area after injury (arrow-
heads, Fig. 7a). Also in line with the single cell data, we
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Fig. 6. Endocardial and thrombocyte Myh11-positive populations are strongly reduced in the runx1 mutant. a, UMAP plot of Tg(BAC-Runx1P2:Citrine;kdrl:Hsa.HRAS-

mCherry) double positive cells in the 3dpci runx1 mutant as well as uninjured and 3dpci wild-type cells. Arrowheads point tot the double positive cluster 4 that is absent in the

runx1 mutant. b, violin plot showing that the absent cluster 4 is the cluster most strongly expressing smooth muscle genes in the wild-type after injury. c, immunohistochemistry

for Citrine, Myh11 and MF20 showing reduced staining for Myh11 in the runx1 mutant wound at 7dcpi compared to the wild-type. Arrowheads point to overlap of Myh11 with

Citrine in the endocardium. d, quantification of the area of Myh11 expression in the wound on sections between mutants and wild-types. n=5, unpaired two-tailed t-test. e-e’,

in situ hybridisation for itga2b combined with immunohistochemistry for Citrine and Myh11 with nuclear marker Dapi. Arrowheads point to Myh11 expressing blood cells that

express thrombocyte marker itga2b. f-g, UMAP plot of all cells confirms expression of myh11a in the itga2b-positive thrombocyte cluster. v, ventricle; w, wound. Scale bars

depict 100 μm.
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Fig. 7. Myh11-positive endocardial cells and thrombocytes retain their double identity at 14dpci. a-b’, in situ hybridisation for itga2b combined with immunohisto-

chemistry for Citrine and Myh11. Arrowheads point to Myh11-positive itga2b-positive thrombocytes present in the wild-type wound, that are largely missing in the runx1

mutant wound at 7dpci. c-d’, in situ hybridisation for itga2b combined with immunohistochemistry for Myh11 with nuclear Dapi staining. Both the endocardium (insert) and

thrombocytes (arrowheads) still express Myh11 in the wild-type wound at 14dpci, while absent in the mutant wound. v, ventricle; w, wound. Scale bars depict 100 μm.

found that the Myh11-positive thrombocyte population was
largely absent in the mutant (Fig. 7a-b’). This means that
both smooth muscle gene-expressing cell types, the Myh11-
positive endocardium and thrombocytes, are missing in the
mutant and raises the question what happens to these cells
over time in the wild-type situation and how that relates to
the observed differences in fibrin and collagen of the AFOG
stained sections (Fig. 2). Surprisingly, at 14dpci, we found
that Myh11 is still largely present in the endocardium and
thrombocytes in wild-types (arrowheads, Fig. 7c-d’), sug-
gesting that these cells do not lose their cell identity and
do not differentiate into pure myofibroblast/smooth muscle
cells. This double identity could mean that some of the scar
forming cells in fish do not fully differentiate into ‘scar-type’
cells, but remain endocardial or thrombocyte in nature. Inter-
estingly, most collagen (blue) deposition in the wound seen in
the AFOG staining (Fig. 3b-c) was observed near the location
of the Myh11 expressing endocardial cells and thrombocytes,
and to much lesser extend near the epicardium (Fig. 2b-c,
7a). The strong reduction of both the blue AFOG staining
and Myh11-positive cells in the mutant suggests, therefore,
that most of this collagen is deposited by the Myh11-positive

endocardial cells and thrombocytes, indicating that these cell
types behave as myofibroblasts in the wild type-setting. Ab-
sence of these cells could, therefore, explain the different
wound composition as well as the enhanced regeneration in
the runx1 mutant. This is a novel and surprising finding, as
the epicardium is considered the main source of myofibrob-
lasts and collagen deposition in the heart (37, 39, 40).

Changes in Runx1-Citrine positive epicardial cells after in-
jury
As the epicardium has been shown to contribute myofibrob-
lasts to the wound in zebrafish (37, 40), and we observed
activation of Runx1-Citrine in the epicardium, we next com-
pared the epicardial cluster to the myofibroblast/smooth mus-
cle cluster (C8 and C10, Fig. 5b-c, 8a). Cluster 10 is a dis-
tinct population of cells specifically appearing after injury
that, in addition to the endocardial and thrombocyte popu-
lations, strongly expresses both myh11a as well as collagens
(Fig. 8b). The high levels of expression of smooth mus-
cle genes as well as collagens, suggest that these cells are
mainly myofibroblasts, but may also include smooth muscle
cells. In the uninjured wild type heart, only a few cells of both
populations were positive for Runx1-Citrine (Fig.1a, 8a), but
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Fig. 8. Reduction in myofibroblast numbers in the runx1 mutant. a, UMAP plot combining cluster 8 and 10 from Figure 4b, showing very few cells in these clusters in

the uninjured wild-type, but appearance of both populations after injury in the wild-type and runx1 mutant. b, UMAP plot from a, indicating expression levels of tcf21, myh11a,

tagln and col1a1b. The epicardial cluster 8 expresses tcf21, whereas myofibroblast cluster 10 expresses myh11a. Both cluster express tagln and col1a1b. c, staining of

7dpci sections confirms presence of Tagln and absence of Myh11 in the epicardium. d, single cell data showing numbers of cells per cluster per sample. Increased number

of epicardial cells and a reduced number of myofibroblast cells in the runx1 mutant compared the wild-type. e, dotplot showing expression levels of smooth muscle and

collagen genes per sample in cluster 8 and 10. Increased cell numbers and expression of myofibroblast genes in both the epicardial and myofibroblast clusters in the injured

wild-types compared to the uninjured wild-types. Epicardial myofibroblast gene expression is lower in the runx1 mutant compared to the uninjured wild-type, while the number

of myofibroblast cells is strongly reduced in the mutant. f-g, Immunohistochemistry for Citrine and Myh11 on 7dpci sections. Analysis of Myh11 on 7dpci sections confirmed

the reduction in myofibroblast cell numbers close to the epicardium (arrowheads). ep, epicardium; ventricle; w, wound. Scale bars depict 100 μm.
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Fig. 9. Runx1 mutant hearts upregulate Anxa2 and Plasminogen. a, violin plots showing upregulation of anx2a and s100a10b in wild-type runx1/citrine;mcherry/kdrl

double positive cells after injury, with even higher expression in the runx1 mutant. In contrast, serpine1 is down regulated in the mutant cells. b, UMAP plot of the

runx1/citrine;mcherry/kdrl double positive cells showing thbs1b expressing cells. Arrowheads point to thbs1b expression mainly in cluster 4 from Fig. 6a, which is missing

in the runx1 mutant after injury. c, dotplot showing that anxa2a, calm1b, calm2b and calm3a are upregulated in the mutant citrine-positive myocardium at 3dpci, whereas

sarcomere genes are upregulated in the wild-type citrine-positive myocardium. d-e’, section in situ hybridisation for anxa2a and serpine1 with immunohistochemistry for MF20

shows that anxa2a has a similar expression pattern as Runx1-Citrine after injury in the wild-type, but is much higher expressed in the mutant endocardium (white arrowheads)

and myocardium (yellow arrowheads). Endocardial serpine1 expression is lower in the mutant compared to the wild-type (white arrowheads). f-g’, immunohistochemistry for

Plasminogen and Anxa2 shows upregulation of Plasminogen in the area where Anxa2 is upregulated in the mutant. en, endocardium; v, ventricle; w, wound. Scale bars

depict 100 μm.
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there was a heart-wide activation of Runx1 in the epicardium
and myofibroblasts after injury (Fig. 1b-c, 4e, 8a). The epi-
cardial cell cluster specifically expressed a combination of
genes known to be epicardial specific, including tbx18, tcf21
and wt1a/b, while myh11a expression was specific for the
myofibroblast cluster. However, other myofibroblast genes,
such as tagln and collagens, were present in both the epicar-
dial and myofibroblast clusters (Fig. 8b). Staining on sec-
tions confirmed the absence of Myh11, but presence of Tagln
in the epicardium (Fig. 8c). The presence of myofibrob-
last genes in the epicardium might reflect the lineage tran-
sition from epicardial cells to myofibroblasts that has been
shown before (40). In the runx1 mutant, similar to the reduc-
tion in other myh11a expressing cells types, the number of
myofibroblasts was much lower. In contrast, the epicardial
cell population was slightly larger in the mutant (Fig. 8d)
but had reduced levels of both collagen and smooth muscle
genes (Fig. 8e). Analysis on sections confirmed that Myh11-
positive cells close to the epicardium were less abundant in
the mutant compared to the wild-type (arrowheads, Fig. 8f-
g). The strong reduction in myofibroblasts in addition to the
absence of smooth muscle gene expressing endocardium and
thrombocytes, further explains the difference in wound com-
position between the mutant and wild-type.

Upregulation of Plasminogen receptor Annexin a2 in the
runx1 mutant myocardium and endocardium
In addition to smooth muscle genes, our single cell se-
quencing data showed upregulation of a number of genes
involved in fibrinolysis in the endocardium after injury, in-
cluding anxa2a and s100a10b (Fig. 9a). Anxa2 is a
calcium-dependent phospholipid-binding protein that forms
the Annexin A2 hetero-tetramer protein complex together
with S100A10 (41) and is an important Plasminogen recep-
tor. Plasminogen is required for dissolving fibrin blood clots
and acts as an important protease in tissue remodelling and
repair. The Annexin A2 complex was specifically upregu-
lated after injury in the wild-type runx1-citrine-positive en-
docardium, but much stronger in the runx1-citrine-positive
runx1 mutant endocardium (Fig. 9a). In contrast, serpine1
(also called Plasminogen Activator Inhibitor 1), an inhibitor
of fibrinolysis, was much stronger upregulated in the injured
wild-type endocardium than in the runx1 mutant (Fig. 9a),
suggesting increased fibrinolysis in the runx1 mutant under-
lies the reduced amount of fibrin in the wound (Fig. 2). Inter-
estingly, thbs1b (Thrombospondin 1b), which is required for
thrombocyte and fibrin aggregation, is specifically expressed
in the smooth muscle-expressing endothelial population that
is missing in the mutant, as a potential link to the absence
of thrombocytes and fibrin aggregates in the mutant (arrow-
heads, Fig. 9b).

In a previous study, cardiomyocyte specific knock-out
of Runx1 in the mouse showed increased sarcoplasmic retic-
ulum calcium content and sarcoplasmic reticulum–mediated
calcium release in the myocardium after injury (29). Cor-
respondingly, we found increased expression of calcium-
responsive genes in the citrine-positive myocardium of our
zebrafish runx1 mutant after injury; including Calmodulins

calm1b, calm2b and calm3a (Fig. 9c, (cluster C11 in Fig.
4b-c). In addition to its expression in the endocardium, we
found calcium-dependent anxa2a to be the highest upregu-
lated gene in the myocardium in the runx1 mutant, again sug-
gesting an increased expression of the Plasminogen receptor
in the mutant compared to wild-types (Fig. 9c). We con-
firmed the expression of both anxa2a and serpine1 at 3dpci,
which showed that anxa2a, as well as Anxa2 protein, has a
very similar expression pattern to runx1, however, with much
stronger expression in the endocardium (white arrowheads)
and myocardium (yellow arrowheads) in the mutant than in
the wild-type (Fig. 9d-g’). Serpine1 expression was reduced
in the injured mutant compared with the wild-type, further
confirming the single cell data. The increase in anxa2a and
s100a10b, that together convert Plasminogen into Plasmin to
increase fibrinolysis, accompanied by the reduction in fibri-
nolysis inhibitor serpine1, all point to substantial differences
in Plasmin levels and thus fibrinolysis in the runx1 mutant.
In concordance, Plasminogen was far more abundant in the
wound in the mutant (Fig. 9f-g). Therefore, in addition to a
lack of fibrin deposition by endocardial cells, thrombocytes
and myofibroblasts, runx1 mutant hearts also show increased
fibrinolysis that further explains the observed reduced fibrin
presence in the wound and the faster repair in the runx1 mu-
tant.

Increased myocardial proliferation and myocardial protec-
tion against cryo-injury in the runx1 mutant
After injury, Runx1-Citrine expression was activated in car-
diomyocytes that were in direct contact with the wound
(Fig.1). These border-zone cardiomyocytes are known to be
highly proliferative and to contribute new cardiomyocytes to
the wound (2). We observed increased expression of genes
important for sarcomere formation in the citrine-positive my-
ocardium in the wild-type hearts, suggesting activation of
differentiation of newly generated cardiomyocytes. In the
runx1 mutant, however, this upregulation was reduced (Fig.
9c), suggesting mutant cardiomyocytes were less differenti-
ated, which could result in increased proliferation. To test
this, proliferating cells were labelled on sections with Prolif-
erating Cell Nuclear Antigen (PCNA) and myocardial nuclei
with Mef2 in addition to the Runx1-Citrine transgene detec-
tion. In both wild-type and runx1 mutant hearts, there was
overlapping PCNA and Citrine expression (Fig. 10a-b’). As
the down-regulation of sarcomere genes suggested, myocar-
dial proliferation was significantly increased near the wound
in mutants compared to the wild-types at all time-points anal-
ysed (Fig. 10c). Thus, in addition to its role in the endo-
cardium and thrombocytes, Runx1 expression in the wound
border zone cardiomyocytes appears to inhibit myocardial
proliferation. Fascinatingly, in the runx1 mutant wound, we
observed a large number of myocardial cells surviving after
injury, most notably at 3dpci, which were absent in wild type
injured hearts and independent of initial wound size (Fig.
10d-e). These surviving myocardial cells were still present
at 7dpci in the mutant, albeit in reduced numbers (Fig. 10d-
e), however, they did not express Runx1-Citrine and had lost
their normal sarcomere structure (Fig. 10e). This protection
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Fig. 10. Increased myocardial proliferation and protection in the runx1 mutant. a-b’, Immunohistochemistry for Citrine and PCNA on 3dpci sections. Runx1-Citrine

expression shows large overlap with proliferating cells positive for PCNA in both the wild-type and mutant wound. c, quantification of PCNA-positive proliferating Mef2-

positive myocardial cells after injury shows increased myocardial proliferation in the runx1 mutant at all time-points analysed. n≥4, two-way ANOVA with Sidak test. d,

Immunohistochemistry for MF20 with nuclear marker Dapi. Arrowheads point to presence of MF20-positive myocardial cells in the wound in the mutant at both 3 and 7

dpci. e, quantification of the MF20-positive area on in the wound on sections between the wild-type and mutant shows increased presence of myocardial cells in the mutant.

n=5, two-way ANOVA with Sidak test. f, Immunohistochemistry for Citrine and MF20. Arrowheads point to the surviving MF20-positive cells in the mutant wound that are

Runx1-Citrine negative. v, ventricle; w, wound. Scale bars depict 100 μm.
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of the cardiomyocytes against injury resembles the cardio-
protective effect seen in mice, which was found to be link
to the improved calcium uptake in the sarcoplasmic reticu-
lum. Taken together, these findings reveal pleiotropic roles
for Runx1 in reducing cardiomyocyte proliferation and sur-
vival following heart injury.

Discussion
By interrogating Runx1 function on a single cell level in
a global runx1 null mutant, we have exposed runx1 as an
inhibitor of heart repair on many levels. The overarching
change we observed in different injury responsive cell-types
was a strong reduction of smooth muscle and collagen gene
expression in the mutant after injury. The expression of high
levels of smooth muscle and collagen genes is a hallmark of
myofibroblasts, but we identified two novel cell populations
that expressed myofibroblast-like genes after injury: endo-
cardial cells and thrombocytes. The endocardium proximal
to the wound has been described before to upregulate colla-
gens (36, 37), but we now show that these cells also upregu-
late smooth muscle genes such as Myh11 and Tagln (Sm22a).
In addition, we found that the Runx1-Citrine positive throm-
bocytes that make up a large proportion of the wound express
Myh11. Surprisingly, we observed most collagen deposition
in the wound localised adjacent to the Myh11 expressing en-
docardial cells and thrombocytes, and to a much lesser ex-
tent near the epicardium, despite the fact that the epicardium
is considered the main source of myofibroblasts and colla-
gen deposition in the heart (37, 40). This suggests that while
these cells retain the characteristics of endocardial cells and
thrombocytes, they can function analogously to myofibrob-
lasts. The double identity of these cells may mean that the
scar forming cells in fish are more transient and less differen-
tiated compared to fully mature myofibroblasts which in turn
may reflect deposition of a less stable, degradable scar com-
pared with the mammalian situation in which myofibroblasts
predominate and the scar can persist for many years after MI
(42). Runx1 mutants do not have a Myh11 expressing endo-
cardial and thrombocyte population, and have a much smaller
number of myofibroblasts. This alone could explain the sig-
nificant reduction in collagen and fibrin in the wound, how-
ever, the runx1 mutant also shows increased expression of the
Plasminogen receptor Annexin A2 as well as Plasminogen
itself. Annexin A2 converts Plasminogen into Plasmin, the
major fibrinolytic agent that breaks down fibrin in blood clots
(41, 43). In addition to a reduction in scar depositing cells,
the increased levels of Plasminogen point to faster degrada-
tion of deposited scar tissue, allowing improved migration of
myocardial cells into the wound to regenerate the heart.

A runx1 enhancer has recently been identified 103kb
upstream of runx1 specifically driving expression in the ze-
brafish wound border myocardium after injury, with the sug-
gestion that this enhancer is a cardiomyocyte regeneration
enhancer (CREE) (25). The expectation based on these re-
sults was that Runx1 expression in the myocardium near the
wound is beneficial for heart regeneration. A positive role
for Runx1 was also suggested by its upregulation in hearts

treated with Oncostatin M, which has been shown to protect
the heart after acute MI (24), as well as in hearts that over-
express Erbb2 and show enhanced myocardial proliferation
and regeneration (44). High levels of cardiomyocyte Runx1
expression were linked to the reduced differentiation state of
cardiomyocytes in these models which facilitates dedifferen-
tiation and increased proliferation leading to improved levels
of heart repair. However, this hypothesis was solely based
on expression data and not functionally tested. In contrast,
our findings demonstrate the opposite in that loss of runx1
results in enhanced heart regeneration, by increasing myocar-
dial proliferation, increasing myocardial survival, and by al-
tering scar composition as discussed above. This poses the
question as to why Runx1 is specifically upregulated during
both zebrafish heart regeneration and mammalian heart repair
(24, 25, 29, 44) when it seems to function to inhibit key re-
generative processes. The answer might lie in the fact that
absence of runx1 causes increased proliferation and upregu-
lation of the Annexin 2a receptor, which is strongly linked to
proliferation in cancer (43). Runx1 might function to keep
cardiomyocyte proliferation in check and to prevent it from
getting out of control during myocardial regeneration. This
fits well with the observations that Runx1 acts as a key factor
in determining the proliferative and differential state of mul-
tiple cell-types (23, 45–48) alongside different functions that
correlate with level of Runx1 expression (49, 50), with higher
levels shown to result in cell fate transition and differentiation
(51).

We observed upregulation of several calcium-dependent
genes, including Anxa2, suggesting increased calcium sig-
nalling in the runx1 mutant heart. These data are supported
by the results from myocardial specific Runx1 knock-out
mice, which were found to exhibit improved calcium han-
dling in cardiomyocytes, with increased sarcoplasmic reticu-
lum calcium content and sarcoplasmic reticulum–mediated
calcium release. The elevated calcium levels protected
the cardiomyocytes against adverse remodelling after MI,
preserving cardiomyocyte contraction (29). The cardio-
protective effect of increased calcium levels can explain the
ability of runx1 mutant cardiomyocytes to survive cryo-
injury. Cardiomyocyte-specific absence of Runx1 in the
mouse prevented adverse cardiac remodelling, but did not in-
fluence scar size (29). This indicates that absence of Runx1
function in the myocardium specifically is important for re-
generation.

Taken together, our data show that runx1 functions to regulate
scar deposition and degradation, and repress myocardial pro-
liferation and differentiation as well as myocardial survival in
the zebrafish heart. The fact that one gene can inhibit multi-
ple aspects of heart regeneration offers the exciting prospect
that all these processes can be targeted simultaneously in ef-
forts to achieve human heart repair. Of note, small molecule
drugs inhibiting Runx1 have already passed pre-clinical test-
ing in the context of leukaemia treatment (52). Even though
the zebrafish is capable of regeneration, the runx1 mutant
shows that this process is not optimal, arising from the need
to initiate a fibrotic response for immediate repair and to keep

14 | bioRχiv Koth, Wang and Killen et al. | Runx1 acts a negative regulator of heart regeneration

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 14, 2019. ; https://doi.org/10.1101/799163doi: bioRxiv preprint 

https://doi.org/10.1101/799163
http://creativecommons.org/licenses/by/4.0/


cardiomyocyte proliferation under control during myocardial
regeneration. During evolution, adult zebrafish seem to have
established a fine balance regulating fibrosis and myocardial
proliferation without losing control of cell division; under-
standing how this balance is maintained may open up novel
targets for future therapeutic interventions.

Methods
Zebrafish strains and husbandry
All experiments were carried out under appropriate Home
Office licenses and in compliance with the revised Ani-
mals (Scientific Procedures) Act 1986 in the UK and Di-
rective 2010/63/EU in Europe, and all have been approved
by Oxford’s central Committee on Animal Care and Eth-
ical Review (ACER). Adult wild-type (wt) (KCL strain),
Tg(kdrl:Hsa.HRAS-mCherry) (38) and runx1W84X mutants
(30), TgBAC(runx1P2:Citrine) (32) were housed in a Tech-
niplast aquarium system [28°C, 14/10 hours light/dark cy-
cle, fed 3x daily with dry food and brine shrimp]. All dou-
ble transgenic lines on wild-type or mutant background were
generated by natural mating.

Cardiac surgery
All procedures/protocols were carried out in accordance with
British Home Office regulations, with respective project li-
censes held in all contributing labs, approved by Home office
inspectors and local representatives. Zebrafish cryoinjury and
resection injury of the ventricle were performed as previously
reported (53, 54). Briefly, prior to all surgical operations, fish
were anaesthetised in MS222 (Sigma). A small incision was
made through the thorax and the pericardium using forceps
and spring scissors. The abdomen was gently squeezed to ex-
pose the ventricle and tissue paper was used to dry the heart.
A cryo-probe with a copper filament was cooled in liquid ni-
trogen and placed on the ventricle surface until thawing was
observed. Body wall incisions were not sutured, and after
surgery, fish were returned to water and stimulated to breathe
by pipetting water over the gills until the fish started swim-
ming again. For sham surgery, the thorax and pericardial sac
were opened, but the heart was not injured. All operated fish
were kept in individual tanks for the first week after surgery,
then fish were combined in larger tanks.

Tissue Processing
Hearts were extracted and transferred to Ringer solution
with heparin sodium salt (50 U/ml) (Ringer composi-
tion: 7.2 g NaCl, 0.225g CaCl2.H2O, 0.37g KCl, 0.2175g
Na2HPO4.7H2O, 0.02g KH2PO4 at pH 7.4 sterilised by us-
ing a 0.22um bottle top filter unit) and rinsed once with
Phosphate buffered saline (PBS) or directly isolated in PBS.
Hearts were inspected, cleaned and then fixed with 4%
Paraformaldehyde (PFA) overnight (O/N) on nutator at room
temperature (RT). Samples were rinsed once in PBS, dehy-
drated into Ethanol (EtOH) at 70%, 80%, 90%, 96% for 2
hours each step and 2x100% for 1 hour each step, followed
by a 100% 1-butanol step overnight. The samples were then
transferred to paraffin (Paraplast Plus, Sigma-Aldrich P3683)
wax at 65°C. Paraffin was refreshed 2x with each step at least

2 hours, prior to mounting in sectioning mould. 10 μm sec-
tions were cut using a Leica microtome and section ribbons
were stored on black cardboard in shallow stackable plastic
trays. Individual sections, evenly distributed throughout the
heart e.g. 1 in 6 sections, were selected and mounted on su-
perfrost plus glass slides for histology, histochemistry and
RNA labeling (RNAscope).

Histology
For Acid Fuchsin Orange G-staining (AFOG), dewaxed and
water rinsed sections were refixed in Bouin’s solution for 3h
at 60°C and then O/N at RT, then washed in ddH2O until
sections were white/clear, incubated in aquous 1% phospho-
molybdic acid for 5min, rinsed with ddH2O, stained with
AFOG solution for 5-10 min, rinsed shortly in ddH2O, de-
hydrated quickly through 70%, 80%, 90%, 96% and 100%
EtOH, quickly cleared in Xylene and mounted in DPX
mounting medium under 24 mm x 50 mm cover glasses no
1.5. AFOG solution: Boil 1l ddH2O with 5g of Methyl Blue
(Sigma 95290), once cooled - add 10g Orange G (Sigma
O7252) and 15g Acid Fuchsin (Sigma F8129) and adjust to
pH 1.09 by adding HCL (at 25% concentration).

Immunohistochemistry
Fluorescent immunohistochemistry was performed as pre-
viously described (55). For de-waxing, slides were taken
through 2x Xylene 5min, 2x 1min in 100% EtOH 2 min, 1x
96%, 90%, 80% and 70% EtOH, and a final rinse in PBS
prior to subsequent staining. De-waxed and rehydrated sec-
tions were heated up and then pressure cooked for 4 minutes
in antigen unmasking solution (H-3300, Vector Laboratories
Inc). Once cooled, sections were placed in PBS before draw-
ing a ring (ImmEdge pen, Vector Laboratories) around the
sections. Slides were placed into staining trays providing hu-
midity and blocked using TNB (0.5% TSA blocking reagent,
0.15 M NaCl, 0.1M TRIS-HCL, pH 7.5, NEL702001KT,
Perkin Elmer) for 30min at RT. Blocking agent was removed
and primary antibody in TNB was added and incubated O/N
at RT. Slides were then washed 3x 5 min in PBS before the
secondary antibody (Alexa range, Invitrogen) at 1:200 dilu-
tion in TNB was added for 2 hours at RT. For some primary
antibodies, an additional amplification step was added to en-
hance the signal using the TSA kit (NEL756001KT, Perkin
and Elmer). Instead of an Alexa secondary antibody, a bi-
otinylated secondary antibody was used at 1:200 dilution in
TNB for 1/2 hours at RT, followed by 3x 5min washes in
PBS prior to 30 min incubation with conjugated Streptavidin-
Horse Radish Peroxidase (Vector Laboratories, SA-5004)
and subsequent 3x 5 min washes in PBS. Then either Fluo-
rescein or Tetramethylrhodamine (in DMSO) diluted at 1:100
in amplification buffer was added to the sections for 3 min-
utes, followed by 3x 5 min washes with PBS and stain-
ing with DAPI (2.5μg/ml, Sigma). Slides were mounted in
Mowiol 4-88 (Applichem) and slides incubated at 37◦C O/N
in the dark. The following primary antibodies were used:
chicken polyclonal against Green Fluorescent Protein (GFP,
1:200, Aves Lab, GFP-1020), mouse monoclonal against
mCherry (clone 1C51, 1:200, Abcam, ab125096), Prolif-
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erating Cell Nuclear Antigen (PCNA, clone PC10, 1:200,
Dako Cytomation, M0879), Myosin Heavy Chain (MF20,
1:50, HSHB AB-2147781) and Plasminogen (Plg, 1:200, RD
systems, MAB1939). Rabbit polyclonal against Lysozyme
(LyC, 1:200, Anaspec, AS-55633), ETS Transcription Fac-
tor ERG (ERG, 1:200, Abcam, ab110639), Myocyte En-
hancer Factor 2 (Mef2 C-21, 1:200, Santa Cruz, sc-313),
smooth muscle Myosin heavy chain 11 (Myh11, 1:200, Ab-
cam, ab125884) and Annexin A2 (Anxa2, 1:200, Invitrogen,
PA5-14317). For double labelling with RNAscope probes,
RNAscope was performed first and then processed for im-
munohistochemistry as described above, starting from the
blocking step. Images were processed in ImageJ to gener-
ate magenta and green color combinations.

RNAscope In Situ Hybridisation
RNAscope® (Advanced Cell Diagnostics, Hayward, CA)
(34) was performed on 10μm thick paraffin sections, pro-
cessed as described above. Sections were baked at 60◦C
for one hour before deparaffinisation using 2x 5 min Xylene
steps followed by 2x 2 minutes 10% EtOH. The slides were
air-dried followed by incubation in RNAscope Hydrogen Per-
oxide (H202) for 15 minutes before washing in MilliQ. The
slides were then boiled at 98-102◦C for 15 minutes in 1x
RNAscope® Target Retrieval solution, placed in 100% EtOH
for 3 minutes and air-dried. The sections were the incubated
with RNAScope Protease III in a Hybez oven at 40°C for 15
min, washed in MilliQ 2x 2 minutes, followed by incuba-
tion with the different RNAScope probes for 2 hours at 40°C.
The RNAscope Multiplex Fluorescent Detection Reagents
v2 and the TSA Plus Cyanine 3 and 5 fluorophore (Perkin
Elmer, NEL744001KT) were applied according to the manu-
factures instructions. The slides were further processed for
immunohistochemistry or mounted in Mowiol 4-88. Ad-
vanced Cell Diagnostics designed the probes. Probes used
were Dr-tcf21-C2 (485341-C2), Dr-itga2b-C2 (555601-C2),
Dr-runx1 (433351), Dr-myb-C3 (558291-C3), Dr-gata2b-C2
(551191-C2), Dr-anxa2a (587021) and Dr-serpine1 (551171-
C3).

Image acquisition and data analysis
Images were acquired using either a Zeiss LSM880 or Olym-
pus FV3000 confocal. Images were processed in FIJI/ Im-
ageJ to generate a magenta/green/cyan/grey color scheme.
For all quantifications on sections, individual sections were
mounted, evenly distributed throughout the heart e.g. 1 in
6 sections, to reduce the number of hearts needed and guar-
antee even coverage of the entire heart. Using Fiji/ image
J, myocardial regeneration was then quantified by measuring
the perimeter of the ventricle of each heart section of AFOG-
stained hearts and the length of open compact myocardium.
The biggest open myocardium length and ventricle perimeter
measurement from each fish was then taken and the open my-
ocardium length was divided by the ventricle perimeter and
multiplied by 100 to give the percentage of the myocardium
that was still open. Scar area and ventricle area were also
measured for each section and again the biggest measurement
of each for each fish was used to calculate the size of the scar.

This was done by dividing the scar area by the ventricle size,
then multiplying by 100 to give a percentage. This was per-
formed for 5 of each fish type and time point. For analysis
of the colour of the wound area on the sections stained with
AFOG, we split the colour photo of the wound area up into
a red, green and blue channel. The images were then thresh-
olded using the same settings for all hearts for the red and
blue channel. The orange area was determined by subtract-
ing the red and blue areas from the total area. Myocardial
proliferation was assessed by using Mef2, a nuclear myocar-
dial marker, and proliferating cell nuclear antigen (PCNA),
a nuclear marker of proliferation, on antibody stained sec-
tions. The border zone region was established as the car-
diomyocytes closest to the wound in the healthy myocardial
tissue. The number of Mef2+ nuclei was counted and the
number of PCNA Mef2 double+ nuclei counted and their per-
centage calculated for at least 3 sections per fish, for four fish
per condition.

Heart processing for FACS
Freshly isolated hearts were placed in chilled Hanks balanced
buffered saline (HBBS), atria and bulbus arteriosus were re-
moved and the ventricle was cut into several pieces using
fine forceps and ophthalmic scissors (FST, 15009-08). The
following digestion procedure was adapted from (56): Pieces
were transferred to a 2 ml tube, rinsed with HBBS, 1 ml (up to
10 hearts) of digestion mix (0.13 U/ml Liberase DH (Roche)
and 1% sheep serum in HBBS) was added and incubated at
32◦C and 80-100rpm rotation/agitation. Every 10-15 min su-
pernatant was collected and placed on ice and new digestion
mix was added and pieces and solution where gently pipetted
5-10 times to aid break up. Once all tissue was resolved ( 1h)
all collected suspensions were spun at 300g for 10min, super-
natant was removed and replaced with 1% fetal bovine serum
in HBBS, suspensions were then combined and placed on ice.
Prior to FACS (MoFlo Asterios, Beckman and Coulter) cells
were stained with Dapi to gate for dead cells.

Single cell sequencing
Cells from 20 hearts per sample from isolated uninjured WT
and 3 dpi injured WT and runx1W84X/W84X ventricles were
FACS sorted and populations of single and double positive
cells were isolated separately. The single and double pos-
itive cells were then mixed, so that the samples were 1/3
Citrine positive, 1/3 double positive and 1/3 mCherry pos-
itive. Cells were washed in PBS with 0.04% BSA and
re-suspended before loading 12,000-12,500 cells onto each
channel of the Chromium 10x Genomics platform to capture
single cells in droplets. Library generation for 10x Genomics
v2 chemistry was performed following the Chromium Sin-
gle Cell 3 Reagents Kits User Guide: CG00052. Quantifica-
tion of cDNA was performed using Qubit dsDNA HS Assay
Kit (Life Technologies Q32851) and high-sensitivity DNA
tape-station (Agilent. 5067-5584). Quantification of library
construction was performed using Qubit dsDNA HS Assay
Kit (Life Technologies Q32851) and high-sensitivity DNA
tape-station (Agilent. 5067-5584). Libraries were sequenced
on Illumina HiSeq4000 platform to achieve a minimum of
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20,000 reads per cell.

Data analysis
Alignment
The count function in 10x Genomics Cellranger
software (v2.1.1) was used for sample demultiplex-
ing, barcodes processing and gene counting with –
chemistry=threeprime. (https://support.10xgenomics.
com/single-cell-gene-expression/software/pipelines/latest/
installation). The Danio_rerio.GRCz11 (release 94) version
of Zebrafish genome and gene annotation files used for
alignment were downloaded from the Ensembl database.
(ensembl.org) We added the sequences for the mCherry-
plasmid and Citrine-plasmid. The mCherry-plasmid had
three sequence contents: mCherry, the mCherry-plasmid-
backbone and mCherry-polyA. The Citrine-plasmid had
seven sequence contents: Citrine-3x-HA-tag, Citrine-
BirA, Citrine-Tav-2a, Citrine, Citrine-polyA, Citrine-Frt1
and the remaining plasmid backbone sequences (Citrine-
Remaining). The new reference with the additional
sequences was built using the mkgtf function in Cellranger.
In order to eliminate potential reads that were aligned to
both plasmids, only uniquely mappable reads were con-
sidered for STAR alignments with an additional parameter
–‘outFilterMultimapNmax’, ‘1’, added in the reference.py
file.
Quality control
Quality control was performed from the raw counts with
all barcodes. Firstly, cells with less than 100 genes ex-
pressed were removed. 4720, 4754 and 6268 cells passed for
the wild-type uninjured, wild-type 3dpci and runx1W84X/W84X

3dpci samples respectively. Secondly, doublets were fil-
tered using the scrublet (57) package in Python. Cells with
doublet score larger than 0.3, 0.27 and 0.38 for the wild-
type uninjured, wild-type 3dpci and textitrunx1W84X/W84X

3dpci samples were removed respectively. This excluded 55
wild-type uninjured cells, 58 wild-type 3dpci cells and 214
runx1W84X/W84X 3dpci cells. After quality control 4665 wild-
type uninjured cells, 4696 wild-type 3dpci cells and 6054
runx1W84X/W84X 3dpci cells were retained. Non-expressed
genes were removed and cells were normalized to 10,000 for
each cell and log-transformed.
Defining cell types based on marker genes
mCherry positive (mChr+) cells were defined as a union
of cells that have at least 1 unique molecular identifier
(UMI) count in either mCherry, mCherry-plasmid-backbone
or mCherry-polyA. Citrine positive (Cit+) cells were defined
as a union of cells that have at least 1 UMI in either cit-
rine, citrine-polyA or citrine-remaining. If the cell had at
least 1 UMI for kdrl/runx1 gene, then the cell was labelled as
kdrl positive (kdrl+) or runx1 positive (runx1+). kdrl+mChr+
cells were defined as the cells that were either kdrl+ or
mChr+. Runx1+cit+ cells were defined as the cells that are
either runx1+ or cit+. Finally, the double positive (double+)
cells were defined as cells that are both kdrl+mChr+ and
runx1+cit+. The number of cells for each cell type is sum-
marised in the table below:
For extracting subsets of cells, including cardiomyocytes

Cell Type WT Injured Injured Runx1 KO Total
mChr+ 1429 (30.63%) 761 (16.21%) 1013 (16.73%) 3203 (20.78%)
Cit+ 1178 (25.25%) 1644 (35.01%) 2472 (40.83%) 5294 (34.34%)
Kdrl+ 903 (19.36%) 407 (8.67%) 454 (7.50%) 1764 (11.44%)
Runx1+ 12 (0.26%) 26 (0.55%) 44 (0.73%) 82 (0.53%)
Kdrl+mChr+ 1723 (36.93%) 934 (19.89%) 1208 (19.95%) 3865 (25.07%)
Runx1+cit+ 1182 (25.34%) 1653 (35.20%) 2483 (41.01%) 5318 (34.50%)
Double+ 99 (2.12%) 262 (5.58%) 200 (3.30%) 561 (3.64%)

(255 cells), double+ cells (561 cells) and double+ without
runx1W84X/W84X cells (361 cells), the same quality control
pipeline was applied.
Selection of highly variable genes
Highly variable genes (HVGs) were selected following the
Seurat (58) method with parameters: min_mean=0.0125,
max_mean=4 and min_disp=0.5. 4663, 2341, 3484, 3377,
3854 HVGs were selected for all cells, CMs, double+
cells, double+ no Injured runx1W84X/W84X cells and epicar-
dial/smooth muscle cells. Cells were then log-transformed.
The effects of total number of counts and the percentage
mitochondrial genes were regressed out and each gene was
scaled so that it was zero-centred.
Visualization and Clustering
For UMAP visualisation (Uniform Manifold Approximation
and Projection), firstly, a k=10 nearest neighbour graph was
calculated on the first 50 principle components of the PCA
based on HVGs using the neighbours function in Scanpy
(59). Then the UMAP was calculated based on this k-nearest-
neighbour graph using the UMAP function in Scanpy. The
sub cell populations were determined by Louvain cluster-
ing with resolution 1, 0.5, 0.6, 0.7, 0.3 for all cells, car-
diomyocytes, double+ cells, double+ without runx1W84X/W84X

cells and epicardial/smooth muscle cells respectively. In
total, 26 clusters were defined in all cells, 3 clusters for
CMs, 5 clusters for both double+ cells and double+ without
runx1W84X/W84X and 4 clusters for epicardial/smooth muscle
cells.
Differential expression and Gene Ontology Annotation
Differential expression (DE) analysis was performed using
rank_genes_groups in Scanpy with the ‘t-test_overestim_var’
method that overestimates variance of each group. The
p values were corrected by the ‘benjamini-hochberg’ (BH)
method to account for the multiple comparisons problem.
Gene ontology (GO) information was downloaded from the
ZFIN database. (https://zfin.org/downloads) Only GO terms
with more than 5 genes and less than 500 genes were con-
sidered. The enriched GO terms were calculated by a hyper-
geometric test on the top 50 genes using phyper function in
R. Then the p values were then corrected by the ‘benjamini-
hochberg’ (BH) method using p.adjust function in R.
Data plotting
The violin and heatmap plots were made using seaborn and
matplotlib modules in Python, and the dotplots using the dot-
plot function in Scanpy. The dotplots of the epicardial and the
myofibroblast clusters (Fig.8e.) were coloured by the scaled
mean expression value by dividing its maximum. The size
of dots indicates the number of cells expressing the selected
genes for each group. This number was scaled by dividing
its maximum. The dotplot of the CM cluster (Fig.9c.) was
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coloured by the scaled mean expression value for each group,
calculated by substracting the minimum and dividing each by
its maximum. The dot size was represented as the fraction of
cells expressing the selected genes.

Statistical analysis
The number of samples (n) used in each experiment is shown
in the legends and recorded in detail below. Appropriate sam-
ple sizes were computed when the study was being designed
and no data was excluded. ANOVA tests were applied when
normality and equal variance tests were passed. Measure-
ments and counts were performed blinded. Results are ex-
pressed as mean ± SEM. (* for P < 0.05, ** for P< 0.01, ***
for P< 0.001 and **** for P<0.0001). Statistical analysis
was performed in GraphPad Prism 6 for Windows, GraphPad
Software, La Jolla California USA, www.graphpad.com. Fig.
2f: Two-way ANOVA with Sidak test, all time points n=5
wild-types, n=5 runx1 mutants. Comparing wild-type ver-
sus mutant per time point. 3dpci p=0.1951, 7dpci p=0.9486,
14dpci p=0.0034, 30dpci p>0.9999, 70dpci p=0.9973. Fig.
2g: Two-way ANOVA with Sidak test, all time points n=5
wild-types, n=5 runx1 mutants. Comparing wild-type ver-
sus mutant per time point. 3dpci p=0.0222, 7dpci p=0.7108,
14dpci p=0.1220, 30dpci p>0.3548, 70dpci p=0.7223. Fig.
2i-k: Two-way ANOVA with Sidak test, n=5 wild-types,
n=5 runx1 mutants. Orange p=0.0001, red p=0.0220, blue
p=0.1312. Fig. 3e: Two-way ANOVA with Sidak test.
Uninjured, sham, 1dpci and 14dpi n=4. 3 and 7dpci n=5.
Comparing time points within wound or ventricle. All ven-
tricle comparisons p>0.9999. Wound: uninjured vs sham
p=0.9954, uninjured vs 1dpci p=0.0025, uninjured vs 3dpci
p=0.0005, uninjured vs 7dpci p=0.0970, uninjured vs 14dpci
p>0.9999, sham vs 1dpci p=0.0501, sham vs 3dpci p=0.0144,
sham vs 7dpci p=0.7469, sham vs 14dpci p>0.9999, 1dpci vs
3dpci p>0.9999, 1dpci vs 7dpci p=0.8847, 1dpci vs 14dpci
p=0.0118, 3dpci vs 7dpci p=0.6164, 3dpci vs 14dpci 0.0029,
7dpci vs 14dpci p=0.3351. Fig. 6d: Unpaired, two-tailed,
equal variance t-test. n=5 wild-types, n=5 runx1 mutants,
p=0,0239. Fig. 10c: Two-way ANOVA with Sidak test,
all time points n=5 wild-types, n=5 runx1 mutants. 3dpci
p=0.0002, 7dcpi p=0.0095, 14dpci p=0.0452. Fig. 10e: Two-
way ANOVA with Sidak test, all time points n=5 wild-types,
n=5 runx1 mutants. 3dpci p<0.0001, 7dpci p=0.0775.

Acknowledgements
We thank the Oxford Genomics Centre at the Wellcome
Centre for Human Genetics (funded by Wellcome Trust
grant reference 203141/Z/16/Z) for the generation and ini-
tial processing of the sequencing data. Paul Liu for pro-
viding the runx1W84X line, Didier Stainier for the kdrl-
mCherry line, Nadia Mercader and Caroline Pellet-Many
for training in the cardiac injury models, Michal Maj and
Line Eriksen from the Flow Cytometry facility at the Dunn
School of Pathology for help in FACS sorting. Ricardo
Henriques for the BioRxiv template. Oxford’s BMS teams
for zebrafish husbandry support. This work was supported
by a BHF non-clinical PhD fellowship FS/14/73/31107

(A.K and M.T.M.M.), BHF project grants PG/15/111/31939
(M.T.M.M.) and (PG/14/39/30865) (J.K. and R.K.P), by
the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program
(grant agreement n° 715895, CAVEHEART, ERC-2016-
STG, M.T.M.M.), by a BHF chair award (CH/11/1/28798)
and program grant (RG/08/003/25264) (P.R.R) and a MRC-
MHU grant (4050189188) (R.K.P.). This work was also
supported by the BHF Centre of Regenerative Medicine
(RM/13/3/30159) and the BHF Centre of Research Excel-
lence Oxford (RE/13/1/30181). XW and BG were supported
by Wellcome, the MRC, CRUK, NIH-NIDDK and core fund-
ing from the Wellcome and MRC to the Cambridge Stem
Cell Institute. The imaging facilities used for this study
are supported by the MRC via the WIMM Strategic Al-
liance (G0902418), the MHU (MC_UU_12009), the HIU
(MC_UU_12010), the Wolfson Foundation (18272) and the
Wellcome Trust (Micron 107457/Z/15Z) grants.

Bibliography
1. K D Poss, L G Wilson, and M T Keating. Heart regeneration in zebrafish. Science, 298

(5601):2188–2190, 2002. doi: 10.1126/science.1077857.

2. Chris Jopling, Eduard Sleep, Marina Raya, M Marti, Angel Raya, J C Izpisua Belmonte,

Mercè Martí, Angel Raya, Juan Carlos Izpisúa Belmonte, M Marti, Angel Raya, and

J C Izpisua Belmonte. Zebrafish heart regeneration occurs by cardiomyocyte dediffer-

entiation and proliferation. Nature, 464(7288):606–609, 2010. ISSN 0028-0836. doi:

10.1038/nature08899.

3. Enzo R Porrello, Ahmed I Mahmoud, Emma Simpson, Joseph A Hill, James A Richardson,

Eric N Olson, and Hesham A Sadek. Transient regenerative potential of the Neonatal Mouse

Heart. Science, 331(6020):1078–1080, 2011. doi: 10.1126/science.1200708.

4. Jinhu Wang, Daniela Panáková, Kazu Kikuchi, Jennifer E Holdway, Matthew Gemberling,

James S Burris, Sumeet Pal Singh, Amy L Dickson, Yi-Fan Lin, M Khaled Sabeh, An-

dreas a Werdich, Deborah Yelon, Calum a Macrae, and Kenneth D Poss. The regenera-

tive capacity of zebrafish reverses cardiac failure caused by genetic cardiomyocyte deple-

tion. Development (Cambridge, England), 138:3421–3430, 2011. ISSN 0950-1991. doi:

10.1242/dev.068601.

5. Bernhard J. Haubner, Johanna Schneider, Ulrich Schweigmann, Thomas Schuetz, Wolf-

gang Dichtl, Corinna Velik-Salchner, Joerg I. Stein, and Josef M. Penninger. Functional

Recovery of a Human Neonatal Heart after Severe Myocardial Infarction. Circulation Re-

search, 118(2):216–221, 2016. ISSN 15244571. doi: 10.1161/CIRCRESAHA.115.307017.

6. Kohei Ito, Mai Morioka, Shun Kimura, Mai Tasaki, Keiji Inohaya, and Akira Kudo. Differential

reparative phenotypes between zebrafish and medaka after cardiac injury. Developmental

Dynamics, pages 1106–1115, 2014. doi: 10.1002/dvdy.24154.

7. Shih Lei Lai, Rubén Marín-Juez, Pedro Luís Moura, Carsten Kuenne, Jason Kuan Han Lai,

Ayele Taddese Tsedeke, Stefan Guenther, Mario Looso, and Didier Y.R. Stainier. Reciprocal

analyses in zebrafish and medaka reveal that harnessing the immune response promotes

cardiac regeneration. eLife, 6:1–20, 2017. ISSN 2050084X. doi: 10.7554/eLife.25605.

8. William et al. T. et al. T. Stockdale, Madeleine E. Lemieux, Abigail C. Killen, Juanjuan Zhao,

Zhilian Hu, Joey Riepsaame, Noémie Hamilton, Tetsuhiro Kudoh, Paul R. Riley, Ronny

van Aerle, Yoshiyuki Yamamoto, and Mathilda T.M. Mommersteeg. Heart regeneration in

the Mexican cavefish. Cell Reports, 25(8):1997–2007.e7, 2018. ISSN 22111247. doi:

10.1016/j.celrep.2018.10.072.

9. S E Senyo, M L Steinhauser, C L Pizzimenti, V K Yang, L Cai, M Wang, T D Wu, J L

Guerquin-Kern, C P Lechene, and R T Lee. Mammalian heart renewal by pre-existing

cardiomyocytes. Nature, 493(7432):433–436, 2013. doi: 10.1038/nature11682.

10. Juan Manuel González-Rosa, Caroline E. Burns, and C. Geoffrey Burns. Zebrafish heart

regeneration: 15 years of discoveries. Regeneration, 4(3):105–123, 2017. doi: 10.1002/
reg2.83.

11. K Kikuchi, J E Holdway, A A Werdich, R M Anderson, Y Fang, G F Egnaczyk, T Evans, C A

Macrae, D Y Stainier, and K D Poss. Primary contribution to zebrafish heart regeneration

by gata4(+) cardiomyocytes. Nature, 464(7288):601–605, 2010. doi: 10.1038/nature08804.

12. Juan Manuel González-Rosa, Víctor Martín, Marina Peralta, Miguel Torres, and Nadia Mer-

cader. Extensive scar formation and regression during heart regeneration after cryoinjury

in zebrafish. Development, 138(9):1663–1674, 2011. doi: 10.1242/dev.060897.

13. F Chablais, J Veit, G Rainer, and A Jazwinska. The zebrafish heart regenerates af-

ter cryoinjury-induced myocardial infarction. BMC Dev Biol, pages 11–21, 2011. doi:

10.1186/1471-213X-11-21.

14. Jingli Cao and Kenneth D. Poss. The epicardium as a hub for heart regeneration. Nature

Reviews Cardiology, 15(10):631–647, 2018.

15. Georges Lacaud, Lia Gore, Marion Kennedy, Valerie Kouskoff, Paul Kingsley, Christopher

Hogan, Leif Carlsson, Nancy Speck, James Palis, and Gordon Keller. Runx1 is essential for

hematopoietic commitment at the hemangioblast stage of development in vitro. Blood, 100

(2):458–466, 2002. doi: 10.1182/blood-2001-12-0321.

16. Karima Kissa and Philippe Herbomel. Blood stem cells emerge from aortic endothelium by

18 | bioRχiv Koth, Wang and Killen et al. | Runx1 acts a negative regulator of heart regeneration

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 14, 2019. ; https://doi.org/10.1101/799163doi: bioRxiv preprint 

https://doi.org/10.1101/799163
http://creativecommons.org/licenses/by/4.0/


a novel type of cell transition. Nature, 464(7285):112–115, 2010. ISSN 00280836. doi:

10.1038/nature08761.

17. Jean-Charles Boisset, Wiggert van Cappellen, Charlotte Andrieu-Soler, Niels Galjart, Elaine

Dzierzak, and Catherine Robin. In vivo imaging of haematopoietic cells emerging from the

mouse aortic endothelium. Nature, 464:112–115, 2010. doi: 10.1038/nature08764.

18. Christophe Lancrin, Patrycja Sroczynska, Catherine Stephenson, Terry Allen, Valerie

Kouskoff, and Georges Lacaud. The haemangioblast generates haematopoietic cells

through a haemogenic endothelium stage. Nature, 457:892–895, 2009. doi: 10.1038/
nature07679.

19. Michael J. Chen, Tomomasa Yokomizo, Brandon M. Zeigler, Elaine Dzierzak, and Nancy A.

Speck. Runx1 is required for the endothelial to haematopoietic cell transition but not there-

after. Nature, 457(7231):887–891, 2009. ISSN 00280836. doi: 10.1038/nature07619.

20. Enid Yi Ni Lam, Christopher J Hall, Philip S Crosier, Kathryn E Crosier, and Maria Vega

Flores. Live imaging of Runx1 expression in the dorsal aorta tracks the emergence of

blood progenitors from endothelial cells. Blood, 116(6):909 LP – 914, 2010. doi: 10.1182/
blood-2010-01-264382.

21. Karen Blyth, Ewan R. Cameron, and James C. Neil. The RUNX genes: Gain or loss of

function in cancer. Nature Reviews Cancer, 5(5):376–387, 2005. ISSN 1474175X. doi:

10.1038/nrc1607.

22. Fernando P.G. Silva, Bruno Morolli, Clelia T. Storlazzi, Luisa Anelli, Hans Wessels, Vladimir

Bezrookove, Hanneke C. Kluin-Nelemans, and Micheline Giphart-Gassler. Identification of

RUNX1/AML1 as a classical tumor suppressor gene. Oncogene, 22(4):538–547, 2003.

ISSN 09509232. doi: 10.1038/sj.onc.1206141.

23. Kfir Baruch Umansky, Yael Gruenbaum-Cohen, Michael Tsoory, Ester Feldmesser, Dalia

Goldenberg, Ori Brenner, and Yoram Groner. Runx1 Transcription Factor Is Required for

Myoblasts Proliferation during Muscle Regeneration. PLoS Genetics, 8:e1005457, 2015.

doi: 10.1371/journal.pgen.1005457.

24. Thomas Kubin, Jochen Pöling, Sawa Kostin, Praveen Gajawada, Stefan Hein, Wolfgang

Rees, Astrid Wietelmann, Minoru Tanaka, Holger Lörchner, Silvia Schimanski, Marten Sz-

ibor, Henning Warnecke, and Thomas Braun. Oncostatin M is a major mediator of car-

diomyocyte dedifferentiation and remodeling. Cell Stem Cell, 9(5):420–432, 2011. ISSN

19345909. doi: 10.1016/j.stem.2011.08.013.

25. Joseph Aaron Goldman, Guray Kuzu, Nutishia Lee, Jaclyn Karasik, Matthew Gemberling,

Matthew J. Foglia, Ravi Karra, Amy L. Dickson, Fei Sun, Michael Y. Tolstorukov, and Ken-

neth D. Poss. Resolving Heart Regeneration by Replacement Histone Profiling. Develop-

mental Cell, 40(4):392–404.e5, 2017. ISSN 18781551. doi: 10.1016/j.devcel.2017.01.013.

26. Ana Eulalio, Miguel Mano, Matteo Dal Ferro, Lorena Zentilin, Gianfranco Sinagra, Serena

Zacchigna, and Mauro Giacca. Functional screening identifies miRNAs inducing cardiac

regeneration. Nature, 492:376, 2012. doi: doi:10.1038/nature11739.

27. Bartosz Górnikiewicz, Anna Ronowicz, Michał Krzemiński, and Paweł Sachadyn. Changes
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Fig. S1. Runx1-Citrine becomes strongly expressed in the heart after cryo-injury. a-b”, immunohistochemistry for Runx1-Citrine (GFP antibody) and myocardial marker

MF20 at 7dpci as well as in the sham heart. a-a’, at 7 dpci, the epicardium, endocardium and other wound cells were positive for Citrine. Also the myocardium in the border

zone next to the wound was highly Citrine-positive (a”). b-b”, touching the heart with the probe without freezing cells and isolating the heart 3 days later (days post sham,

dps) also initiates a response, with Citrine expression in the epicardium and myocardium. c-e, immunohistochemistry for Citrine, LyC, ERG1 and in situ hybridisation for tcf21.

Arrowheads point to overlap of Runx1-Citrine with leukocyte marker lyC at 1dpci (c), and with endocardial marker ERG1 (d) and epicardial marker tcf21 at 3dpci (e). a, atrium;

ba, bulbus arteriosus; ep, epicardium; v, ventricle; w, wound. Scale bars depict 100 μm.
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Fig. S2. Runx1-Citrine expression recapitulates endogenous runx1 expression. a-c, immunohistochemistry for Citrine combined with in situ hybridisation for runx1

showing overlap of Runx1-Citrine with runx1 mRNA in wild-type hearts. a, arrowheads point to double positive cells in the epicardium. b, arrowheads point to double positive

cells in the myocardium, where the yellow asterisks point to double negative myocardium. c, arrowheads point to double positive cells in the endocardium. v, ventricle; w,

wound. Scale bars depict 100 μm.

Fig. S3. Reduced number of Citrine-positive endocardial cells in the runx1 mutant. a, immunohistochemistry for Citrine at 3dpci. Similar expression of the Runx1-Citrine

protein between wild-type and runx1 mutant hearts after injury. b, FACS sorting for Runx1-Citrine and kdrl-mCherry shows an increase in double positive cells after injury

in the wild-type compared to the uninjured wild-type hearts, whereas there is a reduction in the number of double positive cells in the injured runx1 mutant compared to the

injured wild-types. v, ventricle; w, wound. Scale bars depict 100 μm.
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Fig. S4. Serpine1 expression overlaps with Runx1-Citrine after injury. a, heatmap showing example genes used to determine the identity of the different cell clusters.

b, UMAP plot of all cells showing expression of serpine1. c-c’, immunohistochemistry for Citrine and mCherry combined with in situ hybridisation for serpine1. Analysis of

serpine1 on 3dpci sections shows a largely overlapping expression pattern to Runx1-Citrine in the endocardium (arrowheads and insert c’). d, UMAP plot of all cells show

that runx1 mutant specific blood cell populations have high levels of expression of gata2b and myb. e-h’, immunohistochemistry for MF20 combined with in situ hybridisation

for gata2b and myb. Inserts and arrowheads point to runx1 mutant specific gata2b and myb expression in blood cells, both in the wound (e-f’) and blood (g-h’). v, ventricle;

w, wound. Scale bars depict 100 μm.
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Fig. S5. Upregulation of extracellular matrix genes in the runx1-citrine positive endocardium after injury.. a, GO term analysis shows strong upregulation of GO terms

associated with extracellular matrix formation in cluster 4 and 5 of the citrine/runx1;mcherry/kdrl positive cells after injury. b, immunohistochemistry for Myh11 combined

with in situ hybridisation for myh11a and nuclear marker Dapi. Arrowhead points to overlap of myh11a mRNA with Myh11 protein, indicating specific binding of the Myh11

antibody. w, wound. Scale bars depict 100 μm.
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