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Abstract

Balancing between regenerative processes and fibrosis is crucial for heart repair’.
However, strategies to regulate the balance between these two process are a barrier to
the development of effective therapies for heart regeneration. While Interleukin 11 (IL11)
is known as a fibrotic factor for the heart?#, its contribution to heart regeneration remains
poorly understood. Here, we uncovered that i/77a can initiate robust regenerative
programs in the zebrafish heart, including cell cycle reentry of cardiomyocytes (CMs) and
coronary expansion, even in the absence of injury. However, the prolonged il17a
induction in uninjured hearts causes persistent fibroblast emergence, resulting in cardiac
fibrosis. While deciphering the regenerative and fibrotic effects, we found that il17-
dependent fibrosis, but not i/711-dependent regeneration, is mediated through ERK
activity, implying that the dual effects of i/[T1a on regeneration and fibrosis can be
uncoupled. To harness the regenerative ability of i/77a for injured hearts, we devised a
combinatorial treatment through i/771a induction with ERK inhibition. Using this approach,
we observed enhanced CM proliferation with mitigated fibrosis, achieving a balance
between stimulating regenerative processes and curbing fibrotic outcomes. Thus, our
findings unveil the mechanistic insights into regenerative roles of /71 signaling, offering
the potential therapeutic avenues that utilizes a paracrine regenerative factor to foster

cardiac repair without exacerbating the fibrotic responses.
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Introduction

Unlike adult mammals, adult zebrafish possess the remarkable capacity to regenerate
lost cardiac tissues upon injury 8. This regenerative ability of cardiac muscle cells can
be achieved by dedifferentiation and proliferation of pre-existing CMs 7°. The
regenerative events in CMs are orchestrated by molecular signals provided by activated
non-muscular cells, including epicardium, endocardium, and immune cells, which create
a regenerative niche 71915, Furthermore, similar to injured mammalian hearts, zebrafish
exhibit an acute response to cardiac injury by forming fibrotic tissue at the injury site 6.
Although fibrosis is generally considered detrimental to regeneration, cardiac fibrosis is a
double-edged event for heart regeneration as it plays a critical function to prevent rupture
during the early phase of heart regeneration 168, Indeed, preventing fibrosis during the
early phase of the injured zebrafish hearts leads to defective heart repair '6. In opposition
to mammals, the cardiac fibrotic tissue in zebrafish hearts transiently form and are
eventually replaced by newly formed CMs '920. Therefore, dissecting the key signaling
pathways governing regeneration and fibrosis is vital to understand the intricate

processes of heart regeneration.

Results

Dynamics of endogenous il11a expression during zebrafish heart regeneration
Interleukin-11 (IL-11), a pleiotropic cytokine of the IL-6 family, plays regenerative

roles in multiple injury contexts 223, To investigate roles of il171a, one of two il11 zebrafish

homologs, in zebrafish hearts, we analyzed its expression with a newly created knock-in

reporter line, il11aECFP (Fig. 1A, B and Fig. S1A). il11aECGFP expression is undetectable in
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uninjured hearts of embryonic and adult hearts (Fig. 1A, B and Fig. S1B), suggesting its
minimal contribution to heart development and homeostasis. Upon cardiac injury, il11a is
robustly induced from non-CMs, primarily epicardium and endocardium (Fig. 1A-D and
Fig. S1B and C). i/11aFGFP expression was detectable as early as 1 dpa, highly and widely
induced at 3 dpa throughout the ventricle, became localized to the wound site at 7 dpa,
and largely undetectable by 14 dpa (Fig. 1A, B). The robust and prompt il711aEGFP
expression throughout the ventricle during the early phase of regeneration suggests its
potential influence on the activation of non-CMs, whereas wound-restricted il171aECFP
expression during the mid-phase of regeneration indicates a potential interaction between
il11a signaling and CMs for their renewal. The diminished expression of i/11a by 14 dpa
indicates the minimal contribution of il11a during the late phase of regeneration (Fig. S1D,

and E).

Mitogenic effects of il11a on cardiomyocytes in uninjured hearts

Previous studies of il11 signaling in zebrafish hearts mainly focused on loss-of-
function experiments with mutants of //77 signaling components, such as il11ra, revealing
impaired regeneration in the mutant hearts 2*. In rodents, //71 roles on cardiac fibrosis
have been reported, but its regenerative roles remain unclear 2. To our knowledge, there
has been no comprehensive analysis of i/17 functionality on cell cycle reentry of CMs. To
address this, we developed a new transgenic line, Tg(actb2:loxp-BFP-STOP-loxp-il11a),
or actb2:BS-il11a, which allowed conditional overexpression (OE) of i/17a in combination
with CreER line. Crossing with cmlc2:CreER, we induced il11aOE from cardiac muscle

cells upon tamoxifen treatment in the absece of injury (Fig. 2A). Strikingly, i/711a0OE led to
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the marked induction of CM proliferation in the uninjured hearts, whereas control hearts
showed little to no proliferative CMs (Fig. 2B, D), providing evidence for the mitogenic
roles of i/71a on CMs. We next analyzed bulk RNA-seq profiles with control and i/117a0OE
ventricles at 7 days post-treatment (dpt), identifying 1,327 genes (n = 862 and 465 for up-
and down-regulated genes, respectively) with significantly changed expression levels
(adjusted P [P-adj] < 0.05; fold change > 4) (Fig. S2A and Supplementary Data 1).
il111a0OE upregulated injury-inducible genes, including a regeneration-specific factor
(lepb), pro-regenerative ECM proteins (fn1b and hmmr), injury-responsible transcription
factor complex AP-1 components (junba, fosl1a), indicating activated regeneration
response by il11a induction 252 Gene ontology (GO) analyses with up-regulated genes
in il11a0E hearts revealed enrichment in cell cycle, nuclear division, and DNA replication,
highlighting active proliferation (Fig. S2B). Additionally, gene set enrichment analysis
(GSEA) identified significant enrichment of cell cycle signature in i/117aOE (Fig. S2C).
il11a induction also highly upregulated key components of janus kinase/signal
transducers and activators of transcription (JAK/STAT) signaling pathway, including jak7,
stat3, and socs3b, which constitute a canonical downstream pathway of IL-11 2°-31 (Fig.
S2E). Our in situ hybridization (ISH) analysis further confirmed that JAK/STAT-related
factors are highly upregulated in CMs upon i/11a induction, suggesting that JAK/STAT
pathway is a major downstream effectors of i/71a in CMs (Fig. S2F).

To re-enter cell cycle, CMs undergo dedifferentiation, characterized by sarcomere
disassembly and downregulation of genes associated with mature CMs 83234, Indeed, the
down-regulated genes in response to il11a induction are primarily associated with cardiac

muscle contraction and metabolic processes (Fig. S2B, D), suggesting a transcriptional
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shift from a mature to an immature state in CMs upon i/77a induction. We next assessed
the impact on sarcomere structure through a-actinin staining in control and i/1 7aOE at 30
dpt. While control hearts displayed no sign of dedifferentiated CMs, il11aOE hearts
exhibited a markedly increased sarcomere disassembly with blurred Z-discs (Fig. 2C, E).
To evaluate the long-term mitogenic effect of il11aOE, we analyzed the uninjured hearts
at 3 and 7 months post-tamoxifen treatment (mpt). While no differences in body size and
weight were observed between control and il717a0E (Fig. S4), il11aOE hearts displayed
a noticeable enlargement with a 20% increase in size at 3 mpt (Fig. 2F, G) and the
significantly augmented size of the ventricles at 7 mpt (Fig. 2F), a indicative of
cardiomegaly.

Enlarged hearts can be caused by cardiac hypertrophy, a prominent mechanism
responsible for the augmented mammalian hearts following injury 3°, or hyperplasia, a
desirable regenerative feature. To determine hypertrophic or hyperplastic effect of il11a
induction, we quantified the CM density in the ventricles. The number of Mef2* nuclei in
the ventricle significantly increased in il11aOE, compared to control (123.45 + 8.71 and
107.45 + 12.23 CMs/200um? for il11aOE and control, respectively) (Fig. 2H, I).
Additionally, the individual CMs isolated from i/11aOE hearts exhibited smaller length
(83.65 £ 23.5 uym) than control (101.2 + 23.2 um) (Fig. 2J, L). There is no notable
difference in width between control and il17aOE CMs (Fig. 2J, K). Collectively, these
results demonstrate that i/7 7a activation can bypass the injury signal to induce myocardial
hyperplasia rather than hypertrophy, highlighting the mitogenic effect of il11a in zebrafish

hearts.
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il11a overexpression hypervascularizes the uninjured zebrafish hearts

Stimulating revascularization of coronary vessels is a crucial regenerative process
for the hearts 3638 To determine whether il711aOE can promote coronary vascularization
in the absence of injury, we examined the coronary network using fli1:EGFP*, which
labels endothelial vessels 3°4°. Remarkably, whole-mount images demonstrated a more
elaborate fli1:EGFP* coronary network in the i/171aOE hearts as significantly increased
vessel density was observed in il11a0E ventricles (18.84 + 4.98% to 26.34% + 3.27%)
(Fig. 3A, B). flila:EGFP™ area in the cortical layer is also highly enhanced in i/17a0OE
hearts (10.58 = 1.19%), compared to control (6.78 * 0.8%) (Fig. 3C, D). Our
transcriptome data revealed that i[11aOE hearts exhibit a significant upregulation of
genes associated with vascularization, including angptl2a, emilin2a, hmmr, rspo3, sulf1,
and thsd7aa 374145 (Fig. S3A). Our single cell RNA sequencing (scRNA-seq) analysis
with published dataset of regenerating hearts identified their injury-depedent induction
predominantly within the epicardial cell clusters (Fig. S3B-D). Given the pivotal role of the
epicardium in guiding coronary growth 2374146  glongside with angiogenic factor
increment by i/717a, our data suggest that i/7 1a induction activates epicardium to facilitate
coronary growth.

While epicardium is normally quiescent in uninjured hearts, cardiac injury activates
epicardium to undergo epithelial-to-mesenchymal transition (EMT) 4748, giving rise to
epicardial progenitor cells (EPCs), which are marked by col12a1b expression 4°. These
col12a1b* EPCs subsequently differentiate into diverse epicardium-derived cells
(EPDCs) in regenerating hearts 4°. We thus examined whether il717a induction can

activate the dormant epicardium to initiate the generation of co/12a1b* EPCs even in the
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uninjured hearts. In control hearts, tcf21* epithelial cells are typically restricted to one or
two layers outlining the ventricles (Fig. 3E). In contrast, within i/717aOE hearts, fcf21*
layers expanded into the mesenchymal layers, a deeper region of the cortical wall,
indicating that il11a induction triggers the epicardium to undergo EMT (Fig. 3E).
Evidently, a subset of tcf27* epicardial cells within i/711aOE hearts display col12a1b:EGFP
expression at 10 dpt, indicating that i/77a induction activates tcf21* epicardial cells to
become EPCs (Fig. 3E). By 30 dpt, i/11aOE hearts displayed extensive expansion of
col12a1b* EPCs populations within the deeper mesenchymal layer (Fig. 3E). In contrast,
col12a1b* EPCs were conspicuously absent in control hearts at 10 and 30 dpt. Our results
indicate that i/717a can stimulate the epicardium to generate EPCs which subsequently

differentiate into EPDCs impacting coronary vascularization.

The fibrotic effects of prolonged il171a treatment

Given recent reports indicating IL-11 as a fibrotic factor 4, we explored whether
il11a could exert a fibrotic role in zebrafish hearts. At 30 dpt, there is no significant
difference of collagen deposition between control and i/717aOE hearts (Fig. 4A). While
fibrotic tissue was undetectable in control hearts, il11aOE hearts exhibited collagen
accumulation in the cortical layer at 3 mpt and massive collagen deposition at 7 mpt (Fig.
4A, B). The cardiac fibrosis mainly manifested in the cortical layer and surface, rather
than within the ventricles, and its thickness expanded over time (Fig. 4A, B), affirming
fibrotic function of i/11 in zebrafish.

In regenerating zebrafish hearts, cardiac fibrosis is largely mediated by

epicardium-derived fibroblasts that appear in the cortical layer following injury 0.16.50.51,
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Given that the fibrosis driven by i/17a is predominantly observed in this cortical layer, we
hypothesize that prolonged il11a exposure might lead to fibrosis due to sustained cardiac
fibroblast production from an activated epicardium. Supporting this notion, i/17a induced
the emergence of ACTA2* cardiac fibroblasts in the cortical layer without an injury at 30
dpt (Fig. 4C, D). As ERK, a downstream effector of the MAPK pathway, controls various
cellular processes, including proliferation, survival, and fibrosis 5253, we questioned
whether ERK mediates il171a-inducible fibrosis in the epicardium. The phosphorylated
ERK (pERK) signal, representing active ERK, was minimal in the fcf21* epicardium of the
control hearts, but remarkably increased upon i/77a induction (Fig. 4E, F). The pERK
signal remained undetectable in CMs in both control and i/11aOE (Fig. S5), indicating
the limited impact of MAPK/ERK signaling on CM proliferation. These findings suggest
that the persistent i/771a induction can provoke fibrosis by promoting the presence of

cardiac fibroblasts from MAPK/ERK-activated EPCs.

il11a induction with pERK inhibition can enhance CM proliferation without
exacerbating fibrosis

Our studies on il11a0E in uninjured hearts demonstrated dual roles of i/11a, acting
as a double-edged sword in heart repair: i/11 signaling can promote the regenerative
program while also contributing to cardiac fibrosis (Fig. 4G). We next explored whether
this dual functionality of i/77a is also operational in injured hearts. At 14 days post-injured
hearts, ectopic i/11a activation significantly increased CM proliferation (8.61 £ 1.26 % and
5.20 + 0.80 % in OE and control, respectively) (Fig. 5A, B and Fig. S6), confirming its

mitogenic effect on injured hearts. To assess the fibrotic effects of i/17a on injured hearts,
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we performed ventricular apex resection with control and i/77aOE fish and collected
hearts at 30 dpa, at which myocardial wall regeneration is typically completed °. Control
hearts had limited scarring at the wound, a sign of successful scar resolution (Fig. 5C,
D). In contrast, i/17aOE hearts exhibited apparent collagen-rich scar tissues at the injury
site (8.19 £ 3.33 % and 0.62 £ 0.67 % in OE and control, respectively) (Fig. 5C, D). This
time point is relatively earlier than when i/171a-stimulated fibrosis is observed in the
uninjured hearts, as uninjured il11a0OE hearts did not display noticeable collagen-rich
fibrotic tissues at 30 dpt (Fig. 4A). Furthermore, ectopic i/17a induction led to the
persistence of col12a1b* EPCs and fibrotic tissues at the injury site in cryoinjured hearts
(Fig. S7). Hence, il11a induction gradually accumulates collagen in uninjured hearts, but
its fibrotic function is accelerated in the presence of injury.

To harness the regenerative potential of i/11a for injured hearts, mitigating its
fibrotic function is crucial. Thus, we devised a concurrent treatment strategy involving
il11a induction with preventing cardiac fibrosis through ERK/MAPK inhibition (Fig. S5E).
This approach aims to facilitate heart repair by promoting CM proliferation via il17a
induction while minimizing cardiac fibrosis by inhibiting fibrosis-specific signaling at a later
time point. To achieve this, we administered U0126, an ERK inhibitor %4, for a month,
starting at 2 weeks after cryoinjury with control and i1 1aOE fish and collected hearts at
45 days post-injury (dpi) (Fig. 5F). Collagen deposition was not evident in the hearts of
control fish treated with vehicle or U0126 (Fig. 5G, H), suggesting that U0126 treatment
during the late regenerative phase minimally affects heart repair. By contrast, i/717aOE
hearts treated with vehicle displayed significant collagen deposition at the injury site,

confirming the fibrotic function of il11a in injured hearts (Fig. 5G, H). Interestingly, U0126
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treatment in il11a0E significantly reduced the presence of fibrotic tissues at the injury site
(Fig. 5G, H), implicating that inhibiting pERK reduces il171a-induced cardiac fibrosis.
Moreover, we observed that CMs in il171aOE hearts treated with U0126 and vehicle
exhibited a similar proliferation rate (Fig. 5l, J), highlighting the specific effect of
ERK/MAPK inhibition on cardiac fibrosis. Taken together, our findings provide a proof-of-
principle that combinatorial treatment of il11a induction with inhibiting fibrosis holds

significant potential for enhancing heart regeneration following cardiac injury.

Discussion

Our expression analysis and functional assays shed light on that i/77 is a potent
regenerative factor for heart regeneration. During normal heart regeneration, il11a is
produced from non-CMs at the early phase to trigger regenerative programs by initiating
cell cycle reentry for CMs, activating epicardium for generating EPCs, and stimulating
vascularization. Its expression is decommissioned at the late regenerative phase to block
aberrant outcomes, such as preventing fibrosis resolution. We demonstrate that i/77a
induction in the uninjured heart can bypass cardiac injury cues to stimulate regeneration
programs, demonstrating that i/77 is a potent regenerative factor to enhance heart repair.
In particular, we showed that i/11a induction can enlarge hearts via CM hyperplasia rather
than hypertrophy. However, prolonged activation of epicardium by il11a leads to the
persistent presence of EPCs, resulting in the constant production of cardiac fibroblasts
and subsequent fibrosis. Thus, our study demonsrate that IL-11 treatment should be
tightly regulated for effective and successful heart regeneration.

Regenerative paracrine factors are promising therapeutic candidates, due to their
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potential efficacy as drugs and simple delivery methods. Cytosolic and nuclear proteins
require specific methodologies to be delivered inside the cells, presenting an additional
challenge °>°7. However, our studies reveal that application of paracrine factors for heart
regeneration should be carefully considered, especially in the aspect of cardiac fibrosis.
One essential yet paradoxical regenerative event is to accumulate ECM proteins, such
as collagen, by cardiac fibroblasts at the injury site. Although this fibrotic response is
thought to be detrimental due to its non-contratile feature potentially causing heart failure
%8 it is indispensable and beneficial for heart regeneration at the early phase 165960 As
demonstrated in our study, a single paracrine factor and signaling can target multiple
cardiac cells, including CMs, endocardium/endothelium, and epicardium. Notably, the
activated epicardial cells undergo reprogramming to generate progenitor cells, which later
differentiate into the cardiac fibroblasts contributing to fibrosis. Consequently, a paracrine
factor can serve as a double-edged sword to induce beneficial regenerative effects as
well as detrimental cardiac fibrosis. In nature, these two effects are precisely balanced
through tight spatiotemporal control during heart regeneration. However, current
methodologies to enhance heart regeneration often face limitations, such as targeting
multiple cell types by viral vectors or delivery vehicles ', and obscure duration for
functional recovery 2. Here, we prove that delivering il717a paracrine factor, along with
inhibiting cardiac fibrosis via ERK inhibitor treatment in injured hearts, can maintain CM
proliferation without exacerbating fibrosis. Therefore, paracrine factor treatment
combined with attenuating cardiac fibrosis can represent a more effective regenerative
medicine strategy.

Previous works on i/11 across animal species and tissues have revealed
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seemingly conflicting results, as il11 is known to have both regenerative and fibrotic
properties 2321-243063-67 Regarding the hearts, antifibrotic/cardioprotective and fibrotic
roles of /I11 were reported 23243067 Qur study can explain these opposing results by
highlighting pleiotrophic function of i/71. Our study offers important new insights into IL-
11 biology for cardiac regeneration and fibrosis. A deeper understanding of IL-11-
associated cellular and molecular processes will be critical for developing a therapeutic

strategy for precise regenerative effects with limited fibrosis.
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Methods

Zebrafish

Wild-type or transgenic male and female zebrafish of the outbred Ekkwill (EK) strain
ranging up to 18 months of age were used for all zebrafish experiments. The following
transgenic lines were used in this study: Tg(cmlic2:creER)PI19, Tg(cmic2:mCherry-N-2A-
Fluc)pa??, Tg(col12a1b:EGFP)wem108, Tg(fli1:EGFP)Y?, Tg(—6.5kdrl:mCherry)°s,
Tg(tcf21:mCherry-NTR)Pd108 849,68-71 To generate actb2:loxP-BFP-loxP-il11a (uwk28),
the transgenic construct was generated by modifying actb2:loxP-BFP-loxP-nrg1 7. The
nrg1 sequence were replaced with i/717a cDNA amplified by PCR using wild-type zebrafish
cDNA libraries. Primers are listed in Table S1. The entire cassette was flanked with |-
Scel sites for meganusclease-enhanced transgenesis. The identified founder line was
crossed with cmlc2:creER to induce il11a induction upon tamoxifen treatment. Water
temperature was maintained at 26°C for animals unless otherwise indicated. Work with
zebrafish was performed in accordance with University of Wisconsin-Madison guidelines.
Partial ventricular resention surgery was performed as described previously °, in which
~20% of the cardiac ventricle was removed at the apex. Ventricular cryoinjuries were
performed as described 73. Briefly, the ventricular wall was applied by a cryoprobe

precooled in liquid nitrogen.

Generation of il11af¢fP
To generate il11a knock-in reporter (uwk25), we generated a donor construct having 5’
and 3’ homology arms (HAs) and EGFP-SV40pA cassette. 5’ and 3’ HAs were amplified

using genomic DNA extracted from fish that were used for injection. These HA fragments
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were subcloned into the pCS2-EGFP-pA-Iscel vector. For linearization, sgRNA located in
3 HA ( “GG ATC AAGTG TTACT CGCTC AGG”) was used. sgRNAs synthesis and
microinjection were described in 7. Briefly, sgRNA were synthesized by a cloning-free
method using the MEGAshortscript T7 Transcription Kit (Invitrogen, AM1354) and purified
by the RNA purification Kit (Zymogen, R1016) according to the manufacturer's
instructions. A sgRNA (25~30 ng/ul) and a donor plasmid (20-25 ng/ul) were mixed and
co-injected with Cas9 protein (0.5ug/ul; PNABio, CP01) into the one-cell stage embryos.
After injection, none of larvae exhibit EGFP expression without injury. To sort Fo animals
carrying EGFP-pA at the il11a locus, fin folds were amputated at 3 or 4 dpf, and embryos
displaying EGFP fluorescence near the injury site at 1 dpa were selected. EGFP positive
larvae were raised to adulthood, and founders were screened with F1 progenies driving
fin fold injury-inducible EGFP expression. Integration at the il11a locus was identified by
PCR with primers described in Table S1, followed by Sanger sequencing. For expression
pattern to determine spatiotemporal expression of il11afGFP, at least three biological
replicates, unless indicated, were examined per each time point and per observation to

allow for potential variability within a single experiment.

Immunostaining, histology and imaging

Hearts were fixed with 4% paraformaldehyde (PFA) for 1 hour at room temperature.
Cryosectioning and immunohistochemistry were performed as described previously with
modifications 2°. Hearts were cryosectioned at 10um. Heart sections were equally
distributed onto four to six serial slides so that each slide contained sections representing

all area of the ventricle. 5 or 10% goat serum, 1% BSA, 1% DMSO, and 0.2% Triton X-
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100 solution was used for blocking and antibody staining. The primary and secondary
antibodies used in this study were: anti-myosin heavy chain (mouse, F59; Developmental
Studies Hybridoma Bank; 1:50 or mouse, MF20; Developmental Studies Hybridoma
Bank; 1:50), anti-EGFP (rabbit, A11122; Life Technologies; 1:200), anti-EGFP (chicken,
GFP-1020; Aves Labs; 1:2000), anti-Ds-Red (rabbit, 632496; Clontech; 1:500), anti-
mCherry (chicken, MC87977980; Aves Labs; 1:500), anti-Raldh2 (rabbit, GTX124302;
Genetex; 1:200), anti-PCNA (mouse, P8825; Sigma; 1:200), anti-a-actinin (mouse,
A7811; Sigma, 1:200), anti-ACTA2 (rabbit, GTX124505; GeneTex; 1:200), anti-pERK
(rabbit, 9101; Cell Signaling Technology; 1:250). Anti-Mef2 (rabbit; 1:200) 4%, Alexa Fluor
488 (mouse, rabbit, and chicken; A11029, A11034, and A11039; Life Technologies;
1:500), Alexa Fluor 594 (mouse and rabbit; A11032 and A11037; Life Technologies;
1:500). In situ hybridization (ISH) on cryosections of 4% paraformaldehyde-fixed hearts
was performed as previously described 2. To generate digoxigenin-labeled probes, we
used cDNA for 3’ part of each gene. Primer sequences are listed in Table S1. Images of
cardiac tissue sections were acquired using an Eclipse Ti-U inverted compound
microscope (Nikon) or BZ-X810 fluorescence microscope (Keyence). Images were
processed using either NIS-Elements (Nikon), ZEN (Zeiss), BZ-X800 analyzer (Keyence)

or FIJl/Imaged software.

AFOG staining and quantification of collagen deposition
AFOG staining was performed on 10 uym sections as described®. Samples were first
incubated at 60°C for 2 hr with Bouin preheated at 60°C for 30 min; slides were then

rinsed in running water for 30 min, and incubated with phosphomolybdic acid solution,
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followed by the sample incubation in AFGO staining solution for 10 min. For quantification
of collagen deposition, collagen* area was manually measured using Imaged and
normalized by the ventricular size and normalized by the entire ventricle size. Two to four

largest sections were analyzed for each heart.

Drug treatment

For tamoxifen treatments, zebrafish were bathed in 5 yM tamoxifen (Sigma-Aldrich,
T5648) for 24 hr. Zebrafish were rinsed with fresh aquarium water and returned to the
recirculating water system for feeding. For 4-hydroxytamoxifen (4-HT) treatments,
zebrafish were intraperitoneally injected with 10 pl of 3mM 4-HT (Sigma-Aldrich, H7904)
for 4 consecutive days and returned to the water system as described previously ’>. For
U0126 treatments, Fish were intraperitoneally injected with 10 pl of the 10 yM U0126 or
0.1 % DMSO in phosphate-buffered saline (PBS) using a 10 yl Hamilton syringe
(1701SN) once daily for 30 days. CM ablation and imaging were performed as previously
described in 76. Briefly, 5 dpf cmlc2:mCherry-NTR zebrafish were incubated in 10 mM
Metronidazole for 18 hours. The Mtz-containing medium was replaced with fresh embryo

medium several times and larvae were returned to 28°C.

Whole mount imaging

Whole mount imaging was performed as described in 77. Hearts were isolated from
tricaine-anesthetized adult animals. Freshly isolated hearts were rinsed with 1X PBS and
immediately mounted in 1% low-melting agarose/PBS (0.01% triance) in a glass bottom

dish. The images were acquired using an Eclipse Ti-U inverted compound microscope
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(Nikon). Confocal sections covering the entire heart were imaged from ventral sides and
processed to obtain maximal intensity projections. Flila:EGFP* area within a ventricle

was assessed using ImageJ/Fiji image to measure vascular density.

Quantification of ventricular size

Hearts were collected from tricaine-anesthetized adult animals and fixed with 4% PFA for
1 hour at room temperature. Hearts were rinsed with 1X PBS with 0.1% Tween-20 and
aligned on specimen stage. The images were acquired using an Zeiss Axio Zoom.V16
fluorescence stereo microscope. For quantification of ventricular size, the size was
measured as described in 32. the ventricular outline was manually traced, and the area
encompassed by the outline was quantified using ZEN microscopy software (Blue

edition).

Quantification of cardiomyocyte size

The size of cardiomyocytes were quantified as previously described in 32. Zebrafish
ventricles were fixed in 3% PFA for 5 min and incubated in PBS supplemented with 1
mg/mL collagenase type 4 (Worthington Biochemical) at 4°C overnight. Dissociated
cardiac muscle cells are deposited into a slide using a cytocentrifuge (Thermo Scientific,
Cytospin 4), followed by immunofluorescence using an anti-a-actinin antibody. Images of
a-actinin® cells were acquired by BZ-X810 fluorescence microscope (Keyence) and used

to measure the size of individual cardiomyocytes using FlJl/ImageJ software.

RNA isolation and bioinformatics
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RNA was isolated from control and i/[17aOE hearts using Tri-Reagent
(ThermoFisher). Complementary DNA (cDNA) was synthesized from 300 ng to 1 pg of
total RNA using a NEB ProtoScript Il first strand cDNA synthesis kit (NEB, E6560). For
RNA-sequencing, total RNA was prepared from three biological replicate pools of 7 dpt
uninjured heart samples of control and i/11a0OE transgenic fish. Generation of mRNA
libraries and sequencing were performed at the Biotechnology center at UW-Madison
using an lllumina NovaSeq with 150 bp paired-end runs. Sequences were aligned to the
zebrafish genome (GRCz11) using HISAT2 78. Differentially regulated transcripts were
identified using Featurecount 7® and Deseq2 &. GO-term and GSEA analyses were done
by the enrichGo and gseGO functions of clusterProfiler 8'. Accession numbers for
transcriptome data sets are GEO233833.

scRNA-seq analysis of uninjured and regenerating hearts was done as described
in 8, Briefly, we obtained count files from GSE159032 and GSE158919 44 and reanalyzed
with Seurat package 3. Low quality cells (nFeature_RNA = 4100, mitoRatio = 0.25) were
filtered out. The 50 principal components (PCs) of the PCA with resolution 4 were used

for clustering. Marker genes to identify cell-types are listed in 2.

Quantification

Quantification of EGFP* area was performed using the FlJI/Imaged software. 2-5 sections
were used to determine the values in one cardiac sample. ROls were determined by
manual selection of heart outlines, with guidance provided by the red channel (MHC)
images. To quantify EGFP*, selected ROIs were converted to 8 bit, adjusted with

threshold, which is determined by autofluorescence level of EGFP* areas in ROls were
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evaluated. For CM proliferation index, PCNA* Mef2* CMs were quantified from Mef2* CMs
as described previously '°. Images of the injury area were taken by 400 ym (W) x 200 ym
(H) from the apical edge of the ventricular myocardium. The number of Mef2* PCNA* cells
were manually counted using FlJl/ImagedJ software. Three or four sections were analyzed
for each heart. Quantification in uninjured hearts was conducted similarly, except that
images of the mid-ventricular myocardium were taken for quantification. For quantification
of sarcomere disorganization, images of a-actinin® area were randomly taken by 200 ym
(W) x 200 ym (H) from the ventricular myocardium. The disorganized sarcomere area
was manually measured and normalized by the entire a-actinin® area using FlJl/ImageJ
software. For quantification of cardiomyocyte density, at least three area (200 um (W) x
200 um (H)) were randomly taken from the ventricular myocardium. The number of mef2*
cells were manually counted using FlJl/Imaged software. For quantification of pERK*
area in tcf21:mCherry* area, ROIs were determined by red channel (mCherry) images
and the green* (pERK) area in ROIs were evaluated.

Statistical values are represented as mean + SD unless otherwise indicated. To
determine the statistical significance, p values were caculated using unpaired t-tests

unless otherwise indicated. p values are described in each figure legend.
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Figures and Figure legends
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Figure 1. Spatiotemporal il171a expression during heart regeneration in adult
zebrafish. (A) Representative cardiac section images of il11afGFP. dpa, days post-
amputation. (B) Quantification of EGFP expression area near the wound area. n = 3 - 4.
(C, D) Comparison of il11aECGFP expressing cells with kdrl:mCherry (C) and tcf21:mCherry
(D) in 3 dpa hearts. kdrl:mCherry and tcf21:mCherry represent endocardium and
epicardium, respectively. Dash boxes correspond to the region magnified in below panels.

Dotted lines demarcate the amputation plane. Scale bars, 100 um in A, 50 ym in D.
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Figure 2. Myocardial il11a overexpression (OE) triggers CM proliferation in the
absence of injury. (A) Schematic of tamoxifen (Tam) or 4-HT (4-Hydroxytamoxifen)
inducible il11a overexpression (OE). Tg(actb2:loxp-TagBFP-STOP-loxp-il11a);
cmic2:CreER were administered with Tam or 4-HT to overexpress il11a (il11aOE). Cre-
negative littermates were used as control. (B) Representative cardiac section images

stained with Mef2 (Red) and PCNA (Green) from control and i/11aOE at 10 day post-
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treatment (dpt). Arrows indicate proliferative CMs. (C) Representative cardiac sections
images stained with a-antinin (green) from control and i/77aOE uninjured hearts at 30 dpt.
Insets correspond to higher magnifications of dashed boxes. (D) CM proliferation index
of uninjured hearts of control (Con) and i/17a0OE (OE) at 7 dpt. n = 5. (E) Quantification
of disorganized sarcomeric structures in the ventricles of control (Con) and i/11aOE (OE)
at 30 dpt. n = 3 - 4. (F) Whole-mount images of 3 and 7 month post-treatment (mpt) hearts
from control and i/11a0E. (G) Quantification of the ventricle size from 3 mpt control (Con)
and i/11a0E (OE). n = 8. (H) Representative cardiac section images of 30 dpt control
and il11a0E stained with Mef2 (red) and DAPI (blue). (I) Quantification for CM numbers
in the ventricles from 30 dpt control (Con) and il171a0OE (OE). n = 5. (J) Representative
images of dissociated ventricular CMs stained with a-antinin (green) from 2 mpt control
and i/11a0E. (K, L) Quantification of the width (K) and the length (L) of individual CMs. n
= 92 for control (Con) and 234 for il11aOE (OE). Scale bars, 50 ym in B, C and H, 0.5

mm in F, 25 ymin J.
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Figure 3. il11a induction stimulates vascularization. (A) Representative whole-mount
heart images from flila:EGFP control and il11aOE at 30 dpt. Insets correspond to higher
magnifications of dashed boxes. (B) Quantification of flita:EGFP* vessel area in the
ventricles for control (Con) and il11a0OE (OE). n = 5. (C) Representative cardiac section
images of control and i/77a0OE at 30 dpt. Green and red indicate fli1Ta:EGFP and myosin
heavy chain (MHC), respectively. Arrows indicate expanded EGFP* region in the cortical
layer. (D) Quantification of EGFP* area in the cortical muscle layer from control (Con) and
il11a0OE (OE). n=5-6. (E) Representative cardiac section images of control and i/717a0OE
expressing tcf21:mCherry; col12a1b:EGFP. Top, 10 dpt. Bottom, 30 dpt. Blue, DAPI.
Green, EGFP. Red, mCherry. Arrows indicate tcf21:mCherry and col12a1b:EGFP double
positive cells. Arrowheads indicate tcf21:mCherry; col12a1b:EGFP* cells. Scale bars,

500 ymin A, 50 ymin C and E.
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Figure 4. Fibrotic roles of il11a in adult zebrafish hearts. (A) Representative AFOG
staining images of control and i/77a0OE uninjured hearts at 30 dpt (top), 3 mpt (middle),
and 7 mpt (bottom). (B) Quantification of collagen® layer thickness in the ventricles from
control (Con) and il17a0OE (OE) at 3 and 7 mpt. n = 8 - 9. (C) Representative cardiac
section images of control and i/11aOE hearts at 30 dpt. Green and red indicate ACTA2*
cardiac fibroblasts and tcf21* epicardium, respectively. Arrows represent ACTA2* cardiac
fibroblasts. (D) Quantification of ACTA2* area in the cortical layer of the uninjured hearts
between control (Con) and il11a0OE (OE) at 30 dpt. n =10 - 12. (E) Representative cardiac
section images stained with mCherry (red) and pERK (green) of control and i/711aOE
hearts expressing tcf21:mCherry at 30 dpt. (F) Quantification of pERK" area in tcf21*
epicardium in the ventricles for control (Con) and il11aOE (OE). n = 4. (G) Dual roles of
IL11 in the hearts. IL11 triggers cardiac regeneration programs, including CM proliferation
and revascularization. Simultaneously, IL11 contributes to fibrosis by stimulating
quiescent epicardial cells to generate epicardial progenitor cells (EPCs), which give rise
to cardiac fibroblasts. Scale bars, 25 ym (top and middle) and 50 ym (bottom) in A, 50

pmin C and F.
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Figure 5. Combinatorial treatment enables to harness regenerative potential of
il11a in the injured hearts. (A) Representative cardiac section images of control and
il'11a0E hearts stained with Mef2 (red) and PCNA (green) at 14 days post-injury (dpi).
Cryoinjury was performed one day after administering four daily injection of 4-HT.
Arrowheads indicate proliferative CMs. (B) CM proliferation index in the remote and
border zone from control (Con) and il117a0OE (OE) at 14 dpi. n = 14. (C) Representative
AFOG staining images of control and il11aOE hearts at 30 dpa. (D) Quantification of
collagen® area in the ventricle of control (Con) and i/17aOE (OE) at 30 dpa.n =7 - 8. (E)
Dual roles of il11a in injured hearts. i/171a promotes CM proliferation while inducing fibrosis
via Extracellular signal-regulated kinase (ERK) activity. (F) Experimental scheme to
harness regenerative potential of i/ 1a while mitigating fibrosis by treating U0126, an ERK
inhibitor, starting at 14 dpi. (G) Representative AFOG staining images of vehicle (veh,
0.1% DMSO) or U0126 (10 uM) treated hearts from control and i/7171aOE. Hearts were
collected at 45 dpi/ 55 dpt. The arrow indicates the presence of scar tissue near the injury
site in veh-treated i/11a0E hearts. (H) Quantification of scar area in the ventricles of veh
or U0126 treated control and i/171a0E hearts. n =6 - 7. (1) Representative cardiac section
images of veh or U0126 treated control and i/771a0OE hearts stained with Mef2 (green) and
PCNA (red) at 45 dpi. Arrowheads indicate proliferative CMs. (J) CM proliferation index
in the ventricles of veh or U0126 treated control and il11a0E hearts at 45 dpi.n =6 - 7.

Scale bars, 25 ymin Aand G, 50 ym in C and I.
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Figure S1. Injury-inducible il11a expression in zebrafish hearts. (A) Genomic
structure of the endogenous il11a gene and the il11a knock-in reporter construct. sSgRNA
and a donor template together with Cas9 mRNA were injected into one-cell stage
embryos to establish the il171aEGFP knock-in reporter line. HA= Homology Arms, HR=
Homologous Recombination. (B) The schematic to examine il11aECGFP expression in
larvae upon cardiac injury. Het, Heterozygote. Homo, Homozygote. (C) Representative

images of uninjured and ablated hearts in i/11aEGFP larvae at 5 days-post fertilization (dpf).
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Insets correspond to higher magnifications of dashed boxes. The number in the upper
right corner of each image represents the fraction of the fish expressing EGFP. (D)
Representative images of EGFP expression at the injury site and remote zone in i11aEGFP
hearts during heart regeneration. MHC (red) indicates myocardium. (E) Spatiotemporal
expression and possible roles of il11a. il11a is strongly induced throughout the ventricle
at the early stage of regeneration to activate non-cardiac muscle cells. At the intermediate
stage, il11a expression is restricted to the wound area to promote CM proliferation. il17a
expression returns to the basal level at the late stage of the regeneration. Scale bar, 100

pgm in € and 50 ym in D.
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Figure S2. il11a OE triggers CM proliferation without the injury signal. (A)
Differentially expressed genes between control and il17a0OE ventricles shown as a
volcano plot. Regeneration-associated genes, including lepb, fn1b, hmmr, junba, and
fosl1a, are marked. (B) Gene ontology (GO) enrichment analysis of up- (left) and down-
(right) regulated genes in the il11a OE. The bars indicate -log1o(adjusted P-value). (C, D)
Gene Set Enrichment Analysis (GSEA) plots of the up-regulated (C) and down-regulated
(D) gene sets from control and il11aOE. il11aOE upregulates gene expression associated

with cell cycle activity, DNA replication, and cell division, while downregulated genes are
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associated with cardiac muscle contraction, sarcomere, and respirasome. (E) Heatmap
of differentially expressed genes associated with JAK/STAT pathway for control and
il111a0E. (F) Representative images of ISH (in situ hybridization) on cardiac sections of
control and i/11a0OE. The number in the lower left corner of each image represents the

fraction of the analyzed hearts with displayed phenotype. Scale bar, 20 ym in F.
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Figure S3. il11aOE stimulates expression of epicardium-derived angiogenic
factors. (A) Heatmap of differentially expressed genes responsible for vascularization
from control and i/77a0OE. (B) Uniform manifold approximation and projection (UMAP)
plot of regenerating zebrafish hearts and cell cluster analysis (C) Gene expression plots
of angiogenic factor genes induced in the epicardium at 3 days post injury (dpi). (D) Violin
plots showing expression of angiogenic factors in the cell populations of the hearts. Red

boxes indicate the expression of the indicated genes in epicardium.
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Figure S4. il11a0E adult fish have similar body length and weight to control. (A, B)
The measurement of adult zebrafish body length (A) and body weight (B) 3 months after

4-HT treatment yielded no significant difference between control and il11a0E.
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Control i111a0E

Figure S5. pERK signal is undetectable in CMs. Representative cardiac section
images stained with myosin heavy chain (MHC, red) and pERK (green) from control and
il111a0OE at 30 dpt. pERK is significantly induced in ventricular wall, but not in MHC*

myocardium by i/11a0E. Scale bar, 50 ym.
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Figure S6. CM proliferation in the injured hearts is enhanced by il171a induction. Representative cardiac section
images stained with Mef2 (red) and PCNA (green) from control and i/77aOE following 4-HT treatment. dpi, days post-

cryoinjury. Yellow dash boxes correspond to the region magnified in the border zone and remote area from control and

il11a0E. Scale bar, 100 pm.
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Figure S7. il11a induction in the injured hearts causes persistent EPC presence at
the wound area, leading to collagen deposition at the wound area. (A)
Representative cardiac section images of control and i/17a0OE expressing
col12a1b:EGFP at 45 dpi. Green and red indicate col12a1b:EGFP and myosin heavy
chain (MHC), respectively. (B) Quantification of EGFP* area at the injury site from control
(Con) and il11a0OE (OE). n = 6. (C) Representative AFOG staining images of control and
il111a0OE hearts at 60 days post-cryoinjury (dpci). (D) Quantification of collagen* area in
the ventricle of control (Con) and il11aOE (OE) at 60 dpi. The arrow indicates the

presence of scar tissue near the injury site. n =9 - 10. Scale bars, 50uym in A and C.
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Table S1. Primer list

il11a overexpression line generation
iM1a ATG Xmal -f cga cccggg atgaaattgctgggtgactcctce

il11a stop Notl -r aac gcggccgce ctatttccccacaattcgaatc

il11a knock-in reporter line generation
iI11a 5' HM HindlIl -f cgg aagctt acagactgctgtctcaggac

iM1a 5' HM EcoRI -r gcc gaattc caagtccttgttttaaaaggt

i11a 3' HM Notl -f tcc gcggecge gcetctgttatatttgtttacatttagt

ilM1a 3' HM Kpnl -r ctt ggtacc tgagtgctggatgtgagcacaa

iI11a start GG-2 GCG TAATACGACTCACTATA GG atc aagtg ttact cgctc
sgRNA template GTTTTAGA GCTAGAAAtagc

AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACG

3 universalprimer 5 ) cTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

In situ hybridization primers

socs3b ISH -f CTTTCTCCTGGAAGGATGGAGCA
socs3b ISH -r TCAGTGAATAGCAGACGTCCTG
jak1 ISH -f ACTCTGCTCAACTATTCTGTGCA
jak1 ISH -r TGTCAAGCATCTGCTGAAAGTT
stat3 qPCR -f TGGGTCGAGAAGGACATCA

stat3 ISH -r TTTGGCTCGGAGAGAGAAAG

Supplementary Data 1. Table of differentially expressed genes in control and

il11a0E hearts
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