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Abstract

Cardiac regeneration occurs primarily through proliferation of existing cardiomyocytes, but also
involves complex interactions between distinct cardiac cell types including non-cardiomyocytes
(nonCMs). However, the subpopulations, distinguishing molecular features, cellular functions,
and intercellular interactions of nonCMs in heart regeneration remain largely unexplored. Using
the LIGER ‘algotithm, we assemble an atlas of cell states from 61,977 individual nonCM scRNA-
seq profiles isolated at multiple time-points during regeneration. This analysis reveals extensive
nonCM celldiversity, including multiple macrophage (MC), fibroblast (FB) and endothelial cell
(EC) subpopulations with unique spatiotemporal distributions and suggests an important role for
MC in inducing the activated FB and EC subpopulations. Indeed, pharmacological perturbation
of MC function compromises the induction of the unique FB and EC subpopulations.
Furthermore, we developed computational algorithm Topologizer to map the topological
relationships*and dynamic transitions between functional states. We uncover dynamic transitions
between MC “functional states and identify factors involved in mRNA processing and
transcriptional regulation associated with the transition. Together, our single-cell transcriptomic
analysis of*fionCMs during cardiac regeneration provides a blueprint for interrogating the

molecular and cellular basis of this process.
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Introduction

Adult mammalian hearts exhibit limited regenerative capacity, and are therefore susceptible to
massive anduirreversible cardiomyocyte (CM) loss due to myocardial infarction (Laflamme &
Murry, 2011). In contrast, adult zebrafish and neonatal mice can efficiently regenerate their
injured hearts through activation of CM proliferation (Jopling et a/, 2010; Kikuchi et al, 2010;
Porrello et al, 2011; Poss et al, 2002; Tzahor & Poss, 2017). Thus, much of the basic research on
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cardiac regeneration has focused on CMs, aiming to unravel cardiac renewal mechanisms for
future development of therapeutic interventions to stimulate CM proliferation and regeneration
in human patients (Bassat et al, 2017; D'Uva et al, 2015; Leach et al, 2017; Mahmoud et al,
2013; Morikawa et al, 2017; Nakada et al, 2017; Price et al, 2019; Tao et al, 2016; Wu et al,
2016). Yet the heart as a whole contains many other cell types including endothelial cells,
fibroblasts, and.a wide variety of immune cells. In particular, it is increasingly recognized that
non-myocytes (nonCMs) play active roles in regulating CM behaviors (Kikuchi et al/, 2011b;
Klotz et al2075; Lai et al, 2017, Riley, 2012). Despite substantial advances in understanding
genetic regulation of zebrafish heart regeneration (Gonzalez-Rosa et al, 2017), the cardiac
nonCM composition and its dynamic changes in response to injury remains largely unexplored.
A better understanding of how diverse cells compose zebrafish heart to maintain its homeostasis
will shed lights on the mechanisms underlying its robust regenerative capacity and is required for
the development of therapeutic strategies.

In this_study, using the newly developed LIGER algorithm (Welch et al, 2019) that
allows flexible® 'modeling across highly diverse single-cell datasets, we analyzed the
transcriptome dynamics of 61,977 individual nonCMs isolated at multiple time points during
zebrafish ‘heart regeneration. Through this analysis, we identified major nonCM cell types,
including amultiple macrophage, fibroblast and endothelial cell subpopulations with unique
tempo-spatial distributions and highly cooperative interactions during the process of cardiac
regeneration. Interestingly, perturbation of macrophage functional dynamics resulted in
compromised™ “interactions among nonCMs concomitant with reduced cardiomyocyte
proliferationwand defective cardiac regeneration. Furthermore, we developed a computational
algorithm Topologizer and revealed the topological relationship of the cellular manifolds.
Combining, Topologizer and RNA velocity analyses, we uncovered dynamic transition between
macrophage. functional states and identified factors involved in mRNA processing and
transcriptional regulation associated with the transition. Together, our single-cell transcriptomic
analysis of monCMs during cardiac regeneration provides a blueprint for interrogating the

molecular and eellular basis of cardiac regeneration.

Results

Single-cell transcriptome atlas of cardiac nonCMs in adult zebrafish heart
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The lack of detailed information on the cellular identities and cell states of the nonCMs
associated with tissue regeneration is a major hurdle to precisely delineating the biological
events underlying the regeneration process. To address this challenge, we first sought to generate
a single-cell map. of nonCMs in wildtype adult zebrafish ventricle. Following cell dissociation
and low-speed.centrifugation to remove CMs (Materials and Methods, and Fig 1A), we enriched
nonCMs and,_performed single-cell RNA sequencing (scRNA-Seq) using the 10x Genomics
Chromium "platform (Fig 1A). In total, we obtained 7041 high-quality nonCMs that passed
quality control™and filtering criteria (Appendix Table S1). We then performed unsupervised
dimensionality reduction and clustering, and identified 12 distinct cell clusters (Appendix Fig
S1A). Cellssfrom two independent experiments intermingled well, suggesting minimal batch
effects (Appendix Fig S1B). Based on known marker gene expression, we found eight major
nonCM cell types, including endothelial cells (ECs; cdh3, kdrl, flila, flt]1) (Habeck et al, 2002;
Larson et al, 2004; Lawson & Weinstein, 2002), epicardial cells/fibroblasts (FBs; tcf21, fnlb,
collala) (Ivey & Tallquist, 2016; Kikuchi ef al, 2011a; Moore-Morris et al, 2014a; Snider et al,
2009; Wangrerwal, 2013), resident mesenchymal cells (Mes; angptl7, rspol, mgp) (Costa et al,
2017; Gore'et ‘al, 2011), macrophages (MCs; mpegl.1, mfap4, clgb, cd74a) (Ellett et al, 2011;
Spilsbury etal, 1995; Walton et al, 2015), neutrophils (Neutro; lyz, mpx) (Harvie & Huttenlocher,
2015; Walters et al, 2010), T/NK/B cells (T/NK/B; sla2, irf4b, ccl36.1, cxcrda, Ick, nkl.2, zbtb32,
cd79a) (Athanasiadis et al, 2017; Carmona et al, 2017), erythrocytes (Eryth; cahz, slc4ala)
(Moore et al, 2018; Paw et al, 2003) and thrombocytes (Throm; itga2b, gp1bb) (Kato et al, 2004;
Lin et al, 2005)(Fig 1B and C; Appendix Fig S1C).

Interestingly, the EC cells are the nonCM cell type that is grouped into distinct clusters.
Because zebrafish hearts contain three types of highly specialized ECs—endocardial ECs (eECs),
lymphatic ECs (IECs) and coronary ECs (cECs)—we performed a second round of analysis on
nonCMs expressing the canonical EC marker genes cdh5 and kdrl and identified three EC
populations.and.mural cells based on the expression of marker genes—gata5 for eECs (Nemer
& Nemer, 2002), lyvela and proxla for IEC (Okuda et al, 2012; van Impel et al, 2014), aplnra
for cEC (Cuiret al, 2019) and cd248a, acta2, and tagin for mural cells (Bagley et al, 2008;
Santoro et al, 2009) (Fig 1D and 1E; Appendix Fig S1D to F). The molecular signatures defining
these three types of zebrafish ECs have not been fully explored. With the high resolution of our

scRNA-seq data, we found that the transcriptome of cECs is more similar to that of their
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associated mural cells—including both cells expressing pericyte markers and cells expressing
smooth muscle cell markers—than to those of the eECs and 1ECs (Fig 1D; Correlation analysis
in Appendix Fig S1H). Further differential gene expression analysis identified highly expressed
and specific markers for each EC type (Fig 1F; Appendix Fig S1G). In zebrafish, vascularization
of the ventricle, is driven by angiogenesis of eECs (Harrison et al, 2015). However, due to
limited numbers<of cECs in zebrafish hearts and the lack of genetic tools to isolate and enrich
this population, Whether and how cECs differ from eECs at the molecular level is unclear.
Our*single-cell study revealed that adult zebrafish heart had a similar cellular
composition to that of adult mouse heart (Pinto et al, 2016) (Fig 1G). To identify new markers
for each nonCMicell type, we performed differential gene expression analysis for each cell type
and identified panels of highly expressed genes specific for each nonCM population (Fig 1H).
Gene Ontology (GO) analysis demonstrated that each cell population was associated with
distinct biological functions and supported the assignment of cell identities based on canonical
markers (Fig 1C; Appendix Fig S2). Therefore, our results provide a new benchmarking dataset
for defining"zebrafish cardiac nonCM identities. The newly characterized markers promise to

increase the feasibility and resolution of functional studies on zebrafish nonCM populations.

Mapping.of‘coordinated responses of nonCMs during heart regeneration

We next sought to resolve the composition and dynamics of nonCMs during cardiac regeneration.
To this end, we performed scRNA-seq at multiple time points (2 days post injury (dpi), 7 dpi and
14 dpi) thats€orrespond to major pathophysiological events post cardiac injury (Cao et al, 2016;
Lai et al., 20475 Poss et al., 2002). We obtained transcriptomes of 20,124 nonCMs that passed
quality control and filtering criteria from the three time points post injury (Appendix Table S1).
These cells, were, then jointly analyzed with the nonCMs obtained from uninjured ventricles.
Integrating scRNA-seq datasets containing a variety of cell types from multiple biological time
points proved.challenging: cells separate by a combination of dataset of origin and cell type,
suggesting_the“existence of technical and biological differences (Appendix Fig S2A). We thus
applied the recently published algorithm LIGER (Welch et al., 2019) that delineates each cell by
shared and dataset-specific features (metagenes) and allows for jointly defining shared cell
populations even across multiple heterogeneous datasets. A further advantage of LIGER is

interpretability—the ability to associate each factor (metagene set) with specific populations of
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cells, which is unique among currently available integration analysis methods. The
interpretability of the LIGER factorization allowed us to exclude technical (e.g. ribosomal,
mitochondrial, and stress genes) and biological (e.g. cell cycle states) confounding factors during
joint analysis of all cell types (Appendix Fig S2B to E). Using the aforementioned markers (Fig
1C and H), we.assigned cell type identity to LIGER clusters and found that various nonCM types
identified inytheninjured hearts were present post injury, albeit with varying frequencies (Fig
2A and B; Appendix Fig S2F to H). Overall, the higher alignment uniformity of mixing samples
not only accurately preserved the cell-type architectures, but also enabled us to assemble an
integrated atlas of cell states using datasets from multiple replicates and time points.

Changesnin nonCM composition occurred most dramatically at 2 dpi, remained
pronounced-at 7dpi but became minimal by 14 dpi. Among all nonCM cell types, MCs showed
the most significant frequency change (Fig 2B), suggesting an acute expansion of the MC
population followed by gradual resolution of immune response as the heart regenerates. To
comprehensively chart the behavior of MCs over time, we jointly analyzed MCs from all time
points andediscovered significant diversity within this population, including 5 distinct
subpopulations(Fig 2C; Appendix Fig S3A and B). All MC subpopulations shared common MC
marker genes_such as mfap4 (Walton et al., 2015) and mpegl (Ellett et al., 2011), yet each
subpopulation expressed distinct marker genes (Fig 2D; Appendix Fig S3C to E). Interestingly,
while MC1 and MC2 appeared across all examined stages, MC3-5 became more apparent post
cardiac injury at 2 and 7 dpi (Fig 2E; Appendix Fig S3F). Among all MCs, MC1 cells exhibited
the highest levelhof il/b expression and specifically expressed pro-inflammatory factors tnfa and
csf3b with enmieched GO terms related to inflammatory response and neutrophil chemotaxis (Fig
2D. Appendix Fig S3D and E). Largely due to an expansion of the number of MCI cells, the
overall expression of tnfa, csf3b and other pro-inflammatory cytokines ccl35.1, ccl34.4, and
cxcll 1.1 was. transiently upregulated at 2 and 7 dpi. (Fig 2E and F; Appendix Fig S3G). MCl1
therefore represents the major MC population that mediates the critical acute phase of pro-
inflammatorysactivation post cardiac injury. In contrast, MC2 cells highly expressed genes
involved 1n antigen presentation such as cd74a, cd74b (Schroder, 2016) and mhc2dab (Wittamer
et al, 2011) and related to GO terms like antigen processing and presentation, suggestive of a
role in immune surveillance (Epelman et al, 2014) (Fig 2D; Appendix Fig S3D and E). MC2’s

relative frequency within the MC population decreased initially but subsequently increased over
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time, and MC2 became the dominant MC subpopulation at 14 dpi (Fig 2E). Furthermore, we
found that MC2 marker genes cd74a and mhc2dab, after being initially downregulated at 2 dpi,
were continuously upregulated until reaching a peak level at 14 dpi (Appendix Fig S3H),
suggesting a gradually enhanced activation of MC2 cells. MC3 cells highly expressed cd9b,
which encodes,a tetraspanin family protein that interacts with Fcy to activate phagocytosis
(Huang et al, 2011; Kaji et al, 2001) (Fig 2E). Consistently, MC3 cells also highly expressed
other genes“involved in phagocytosis and proteolysis including cd63 and cathepsins (ctsc, ctsd
and ctsla) (Aderem, 2003; Pols & Klumperman, 2009) (Fig 2D; Appendix Fig S3I). Though
barely present in the uninjured heart, MC3 emerged as a major cluster at 2 dpi and then gradually
decreased its frequency (Fig 2E). The MC4 subpopulation showed cell cycle activity (Fig 2D;
Appendix Fig S3D, E and J), likely representing a proliferating pool of cardiac MCs to replenish
the MC pools post cardiac injury (Davies ef a/, 2013). The remaining minor cluster MC5 (0.5~
3.9%) highly expressed granulin genes grn/ and grn2 and mostly existed at 2 dpi and 7 dpi (Fig
2D and E; Appendix Fig S3D, E and K), likely representing MCs actively engulfing and
degrading cell'debris (Altmann et al, 2016; Tsuruma et al, 2018; Yoo et al, 2019). In support of
MC subpopulation clustering, fluorescence in situ hybridization (FISH) indicated that the marker
genes for*MC subpopulations were expressed in subsets of the mpegl.l expressing MCs.
Constistelygwe also found that tnfa and ctsc marked non-overlapping MC populations (Fig 2G).
In summary, MCs exist in multiple definable states that exhibit dynamic functional changes from
homeostatic, conditions to acute immune response till inflammation resolution (Fig 2E). This
dynamic chafigéin the number and composition of MCs may reflect differential requirements for
temporally regulated functions of MC subpopulations in cardiac repair and regeneration.

Next we determined whether and how other nonCM populations change their cellular
composition in tesponse to the temporal dynamics of MC activation and function. We first
characterized EB, a cell type traditionally regarded as responsible for extracellular matrix (ECM)
production.. Unbiased clustering identified 4 FB subpopulations expressing the canonical
fibroblast marker genes tcf21, fnlb and collala (Ivey & Tallquist, 2016) (Fig 3A; Appendix Fig
S4A to C)."However, these four FB subpopulations clearly exhibited distinct ECM gene
expression profiles (Fig 3B). Upon cardiac injury, fibroblasts became activated as evidenced by
their transient upregulation of ECM genes expression (Appendix Fig S4D). FB1 and FB2
upregulated essentially the same ECM genes (i.e. fulb, dcn and sparc), yet FB2 consistently
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demonstrated higher expression level than FB1 (Appendix Fig S4E). FB3 was a unique cluster
that drastically and acutely expanded in response to cardiac injury (Fig 3C; Appendix Fig S4F).
In silico cell cycle assignment and expression of proliferation markers also suggest that FB3 is a
highly proliferating FB subpopulation (Appendix Fig S4G and H). Compared to the other FB
subtypes, FB3.cells transiently upregulated a unique set of ECM genes coll2ala, coll2alb,
postnb and\fnla (aka, fnl) as well as gstm.3, which encodes the mu class glutathione S-
transferaSe thatfunctions to detoxify, among others, the products of oxidative stress (Glisic et al,
2015) (Fig"3D;"Appendix Fig S4I and J). FB3 also transiently expressed the smooth muscle
marker gene tagln (aka, sm22), suggesting a transformed phenotype (Fig 3E). FB3 likely
correspondsstosthe postnb-positive “activated fibroblasts” that when ablated, led to reduced CM
proliferationvafter cardiac injury (Sanchez-Iranzo et al, 2018; Wang et al., 2013). Interestingly,
double FISH fortcf21 and FB3 specific marker postnb demonstrated that FB3 localization was
restricted to _the site of injury at 7 dpi (yellow, Fig 3F), while the postnb negative FB1 and FB2
cells were located along the periphery of the ventricle (green, Fig 3F; Appendix Fig S4K).
Importantlyy*theé appearance of FB3 coincided temporally and spatially with that of tnfa:GFP
positive MCI ‘eells (Fig 2E and G; Fig 3F; Appendix Fig S4L).. Additionally, we found that,
compared to,their expression in other MC and FB subtypes, the ligands (tnfa and tgfbla) and
their respeetive receptors (¢nfrsfla and tgfbr2a) were more highly expressed in MC1 and FB3
subtypes compared to the other MC and FB subtypes, respectively (Fig 2D; Fig 3G; Appendix
Fig S3L). Consistently, double FISH analysis showed a colocalization of nfrsfia and postnb in
FB3, and a non=overlapping expression pattern of ¢tnfo and tnfrsfia at the site of injury (Fig 3H).
Together, thesesdata suggest potential intercellular communications between MCs and FBs that
could play(a role in stimulating phenotypic conversion of fibroblasts into a transformed state
(FB3). Indeed, EB3 showed 897 upregulated genes post injury — significantly more than FB1
(411) and EB2.(238) — further supporting its transformed phenotype (Appendix Fig S4M). FB3
also highly expressed a unique set of transcription factors such as fos/2, sap18, phb2b and prmtli,
and mRNAsplicing factors (Appendix Fig S4N), providing candidate regulators for future
research to understand the regulatory mechanisms underlying fibroblast transformed phenotypes.
FB4 is a minor FB subpopulation highly expressed genes involved in Wnt signaling, likely
corresponding to a recently reported murine FB subpopulation (Farbehi ez al/, 2019). Together,

our analyses identified four fibroblast subpopulations with unique ECM gene signatures from
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distinct anatomical sites that confer differential roles in maintaining cardiac structural integrity
and modulating cell behaviors. We also identified a unique FB3 subtype that exhibited a
transformed phenotype likely induced by its intercellular interactions with MCs.

eEC. constitutes the largest nonCM population in adult zebrafish heart (Fig 1B and F)
with 4 major.subpopulations (Fig 3I; Appendix Fig S5A and B). eEC1 was the largest cluster,
containing over70% of eECs in both uninjured and injured hearts and likely representing the
eECs that 1ocalized at a distance from the injury site. Following cardiac injury, eEC2 percentage
in eEC transiently increased (Fig 31), closely resembling MC1 and FB3. eEC2 highly expressed
inflammatory chemokine genes such as cxc/18b (Fig 3J) (Torraca et al, 2017) and E selectin
(sele, Fig 3)) (Silva et al, 2017), and transiently upregulated nppc (C-type natriuretic peptide, top
marker of eEC2; Appendix Fig S5C and D), a recently identified regulator of angiogenesis and
vascular remodeling in response to ischemic injury (Bubb et al, 2019; Munch et al, 2017).

More interestingly, eEC2 cells highly expressed transcription factors at#f3 and fosl/la (Fig
3J), which are stress response genes recently revealed to be responsible for eEC proliferation and
wound closuté™post mouse aorta denudation injury (McDonald et al, 2018). Double FISH
confirmed a‘colocalization of fos//a and pan EC marker cdh5 (Fig 3K). Interestingly, the fos/la
positive eEE, cells were localized to the site of injury, similar to that of the MC1 and FB3
subpopulations at 7 dpi. We also found expression of cxcll8b, sele, atf3 and foslla to be much
higher at 2 dpi and 7 dpi compared to uninjured and 14 dpi eEC2 cells (Appendix Fig SSE),
suggesting ‘transient activation of this cell type (Munch et al., 2017; Sanchez-Iranzo et al.,
2018).eEC3¢didynot show significant frequency change after injury (Fig 3I) and it highly
expressed gemes implicated in cardiac valve development and function such as frzb, bmpo,
wntl Ir and tgfbi (Kim et al, 2001; Norris et al, 2005; Person et al, 2005; Sinha et al, 2015; Su et
al, 2019; Touma, et al, 2017) (Appendix Fig S5C and F), suggesting its identity as valvular
endothelial cells..eEC4 was a small cluster of proliferating cells (Fig 2I; Appendix Fig S5C, G
and H). Altogether, our analysis indicates that cardiac eECs exhibit heterogeneity with a unique

activated eE€2 subtype and involved in endocardial angiogenesis.

Perturbed nonCM functional dynamics and cooperative interaction in non-regenerating

heart
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To study the biological significance of the highly cooperative interactions of major nonCM
populations during the process of cardiac regeneration, we utilized a zebrafish kit (aka, c-kif)
mutant to determine the role of the proposed functional states of the distinct nonCM
subpopulations in heart regeneration. The zebrafish genome contains two kit paralogs: kita and
kith. The kita;mutant allele kita"3*" was previously uncovered and is predicted to be functionally
null (Cooper.et.al, 2009). The kitb mutant allele, kith*¢!93%S, harbors a T to A substitution in exon
3 that résults“in"an early truncation of the encoded protein upstream of the kinase domain
(Kettleborough'ef al, 2013). We generated kita*3*; kith**'>3#6 double mutants (hereafter referred
to kit mutants). The homozygous kit mutants survive to reproductive adulthood with no overt
morphologicalsand growth defects except for a reduction in overall pigmentation (Appendix Fig
S6A). Complete loss of kit function in zebrafish also doesn’t cause primordial germ cell
development defects and macrocytic anemia (Parichy et al, 1999). Nevetheless, we did
notobserve any_apparent differences in cardiac size and morphology between control and kit
mutants (Fig 4A). We performed cardiac resection on control and kit mutant hearts of 4- to 6-
month-old animals. At 14 dpi, the injury areas of both control and kit mutant hearts showed
pronounced “aceumulation of fibrin and collagen deposits. At 30 dpi, while the control hearts
were mostlyadevoid of fibrin and collagen deposits and had fully regenerated, the mutant hearts
displayed. substantial fibrin and collagen deposits and impaired myocardium regeneration (Fig
4A and B). Consistent with the impairment of myocardium regeneration, the CM proliferation
index of the. mutant hearts was dramatically lower than that of control hearts (Fig 4C and D). To
further assess the proliferation defect of mutant CMs, we conducted transcriptome-wide bulk
RNA-seq ofteontrol and mutant CMs (Appendix Fig S6B). Principal component analysis (PCA)
demonstrated minimal batch effect between biological replicates (Appendix Fig S6C). Gene Set
Enrichment Analysis (GSEA) indicated that proliferation-related gene sets including Myc targets
and E2F targets were substantially downregulated in mutant CMs compared to control CMs post
injury (Fig 4E; Appendix Fig S6D). Furthermore, mutant CMs significantly downregulated the
expression ofipositive cell cycle regulators and upregulated the expression of negative cell cycle
regulators (seée Materials and Methods) compared to control CMs (Fig 4F). Together, these data
demonstrate that loss of kit function compromised injury-induced CM proliferation and

myocardium regeneration.
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Since kit-expressing cells rarely give rise to CMs (Sultana ef al, 2015; van Berlo et al,
2014), the impairment of mutant myocardium regeneration may arise from defects in nonCMs
(Aurora et al, 2014). We thus performed scRNA-seq to examine transcriptomic alterations of
nonCMs caused by loss of kit function. To assign cell type identity to mutant nonCM cells, we
applied LIGER,to jointly analyze datasets collected from kit mutant hearts at all four time-points
(Fig 4G; Appendix Fig S6Eto H). The mutant hearts contained all nonCM cell types found in
wildtype“hearts; albeit with different frequencies (Fig 4H). Interestingly, the mutant hearts had a
significantly higher percentage of MCs before injury but exhibited less dramatic expansion of
MCs at 20 dpi (1.8-fold increase) compared to wildtype hearts (4.6-fold increase). More
importantlygateZidpi, MC frequency in mutant hearts restored to a preinjury level, while a 3-fold
higher frequency was still observed in wildtype hearts (Fig 4H). We also observed a significant
reduction in MC numbers in 7 dpi mutant hearts compared to the 7dpi wildtype hearts (Fig 4I).

To further investigate the effect of kit knockout on MCs (Bertrand et a/, 2005; Kierdorf et
al, 2013; Stremmel et al, 2018), we jointly analyzed MCs from wildtype and mutant hearts and
identified S¢eotrresponding mutant MC subpopulations (abbreviated as KMC1-5) that expressed
markers of MCI=5, respectively (Fig 5A; Appendix Fig S7A to C). To determine whether and
how loss™ef, kit impacted MC function in regeneration, we analyzed and compared the
compositien“and transcriptome dynamics of mutant MCs to those of wildtype MCs (Fig 5B and
C). GO analysis of differentially expressed genes (DEGs) between wildtype and mutant MC
subpopulations _indicated that mutant MC subpopulations exhibited increased expression of
proteolysis-¢#andytranslation-related genes but decreased expression of genes related to their
immune funetions, suggestive of impaired MC function (Fig 5B; Appendix Fig S7D). In
uninjured hearts, consistent with GO analysis, KMC1 cells expressed lower levels of pro-
inflammatory genes il1b, ccl35.1 and ccl34a.4 than MCI1 cells (Fig 5D; Appendix Fig S7E and G,
“un” for uninjured). Yet, the percentage of KMC1 doubled that of MC1 in wildtype hearts (Fig
5C, un). Consequently, mutant hearts expressed significantly higher total levels of the pro-
inflammatorysgenes than wildtype controls (Fig SE; Appendix Fig S7F and H, un). Interestingly,
while the expression of pro-inflammatory genes in KMC1 remained slightly lower than that in
MCI1 at both 2 and 7 dpi, the expansion of KMC1 was less pronounced than that of MC1 (Fig 5C
and D), leading to reduced total level of pro-inflammatory gene expression in the mutant hearts

than wildtype controls (Fig 5E; Appendix Fig S7F and H). Surprisingly, at 14 dpi when
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inflammation in wildtype hearts was already diminished, KMCI more than doubled the
frequency of MCI1 (Fig 5C, orange bars), and exhibited significantly higher level of pro-
inflammatory genes expression than MC1 (Fig 5D and E), suggesting incomplete resolution of
inflammation.

In uninjured hearts, MC3 was a minor population, yet the percentage of its counterpart
KMC3 in the mutant hearts was significantly higher. Similar to KMC1, expansion of KMC3 post
injury at"2 ‘and*7"dpi was much less pronounced than MC3 (Fig 5C). In line with GO analysis,
KMC cells'expressed slightly reduced level of phagocytosis-related genes such as cd63 and ctsd
than MC cells (Fig 5F; Appendix Fig S7D and I). As a result, the mutant hearts expressed lower
overall levels of\ctsd after injury (Fig 5G), suggesting compromised MC phagocytic function.
The percentage of the proliferating KMC4 cells is much lower than MC4 at both 2 and 7 dpi,
possibly contributing to impaired post-injury expansion of MC in the kit mutant (Fig 5C).
Together, our_data indicated that, though the mutant hearts were more inflammatory under
uninjured cenditions, they failed to mount or maintain a robust inflammatory response and
exhibited compromised activation of phagocytic function following cardiac injury. Paradoxically,
the mutant ‘hearts also exhibited impaired resolution of inflammation when inflammation in
wildtype heaits diminished. Failure to mount a strong inflammatory and phagocytic response and
to resolvesnflammation in a timely manner could all contribute to the compromised cardiac
regeneration in the mutant hearts.

We “further investigated whether impaired MC function in the mutant hearts led to
abnormal EB"orieEC activation. We characterized mutant FBs and identified 4 subpopulations
that corresponded to FB1-4, respectively (abbreviated as KFB1-4, Fig SH; Appendix Fig S8A to
C). The percentage of KFB3, counterpart of the activated FB3 cells in wildtype hearts, was
decreased in mutant hearts (Fig 5I; Appendix Fig S8D and E), consistent with reduced
expression ,of proliferation markers in KFB3 (Appendix Fig S8F). Interestingly, KFB3 cells
expressed higher levels of their marker genes such as col/2ala and finla before cardiac injury
(Fig 5J; Appendix Fig S8G, un), which was supported by significantly higher total level of
coll2ala andyfula expression in the uninjured heart (Fig SK; Appendix Fig S8G, un), possibly in
response to the overall more inflammatory environment in the mutant heart. Nevertheless,
coll2ala and fnla expression became substantially reduced in the mutant than wildtype hearts

after injury, suggesting compromised FB3 transformation (Fig 5K). While our study indicated a
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role of MCs in inducing FB3 phenotype, communication between MCs and FBs is not
unidirectional. Following cardiac injury, mif was dramatically upregulated in FBs. mif encodes a
cytokine to counteract the anti-inflammatory effect of glucocorticoids, thereby enhancing
immune response in wildtype hearts (Fig 5L, dark green). However, mif expression was only
marginally upregulated in KFBs (Fig 5L, orange). This deficiency in mif upregulation post injury
was supported by quantification of whole heart expression (Fig 5M) and it likely contributed to
the dampened inflammatory response of MC in the mutant hearts. Taken together, decreased
numbers of transformed FB3 cells, reduced total level of ECM gene expression in FB3 cells, and
dampened ¢ytokine production from FBs could contribute to impaired regeneration observed in
the mutant hearts.

LIGER analysis also identified 4 mutant eEC subpopulations that corresponded to eEC1-
4, respectively (denoted as KeEC1-4, Fig 5N; Appendix Fig S9A to C). Yet, KeECs exhibited
distinct transcriptome dynamics. Most notably, KeECs in the uninjured mutant hearts
upregulated, inflammation and stress response genes including ifitml (Interferon-Induced
Transmembrane’ Protein 1) and junba (Fig 50; Appendix Fig S9D, un), which were only
expressed in'wildtype eEC post injury, suggesting that KeECs were inflammatory, activated and
stressed in“the mutant hearts. However, upregulation of these genes was significantly dampened
in KeECs«post injury, suggesting suppressed activation of KeECs (Fig 50). KeEC2 did not
expand like their counterparts in wildtype after cardiac injury (Fig 5N), and total expression of
ifitmland junba in mutant vs. wildtype hearts supported the deficient activation of KeECs (Fig
5P; Appendix Fig SOE). More interestingly, KeEC2 expressed much lower levels of genes
implicated imseh@émotaxis, angiogenesis, and vascular regeneration such as cxc/18b, nppc and atf3
after injury compared to wildtype eEC2, which was also supported by total expression of these
genes in mutant vs. wildtype hearts (Appendix Fig S9F-K). Taken together, the mutant eECs
seemed to be.already inflammatory and stressed before the injury. But paradoxically, they failed
to activate important genes for leukocyte attraction, stress response, angiogenesis, and vascular
remodeling after cardiac injury, which may contribute to reduced MC infiltration and impaired
regeneration‘of the mutant hearts. To further experimentally determine the effect of impaired MC
function, we depleted MCs by clodronate liposome treatment or inhibited the pro-inflammatory
response using the anti-inflammatory corticosteroid dexamethasone (Kyritsis et al, 2012; Lai et

al., 2017). Both treatments resulted in a significant reduction in the number of #cf2/:nucGFP-
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positive FBs at the site of injury at 7 dpi, similar to what observed in the kif mutant. In contrast,
the number of tcf21:nucGFP-positive FBs on the periphery of the ventricular wall was not

affected (Fig 5Q and R).

Topologizer.reveals nonCM cell state transition during heart regeneration

We characterized the behaviors of multiple molecularly distinct subpopulations for the three
major nonCM populations, namely MC, FB and eEC, during cardiac regeneration. Each cell
within these subpopulations represents a transcriptomic snapshot of the dynamic events during
the process of cardiac regeneration. Thus, we reasoned that these asynchronous gene expression
dynamics provide an opportunity to investigate the cell-state transitions between different
functional subtypes as cardiac regeneration proceeds. To accomplish this, we developed a novel
approach, Topologizer, which leverages the mathematics of algebraic topology to characterize
the “shape” of the cellular manifold during heart regeneration. Building on the pioneering work
of Rizvi et al. (Rizvi ef al, 2017), we applied the Mapper, an algorithm that reconstructs a graph-
based representation theoretically guaranteed to converge to the underlying topology of a point
cloud (Fig 6Ajssee Materials and Methods for details). Our approach interfaces directly with
LIGER, allewing us to define cell trajectories even in the presence of batch effects or biological
variation_aeross time points. Additionally, the graph-based representations built by Topologizer
summarize large and complex single-cell datasets, allowing easy comprehension of multiple
branching and looping events during sequential processes. Furthermore, we devised a novel
method forgoverlaying dynamic RNA velocity information on the topological representation,
which enablessnterpretation of the directionality of cell transitions. The five MC subpopulations
identified during cardiac regeneration exhibited distinct functions and temporal distributions,
raising the possibility that MC cells may undergo cell-state transition between functionally
distinct subtypes..On the topological structure produced by Topologizer, we found that the MC2
subtype was.located at the central position, connecting to the other two major MC
subpopulations: MC1 and MC3. However, no obvious connections were observed among the
latter three subtypes. This topological structure suggests that, if MCs switch their functional
states, the state transition would occur primarily between MC2 and any of the other three MC

subpopulations (Fig 6B).
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Although the topological structure can provide a static relationship between different
subtypes, it does not reveal the direction or rate of the change of cell states during the dynamic
processes. We therefore integrated our topological representations with RNA velocity (La
Manno et al, 2018) to infer the time derivative of gene expression along the temporal trajectory.
RNA velocity.ean infer future states of single cells along dynamic processes by quantifying the
relative abundance _of un-spliced and spliced mRNAs. The combined analyses allowed us to
investigate thetransitions between the nodes from different subtypes, as well as within the same
subtypes, thereéby providing deep insights into the cellular dynamics during heart regeneration.
The RNA velocity vector field overlaid on the Topologizer structure revealed potential cell-state
transitions fromsMC2 to MC1 subtype prior to cardiac injury (Fig 6C), suggesting that, under
homeostatic**condition, macrophages could switch their functional states to respond to
physiological changes or environmental challenges. After cardiac injury, MC2 to MCI1 transition
was initially enhanced as evidenced by the increased length and number of the velocity vectors at
2 and 7 dpi(Fig 6C and D; Wilcoxon test, p-value < 0.05 for both 2 and 7 dpi compared to those
before injured);"but these transitions became significantly dampened at 14 dpi (Fig 6C and D;
Wilcoxon test,'p-value = 0.87 between uninjured and 14 dpi), further supporting an initially
enhanced and _subsequent declined pro-inflammatory activity after cardiac injury. Since the rate
of MC2_te#MC1 transition exhibited dynamic temporal changes, we computed the overall
transcriptional dissimilarity between these two MC subtypes. Consistent with RNA velocity
analysis, we, found that the molecular features of these 2 subtypes were more similar at both 2
and 7 dpi compared to prior to cardiac injury, but they subsequently became molecularly more
divergent againsat 14 dpi (Fig 6E).

In zebrafish, the kidney marrow is the equivalent of the mammalian bone marrow. Upon
injury, the myeloid-derived monocytes from kidney marrow rapidly infiltrate the injured tissue,
where they differentiate and expand to generate local macrophage population (Lai ef al., 2017).
To further .determine the relationship between the MC subtypes, we performed integrative
analysis acresS the scRNA-seq datasets of our MC subtypes and myeloid cells from kidney
marrow (Tang et al, 2017) (Fig 6F). Interestingly, we found that, at the transcriptome level, the
kidney marrow myeloid cells more closely resembled MC2 and MC4, and were more distantly

related to the inflammatory MC1 cells. As MC subtype transition occurred from MC2 to MCl,
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the integrative analysis suggests that kidney marrow-derived monocytes may differentiate into
MC?2 subtype first before transiting into MC1 subtype.

To understand the molecular mechanisms underlying the transition from MC2 to MCl1,
we used nonparametric regression to identify three major clusters of genes showing changes
during this MC functional state transition. Cluster 1 shows a trend of initial upregulation
followed bysdownregulation of gene expression and is enriched in GO terms related to mRNA
splicing, ‘fesponse to oxidative stress, and ubiquitin-dependent ERAD pathway (Fig 6G and H).
Consistent with“this observation, previous studies demonstrated that multiple mRNA splicing
factors coordinate pro-inflammatory responses in macrophages (Janssen et al/, 2020; Ostareck &
Ostareck-Lederer, 2019). The initially downregulated but subsequently upregulated genes in
cluster 2 arevenriched in GO terms related to negative regulation of transcription and chromatin
organization (Fig 6G and H). Cluster 2 includes genes encoding histone methylation enzymes
Ashll (ashil)_and Setdbl (setdbla), which were found to suppress the expression of pro-
inflammatory_cytokines (Hachiya et al, 2016; Xia et al, 2013). The genes involved in
inflammatoryyand immune responses (cluster 3) exhibited an initially upregulated level of
expression (Fige6G and H). As transcriptional regulation, chromatin remodeling and regulation
of mRNA"splicing are viewed as major regulatory mechanisms of cell fate/state determination,
our resultsandicate that MC functional state transition during cardiac regeneration is governed by
orchestrated interplay between chromatin landscape modification, and transcriptional and
posttranscriptional regulation.

The gopological structure for FBs is clearly different from that of MCs (Fig 6I). The three
major FB subtypes, namely FB1-3, were positioned next to each other with FB2 abutting FB1 on
one side and FB3 on the other (Fig 6I). Interestingly, RNA velocity analysis indicated that, in
sharp contrast to.MCs, the FBs did not exhibit clear cell-state transitions among their subtypes
(Fig 6J), suggesting they arose from fibroblasts (or epicardial cells) upon injury by distinct
molecular mechanisms. This observation is consistent with the finding that FB3 was a unique
cluster that was strongly activated following cardiac injury. The eEC subpopulations assumed
yet another topological arrangement on the Topologizer structure. eEC1 was found to be located
at a central position, connecting to all other eEC subtypes (Fig 6K). RNA velocity analysis on
Topologizer structure revealed cell-state transition from eEC1 to eEC2 that was enhanced

following cardiac injury (Fig 6L).
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Discussion

Our study provides the first comprehensive in vivo characterization of the molecular features and
cellular composition of the highly heterogeneous cardiac nonCM populations during the process
of cardiac regeneration. Combining single-cell analysis and in situ hybridization, we identified
multiple novel subpopulations for major nonCM cell types that exhibited distinct tempo-spatial
dynamics: Further analysis revealed cooperative interactions among nonCM subtypes, including
an important rolefor the MC in inducing the formation of the transformed fibroblast subtype and
activated endocardial endothelial subpopulation. In this study, we also found that the loss of kit
function compromised transformation and activation of FB and EC subtypes. The mutant hearts
also demonstrated reduced cardiomyocyte proliferation and myocardium regeneration.
Interestingly, we found that both kita and kith are not expressed in the embryonic hearts. Nor are
they expressed in the injured or uninjured adult hearts. Instead, RT-PCR analysis revealed high
level of kita\and kith expression in the kidney marrow. The expression of kit genes in the kidney
marrow is consistent with the monocyte defects reported by Parichy et al., for the single kita
mutant. These 'data suggest that kit mutant cardiac regeneration defects most likely resulted from
the immune.defect. Nevertheless, a more detailed characterization of kita and kith expression
pattern andskit mutant might be required to fully determine the exact cause of observed cardiac
nonCM and regeneration defects. In this study, we also developed Topologizer, a novel
computational approach to uncover the topological structure of nonCMs during heart
regenerationdBynoverlaying RNA velocity information on the topological structure, we identified
transitions ameng macrophage functional states, including a transition to a pro-inflammatory
state that o¢curs more frequently post cardiac injury.

The.nonCMs have been increasingly recognized as active participants of cardiac function
with important. signaling roles that modulate cardiomyocyte behaviors. In spite of substantial
progress towards our understanding of nonCM biology (Moore-Morris et al., 2014a; Moore-
Morris et alz2014b; Pinto et al., 2016), a holistic and unbiased picture of nonCM cell types and
their molecular, features is missing, largely due to limitations of the traditional technologies such
as lineage marker expression and population-based omics. In this study, we performed scRNA-
seq transcriptome profiling of the nonCMs during heart regeneration. Using the latest developed

algorithm LIGER (Welch et al., 2019), we successfully defined shared cell populations across
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multiple heterogeneous datasets at multiple time points during cardiac regeneration. Through
this analysis, we found that macrophages exhibited the most significant frequency change at the
early stage of regeneration. Macrophages are regarded as major professional phagocytic cells
(Kantari ef al, 2008). They function as the first line of defense against pathogen (infection) or
damage (sterile,inflammation). Classically, macrophages are divided into pro-inflammatory M1
macrophages. and anti-inflammatory M2 macrophages (Das et al, 2015). The M1 macrophages
highly express pro-inflammatory cytokines and exhibit strong microbicidal activity. In contrast,
the M2 maerophages are characterized by immune modulation and tissue remodeling function.
Nevertheless, macrophages are heterogeneous population characterized by their high diversity
and plasticitysIn our study, we identified five macrophage subpopulations with distinct
molecular signatures and functions. The MCI1 subpopulation highly expressed inflammatory
cytokine, such asi//b and tnfo, probably resembling the M1 macrophage. The MC2 macrophage,
on the other hand, highly expressed genes involved in antigen presentation and is predominating
macrophage, subpopulation at 14 dpi, likely representing the M2 macrophages (Roszer, 2015).
This M1/M2+dichotomy is now being increasingly recognized as an oversimplified classification.
Macrophages could actually exist along the M1/M2 continuum. Indeed, we found that as heart
regeneration,proceeded, the molecular features of MC1 and MC2 became more similar upon
cardiac injury. We developed a novel algorithm Topologizer to map the topological relationships
of nonCM subpopulations. By overlaying RNA velocity information on the topological structure
generated by our novel algorithm Topogolizer, we were able to identify functional state
transition from“macrophage subtype MC2 to MCI. Further nonparametric regression analysis
allowed us toudentify splicing and epigenetic factors as the potential regulators of this interesting
macrophage functional state transition, suggesting important role of epigenetic mechanisms and
posttranscriptional regulation in this transition. Further studies are needed to determine precisely
the function.of these potential regulators. In contrast to MCs, it is interesting to note that cell
state transition.doesn’t occur between FB subpopulations, indicative of cell type specific cell
behaviors.

Our seRNA-seq profiling of nonCMs also allowed us to identify multiple subpopulations
for the MCs, FBs and eECs. We observed that the relative nonCM composition changed
substantially during cardiac regeneration, suggesting that nonCMs respond dynamically to the

ever-changing environment as post-injured hearts proceed through the wound healing and
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regeneration processes in an orderly and orchestrated fashion. Yet, we can not rule out the
possibility that the observed changes in nonCM cellular composition may be attributable to some
extent to the injury-induced variations in digestion susceptibility of the cardiac tissue. More
importantly, we found that the appearance of the FB and eEC subpopulations FB3 and eEC2
coincided temporally with that of macrophage MCI1 subpopulation, suggesting potential
interaction jamong. these nonCM subpopulations. Indeed, we found that genetic and
pharmacoélogical “perturbation of macrophage functional dynamics compromised interactions
among these nonCM subpopulations, indicating a critical role of the inflammatory macrophages
in coordinating concerted actions among nonCMs to support and facilitate cardiac regeneration.
In sum, this: single-cell transcriptomics study provides detailed datasets that reveal nonCMs
molecular features and their concerted interactions underlying cardiac regeneration and rigorous

analytical scRNA-seq pipelines for predicting nonCM cell behavior changes.

Materials and Methods

Zebrafish strains

Zebrafish werewraised and maintained under standard laboratory conditions (Westerfield, 2000).
All animal*husbandry and experiments were conducted in accordance with Institutional Animal
Care and Use Committee approved protocol. The zebrafish mutant and transgenic lines used in
this study were as follows: kita*3#* (Cooper et al., 2009), kitb**/3345 (Kettleborough et al., 2013),
Tg(tcf21:nucEGFPY! (Wang et al, 2011), TgBAC(tnfa: GFP)P419?5 (Marjoram et al, 2015).

Genotyping

Tail clips were lysed at 95°C for 10 minutes in the buffer containing 10 mM TRIS pH 8.0, 50
mM KCI, 0.3% Iween-20, and were then incubated with 1 pg/ml Proteinase K at 55°C for 3
hours (Samsa.et.al, 2016) followed by deactivation of proteinase K 95°C for 10 minutes. The
kita*?# mutation causes genomic deletion that removes the entire exon 10 and was genotyped in
individual samples by PCR amplification (primers: 5’-
CCTCAGTTTGAAAATCCCTGCACCA-3’ and 5’-ACCCAAAATGGGTTGCGCTAGAAC-
3’). The kith**/334% mutation was scored in individual samples by digesting the PCR product
(primers: 5’-TTGAGGGCTGCTACTTCTGCGC-3’ and 5’-
CCACTCACTCACCTAGCCGCACAACCAAGCT-3’) with Hind III.
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Apex resection

Zebrafish were anesthetized by immersion with 0.04% tricaine and immobilized in a dampened
foam with yentral side up. A small incision was made between the gills to expose the ventricle.
About 20% of.ventricular apex was resected using iridectomy scissors as previously described
(Poss et al.,;2002). After apex resection, fish were returned to a recovery tank with fresh system
water. Fish™were randomized into surgery or sham group. All procedures and subsequent

histological analyses were performed in a blinded fashion.

Clodronatediposome and drug treatment

Clodronate “liposomes (5 ul at a concentration of 10 mg/ml, Cat# F70101C-A, FormuMax
Sientific, Inc.), Dexamethasone(Bollaerts et al, 2019) (3 ul at a concentration of 1.65 mg/ml in
sterile 0.68% saline; Cat# D1756, Sigma-Aldrich) or PBS was injected intrathoracically one day
before apex.resection into individual anaesthetized zebrafish using a Picospritzer microinjector
(Parker) as desetibed previously(Bevan et al, 2019; Bise & Jazwinska, 2019). The injection was

repeated one'mere time at 3 dpi.

Histology.

Adult zebrafish hearts were removed, washed with ice-cold PBS followed by overnight fixation
with 4% PFA at 4°C. The cardiac Samples were then embedded in paraffin or OCT for
sectioning. A¢cid), fuchsin-orange G (AFOG) staining was performed to assess the ventricular
injuries andweonnective tissue deposition as previously described (Poss et al., 2002). To
determine cardiomyocyte proliferation indices, cardiac sections were stained with antibodies
against Mef2 (cat# 55609, Anaspec) and PCNA (cat# P8825, Sigma) to assess the proportion of
Mef2/PCNA..double positive cells in Mef2 positive cells (Wang et al., 2011). Dylight 594-
conjugated .solectin B4 (IB4-594, Vector Laboratories, Burlingame, CA) was used to label
macrophagessi(Lai er al., 2017). Anti-Myosin heavy chain (F59, Developmental Studies
Hybridoma Bank) was used to label cardiomyocytes(Wang et al., 2011).

In situ hybridization
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In situ hybridization (ISH) was performed on 10 pm cardiac sections using digoxygenin-labeled
antisense probes as previously described (Poss ef al., 2002). All probes were generated using T7

RNA polymerase from zebrafish cDNA. All primers used are listed in Appendix Table S2.

Fluorescence.in situ hybridization

Briefly, after_fixation in 10% neutral buffered formalin overnight, the cardiac tissues were
embedded i“OCT compound, frozen, and cut at 10 um using a cryostat. RNAscope in situ
hybridization“was performed according to the manufacturer's protocol using the Multiplex
Fluorescent V2 Assay (Advanced Cell Diagnostics, Hayward, CA, #323110). Modifications to
the protocolswere as follows. Target retrieval was performed for 5 minutes and pre-treatment
was done for 15 minutes using Protease III (Advanced Cell Diagnostics, Hayward, CA,
#322337). For detection, the TSA Plus Cyanine 3 System (Perkin Elmer, Waltham, MA,
#NEL744001KT) and the TSA Plus Cyanine 5 System (Perkin Elmer, Waltham, MA,
#NEL745001KT) were used. Finally, slides were coverslipped using Fluor-Gel II with DAPI
(Electron Mietseopy Sciences, Hatfield, PA, #17985-50).

Expression-analysis

Real-time PCR was performed in triplicate using the QuantStudio 6 real-time PCR system and
the Power SYBR Green Mater Mix (ThermoFischer Scientific). All primers were validated by
high resolution melt analysis and gel electrophoresis, and are list in Appendix Table S2. For
quantificatiefl, Wwe used the AACT method whereby raw CT values were normalized to efla as a

house-keepingsgene. Fold-change was calculated as 2*(-AACT).

Imaging

For confocal images, cardiac sections were imaged using a Zeiss LSM 700 Confocal Laser
Scanning Microscope. AFOG stained cardiac tissues were imaged using an EVOS FL cell
imaging system, or a Leica DM IRB microscope. Quantification of cardiomyocyte proliferation
was performed, as previously described (Kikuchi ef al.,, 2010), by assessing almost all
Mef2*/PCNA* cardiomyocytes near the injury in three ventricular sections. The proliferation
index was calculated by averaging the percentages of proliferating Mef2" and PCNA™

cardiomyocytes from three ventricular sections as previously described(Kikuchi ef al., 2010).
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Isolation of primary cells from adult zebrafish ventricles

Primary cells from zebrafish ventricles subjected to control operation or apex resection were
isolated as_previously described(Sander et al, 2013). Briefly, zebrafish were euthanized by
immersion 1ngan ice-cold water. Ventricles were excised and placed in the ice-cold perfusion
buffer (1x PBS eontaining 10 mM HEPES, 30 mM taurine, 5.5 mM glucose and 10 mM BDM).
After geftlytore apart, tissues were incubated in digestion buffer (5 mg/mL collagenase II, 5
mg/mL collagenase IV and 12.5 uM CacCl, in perfusion buffer) for 2 hours at 32°C with gently
flicking every 10 minutes. Cells were completely disaggregated by pipetting up and down and
filtered through#a 200-um mesh. Cardiomyocytes and non-cardiomyocytes were separated by 3
times of centrifugation at 200g for 5 minutes at 4°C. The pellet contains cardiomyocytes and the

supernatant contains non-cardiomyocytes.

Bulk RNA sequencing (RNA-seq) and analysis

Total RNAs"of isolated adult zebrafish cardiomyocytes from eight pooled ventricles were
extracted using@QIAGEN RNeasy Micro kit as per manufacturer's instructions. RNAs were
assessed using Agilent RNA Analysis ScreenTape. RNAs with Integrity Number (RIN) more
than 8 weresprocessed to prepare the Illumina library using the TrueSeq Standard mRNA Sample
Preparation Kit according to manufacturer's instructions. Agilent BioAnalyzer was applied to
assess the quality of the libraries to ensure an average fragment size of ~280 bp, and quantify the
amount of th€libraries. The normalized libraries were pooled and sequenced with 50 bp paired-
end using [Mlumina HiSeq 4000. The alignment was performed using BBMap/38.12 (Bushnell,
2014) against the reference zebrafish genome UCSC DanRerl0. Overall mapping rates were
above 92% for all samples (Appendix Table S3). Gene counts were obtained using featureCounts
(Liao et al, 2014). The raw counts were normalized to sequencing depth using counts per million
(CPM) (Shi_etsal, 2015). Genes were considered as differentially expressed (DEGs) if
Benjamini-Hechberg adjusted P-value was < 0.05 as raw counts were analyzed by DESeq2
(Love et al;"2014). The DEGs between wildtype and kit mutant CMs were then analyzed by
Gene Set Enrichment Analysis (GSEA) (Subramanian et al/, 2005). The list of positive and

negative regulators of cell cycle was derived from previous studies (Lu et al, 2019; Malumbres,
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2014; Yu, 2007). The RNA-seq data was deposited in the Gene Expression Omnibus (GEO)
database with accession number GSE145979.

Single-cell RNA sequencing

Data collection

As described, above, isolated non-cardiomyocytes from zebrafish ventricles subjected to control
operation” of ‘@pex resection at indicated time points were loaded into the Chromium controller
(10X Genomics)“and processed with Chromium Single Cell Reagent Kit v2 (10X Genomics).
Following 'droplet generation and barcoding, cDNA was synthesized and amplified with 12
cycles of PCRmas per the manufacturer's instruction. The cDNA was further processed to
construct [Ilumina sequencing libraries and sequenced using NextSeq 500/550 kit v2.5 according
to the manufacturer's instructions. In order to collect at least 4000 cells at each time point, a total
of 14 samples_from two genotypes (wildtype and kit mutant) and four time points (uninjured—
day 0, post-injury—2, 7, and 14 dpi) were collected and sequenced in two lanes. The scRNA-seq
data was deposited in the Gene Expression Omnibus (GEO) database with accession number

GSE145980:

Pre-processing

Raw sequencing data was demultiplexed, debarcoded, mapped to UCSC_DanRer10 genome, and
counted by  UNC TGL bioinformatic staff following the Cell Ranger/2.0.2 pipeline. The Cell
Ranger output of collapsed UMI counts were then processed and analyzed in R. A total of 38,181
cells from wild=type and 49,133 cells from kit mutants were captured. To ensure the quality of
our data and analysis, a series of quality control steps have then been performed. First, raw UMI
counts were imported into Seurat/2.3.4 (Butler et al, 2018; Macosko et al, 2015) and low-quality
cells expressing.<= 200 unique genes were filtered out. Next, data from each sample was
inspected carefully with Seurat by clustering and marker identification using default settings.
Clusters expreéssing high levels of ckma, tnnt2 and nppa were identified as residual
cardiomyocytes.and removed. Furthermore, clusters expressing high levels of canonical markers
of any two of non-cardiomyocyte cell types were considered as doublets and also excluded from
further analyses. The observed frequencies of doublets were consistent with the expected

frequencies of the two nonCM cell types involved. After removal of low-quality cells, doublets
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and residual cardiomyocytes, a total of 61,977 nonCMs were analyzed in this study, including
27,165 wildtype and 34,812 kit mutant cells. A summary of sequencing metrics of each sample
post-QC was listed in Appendix Table S1. Median genes detected per cell in each sample ranged
from 615 to 1431 in our samples, which are relatively high considering the small size of

zebrafish cellsgpsuggesting the high quality of our data.

Data analyses with LIGER

In order to'intégrate multiple single-cell datasets generated along heart regeneration, a recently
developed algorithm LIGER/0.3.1 was employed (Welch et al., 2019), because of its outstanding
performances inwbatch effect correction (Stuart & Satija, 2019). For instance, when analyzing
wildtype samiples from all time points, LIGER clustered cells by cell type (Fig 2) not by time
points or batches (Appendix Fig S2B and C). But clustering results of the CCA method in Seurat
v2 were more_driven by time points instead (Appendix Fig 2A). We performed integration
analysis of all the wildtype samples (Fig 2), as well as all kit mutant samples (Fig 4), from all
four time points using LIGER. Briefly speaking, first, post-QC doublets-removed digit gene
expression (dge)'data of nonCMs from each sample were normalized (the normalize function of
LIGER). Highly variable genes (HVG) with variance > 0.1 were selected for each sample and
union wasstaken (the selectGenes function). After scaling (the scaleNotCenter function),
factorization was performed with the optimizeALS function. The number of factors & (number of
estimated cell types in the dataset) was determined to be 45 by running the suggestK function for
both wildtype™and kit mutant analyses. Alignment was then performed using the
quantileAlignSNF function with a resolution of 2. After alignment, genes (markers) in each
factor were inspected in the word clouds plot generated from the plotWordClouds function.
Nonspecific factors (present in more than a few clusters) entirely composed of mitochondrial,
ribosomal, or. stress genes were identified as technical factors and thus excluded by omitting
them in dims.use during rerunning of the quantileAlignSNF function. Biological variation
sometimes also appeared as nonspecific factors obscuring cell type assignment such as cell cycle
stage and mmmune response. In such cases, these corresponding factors were also excluded.
When combining all time points of wildtype samples, doublets expressing high levels of
canonical markers of two cell types appeared again, especially for abundant cell types, and were

removed for downstream analysis. Then, dimension reduction was performed for visualization

This article is protected by copyright. All rights reserved



with the runTSNE function. To further confirm that our clustering is not affected by technical
confounding factors, we overlaid number of genes (nGene) and UMIs (nUMI), and percentage of
mitochondrial reads to tSNE plots of each analysis we performed. We consistently observed no
impact of these widely-used cell quality measurements on clustering results (Appendix Fig S2D),
confirming the:high quality of our data and the rigorousness of LIGER. For joint analysis of all
the wildtype.samples or kit mutant samples, cell type identity was assigned to each cluster based
on their expression pattern of canonical markers. It is hard to determine whether the erythrocytes
and thrombocytes in our dataset are local or from circulation. Therefore, they were only included
in the tSNE plots but excluded from any other downstream analysis. Genes differentially
expressed im eaeh cell type were then detected using the FindAllMarkers function in Seurat
(Appendix Table S2). Ribosomal structural and mitochondrial genes were excluded from the
gene lists. GO analysis was performed for the filtered gene lists using DAVID/6.8 (Huang da et
al, 2009). Cell cycle assignment was performed with the CellCycleScoring function in Seurat
using zebrafish cell cycle genes from a previous study (Lu et al., 2019).

A second round of integration and clustering analysis was performed for each of the three
cell types we are interested in (MC, FB, and EC) with LIGER. Due to less heterogeneity in the
datasets, a'smaller k between 14 and 25 and a smaller resolution between 0.5 and 1 were selected
for factorization, alignment and clustering. Technical factors were identified and excluded as
above while all biological factors such as cell cycle status were preserved during alignment. For
each cell type, clusters of high similarity, which have high Pearson correlation coefficients and
small numbers“of cluster-specific markers, were merged into one subpopulation. Differential
gene expressions GO enrichment analysis and cell cycle assignment were performed as described
above.

RNA velocity
We calculated. RNA velocity using the velocyto.R package (https:/github.com/velocyto-

team/velocyto.R) following the instruction of the package. Gene-relative velocity was estimated

using a gamma fit based on extreme quantiles.
Trajectory analysis with Topologizer

We developed a novel approach, Topologizer, which leverages the mathematics of algebraic

topology to characterize the “shape” of the cellular manifold during heart regeneration
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(https://github.com/welch-lab/topologizer). Building on the pioneering work of Rizvi et al.
(Rizvi et al., 2017), we applied the Mapper (Singh et al, 2007), an algorithm that reconstructs a
graph-based representation theoretically guaranteed to converge to the underlying topology of a
point cloud (Fig SA). However, unlike Rizvi et al., our approach interfaces directly with LIGER,
allowing us te.define cell trajectories even in the presence of batch effects or biological variation
across timeypoints. We first use LIGER to jointly factorize multiple datasets (such as from
multiple fime points). Next, we construct a function mapping from the LIGER factors to 2 or 3
dimensions™(a*filter function, in the language of topology). To do this, we calculate diffusion
components, then perform Uniform Manifold Approximation and Projection (UMAP) to map to
two or three.dimensions. UMAP is a powerful nonlinear dimensionality reduction technique built
on the mathematics of algebraic geometry, and is designed to find topology-preserving
embeddings (Mclnnes & Healy, 2018). Then, we tile the range of the filter function (to construct
a “cover”) using overlapping hypercubes (squares for 2D, cubes for 3D). We next cluster the
cells within.each hypercube using hierarchical clustering on the original iNMF factors. Clusters
sharing at least"one cell are then connected, yielding a graph that captures the topology of the
high-dimensional data (a “simplicial complex”). We then visualize this graph in 2D using an
interactiveforce-directed layout that iteratively updates when the user moves the nodes using the
mouse. Wertise the functions in the kmapper python package to carry out these steps. Our
approach (based on the Mapper (Singh et al., 2007)) has a strong theoretical foundation—the
Mapper has been shown to converge to the true topology of a point cloud (Carriere & Oudot,
2018) as thersampling density increases. Consequently, Topologizer can capture any topological
features of ‘cells undergoing a dynamic transition, including extreme points, branches, and
loops/holes.

We also devised a novel method for overlaying dynamic RNA velocity information on
the topological representation, which enables interpretation of the directionality of cell
transitions. ;To.do this, we first calculated the velocity vectors for each individual cell, then
averaged thesvectors within each node of the topological representation (corresponding to a
cluster of cells within a hypercube). We then used the correlations among the averaged velocities
to project them onto the topological representation (show.velocity.on.embedding.cor function

from velocyto.R package with default parameters).
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To investigate the genes showing dynamic changes along the topological representation,
we implemented an interactive visualization that allows users to select nodes of interest from the
topological representation. We then fit a principal curve through the UMAP coordinates of the
selected cells, project the cells onto the curve, and calculated distance along the curve from a
selected starting node. Using this distance, we fit a generalized additive model as previously
described (Liu ef al, 2017; Trapnell et al, 2014) to identify genes with trends that significant
differ from"the™null hypothesis of a horizontal line. We then clustered these genes to identify
kinetic trendsusing k-medoid clustering, as previously described (Liu et al., 2017; Trapnell et al.,

2014).

Statistics

All data were presented as mean + SEM. Prism was used for the statistical analysis. For the
difference between two groups, a two-tailed independent sample t test was used to compare the
mean. For the difference among three or more groups, a one-way or two-way ANOVA was used
to compare”themean. A Least Significant Difference (LSD) test or the Tukey's multiple
comparison test:swas further applied for post hoc analysis to detect the pairwise difference while

adjusting for.multiplicity. P-value < 0.05 was considered statistically significant.

Data availability
RNA-sequencing data are deposited in GEO wunder accession number GSE145982
(https://www.nébi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145982). .
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Figure Legends

Figure 1. Single-cell transcriptomics reveals heterogeneity of zebrafish cardiac non-
myocytes. A, Experimental workflow of nonCM isolation from zebrafish hearts and scRNA-seq
(10x Genomics). B, scRNA-seq data of adult zebrafish cardiac nonCM visualized on tSNE and
colored by cell*types. EC, endothelial cells; FB, fibroblasts; MC, macrophages; Mes, resident
mesenchymal ‘cells; T/NK/B, T/NK/B cells; Neutro, neutrophils; Eryth, erythrocytes; Throm,
thrombocytes. C, Violin plots showing expression of canonical markers for each cell type. GO
analysis (DAVID) of upregulated genes in each population was performed and representative
GO terms were listed on the right. D-F: NonCMs expressing canonical EC markers in panel b
were zoom-in analyzed with LIGER. D, Cells visualized on tSNE and colored by cell types. eEC,
endocardial ECSEC, lymphatic EC; cEC, coronary EC; Mural, mural cells. E Pie chart showing
contributionwefeach cell type. F Expression of newly identified markers of each EC
subpopulation shown on tSNE. G, Pie chart showing nonCM composition (erythrocytes and
thrombocytes excluded). H, Dotplot showing expression of top 8 positive markers identified for

each nonCM.population.

Figure 2. Transcriptome dynamics of macrophages during zebrafish heart regeneration.

A, B, Joint analysis of nonCM scRNA-seq data from uninjured hearts and hearts at 2, 7, and 14
dpi with LIGER. A, All nonCM visualized on tSNE. B, top, NonCM from each time point
visualized on the tSNE embedding in (A). Data was down-sampled to the same cell number at

each time point. B, bottom, Pie charts showing contribution of different cell types at each time
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point. C-F, Zoom-in analysis of macrophages identified in (A). C, tSNE plot colored by MC
subpopulations. D, Expression levels of representative markers of each MC subpopulation color-
coded and mapped to tSNE embeddings in (C) (top), and corresponding representative GO terms
for each subpopulation (bottom). E, Dynamics of MC subpopulations during heart regeneration
as shown by_the proportion of each subpopulation in total nonCM or total MC. F. Expression of
tnfa and csf3b.indMC at each time point. G, Fluorescent in situ hybridization for cd74a, tnfa, and
ctsc at 7°dpi, respectively. mpegl was used to label all MC cells. The blue boxed region is
highlighted“in"the' zoom-in image to the right. Scale bar = 50 um. A stands for arium, V stand for
ventricle and OFT stands for outflow tract. White dashed lines outline the heart and the yellow

dashed linessindicate approximate resection plane.

Figure 3. Transcriptome dynamics of fibroblasts and endothelial cells during zebrafish
heart regeneration.

A-C, Zoom:-in_analysis of fibroblasts identified in Fig 2. A, tSNE plot colored by FB
subpopulations®™B, Dot plot showing expression of ECM genes in FB subpopulations. C, Bar plot
showing relative'proportion of FB subpopulations in FB at each time point. D-E, Expression of
fnla, coll2ala (D) and tagin (E) in FB at each time point. F, In situ hybridization showing
temporal_spatial expression patterns of postnb. The white boxed region is shown in zoom-in
images at the bottom. Scale bar = 25 pum. White dashed lines outline the heart and the yellow
dashed lines, indicate approximate resection plane. A stands for arium, V stand for ventricle and
OFT standsdfor‘outflow tract. G, Expression of tnfrsfla and tgfbr2a in FB at each time point. H,
Fluorescent “imssitu hybridization for postnb, tnfa, and tnfrsfla in the injury area at 7 dpf,
respectively. The white boxed regions are shown in their respective zoom-in images to the right.
White dashed lines outline cardiac apex and the yellow dashed lines indicate approximate
resection plane..Scale bar = 25 um. I, tSNE plot colored by eEC subpopulations. Bar plot
showing relative proportion of eEC subpopulations in eEC at each time point. J, Violin plots
showing expression of cxcl18b, sele, atf3, and foslla in each eEC subpopulation. In panels E and
I, “un” stands for uninjured. K, Fluorescent in situ hybridization for fos/la at 7 dpi. The white
boxed region is shown in a higher magnification image to the right for the injury area. cdh5 was
used to label all EC cells and the red boxed region is shown in a higher magnification image to

highlight a pan-EC cdh5 expression in green. White dashed lines outline the heart and the yellow
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dashed lines indicate approximate resection plane. Scale bar = 25 um. A stands for arium, V

stand for ventricle and OFT stands for outflow tract.

Figure 4. Loss of kit function impairs heart regeneration.

A, Wildtype. oz, kit mutant stained with AFOG at 14 days and 30 dpi. Sham-operated zebrafish
hearts serveyas_eontrol. Scale bar = 100 pm. B, Quantification of scar area at 30 dpi. N = 10
hearts. Data“are presented as Mean + SEM. P value calculated with two-tailed students’ t test. **
P <0.01. C;PCNA/Mef2 double staining showing the proliferating CMs in wildtype and mutant
hearts at 7 dpi. The white boxed regions are shown in zoom-in images to their right. Blue dashed
lines indicate s@approximate resection plane. White arrows point to the PCNA/Mef2 double
positive nuclei. Scale bar = 50 um. D, Quantification of % PCNA+ CMs (Mef2+) in C. N = 10
hearts. Data are presented as Mean = SEM. P value calculated with two-tailed students’ t test. **
P < 0.01. E-F, Analysis of bulk RNA-seq data of freshly isolated CMs at different time points
during heart,_regeneration. E, Two representative gene sets from GSEA analysis, which are
enriched indDEGS between mutant and wildtype CMs at 2 dpi. F, Heatmap showing expression
levels of cellicyele regulators in CMs from wildtype and kit mutant hearts. G-H, Joint analysis of
kit mutant*nonCM scRNA-seq data from 0, 2, 7, and 14 dpi with LIGER. G, All nonCM
visualized.on tSNE. H, Bar plots showing comparison of nonCM cell type contribution between
wildtype and kit mutant at each time point. I, Immunostaining for MC marker IB4 in WT (left)
and mutant hearts (middle) at 7 dpi. Quantification of IB4+ cell number per unit area (right). The
white boxed'regions are shown in their respective zoom-in images to the right. White dashed
lines indicatesapproximate resection plane. Scale bar = 50 pm. N = 6 hearts. Data are presented
as Mean + SEM. P value is calculated with two-tailed students’ t test. * P < 0.05. In panels f and

h, “un” stands for,uninjured.

Figure 5. Loss of kit function altered transcriptome dynamics of cardiac nonCM during
zebrafish heart regeneration.

A-G, Joint analysis of WT and kit mutant MC. A, tSNE plot colored by WT and kit mutant MC
subpopulations. B, Representative GO terms of genes upregulated in MC1 (WT, red bars) or
KMCI1 (kit mutant, blue bars) from the uninjured hearts, respectively. Dotted lines indicate P=
0.05. C, Bar plots showing proportion of each WT and kit mutant MC subpopulation in total
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nonCM at each time point. D, F, Violin plots showing the expression of i//h in MC1 (D), and
ctsd expression in MC (F). E, G, Expression of i//b (E) and ctsd (G) in WT and kit mutant hearts
determined by qRT-PCR. H-N, Joint analysis of WT and kit mutant FB. H, tSNE plot colored by
WT and kit mutant FB subpopulations. I, Bar plots showing proportion of each WT and kit
mutant FB subpopulation in total nonCM at each time point. J, L, Violin plots showing
expression 0f coll2ala in FB3 (J) and mif expression in FB (L). K, M, Expression of co/l2ala
(K) and mif (M)“in WT and kit mutant hearts determined by qRT-PCR. N, Bar plots showing
relative proportion of each WT and kif mutant eEC subpopulation in eEC at each time point. O,
Violin plots showing expression of junba in eEC. P, Expression of junba in WT and kit mutant
hearts determined by qRT-PCR. Q, Representative image of hearts from 7 dpi tcf21:nucGFP
transgenic fish treated by PBS liposome, Clodronate liposome and Dex, respectively. The red
boxes mark the peripheral area, and the white boxes mark the injury area and are shown in their
respective zoom-in images to the right.. White dashed lines indicate approximate resection plane.
Scale bar =50 um. R, Quantification of the number of #cf21:nucGFP positive cells in the boxed
areas in U. N'='§"hearts. Data are presented as Mean + SEM. Two-tailed students’ t test. *** P <
0.001. Data“information: E, G, K, M, P. Mean = SEM shown. N = 3. P value calculated with
two-tailed“students’ t test. * P < 0.05, ** P < 0.01, *** P < 0.001. In panels (C-G, I-P), “un”

stands foruninjured. Clod lipo stands for clodronate liposomes. Dex for dexamethasone.

Figure 6. Combined Topologizer and RNA velocity analyses identified molecular regulatory
mechanismassoeiated with MC functional state transition during heart regeneration.

A, Schematiesof Topologizer. B, Topological structure of WT MC subpopulations. C, Vector
field of RNA velocity projected onto the Topologizer structure for MCs collected from uninjured
WT hearts or WT hearts at 2, 7, and 14 dpi. Arrows indicate the direction and “‘speed’” of the
velocity at each.node. D, Quantification of arrow length in C. P value is calculated with one-
tailed WilcoxonRank Sum test. * P < 0.05. E, Transcriptional similarity between MC1 and MC2
subtypes from'the uninjured (un) hearts or hearts at 2, 7 and 14 dpi, respectively. F, Hierarchical
tree showingrthe relationship between the MC subtypes and the myeloid cells from kidney
marrow. G. Three gene clusters identified associated with MC2 to MC1 transition. H, Feature
significant gene ontology (GO) terms (adjusted p-value < 0.05) with representative genes. The

number of genes is shown in parentheses. Dotted lines indicate P= 0.05. I, Topological structure
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of WT FB subpopulations. J, Vector field of RNA velocity projected onto the Topologizer
structure for FBs collected from uninjured WT hearts or WT hearts at 2, 7, and 14 dpi. Arrows
indicate the direction and “‘speed’’ of the velocity at each node. K, Topological structure of WT
eEC subpopulations. L, Vector field of RNA velocity projected onto the Topologizer structure
for eECs collected from uninjured WT hearts or WT hearts at 2, 7, and 14 dpi. Arrows indicate

the direction,and®‘speed’’ of the velocity at each node.
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