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Abstract

Background—Genome-wide transcriptome analysis has greatly advanced our understanding of 
the regulatory networks underlying basic cardiac biology and mechanisms driving disease. 
However, so far, the resolution of studying gene expression patterns in the adult heart has been 
limited to the level of extracts from whole tissues. The use of tissue homogenates inherently 
causes the loss of any information on cellular origin or cell type-specific changes in gene 
expression. Recent developments in RNA amplification strategies provide a unique opportunity 
to use small amounts of input RNA for genome-wide sequencing of single cells.
Methods—Here, we present a method to obtain high quality RNA from digested cardiac tissue 
from adult mice for automated single-cell sequencing of both the healthy and diseased heart.
Results—After optimization, we were able to perform single-cell sequencing on adult cardiac 
tissue under both homeostatic conditions and after ischemic injury. Clustering analysis based on 
differential gene expression unveiled known and novel markers of all main cardiac cell types. 
Based on differential gene expression we were also able to identify multiple subpopulations 
within a certain cell type. Furthermore, applying single-cell sequencing on both the healthy and 
the injured heart indicated the presence of disease-specific cell subpopulations. As such, we 
identified cytoskeleton associated protein 4 (Ckap4) as a novel marker for activated fibroblasts
that positively correlates with known myofibroblast markers in both mouse and human cardiac 
tissue. Ckap4 inhibition in activated fibroblasts treated with TGF triggered a greater increase in 
the expression of genes related to activated fibroblasts compared to control, suggesting a role of 
Ckap4 in modulating fibroblast activation in the injured heart.
Conclusions—Single-cell sequencing on both the healthy and diseased adult heart allows us to 
study transcriptomic differences between cardiac cells, as well as cell type-specific changes in 
gene expression during cardiac disease. This new approach provides a wealth of novel insights 
into molecular changes that underlie the cellular processes relevant for cardiac biology and 
pathophysiology. Applying this technology could lead to the discovery of new therapeutic targets 
relevant for heart disease.

Key Words: Adult heart; single-cell sequencing; ischemic injury; myofibroblast; Ckap4
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Clinical Perspective

What is new?

Single-cell sequencing can be used to identify subpopulation-specific and novel cell type-

specific markers in the healthy and diseased heart.

Identification of new disease-driven cell populations provides insights into gene 

expression changes that are triggered by ischemic injury. 

Myozenin2-enriched cardiomyocytes form a distinct subpopulation of cardiomyocytes in 

the healthy heart.

CKAP4 is a novel marker for activated fibroblasts that positively correlates with known 

myofibroblast markers in both murine and human diseased hearts.

In vitro experiments suggest a modulating function for CKAP4 in myofibroblast 

activation.

What are the clinical implications?

Single-cell sequencing of the adult heart allows us to examine molecular mechanisms that 

drive the cellular processes underlying heart disease. 

New biology discovered by single-cell sequencing can ultimately lead to the development 

of novel therapeutic strategies.

We identified CKAP4 as a new marker for activated cardiac fibroblasts during ischemic 

injury that appears to attenuate myofibroblast activation. 

p gg g y

activation.

What are the clinical implications?
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Introduction

The heart consists of a collection of different cell types that coordinately regulate cardiac 

function 1. Changes in cellular composition and function are mechanistically responsible for 

cardiac remodeling and repair during disease. Identifying the underlying differences in gene 

expression between cell types or transcriptome heterogeneity across cells of the same type will 

greatly help to improve our understanding of cellular changes under both healthy and diseased 

conditions 2. RNA amplification strategies have provided the opportunity to use small amounts 

of input RNA for genome-wide gene expression analysis at single cell resolution. The analysis of 

individual cells randomly drawn from a sample allows for an unbiased view of all mRNAs 

present in different cell types of an organ, which will provide a more accurate classification of

cellular diversity through differences in gene expression 2-5. Recently, transcriptional profiling of 

cardiac cell populations during heart development by single-cell sequencing has led to the 

identification of lineage-specific gene programs that underlie early cardiac development 4, 6.

However, so far, no studies have focused on single-cell transcriptomics of the adult heart.

Here we present a method for obtaining high quality RNA from digested adult cardiac 

tissue for automated single-cell sequencing of both the healthy and diseased heart. Using this 

approach, we were able to collect reliable gene expression data for all main cardiac cell types. 

Clustering analysis uncovered both known and novel markers of certain cell populations, and led 

to the identification of multiple subpopulations within a certain cell type. Single-cell sequencing 

analysis of both healthy hearts and hearts suffering from ischemic injury indicated that cardiac 

damage gives rise to new subpopulations of known cell types. Using our single-cell sequencing 

data we were able to identify CKAP4 as a novel marker for activated fibroblasts, which we were

able to validate in cardiac samples from patients suffering from ischemic heart disease. In a set 

present in different cell types of an organ, which will provide a more accurate claaaaaassssssssssssifififififificicicicicicatatatatatatioioioioioiionn n nnn oooooooffffff

cellular diversity through differences in gene expression 2-5. Recently, transcriptional profiling of

cardiac cell populations during heart development by single-cell sequencing has led to the 

dennnnnntititititititifif cation oooooofffff ff liiiinennnn aggggggeeeee------spspspspspspspecececececcififififififificicicicicici ggggggenenenenenene prprrprprrogramsmsmsmssm  thahahat ununununnundedededededed rlrlrlrlrlrlieieieieieiee eararararlylyllylylyy ccccararararardididdd ac dddddddeveveveveveve elelelelelelelopopopoopopopmeeeeeentntntntntnt 4,4,4,4,4,4, 66666....

Howeweweweweweever, so fafafafafafarrrr,r,rr nnnnooo sttttuuuudies hhhahhh ve focususedd on siiisiisinnnnglee--ceeeeeeelllllllllllll ttttttrarararararar nsnssscccrc iptotottoomiccs offf fff tttthtt e adulllllllt t heeeeaaaart.

HeHeHererere wwweee prprpresesesenenenttt aaa mememethththododod fffororor ooobtbtbtaiaiainininingngng hhhigigighhh quququalalalititityyy RNRNRNAAA frfrfromomom dddigigigesesesteteteddd adadadulululttt cacacardrdrdiaiaiaccc
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of in vitro experiments, we were able to show that CKAP4 is involved in myofibroblast 

activation.

Altogether, our data for the first time show the feasibility of using single-cell sequencing 

on the adult heart to study transcriptomic differences between cardiac cell types and the 

heterogeneity in gene expression within one cell population. This method will greatly advance 

the molecular insights into cellular mechanisms that are relevant for cardiac remodeling and 

function.

Methods

An Expanded Methods section, a step-by-step protocol for the single-cell sequencing approach 

and any associated references are available in the Online data supplements. The data, analytic 

methods, and study materials will be made available by the authors to other researchers for 

purposes of reproducing the results or replicating the procedure.

Experimental animals

All animal studies were performed in accordance with institutional guidelines and regulations of

the Animal Welfare Committee of the Royal Netherlands Academy of Arts and Sciences.

C57BL/6J mice were subjected to sham (control) or ischemia reperfusion (IR) surgery as 

previously reported 7. Hearts were collected and analyzed 3 days after surgery.

Digestion of the heart

After collecting the infarcted areas (infarct and border zone region) or the corresponding region 

of control hearts, the tissue was digested for 15 min and used for subsequent RNA isolation or 

single-cell sorting and sequencing.

An Expanded Methods section, a step-by-step protocol for the single-cell sequenccccccininininininggg g gg apapapapapappprprprprprprp oaoaoaoaoaoachchchchchch 

and any associated references are available in the Online data supplements. The data, analytic 

methods,,, and study materials will be made available by the authors rto other researchers for 

purprprprprprppooooosoo es of reprprprprprprroddddddducuuuu ininnnnng g g g g g g ththththththt eeeee rererererereesusususususus ltltltltltltl ssss ss orooo  rerererereplicatttttininininng thththe prprprprprprrococococococededededededuruuuuuu e.ee.e.

Expepepepepepeerimentallllll aaaaaaaniiiimammaalslsss

AlAlAllll anananimimimalalal ssstututudididieseses wwwererereee pepeperfrfrfororormememeddd ininin aaaccccccororordadadancncnceee wiwiwiththth iiinsnsnstitititutututititionononalalal ggguiuiuidededelililinenenesss anananddd rereregugugulalalatititionononsss ofofof
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Flow cytometry

The freshly collected cardiac cell lysates were resuspended in DMEM and living single cells 

were sorted into 384-well plates based on multiple scatter properties and DAPI exclusion. After 

cell sorting, the plates were immediately centrifuged and stored at -80 C.

Library preparation and sequencing of single cells

The SORT-seq procedure was applied as described previously 5. Illumina sequencing libraries 

were prepared using the TruSeq small RNA primers (Illumina) and sequenced paired-end at 

75 bp read length with Illumina NextSeq.

Data analysis of single-cell RNA sequencing

Paired-end reads from Illumina sequencing were mapped with BWA-ALN8 to the reference 

genome GRCm38/mm10. For quantification of transcript abundance, the number of transcripts 

containing unique molecular identifiers (UMIs) per cell-specific barcode were counted for each 

gene. Next, the RaceID2 algorithm was used to cluster cells based on K-medoids clustering, to

visualize cell clusters using t-distributed stochastic neighbour embedding (t-SNE) and to 

compute genes up- or down-regulated in all cells within the cluster compared to cells not in the 

cluster2, 3.

Bulk sequencing and data analysis

For bulk sequencing, RNA from cardiac tissue was isolated using Trizol. Subsequently, libraries 

were prepared and sequenced using a similar protocol as described for single-cell RNA 

sequencing. 

Pathway analysis and gene ontology

To investigate whether differentially expressed genes in subgroups of cells share a similar 

biological function, enrichment analyses on these genes were performed using the gene ontology 

Paired-end reads from Illumina sequencing were mapped with BWA-ALN8 to theeeeee rrrrrrefefefefefefererererererenenenenenenencececececece 

genome GRCm38/mm10. For quantification of transcript abundance, the number of transcripts 

containiingngngggg uunique molecular identifiers (UMIs) per cell-specific barcode were counted for each 

genennenenenene.. Next, the eeeee RaRaRaRaRaRaRaccceIDDDDDD2222222 alalalaalalalgogogooooriririririririththththththt m m mm mm wawwwww s used tttttoo clusuu teer r rr r r cecececececec llllllllllss ssss babbbbb seseseedd d d onnonon KKKKK--meeeeeedodododododod iddidididdds s s s s s clccccc usssssteteteteeeririririririringngngngngngg, , , , ,,, totototototo

visuuuuuuaalalalalala ize cell cccccccluuuluuuustttteeers uuuusing g g tttttt------distribububbubububuteeddd stochhahahahh sticc neieieieieieieighghghghhghghbbbbbob uruurur embmbmmbbeddiiinnng ((ttttttt-SNE))) aaaaaaandndndndn tttto 

cococompmpmputututeee gegegenenenesss upupup- ororor dddowowownnn-rereregugugulalalateteteddd ininin aaallllll cccelelellslsls wiwiwithththininin ttthehehe ccclululustststererer cccomomompapaparerereddd tototo cccelelellslsls nnnototot iiinnn thththeee 
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(GO) enrichment tool and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

analysis using DAVID9. Significant enrichment of genes in GO terms and KEGG pathway 

analyses are shown as p values corrected for multiple testing using the Benjamini-Hochberg 

method.

Human heart samples

Approval for studies on human tissue samples was obtained from the Medical Ethics Committee 

of the University Medical Center Utrecht, The Netherlands (12#387). In this study we included 

tissue from the left ventricular free wall of patients with ischemic heart disease (infarct, border 

zone, and remote) and left ventricular free wall of non-failing donor hearts. 

Gene expression values obtained by qPCR were plotted for correlation analysis. 

Statistical analysis (qPCR). The number of samples (n) used in each experiment is indicated in 

the legend or shown in the figures. The results are presented as mean ± standard error of the 

mean. For qPCR analysis, statistical analyses were performed using PRISM (GraphPad Software 

Inc.). If 2 groups were compared a Student’s t-test was used. 

Results

Isolation of high quality RNA from digested hearts from adult mice 

To create a reliable gene expression atlas of all cardiac cell types we first aimed to determine the 

optimal method for tissue digestion and RNA extraction to obtain high quality RNA from single-

cell suspensions of the adult heart.  To do so, mice were euthanized after which the hearts were 

perfused with cold perfusion buffer. After collecting the anterior wall of the left ventricle, the 

tissue was washed in ice-cold perfusion buffer, kept on ice, minced into small pieces and 

transferred into a glass vial with cold digestion buffer. Following digestion of the tissue the cell 

Gene expression values obtained by qPCR were plotted for correlation analysis. 

Statistical analysis (qPCR). The number of samples (n) used in each experiment is indicated in 

he legend or shown in the figures. The results are presented as mean ± standard error of the 

meananananananan. For qPCRCRCRCRCRRCR aaaaaaanannnn lyyyyyysisisisisiiis,s,s,s,s,s,s, ssssstaaaaaatititititititiststststststicicicicicici alalalalalal ananaananaalyses wewwwww reee perrrrrrfofofofofofoformrmrmrmrmrmedededededede uuuusisiisisiingngngngnn PPPPPRIRIRIRIRISMMMMMM (((((((GrGrGrGrGrGrGrapapapapapapaphPadadadadaadd SSSSSSSofofofofofofftwtwtwtwtwtwt are

nc.....).)..).)... If 2 grouuuuuupspspspspspsp wwwwereeee cccoc mpppppppaaaraaaa ed a Studeeent’s tttttt-ttttesttt awawawaaaas s ss s s ususususususu ddddedd... 
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suspension was gently pipetted up and down after which the lysate was passed through a 100 m

cell strainer. The strainer was then rinsed with DMEM and the cells were collected for 

subsequent RNA extraction or flow cytometry (Figure 1A-B).

To optimize our digestion protocol, we started out by testing 4 different digestion 

solutions that are commonly used to digest muscle tissue, containing either Liberase, 

Collagenase II, Pancreatin or Trypsin 10-13. Based on cellular imaging and assessment of RNA 

quality by RNA Integrity Number (RIN) the digestion solution containing Liberase appeared 

most optimal for dispersing adult cardiac tissue while maintaining intact RNA (Figure S1A-B).

To compare both the influence of the solution containing the single-cell suspension and 

time the samples were kept on ice before further processing, we tested both DPBS with 5% FBS

14 and DMEM and collected the cells for RNA analysis either immediately or after having been 

on ice for 30 or 60 minutes. While the time on ice did not seem to influence the RIN, using 

DMEM appeared to provide higher quality RNA when lysing cardiac tissue (Figure S1C).

Next, we examined whether digestion in a 37 C incubator would be better than a 37 C

shaking water bath using two different concentrations of the digestion enzyme Liberase. Based 

on RIN, 0.5 mg Liberase yielded good quality RNA, and visually it was evident that using the

shaking water bath was better at digesting the pieces of cardiac tissue into suspension (Figure 

S1D). RNA isolated from mechanically homogenized cardiac tissue was taken along as a 

positive control (control heart).

To test whether the method of RNA isolation would influence the RNA quality we used 

both the mirVana RNA isolation kit (Thermo Fisher Scientiffic) and Trizol (Invitrogen) to isolate 

RNA from the digested cardiac cells. RNA integrity was comparable for samples isolated with 

Trizol or mirVana (Figure S1E).

ime the samples were kept on ice before further processing, we tested both DPBSSSSSS wwwwwwitititititith hh hh h 5%5%5%5%5%5%5 FBFBFBFBFBFBF S

4 and DMEM and collected the cells for RNA analysis either immediately or after having been 

on ice fororr 3333330 0 or 60 minutes. While the time on ice did not seem to influence the RIN, using 

DMMMMMMMEEEEEMEE  appeaarerererereered tottotot ppprororororoovivivivivivividededdddd hhhhhhhigigigigigigigheheheheheheh r rr rrr quqqqqq allalallality RNNNNNA AAAA whww ennnnnn lllllllysysyysysysininininininnggggggg cacacardrdrdrdrdrdiaiaiaiaccc c titititissss ueeeeee (((((((FiFiFiFiFiFiF gugugugugugugurerrrrr  SSSSSS111111CCCCCCC).)))))

Next, wewewewewewewe eeeexxxamimmimiined wwwhwwww ether r rr rrr diddddd gegegegg stion inininin a 3337 CCCCCC iiiiiini cuuuuuubabbatorrrr wwwow uuulddd bebebebebebebe better ththhhhhhhannnn a 37 CCCC

hhh kkakiiing wattter bbbaththth usiiing tttwo dididifffffferenttt concentttr ttatiiions offf thththe dididige ttstiiion enzyme LLLibibiberase. BBBas dded 
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Together these data indicated that based on cell morphology and RNA quality using 

Liberase to digest adult cardiac tissue for 15 min in a 37 C shaking water bath prior to Trizol 

RNA isolation, was optimal for obtaining a single-cell suspension of the heart (Figure S1E,

indicated by an arrow).

Single-cell sorting strategy 

After enzymatically dispersing cardiac tissue, flow cytometry was used to separate the cells.

Empirically, we found that using a large nozzle size (130 μm) allowed for sorting all range of 

cardiac cells without damaging larger cardiomyocytes. We based our gating strategy on multiple 

scatter properties including DAPI to sort for living cells, and green autofluorescence to sort for 

more complex cells that contain cytoskeletal filaments (Figure 1C) 15, 16. Our results indicated 

that on average 89.4% of the cells from control hearts were viable after sorting, of which 92% 

showed an autofluorescent signal (Figure 1C). Additionally, to enrich for bigger cells, we 

selected for cells with a higher forward scatter width (FSC-Width). Imaging the cells after 

sorting indicated that the cells remained intact and suitable for further sequencing applications

(Figure 1D-E). Since cardiomyocytes are notoriously difficult to isolate by sorting strategies we 

wanted to confirm the quality of the isolated cardiomyocytes, post sorting. To do so we crossed 

αMHC-Cre transgenic mice with R26 lox-Stop-lox tdTomato mice to mark the cardiomyocyte 

population (Figure S2A). After sorting we obtained 88.8% living cells (Figure S2B), in line 

with data obtained in Figure 1C. To confirm these were living cells, we resorted the single-cell 

lysate, which indicated 99.5% of these sorted cells were alive. (Figure S2C). Imaging of the

Tomato signals showed the cardiomyocytes to be intact after the sorting procedure (Figure 

S2D). To ensure that the quality of RNA remained intact even after sorting we collected different 

quantities of cardiac cells and isolated RNA. Bioanalyzer results indicate that after cell 

more complex cells that contain cytoskeletal filaments (Figure 1C) 15, 16. Our resuuuuuultltltltltltssss ss inininininindididididididicacacacacacateteteteteteteddd ddd

hat on average 89.4% of the cells from control hearts were viable after sorting, of which 92% 

howed aan n n aua tofluorescent signal (Figure 1C). Additionally, to enrich for bigger cells, we 
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separation the RNA isolated from the dispersed and sorted cells remained of good quality as 

indicated by RIN (Figure 1E).

Single-cell sequencing to identify gene expression signatures in all main cardiac cell types 

Using the SORT-Seq protocol, 5 on average we detected 16874 of raw unique reads per cell. The 

distribution of the readcounts across cells indicated the reads come from single cells, since we 

did not observe the bi-model or multi-modal distribution of reads one would expect when 

detecting transcript from doublets or multiplets (Figure S2E). After applying filtering 

procedures for quality and input (see online-only Data Supplement), a total of 426 cells from 

three different control hearts were used for downstream in-silico analysis. 

For the identification and analysis of all main cardiac cell types we used the RaceID2 

algorithm 3, 17. K-medoids clustering of 1-Pearson correlation coefficients revealed 14 distinct 

cell clusters in the adult heart (Figure 2A). The separation between the different cell clusters was 

further validated by a t-Distributed Stochastic Neighbor Embedding (t-SNE) map showing lower 

intra-cluster cell-to-cell distance compared to the inter-cluster distances (Figure 2B). Next, we 

assessed which genes were differentially expressed within each cluster compared to all other 

clusters (Database S1). We used the abundance of known marker genes to determine the cell 

identity of the different cardiac cell clusters (Figure 2C and Database S1). We were able to 

identify clusters belonging to all major cell populations in the heart (Figure S3A). T-SNE maps 

showing the expression of some of these marker genes indicated the presence of cardiomyocytes 

(Figure 2D), fibroblasts (Figure 2E), endothelial cells (Figure 2F) and macrophages (Figure 

2G).

For the identification and analysis of all main cardiac cell types we used ththththhheeeeee RaRaRaRaRaRacecececececeIDIDIDIDIDIDI 2 2 22 2 2

algorithm 3, 17. K-medoids clustering of 1-Pearson correlation coefficients revealed 14 distinct 

cell clusters in the adult heart (Figure 2A). The separation between the different cell clusters was
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Taken together, these findings demonstrate that by using our method we are able to 

generate a single cell gene expression profiling of the adult heart, which can identify all major 

cell types.

Contribution of mitochondrial transcripts differ for individual cell types

While investigating gene expression signatures in all main cardiac cell types (Figure S3A and 

Database S1), we observed that the contribution of mitochondrial and genomic transcripts varied

among different cells. All cardiomyocytes have higher percentages of mitochondrial transcripts

(58-86% of total transcripts) when compared to other cardiac cell types (Figure S3B-E). Since 

mitochondrial transcripts are so abundant we excluded them from the clustering analysis and 

focused only on the differential expression of genomic genes. 

Single-cell sequencing identifies cell-type specific subpopulations in the healthy heart

Single-cell sequencing of the adult heart revealed multiple clusters within the same cell type 

(Figure 2C and Figure S3). These cells are bioinformatically clustered based on the differential 

expression of genes, while they also express marker genes that identify them as a specific cell 

type. According to the gene expression of marker genes we were able to identify 4 different 

clusters of cardiomyocytes, 2 clusters of endothelial cells, 2 clusters of fibroblasts, 2 clusters of 

macrophages, 1 cluster of smooth muscle cells and a cluster of erythrocytes (Figure 2C and 

Figure S3A).

To explore these clusters in more detail we focused on the cardiomyocyte clusters. These 

clusters are defined as cardiomyocytes based on the enriched expression of cardiomyocyte 

marker genes compared to other cells (Figure 3A, indicated in red and Figure 3B). The enriched 

expression of a divergent set of genes classifies them to as separate cell clusters based on the 

RaceID2 parameters (Figure 3A, indicated in black and Figure 3B). Interestingly, the relative 

focused only on the differential expression of genomic genes. 

Single-cell sequencing identifies cell-type specific subpopulations in the healthy heart

Single-cell sequencing of the adult heart revealed multiple clusters within the same cell type 
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expression of the well-known cardiomyocyte markers genes, showed a high level of variation 

between the different cardiomyocyte clusters and as expected we observed them to be enriched 

compared to the fibroblasts. (Figure 3C).

Based on differential expression of cardiomyocyte marker genes, cluster 4 appeared to be 

the most divergent from the other cardiomyocyte clusters (Figure 3C). A t-SNE map confirmed 

that this cluster does express cardiomyocyte markers, such as cardiac troponin T, Tnnt2 (Figure 

4A), however, it is the only subpopulation of cardiomyocytes that is enriched for Myozenin2

(Myoz2) expression (Figure 3 and Figure 4B). To determine whether the clustering of Myoz2

expression is a product of stoichastic gene expression within the cardiomyocytes of the heart, we 

aimed to validate this cluster in an independent mouse model. To do so we specifically sorted 

and sequenced cardiomyocytes from cardiac tissue from mice in which we labelled the 

cardiomyocytes with tdTomato (αMHC-Cre transgenic mice crossed with R26 lox-Stop-lox 

tdTomato mice) (Figure S2A). Similar to the control hearts (Figure S4A), we also detected a 

Myoz2-enriched cardiomyocyte cluster (Figure S4B). In comparing the highly expressed genes 

in the Myoz2-enriched cardiomyocyte clusters from either C57BL/6J mice or tdTomato mice, we 

identified a large overlap in enriched genes from both clusters (Figure S4C). The overlap in 

gene enrichment strongly suggest the clustering data to be reliable and that the Myoz2-enriched 

cardiomyocyte cluster is indeed different from the other cardiomyocyte clusters.

Immunohistochemistry indicated MYOZ2 to be enriched in a layer of cardiomyocytes

(co-stained with TNNT2) located at the epicardial surface of the heart (Figure 4C). Gene 

ontology analysis of the most differentially regulated genes in the Myoz2-enriched cluster versus 

other cardiomyocytes, indicated the highly detected genes to be involved in degenerative 

disorders of the central nervous system (Figure 4D), while the lowly expressed genes appeared 

aimed to validate this cluster in an independent mouse model. To do so we specifffffficicicicicicalalalalalallylylylylyly ssssssororororororteteteteteted d dddd

and sequenced cardiomyocytes from cardiac tissue frff om mice in which we labelled the 

cardiomyyyyyyocytes with tdTomato (αMHC-Cre transgenic mice crossed with R26 lox-Stop-lox 
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to be involved in cardiac diseases (Figure 4E). This is interesting as Myoz2, also known as 

Calsarcin-1, is an inhibitor of the pathological, pro-hypertrophic phosphatase Calcineurin.18, 19

In conclusion, our data show that single-cell sequencing analysis on cardiac cells can 

serve to identify subpopulations of a certain cell type, thus, indicating a large heterogeneity 

between cells from the same cell type. Additionally, this approach allows for the detection of 

novel cell type-enriched gene expression, providing a basis for discovering new gene functions 

in certain cell types. 

Single-cell sequencing of the injured heart

Ischemic heart disease is the most common form of cardiovascular disease that induces a 

remodelling response across the damaged area that involves fibroblast activation, immune cell 

infiltration, neoangiogenesis and a change in cardiomyocyte function 20, 21. The identification of 

new regulators, transcription factors and molecular pathways that are relevant for these cellular 

processes, could eventually lead to the development of new therapeutic strategies for patients 

suffering from this disease.

To determine whether our method would allow for studying the influence of disease on 

inter- and intracellular changes in gene expression, we exposed mice to ischemic injury 

(ischemia reperfusion, IR) and collect samples 3 days post IR (3dpIR), 7 Using the same isolation 

procedure as described above we isolated 509 individual cells from the infarcted region of heart.

(Figure S5 and S6). We pooled these cells with the 426 cells obtained previously from the 

corresponding region of control hearts for in-silico analysis with RaceID2. Using our optimized 

protocol, we were able to obtain good quality RNA from single cell suspensions from the infarct

region, as assessed by RIN (Figure S6B). K-medoids clustering of 1-Pearson correlation 

revealed a total of 17 different cell cluster in all pooled cells from control and 3 dpIR hearts 

emodelling response across the damaged area that involves fibroblast activation,,,,, imimimimimimmumumumumumunenenenenene ccccccelelelelelell lllll

nfiltration, neoangiogenesis and a change in cardiomyocyte function 20, 21. The identification of 

new regug lators, transcription factors and molecular pathways that are relevant for these cellular 
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(Figure S6C). Using the abundance of known marker genes to determine the cell identity of the

different cardiac cell clusters we were able to identify clusters belonging to all major cell 

populations in the heart (Figure S7A), which was validated by t-SNE maps showing enriched 

marker gene expression in these individual clusters (Figure S7B-E). Based on marker gene 

expression (Figure 3B), we could identify all main cardiac cell types among the different 

clusters (Figure S7). To see how ischemic injury would affect expression of mitochondrial and 

genomic genes within all cell types, we compared the average relative expression of genomic 

and mitochondrial genes within each cluster obtained from either healthy and diseased hearts

(Figure S8A-D). On average, the expression of mitochondrial genes decreased after ischemic 

injury within all cell clusters.

Inter- and intracellular gene expression changes induced by ischemic injury

By generating an t-SNE map to indicate transcriptome similarities between all individual cells, 

we were able to see that the majority of clusters contained cells from both control and injured 

hearts (Figure 5A-B). However, injury triggered the appearance of a disease-enriched cell 

clusters (Figure 5A-D and S8E).

Focussing on the fibroblasts, we were able to identify 3 different fibroblast clusters (7, 13

and 15) (Figure 5 B-D). Examination of the library origin, we observed that the cells in clusters 

13 and 15 predominantly stemmed from the injured hearts, whereas cluster 7 contained cells 

from both conditions (Figure 5C-D). Cells from clusters 13 and 15 were characterized by the 

relatively high expression of Postn, Wisp1 and Tnc, previously associated with fibroblast 

activation22-24, and t-SNE maps again confirmed the enriched expression of these genes in the 

disease-enriched fibroblast clusters (Figure 5E and Figure S9). The disease-specific induction 

njury within all cell clusters.

nter- and intracellular gene expression changes induced by ischemic injury

By generating an t-SNE map to indicate transcriptome similarities between all individual cells, 
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of these genes was validated by qPCR on cardiac tissue from either control or injured hearts 

(Figure 5F).

Ckap4 expression is specifically increased in activated fibroblasts

Having identified a population of fibroblasts stemming from both healthy and diseased hearts 

(cluster 7) and a population stemming predominantly from diseased hearts (cluster 13 and 15), 

we next determined the differentially expressed genes between these populations. Using a Log2 

fold change of 1.5 or -1.5 or more with a p value of 0.05 we found a total of 11 genes up-

regulated and 20 genes down-regulated in the disease-enriched fibroblasts population (Figure 

5G). In using the same parameters for defining differentially expressed genes in larger cell 

clusters, the number of differentially expressed genes between cells from the healthy and 

ischemic hearts became much larger. For example, we found 205 genes differentially expressed 

between healthy and ischemic cardiomyocytes coming from clusters 1, 3 ,4 and 8, while 191

genes were differentially expressed in macrophages coming from either the healthy or ischemic 

hearts forming cluster 5, 9, 14 and 16 (data not shown). The upregulated genes in these diseased-

enriched clusters were related to various processes associated with extracellular matrix

deposition and collagen deposition (Figure 5H), a hallmark of the fibrotic response after 

ischemic injury of the heart25. In line with this observation, among the enriched genes, we 

detected various collagen genes and markers known to be expressed in activated fibroblasts, such 

as Postn.22 (Figure 5I). The identification of clusters that are enriched for disease-related genes 

from ischemic hearts further underscores the validity of our clustering approach. 

In addition to known markers for activated fibroblasts, we identified cytoskeleton 

associated protein 4 (Ckap4) to be upregulated in this population of activated fibroblasts. Ckap4

is a transmembrane protein and can act as a receptor for various ligands in different cells 26, 27 ,

clusters, the number of differentially expressed genes between cells from the heallllllththththththyyyy yy anananananand dd d d dd

schemic hearts became much larger. For example, we found 205 genes differentially expressed 

between healthy and ischemic cardiomyocytes coming from clusters 1, 3 ,4 and 8, while 191
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however its function in cardiac fibroblasts remains unknown. We could confirm the upregulation 

of Ckap4 upon ischemic injury in the whole heart by bulk RNA-sequencing (Figure 5J).

However, our single-cell sequencing data allowed us to detect the upregulation of Ckap4

specifically in activated fibroblasts and not in any other cell types, which was confirmed by t-

SNE maps (Figure 5K-L). By immunohistochemistry we validated the induction of CKAP4 in 

hearts post ischemic injury, which overlapped with cells expressing the fibroblasts marker 

vimentin (VIM) (Figure 6A). To investigate the functional relevance of Ckap4 expression in 

activated fibroblasts we inhibited Ckap4 expression in fibroblasts, after which we exposed them 

to TGFβ, a well-known inducer of myofibroblasts formation (Figure 6B) 28 . TGFβ was able to 

induce Ckap4 expression when compared to control. SiRNA- mediated inhibition of Ckap4 

resulted in a dose dependent reduction of Ckap4 (Figure 6C), on the mRNA and the protein 

level (Figure 6C-D). Quantitative PCR analysis showed that TGFβ treatment led to an increase 

in the expression of markers for activated fibroblasts and that inhibition of Ckap4 further 

potentiated this effect under such conditions (Figure 6E). While this warrants further

investigation, this seems to imply that CKAP4 in activated fibroblast functions to dampen the 

expression of genes related to activated fibroblast.

Also in cardiac samples from patients suffering from ischemic heart disease we were able 

to confirm a positive correlation in expression between CKAP4 and genes known to be induced 

in activated cardiac fibroblasts (Figure 7A-C). In addition, immunohistochemistry showed a 

strong overlap between CKAP4 expression and various well-established fibroblast markers in 

human ischemic hearts (Figure 8D), suggesting CKAP4 also has a role in activated fibroblasts in 

humans.

nduce Ckap4 expression when compared to control. SiRNA- mediated inhibition nnn n n ofofofofofof CCCCCCkakakakakakap4p4p4p4p4p4 
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Taken together, our single cell RNA sequencing data on healthy and disease hearts 

demonstrate that we are able to identify disease-specific subpopulations of various cell types. 

Comparing gene expression patterns between healthy and disease subpopulations within cell 

types allowed us to detect cell type-specific upregulation of various genes. Using this approach, 

we identified Ckap4, as a marker specifically upregulated in activated fibroblasts.

Discussion

Here we show that our optimized technique to isolate and sort adult cardiac cells in combination 

with a high throughput method to sequence single cells with SORT-seq 2, 5, 29, provides a unique 

opportunity to reliably obtain single-cell gene expression data of the adult mammalian heart

(Figure S10 and step-by-step protocol in Online Data Supplements). Among the sequenced 

cells, we were able to identify all major cardiac cell types, including cardiomyocytes, fibroblasts, 

endothelial cells and macrophages 30,1.

A major advantage of single-cell sequencing is the ability to detect heterogeneity within a 

certain cell type in the heart. Clustering analysis of our single-cell sequencing data shows 

differentially expressed genes in subsets of cells which are likely to contribute to the functional 

diversity within different cell types. For example, we found 4 clusters of cardiomyocytes that 

compared to fibroblast, as expected, show a significant enrichment for cardiomyocyte marker 

gene expression. However, our data also show that there is a substantial heterogeneity in 

expression of well-established cardiomyocyte markers between the different cardiomyocyte 

subpopultaion (Figure 3C). While we currently do not know the biological relevance of this 

observation, it could imply that there are functionally different cardiomyocyte populations

already in a healthy heart.

opportunity to reliably obtain single-cell gene expression data of the adult mammmmmmmalalalalalaliaiaiaiaiaiannnnn n hehehehehehearararararartttttt
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In addition, we show that only a subset of cardiomyocytes express Myoz2, a protein 

belonging to a family of sarcomeric proteins 18. Myoz2 has been shown to tether -actinin to 

Calcineurin, a well-known inducer of cardiomyocyte hypertrophy 31, thereby inhibiting the 

pathological hypertrophic response of cardiomyocytes 18. Myoz2 expression limited to only a 

subset of cardiomyocytes, predominantly located towards the epicardial region of the heart,

raises the possibility that subpopulations of cardiomyocytes respond differently to Calcineurin-

mediated hypertrophy, with some being more resistant than others. A challenge for single cell 

sequencing studies is to discriminate between difference based on stoichastic changes in gene 

expression or biology 32. To show that the differences in expression in the Myoz2-enriched 

cardiomyocte cluster are biologically relevant, we additionally clustered sequenced

cardiomyocytes from an additional mouse model (Figure S4). Also in this study we were able to 

identify a distinct cluster of cardiomyocytes to be enriched for Myoz2 expression. When 

comparing the enriched genes in both Myoz2 clusters, we detected a large overlap suggesting 

that these clusters of Myoz2-enriched cardiomyocytes indeed resemble each other and might be 

functionally different compared to the other cardiomyocytes. Determining the biological function 

of this subset of cardiomyocytes, could yield valuable insights into cellular mechanisms

responsible for cardiac function and pathologies.

Comparing single-cell sequencing data sets from both the healthy and injured heart 

revealed that disease gives rise to new subpopulations of known cell types that appear specific

for or enriched with cells coming from the diseased heart. While it is known that the cellular 

composition of the heart changes during pathological stress 33, we are limited in our ability to 

detect genome-wide changes in expression specifically occurring within each cell type during 

cardiac stress. Our single-cell sequencing data now allows us to identify transcriptome-wide

cardiomyocte cluster are biologically relevant, we additionally clustered sequencedededededed

cardiomyocytes from an additional mouse model (Figure S4). Also in this study we were able to

dentifyyyyyy aaaa dididddd stinct cluster of cardiomyocytes to be enriched for Myoz2 expression. When 
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differences in all mayor cardiac cell types between different conditions. By defining disease-

related cell subpopulations and the associated changes in gene expression, we expect to identify 

novel molecular mechanisms that are relevant for the cellular changes underlying heart disease.  

The potential of the described approach is nicely exemplified by the identification Ckap4

as a novel marker for activated fibroblasts. Ckap4 was previously reported to have a function in 

cell proliferation during tumour progression 34, but its function in the heart so far has been

unstudied. In our data set we found Ckap4 to be expressed in the same cell population as Postn,

Ctrc1 and Fn1, well-known markers for cardiac myofibroblasts 22-24. Immunohistochemistry on 

both control and ischemic hearts confirmed the expression of CKAP4 to be specific for the 

stressed heart and to overlap with Vimentin, a marker for fibroblasts, in the ischemic heart. In

vitro loss-of-function of Ckap4 showed an over activation of myofibroblast related genes before 

and after TGFβ stimulation suggesting a role for Ckap4 during fibroblast activation. Moreover,

we observed a positive correlation between CKAP4 and fibroblasts markers in cardiac biopsies 

from patients suffering from ischemic heart disease.

In an attempt to collect living cells for our single-cell analysis we biased our flow 

cytometry gating towards larger cells. As a result, we preferentially isolated cardiomyocytes 

(71% for sequenced cells in control heart and 59% in diseased hearts) while it is estimated that 

30% of cardiac cells are cardiomyocytes 30. Nonetheless, we were still able to detect also other 

cell populations. Further optimization of our gating strategy is required to obtain a representative 

spectrum of cardiac cell types after cell sorting by flow cytometry.

Inherent to the technique, the low sequencing efficiency prevents us from detecting lower 

expressed genes in a cell. Since currently the majority of reads are being spend on mitochondrial 

genes (up to 23-84% of reads for cardiomyocytes clusters from both sham and IR), efforts to 

tressed heart and to overlap with Vimentin, a marker for fibroblasts, in the ischemmmmmmicicicicicic hhhhhheaeaeaeaeaeartrtrtrtrtrt... InInInInInInI

vitro loss-of-ff function of Ckap4 showed an over activation of myofibroblast related genes before 

and after TGFβ stimulation suggesting a role for Ckap4 during fibroblast activation. Moreover,
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separate out transcripts derived from the mitochondria could greatly enhance the sequencing 

efficiency.

While future developments will continue to optimize the single-cell sequencing 

technology on organs, our study for the first time indicates the feasibility of using this technique 

on adult cardiac tissue. Our data indicate the potential of this method to identify transcriptional 

differences between cardiac cell types and to study the heterogeneity in gene expression between 

the different subpopulations. These discoveries together create major opportunities to unveil new 

gene functions for cellular biology and organ function.
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Figure Legends

Figure 1. Sorting single cells from the adult heart. A, Schematic representation of the heart 

and all main cardiac cell types. B, Work flow of the protocol. C, Gating strategy to sort single 

cells based on different scatter properties. D, Schematic image of the heart highlighting the area 

selected for enzymatic digestion; images of cells before D’, and after sorting D”. E,

Representative bioanalyzer results for RNA quality for the indicated number of sorted cells from 

control heart. This quality step was performed on each heart used for digestion and downstream 

single-cell analysis.

Figure 2. Clustering of cardiac cells based on gene expression differences. A, Heatmap 

showing distances in cell-to-cell transcriptomes of 426 cells obtained from 3 hearts. Distances 

are measured by 1 – Pearson’s correlation coefficient. K-medoids clustering identified a total of 

14 different cell clusters depicted on the x-axis and y-axis of the heatmap. B, t-SNE map 

indicating transcriptome similarities between all individual cells. Different numbers and colors 

highlight different clusters identified by K-medoids clustering shown in A. C, Tables showing 

list of known marker genes of main cardiac cell types used to identify the subpopulations of cells 

identified in A. D-G, t-SNE maps indicating the expression of selected, well-established cellular 

markers in cell populations identified as D, cardiomyocytes, E, fibroblasts, F, endothelial cells 

and G, macrophages. Data are shown as normalized transcript counts on a color-coded 

logarithmic (log2) scale.

Figure 2. Clustering of cardiac cells based on gene expression differences. A, Heatmap 

howing ggg distances in cell-to-cell transcriptomes of 426 cells obtained from 3 hearts. Distances 
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Figure 3. Gene expression differences across cardiomyocyte subpopulations. A, Table 

showing the top 25 highest expressed and enriched genes per cluster. Genes highlighted in red 

are known cardiomyocyte markers. B, t-SNE maps showing the distribution in expression of 

selected cardiomyocyte markers that are enriched in indicated cardiomyocyte clusters. 

Expression is shown as normalized transcript counts on a color-coded scale. C, Heatmap of 

average normalized number of reads across the 4 cardiomyocyte clusters and a fibroblast cluster 

as a control.

Figure 4. Myozenin 2 expression is restricted to a subset of cardiomyocytes. A-B, t-SNE 

maps showing expression of A, Tnnt2 and B, Myoz2 across cells from control hearts. Expression 

is shown as normalized transcript counts on a color-coded scale. C, Representative confocal 

images of control hearts stained for TNNT2 (green), MYOZ2 (red) and DAPI (blue). 

Immunohistochemistry was performed on 3 control hearts. D-E, KEGG pathway analysis of top 

200 D, up-regulated or E, down-regulated genes in the Myoz2 expressing cardiomyocyte cluster 

(Cluster 4) compared to all other cardiomyocyte clusters (Cluster 1, 3 and 9).

Figure 5. Single-cell sequencing of the ischemic heart. A-B, t-SNE map indicating 

transcriptome similarities between 935 individual cells. Colors in A, highlight the conditions of 

the hearts from which the cells where derived (control in green and 3 dpIR in pink). Numbers in 

B, highlight the clusters identified in Figure S6C. C-D, Enlargement of the t-SNE map from A, 

and B, focussing in on the fibroblast clusters. The dotted circle highlights clusters containing 

mainly/exclusively cells from the diseased hearts. E, Enlargement of the t-SNE map from 

fibroblast clusters showing higher expression of specific genes in the clusters from the diseased 

maps showing expression of A, Tnnt2 and B, Myoz2 across cells from control hearararararartstststststs. ExExExExExExprprprprprprp esesesesesessisisisisisioono

s shown as normalized transcript counts on a color-coded scale. C, Representative confocal

mages of control hearts stained for TNNT2 (green), MYOZ2 (red) and DAPI (blue). 
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hearts compared to clusters from both control and 3 dpIR hearts. Expression is depicted as 

normalized transcript count on a color-coded logarithmic (log2) scale. F, Validation of the 

increased expression of genes found up-regulated in fibroblasts from diseased compared to 

control hearts by qPCR on whole hearts. n=5 Two-sample t-test; * p<0.05 control vs 3 dpIR. G,

Pie graph showing the number of significantly (p<0.05) up- and down-regulated genes in 

diseased fibroblast clusters compared to the control fibroblast cluster. Genes were selected with a 

log2 fold change of at least 1.5 or -1.5 respectively. H, KEGG pathway analysis and GO term 

enrichment on genes that were significantly up-regulated in G. I, Expression of the up-regulated 

11 genes in the diseased fibroblast clusters compared to the control fibroblast cluster as identified 

in G. J, Heatmap showing the differential expression of the 11 up-regulated genes in the diseased

fibroblast clusters in bulk sequencing of the infarct region of control and 3 dpIR hearts. K, t-SNE 

map showing the expression of Ckap4 across all cells sequenced from control and diseased 

hearts. Expression is depicted as normalized transcript count on a color-coded scale. L,

Enlargement of the t-SNE map from fibroblast clusters showing a higher expression of Ckap4 in

the diseased fibroblast clusters (Cluster 13 and 15) compared to the control fibroblast cluster 

(Cluster 7).

Figure 6. Ckap4 is specifically expressed in fibroblasts post I/R, and in activated fibroblasts 

in vitro. A, Representative confocal images of control (left) and 3 dpIR (right) mouse heart 

stained for CKAP4 (red) and known markers for different cardiac cell types (green): endothelial 

cells (PECAM1 – upper panel), cardiomyocytes (ACTN2 – middle panel) and fibroblasts (VIM –

lower panel).  Immunohistochemistry was performed on a total of 3 hearts per condition. B,

Schematic overview of Ckap4 knockdown experiments in activated NIH/3T3 fibroblasts. C,

n G. J, Heatmap showing the differential expression of the 11 up-regulated geneesssss s inininininin tttttthehehehehehe dddddddisisisisisiseaeaeaeaeaeasses d

fibroblast clusters in bulk sequencing of the infarct region of control and 3 dpIR hearts. K, t-SNE

map showing the expression of Ckap4 across all cells sequenced from control and diseased 

hearararararara tststststststs. Expressisiisisisisiononononononon iiiiis dededededdepipipipipipipictctctcctcteddddddd aaaaaaas sssss nonononononon rmrrrrr alallalallizi ed trarararaar nscrrript t t t tt cococococococ ununununununtttttt t ononnn aaaaaa cococcococ lololololorrrr---codedededededeed d d d d d d scscscscscscscalalalaalalale. LLLL,,,,,,
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qPCR for Ckap4 after TGFβ stimulation in NIH/3T3 fibroblasts post Ckap4 siRNA treatment or 

scrambled siRNA treatment. Expression levels are relative to vehicle treated NIH/3T3 cells 

transfected with scrambled siRNA. n=3-10; Two-sample t-test; # p<0.005 vs scrambled siRNA 

vehicle treated; * p<0.005 vs scrambled siRNA vehicle treated; $ p<0.005 vs scrambled siRNA 

TGFβ treated. D, Representative confocal images of NIH/3T3 cells upon vehicle or TGFβ 

treatment without or with Ckap4 knockdown. E, qPCR for marker genes of activated fibroblasts 

in NIH/3T3 cells upon vehicle or TGFβ treatment without or with Ckap4 knockdown. 

Expression levels are relative to vehicle treated NIH/3T3 cells transfected with scrambled 

siRNA. n=5-9; Two-sample t-test; # p<0.05 vs scrambled siRNA vehicle treated; * p<0.05 vs 

scrambled siRNA vehicle treated; $ p<0.005 vs scrambled siRNA vehicle treated.

Figure 7. CKAP4 is co-expressed with markers of activated fibroblasts in human ischemic 

hearts. A-C, Pearson correlation between expression of CKAP4 and markers for activated 

fibroblasts A, POSTN, B, CTHRC1, and C, FN1, determined by qPCR analysis on human 

cardiac tissue (n=30 including control hearts and three different parts of the ischemic heart: 

remote, border zone and infarct n=35). D, Representative confocal images from human ischemic 

hearts stained for CKAP4 (red) and markers for different cardiac cell types (green): endothelial 

cells (PECAM1 – upper, left panel), cardiomyocytes (ACTN2 – upper, right panel) and 

fibroblasts (ACTA2 – middle, left panel, DDR2 – middle, right panel, VIM – lower, left panel, 

PDGFR – lower, right panel).  Immunohistochemistry was performed on a total of 3 hearts per 

condition.

crambled siRNA vehicle treated; $ p<0.005 vs scrambled siRNA vehicle treated.d.d.d.d.d.

Figure 7. CKAP4 is co-expressed with markers of activated fibroblasts in human ischemic 
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fibrrrrrrobobobobobobblasts A, POPOPOPOPOPOOSTSSTSTNNNN,NN BB, CTCTCTCTCTCTHRH C1, ,,,, ananddd C, FNNNNNN11, deded teeeeeeermrmrmrmrmrmininininininedededdeded bbbby qPqPqqPPCRRR aaananaanananallllyll sis onnnnnnn hhhhhhumummmman 
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Expanded Methods and Results 

 

Animals. All animal studies were performed in accordance with institutional guidelines and 

regulations of the Animal Welfare Committee of the Royal Netherlands Academy of Arts and 

Sciences. All animal experiments were performed on adult C57BL/6J male mice from Charles 

River Laboratories (8-9 weeks of age) or aMHC-Cre transgenic mice1 crossed with R26 lox-

Stop-lox tdTomato (The Jackson Laboratory, #007914) to allow for cardiomyocyte-specific 

sorting. 

Ischemia-reperfusion or sham surgery was performed in adult mice by temporary ligation (1h) 

of the left anterior descending artery (LAD)2. In brief, mice were anaesthetized with a mixture 

of ketamine and xylazine by IP injection and hairs were shaved from the thorax. A tracheal 

tube was placed and the mouse was connected to a ventilator (UNO Microventilator UMV-03, 

Uno BV.)  The surgical side was cleaned with iodine and 70% ethanol. Using aseptic technique 

with sterile instruments the skin was incised at the midline to allow access to the left third 

intercostal space. Pectoral muscles were retracted and the intercostal muscles cut caudal to 

the third rib. Wound hooks were placed to allow access to the heart. The pericardium was 

incised longitudinally and LAD identified. A 7.0 silk suture was placed around the LAD and a 

piece of 2-3 mm PE 10 tubing. Following 1h of ischemic conditions, the PE tubing was 

removed and the ligature cut to allow for reperfusion via the LAD. After the surgery, the mice 

were injected with 0.05-0.1mg/kg of buprenorphine (temgesic), after which the rib cage was 

closed with a 5.0 silk suture and skin closed with a wound clip. The animal was disconnected 

from the ventilator by removing the tracheal tube and placed on a nose cone with 100% 

oxygen. During the whole procedure and recovery period the animals are placed on a 38°C 

heating mat.   

 

Tissue collection. Mice were euthanized and the chest was opened to expose the heart. 

After removing the right atrium, the heart was immediately perfused by injecting 10ml of cold 



perfusion buffer into the left ventricle. After perfusion, the heart was removed and washed in 

cold perfusion buffer.  

 

Perfusion buffer: 135mM NaCl, 4mM KCl, 1mM MgCl2, 10mM HEPES, 0.33mM NaH2PO4, 

10mM glucose, 10mM 2,3-butanedione monoxime (Sigma, St Louis, MO), 5mM taurine 

(Sigma), adjust pH to 7.2 at 37°C. Make a 10x stock without BDM and taurine, filter and store 

at 4°C. Add BDM and taurine fresh. 

 

Table S1 

Perfusion buffer   

 1x pH7,2 10x (500ml) pH7,2 (sterile H2O) 

NaCl 135mM 39.1g 

KCl 4mM 1.5g 

MgCl2 1mM 0.476g 

HEPES 10mM  11.9g 

NaH2PO4 0.33mM 0.227g 

Glucose 10mM 9g 

BDM 10mM add 504mg in 500ml 1x 

Taurine 5mM add 312mg in 500ml 1x 

 

Digestion of the heart. After collecting the infarcted area (infarct and borderzone region) or 

the corresponding region of a control heart, the tissue was minced into fine pieces using a 

scalpel and transferred into a glass vial with 1.5ml of cold digestion buffer. Digestion buffers 

were prepared as described in detail below.  

 

1x digestion solutions (Suitable for half or quarter of the heart): 



The tissues were digested by either using a shaking (100rpm) 37°C waterbath or by placing 

the pieces of tissue in a 37°C incubator for 15min. The obtained cell suspension was gently 

pipetted up and down (10x) and transferred onto a 100µm cell strainer placed on top of a 50ml 

Falcon tube. The tissue was gently rubbed through the strainer using the plunger of a 1ml 

syringe, after which the strainer was rinsed with 8.5ml of DMEM to obtain a total volume of 

10ml, which was centrifuged for 6 min at 4°C at 300 xg.  

 

Table S2 

Liberase (Roche, #5401020001) Pancreatin (Sigma, #P3292) 

150µl      Liberase TL (final conc. 0.5mg/ml) 

30µl        DNase I (final conc. 20µg/ml) 

15µl        HEPES 1M 

1305µl    DMEM 

 

Comments: Dilute 1 vial in 1ml RNAse free 

water to final concentration of 5mg/ml. 

Rotate 30min on roller bank at 4°C. 

2mg        Pancreatin 

4mg        Collagenase II 

30µl        DNase I (final conc. 20µg/ml) 

1470µl    DPBS 

Comments: DNase I (Worthington, 

LK003172): Dilute 1 vial in 500µl RNAse 

free water to a final concentration of 1mg/ml 

(2000U/ml) 

Collagenase II (Gibco, #17101-015) Trypsin (Gibco, #15400-054) 

3mg       Collagenase II (final conc. 2mg/ml) 

1500µl    DPBS 

80µl        Trypsin 10x Stock 

1420µl    DPBS 

• Filter the total volume of 1.5ml through a 0.2µM filter and keep on ice. 

 

The protocol we decided to use was to digest the tissue in a waterbath instead of using an 

incubator. This was because visually the digested tissue appeared in better condition when 

using the waterbath. We also opted to use DMEM instead of DPBS because DMEM was 

suggested as preferred medium by the supplier of Liberase (Roche). 

 



Imaging of the cells. After digestion of the heart, 5000 cells were sorted into a 96-well plate 

and imaged using EVOS Cell Imaging Systems to visualize the morphology of the cells.   

 

RNA isolation and quality control. To isolate RNA from the collected cells we used either 

the mirVanaTM miRNA Isolation kit (Invitrogen, #AM1560) according to the manufacturer’s 

instructions or we resuspended the pelleted cells in 1ml of Trizol reagent (Invitrogen, 

#15596026) for direct RNA isolation. The RNA concentration was assessed by a NanoDrop 

Spectrophotometer. To assess the RNA quality an aliquot of RNA was diluted to 200-

5000pg/µl and put on a bioanalyzer using the Agilent RNA 6000 Pico Kit (Agilent technologies, 

5067-1513) according to the manufacturer’s instructions. 

 

Flow cytometry. The freshly collected cardiac cell lysates were resuspended in 2ml DMEM-

Dulbecco’s Modified Eagle Medium, high glucose, GlutaMAXTM, Supplement, pyruvate (Gibco, 

#31966021) with DAPI 1:1000 (Invitrogen, #D3571) and stored on ice until sorting using a 

FACS Aria II (BD bioscience). Live single cells were sorted into 384-well plates based on 

multiple scatter strategies. Using forward scatter and side scatter area (FSC-Area and SSC-

Area) we selected for cells that were DAPI negative and autofluorescent in 488 and 460 

channels; considering that living, more complex cells containing filaments like cardiomyocytes 

are more autofluorescent at those wavelengths. Next, based on FSC-Height and FSC-Area 

we selected for single cells and excluded cell debris.  Finally, by using FSC-Width we were 

able to pick more elongated cells. After cell sorting, 384-well plates were immediately 

centrifuged and frozen down at -80°C. For RNA quality control we additionally sorted 100, 

500, 1000, 5000 and 10000 cells into a 96-well plate containing Trizol. The RNA was isolated 

and RIN was assessed using the Bioanalyzer. 

For sorting tdTomato positive cardiomyocytes we employed one additional gating that allowed 

us to select only for red fluorescent cells. 

 



Library preparation and sequencing of single cells. The SORT-seq procedure was applied 

and described previously3. Cells were sorted into 384 well plates containing 5µl of VaporLock 

oil and an aqueous solution of 100nl containing reverse transcriptase (RT) primers, spike-in 

RNA molecules, dinucleotide triphosphates (dNTPs) and CEL-seq primers.  CEL-seq primers 

consisted of a 24 bp polyT sequence followed by a 6bp unique molecular identifier (UMI), a 

cell-specific barcode, the 5’ Illumina TruSeq2 adapter and a T7 promotor sequence. Cell lysis 

was formed by incubation of cells for 5min at 65°C, after which cDNA libraries were obtained 

by dispersion of the RT enzyme and second strand mixes with the Nanodrop II liquid handling 

platform (GC biotech). cDNA libraries in all wells were pooled, followed by separation of the 

aqueous phase from the oil phase prior to in vitro transcription for linear amplification as 

performed by overnight incubation at 37°C4. Next, Illumina sequencing libraries were prepared 

using the TruSeq small RNA primers (Illumina), followed by PCR amplification for 12-15 

rounds depending on the amount of RNA after in vitro transcription. Afterwards, libraries were 

sequenced paired-end at 75 bp read length with Illumina NextSeq. 

 

Data analysis of single-cell RNA-sequencing. Paired-end reads from Illumina sequencing 

were mapped with BWA-ALN5 to the reference genome GRCm38/mm10 downloaded from 

the UCSC genome browser. The left read mate was used to allocate reads to the libraries and 

cells, whereas the right read mate was mapped to the gene models and used to quantify 

transcript abundance. Reads that mapped equally well to multiple loci in the reference genome 

were excluded. For quantification of transcript abundance, per cell-specific barcode the 

number of transcripts containing unique UMI’s were counted for each gene in the genome. 

Next, these observed transcript counts were converted into expected transcript counts using 

Poissonian statistics as previously described6, taking into account the count number for each 

gene and a total of 4096 different UMI’s. Afterwards, all read counts for mitochondrial genes 

were discarded due to the high abundance of transcripts coming from these genes in 

cardiomyocytes, which interfered with downstream clustering. 



Next, the RaceID2 algorithm was used to cluster cells based on K-medoids clustering, to 

visualize cell clusters using t-distributed stochastic neighbour embedding (t-SNE) and to 

compute genes up- or down-regulated in all cells in the cluster compared to all cells not in the 

cluster7, 8. All default parameters of the RaceID2 algorithm were used with the exceptions 

described below. Per cell, the number of transcript were down sampled to a total of 1000 

unique transcripts, and cells that had a number lower than 1000 unique transcripts were 

discarded (min.total = 1000). This resulted in a total of 423 and 509 cells sham and 3 days 

post I/R conditions respectively. For clustering, only genes with a down sampled read count 

of 3 or higher in at least 1 cell were used (min.expr = 3, min.number =1, max.expr = inf). For 

identification of outlier cells in each cluster, cells were selected that expressed at least 4 genes 

different from their mean expression across all cells in the cluster by a probability threshold 

lower than 1*10-6 (outlg = 4, probthr = 1e-6). Afterwards, quality of the clustering was assessed 

by visual inspection of the heat map of 1-pearson correlation (if the cluster of cells in the heat 

map show a good separation from all the other cells not in the cluster). Additionally, an 

additional dimension reduction algorithm, t-Distributed Stochastic Neighbor Embedding (t-

SNE), was used to inspect if all cells that cluster together with K-medoid clustering also have 

a smaller distance between each other in a t-SNE plot compared to all other cells. Differential 

expression of genes between two subgroups of cells was calculated using the DESeq2 

package in the R platform.9  

 

siRNA transfection and TGFb treatment. For Ckap4 knock-down we used Trilencer 27 

(Origene, #SR417628). siRNA transfection was performed in NIH/3T3 cells at increasing 

concentrations of 0,1nM, 1nM and 10nM using Lipofectamine 2000 Transfection Reagent 

(Invitrogen, #11668027). TGFb (Recombinant Human TGFb1, Hek293 derived; Preprotech 

#100-21) stimulation was performed at 5ng/ml for the final 16h. Cells were harvested after 48h 

and used for RNA isolation and immunofluorescence. 

 



Histological analysis and immunofluorescence. Adult hearts were excised from 

euthanized mice, washed in cold PBS and fixed with 4% formalin at room temperature for 48h, 

prior to embedding in paraffin and subsequently sectioned at 4μm. Paraffin sections from 

mouse hearts as well as human ischemic hearts were used for immunofluorescence. After 

deparaffinization, rehydration, heat induced antigen retrieval and blocking with 0.05% BSA, 

sections were incubated with specific primary antibodies overnight at 4°C. After washing with 

PBS, the sections were incubated with secondary antibodies for 1h at RT followed by 

incubation with DAPI 1:5000 (Invitrogen, #D3571) for 10min at RT. The sections were washed 

and sealed with a mounting medium ProLongTM Gold Antifade Mountant (Invitrogen, 

#P36934). Images were taken using the Leica TCS SPE confocal microscope. 

Antibodies used in this study include mouse anti-Troponin T (TNNT2, Abcam, #ab8295), 

mouse anti-a actinin (ACTN2, Sigma, #A7732) and rabbit anti-Myozenin 2 (MYOZ2, Novisbio, 

#NBP1-88259) to visualise cardiomyocytes. Rabbit anti-Cytoskeleton-associated protein 4 

(CKAP4, Proteintech, #16686-1-AP), mouse anti-Vimentin (VIM, Santa Cruz, #sc-373717), 

mouse anti-Smooth muscle actin (ACTA2, Sigma-Aldrich, #A5228), mouse anti-Discoidin 

domain receptor tyrosine kinase 2 (DDR2, Santa Cruz, #sc-81707), mouse anti-Platelet-

derived growth factor receptor (PDGFR, Santa Cruz, #sc-398206) to visualise activated 

fibroblasts. Goat anti-CD31 (PECAM1, Abcam, #ab56299) antibody to visualize endothelial 

cells. We used corresponding secondary fluorescent antibody Alexa FluorTM 488 donkey anti-

mouse IgG (H+L) (Invitrogen, #A21202), Alexa FluorTM 568 donkey anti-rabbit IgG (H+L) 

(Invitrogen, #A10042), Alexa FluorTM 488 donkey anti-goat IgG (H+L) (Invitrogen, #A11055) 

Immunofluorescent staining was also performed on NIH/3T3 cells treated with control siRNA 

or Ckap4 siRNA. Cells were fixed with 4%PFA, quenched with NH4Cl, permeabilized, blocked 

with 1% fish gelatin (Gelatin from cold water fish skin, Sigma-Aldrich, #G7765) and incubated 

with rabbit anti-CKAP4 antibody (Proteintech #16686-1-AP) for 25min at RT prior to incubation 

with the corresponding secondary Alexa FluorTM 568 donkey anti-rabbit IgG (H+L) (Invitrogen, 

#A10042) together with Alexa FluorTM 488 Phalloidin (Invitrogen, #A12379), to stain for F-

actin, for 20min at RT. The cells were washed and sealed with a mounting medium (ProLongTM 



Gold Antifade Mountant with DAPI, Invitrogen, #P36935). Images were taken using the Leica 

TCS SPE confocal microscope. 

 

Quantitative PCR. Total RNA was isolated from heart ventricles or NIH/3T3 cells with Trizol 

reagent according to the manufacturer’s instructions. Total RNA (1μg) was used for mRNA 

based reverse transcription using an iScriptTM cDNA Synthesis Kit (Bio-Rad #1708891). qPCR 

was performed according to the SYBRgreen based methodology using iQTM SYBR Green 

Supermix (Bio-Rad #170-8885). Transcript quantities were normalized for endogenous 

loading.  

 

Table S3 

qPCR primers used:  

Gene Sequences 

Postn - mouse Fw 5’- tctgggcaccaaaaagaaatac, Rv 5’- tcccttccattctcatatagcc 

Wisp1 - mouse Fw 5’- aggtacgcaataggagtgtgtg, Rv 5’- agttgtacctgcagttgggttg 

Tnc - mouse Fw 5’- tatctggtgctgaacggactg, Rv 5’- ccggttcagcttctgtggtag 

Ckap4 - mouse Fw 5’- caggacttctcccgtcagag, Rv 5’- tccttcacggctttctctgt 

Fn1- mouse Fw 5’- ccactgtggagtacgtggttag, Rv 5’- aagcaattttgatggaatcgac 
 

Acta2 - mouse Fw 5’ - ttctataacgagcttcgtgtgg, Rv 5’- gagtccagcacaataccagttg 

CKAP4 - human Fw 5’- cagccaccaggacttctcc, Rv 5’- ttgggagcttctcaagatgg 

POSTN - human Fw 5’- tgcccttcaacagattttgg, Rv 5’- gcagcctttcattccttcc 

CTHRC1 - human Fw 5’- ccaaggggaagcaaaagg, Rv 5’- cccttgtaagcacattccatta 
 

FN1 - human Fw 5’- ttcacgtctgtcacttccaca, Rv 5’- tctcattcaacaagaaaccactg 

 

Pathway analysis and gene ontology 

To investigate whether genes share a similar biological function, genes that were differentially 

expressed between subgroups of cells with at least a log2 fold change of 1.5 up-regulated or 



-1.5 down-regulated and a p value <0.05 were selected; after adjustment for multiple 

hypothesis testing using the Benjamini-Hochberg method. Overrepresentation of these genes 

was tested the in gene ontology (GO) biological process database and in the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) using DAVID10. Significant enrichment of 

genes in GO and KEGG terms are shown; p values corrected for multiple testing using the 

Benjamini-Hochberg method. 

 

Bulk sequencing and data analysis 

For bulk sequencing, RNA of the infarct zone from left ventricle was isolated using Trizol. 

Afterwards, libraries were prepared and sequenced using a similar protocol as described for 

single-cell RNA sequencing. For quantification of transcript abundance, the same strategy 

was used as for single-cell sequencing, with the exception that UMIs were ignored and gene 

read counts were determined by the number of reads uniquely mapped to each gene. Next, 

these counts were divided by the total amount of mapped readcounts and multiplied by one 

million to obtained the read-per-million count (RPM). RPM counts were user rather than reads-

per-kilobase-per-million (RPKM) due to polyA-based method for library prep, thereby allowing 

for sequencing of only 1 fragment containing the poly-A region per transcript. These counts 

were subsequently used to calculate the Z-score for genes per sample which are shown in a 

color-coded scale in a heatmap. 

 

Human heart samples 

Approval for studies on human tissue samples was obtained from the Medical Ethics 

Committee of the University Medical Center Utrecht, The Netherlands (12#387). Written 

informed consent was obtained or in certain cases waived by the ethics committee when 

obtaining informed consent was not possible due to death of the patient. In this study, we 

included tissue from the left ventricular free wall of patients with end-stage heart failure 

secondary to ischemic heart disease. The end-stage heart failure tissue was obtained during 

heart transplantation or at autopsy. For immunofluorescence, samples from three patients 



were included from which the border zone of the infarcted hearts was used to verify localization 

of CKAP4 in activated fibroblasts. qPCR analysis for Ckap4 and myofibroblast markers were 

done on 30 tissue samples from the left ventricular free wall of patients with ischemic heart 

disease (ischemic region, border zone and remote region) and 5 samples coming from left 

ventricular free wall of non-failing donor hearts. Gene expression values obtained by qPCR 

were plotted for correlation analysis.  

 

Statistical analysis (qPCR). The number of samples (n) used in each experiment is indicated 

in the legend or shown in the figures. The results are presented as mean ± standard error of 

the mean. For qPCR analysis, statistical analyses were performed using PRISM (GraphPad 

Software Inc.). Student’s t-test and two-way ANOVA with Bonferroni’s multiple comparison 

tests were used to test for statistical significance. For the analysis of human ischemic samples 

the Pearson correlation (r) between 2 genes was used.  
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Figure S1. RNA quality control after digesting adult cardiac tissue. A, Representative 
images of cells after digestion with four different enzymatic solutions. B, Bioanalyzer-based 
quality control of RNA integrity from conditions tested in experiment shown in A. C, Bioanalyz-
er-based quality control of RNA integrity testing 2 different buffers and the influence of incuba-
tion time. D, Bioanalyzer plots from RNA isolated with MirVana kit. E, Bioanalyzer plots from 
RNA isolated with Trizol, red lined box highlights the condition chosen for downstream 
single-cell RNA sequencing analysis.
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Figure S2. Viability of sorted cells. A, Schematic overview of breeding strategy to generate 
mice with tdTomato labelled cardiomyocytes. B, Gating strategy to sort living and single cells as 
shown in details in Figure 1C. C, Re-analyzing sorted living, single cells by flow cytometry 
based on DAPI exclusion. D, Wide-field immunofluorence images of all sorted cells as shown 
in B, showing tdTomato positive cardiomyocytes. E, Distribution of total number of unique reads 
in all cells included in the analysis. 
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Figure S3. All cell types identified by single-cell sequencing of the control heart. A, Table 
highlighting cell identity of each cluster after K-medoids clustering. B, Percentage of expression 
of all genomic (grey) and all mitochondrial (yellow) genes of B, cardiomyocytes, C, fibroblasts, 
D, endothelial cells and E, macrophages.
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Figure S4. Myoz2 is expressed in a subset of tdTomato positive cardiomyocytes. A-B, 
t-SNE maps of all cardiac cells A, or after sorting tdTomato positive cardiomyocytes B, indicat-
ing the Myoz2-expressing cells. Normalized readcount of Myoz2 in all cells is depicted as a 
color-coded scale. The black dotted circle (1) depicts all cardiomyocyte clusters that have low 
Myoz2 expression, the red dotted circle (2) depicts the cardiomyocyte cluster that has high 
Myoz2 expression. C, Venn-diagram showing overlap between significantly higher expressed 
genes in (2) versus (1) if all cells are sorted or if only tdTomato positive cardiomyocytes are 
sorted.
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the area that was selected for enzymatic digestion. B, Gating strategy for sorting the cells for 
single-cell sequencing by flow cytometry based on different scatter properties and DAPI exclu-
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0.
0 

   
   

 0
.2

   
   

  0
.4

   
   

  0
.6

   
   

  0
.8

   
   

 1
.0

1-
P

ea
rs

on
 c

or
re

la
tio

n

12 2 6 7171611  4  8  5  9 10 13 14 15  1       312
 2

 6
 7

17
16

11
  4

  8
  5

  9
 1

0 
13

 1
4 

15
  1

   
   

 3

Figure S6

B     

4000

2000

1000
500
200

25

La
dd

er
 

number of 
sorted cells

Control heart               3 dpIR 

A     C     
Diseased heart

10
0

50
0

10
00

50
00

10
00

0

RIN    7.
8

8.
6

8.
2

8.
4

8.
3

Figure S6. Clustering of cell populations in the healthy and injured heart. A, Schematic 
representation of control and diseased hearts 3 dpIR, dotted box highlights the regions taken 
for enzymatic digestion and single-cell analysis. B, Representative bioanalyzer results for RNA 
quality of the indicated number of sorted cells from 3 dpIR heart. This quality step was 
performed on each heart used for digestion and downstream single-cell analysis. C, Heatmap 
showing distances in cell-to-cell transcriptomes between cells from both conditions (control and 
3 dpIR), measured by 1 – Pearson’s correlation coefficient. K-medoid clustering identified a 
total of 17 clusters, highlighted left and below the heatmap. Cells from control hearts were the 
same as used in Figure 2. For 3 dpIR, a total of 509 cells were sequenced from a total of 3 
hearts. 
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Figure S7. Expression pattern of established cellular markers in cardiac cells from con-
trol and 3 dpIR hearts. A, Cell clusters identified in pooled cells from control and 3 dpIR hearts. 
B-E, t-SNE maps similar as in Figure 5 A-B highlighting the expression of well-established cellu-
lar markers in clusters identified as B, cardiomyocytes, C, fibroblasts, D, endothelial cells and 
E, macrophages. Data shown as normalized transcript count on a color-coded logarithmic 
(log2) scale.
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Figure S8. Mitochondrial versus genomic gene expression and origin of cells from con-
trol or 3 dpIR hearts per cluster. A-D, Percentage of expression of all genomic (grey) and all 
mitochondrial (yellow) genes of A, cardiomyocytes, B, fibroblasts, C, endothelial cells and D, 
macrophages. E, Bargraph of the relative contribution of cells from control and diseased condi-
tions (3 dpIR) for each cluster. The dashed line indicates the expected contribution if the number 
of cells from both conditions would contribute equally to the clusters.
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Figure S9. Expression of disease-specific fibroblast genes. A-C, t-SNE maps highlighting 
the expression of marker genes for activated fibroblasts in all cells from control and 3dpIR 
hearts. Data shown as normalized transcript count on a color-coded logarithmic (log2) scale. 
Dotted box indicates cells identified as fibroblasts. 
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Figure S10. Schematic protocol for single-cell sequencing of the adult heart. Control or 
disease hearts were perfused and collected from mice, after which a selected area of tissue 
was washed, minced and subjected to enzymatic digestion. After dispersing the cells, the cells 
were sorted into 384 well plates, after which the cells were lysed, barcoded and subjected to 
automated single-cell sequencing. Downstream data analysis using RaceID2 revealed the 
intra- and intercellular changes in gene expression at a single-cell level of either a healthy or 
diseased heart.
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