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CHAPTER 1A
General introduction
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The heart

The heart, never has an organ elicit so much romantic mystery across many cultures 
as the human heart. A metaphor for our core emotional and spiritual being, the 
heart stands as a symbol of connection, love, affection and our very humanity1. The 
depiction of this very “earthly” organ as a centrum of “something more” in us as 
humans is not surprising. The heart is the organ placed literally and functionally at 
the center of the body. Literally due to its anatomical location in the chest cavity2. 
Functionally because the heart is a muscular organ that is indirectly coupled to all 
other organs though the circulatory system. The heart pumps blood through this 
circulatory system, thereby providing all other organs with nutrients and removing 
metabolic waste products3. In both the emotional and biological sense, the importance 
of the heart is best illustrated by observing the consequences when this organ is 
broken. The emotional “broken heart” stands for a loss of something that human 
beings crave most of all, the social and/or romantic connections with other humans4. 
In a similar sense, the biological “broken heart” results in a loss of health, loss of 
quality-of-life and untimely death3.

The failing heart, its treatment and its burden on life and society

Heart failure has long been a major public health problem5. In general, heart failure 
is defined as an insufficient cardiac output to meet systemic metabolic demands 
without stimulation by  neurohormones6. Heart failure develops after the heart is 
exposed to various pathological stresses, most often ischemic heart disease, 
systemic hypertension or valvular heart disease3. Most of these disease result in an 
excessive cardiac afterload for a prolonged duration, which produces hemodynamic 
irregularities (i.e. insufficient ejection of blood during systole). Insufficient ejection 
of blood into the circulatory system results in an imbalance in the autonomic 
nerve system, with activation of the sympathetic system and inhibition of the 
parasympathetic system7.  In turn, increased sympathetic activity stimulates the 
release of various neurohormones, including the renin/angiotensin II/aldosterone 
and norepinephrine/epinephrine3,7. Angiotensin II increases blood pressure, thereby 
further increasing cardiac afterload8. In addition, angiotensin II and norepinephrine/
epinephrine work directly on cardiomyocytes, activating angiotensin and b-adrenergic 
signaling which stimulate cardiomyocyte hypertrophy and contractility7,9. In this state, 
the heart becomes hypertrophic with increased contractility to compensate for the 
excessive cardiac afterload caused by the pathological stress (Figure 1). However, 
long-standing deregulation of intracellular pathways such as b-adrenergic signaling 
causes transition of hypertrophic cardiomyocytes into a failing state7,10. Failing 
cardiomyocytes become elongated and their capacity for contraction declines. 
Finally, when enough cardiomyocytes transition into a failing state, the heart becomes 
dilated with insufficient function to pump blood through the circulatory system and 
meet systemic demands (Figure 1). 
Current therapies for heart failure focus mostly on preventing pathological stresses 
that cause heart failure, or attempt to delay disease progression. Preventions include 
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lifestyle changes and risk factor control (e.g. dietary changes/lipid-lowering drugs 
to reduce risk of ischemic heart disease, control of hypertension with exercise or 
valve replacement surgery in valvular heart disease)11. Once one or more (cardiac) 
pathologies leading to heart failure are diagnosed, pharmacological interventions are 
administered. These treatments consist mostly of angiotensin-converting-enzyme 
(ACE) inhibitors/angiotensin receptors antagonists (ARBs) or b-blockers, which 
inhibit the renin-angiotensin system or b-adrenergic signaling respectively12. ACE 
inhibitors and ARBs focus on neutralizing the effects of the overactive sympathetic 
nerve system caused by excessive cardiac afterload7,13, thereby reducing 
hypertension and the remodeling of cardiomyocytes into a failing state. Studies have 
indeed shown that these drugs delay disease progression and increase survival 
rate12. However, these treatments target the secondary effects of cardiac diseases 

Figure 1. Pathological mechanisms of heart failure. Various pathological stresses induce remodeling 
of a healthy heart into a hypertrophic and ultimately a failing heart (Upper histological images). These 
alterations on whole organ level are associated with changes in cardiomyocytes, which transition 
from healthy cardiomyocytes into hypertrophic cardiomyocytes, and finally into elongated and failing 
cardiomyocytes (Lower schematic images).
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that cause heart failure, not the diseases themselves. Indeed, progression into heart 
failure following ischemic heart disease, valvular heart disease and hypertension 
remains high and quality of life is poor, especially in advanced cases6,12. In addition, 
the prevalence of these diseases is only expected to increase due to an aging 
population, highlighting the need for new therapies. Therefore, it is crucial to fully 
understand the molecular processes underlying heart biology and disease, as well as 
revealing the mechanisms causing transition into heart failure. This new knowledge 
will help to create new therapeutically opportunities to more effectively combat heart 
failure, reducing its impact on patients and society.
The idealistic goal of obtaining a full understanding of heart biology and pathology 
continues to drive large scientific efforts. On one side, continues advances are being 
made into our understanding of the heart by using well-established experimental 
techniques to study uncharacterized biological/pathological processes. On the other 
side, new techniques developed in others fields can be applied to the heart to obtain 
a fresh perspective on previously characterized processes. Furthermore, these 
new techniques often open up new fields of cardiac biology that were previously 
overlooked.  
In this thesis, I have tested the viability of applying some of these newly developed 
experimental techniques to the heart. I describe in detail the development of 
methods allowing for the application of these techniques in the mammalian heart. In 
addition, I present novel findings that were obtained using these new technologies 
and contemplate how these findings contribute to a more complete understanding of 
cardiac biology and pathology. 

Functional cardiac research using CRISPR/Cas9

Traditionally, the field of biology has relied on disruption or overactivation of genes to 
functionally study the role of these genes in physiologic and pathologic processes. 
Cardiac biology has not been an exception, with a plethora of studies knocking out 
or knocking in genes in the heart to study the effects under healthy or diseased 
conditions. However, alteration of gene function can be a long and arduous process, 
especially in mammalian models such as the mouse14. The last decade, significant 
improvements have been made in altering gene function by changing the DNA 
sequences at specific loci in genes, a process known as gene editing15. Of all gene-
editing techniques, the clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9 system has proved to be the most versatile and efficient. 

The role of the natural CRISPR/Cas9 system
The CRISPR/Cas9 system is part of the adaptive immunological defense found 
archaea and bacteria against infectious, genetic elements such as viruses and 
plasmids16. The system relies on obtaining DNA copies homologous to sequences of 
viral or infection plasmid genomes16. Subsequently, these copies are inserted into the 
host genome at the CRISPR locus. The exact mechanisms by which these copies are 
obtained are not well understood. After insertion, the CRISPR locus is transcribed 
into a pre-crRNA. This pre-crRNA is recognized by smaller tracrRNAs, which are 
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partially complementary to the pre-crRNA, thereby forming RNA duplexes16,17. These 
duplexes are cleaved by RNaseIII, resulting in maturation of the pre-crRNA into 
multiple mature crRNA-tracrRNA duplexes, which are incorporated into Cas9 proteins 
(Figure 2A) 16,17. The crRNA strand in the duplex contains the sequence homologues 

Figure 2. Re-engineering of CRISPR/Cas9 allows for gene editing through endogenous repair 
pathways. A, Schematic representation of natural Cas9 in complex with the crRNA-tracrRNA duplex 
(Left) and the re-engineered Cas9 in complex with the gRNA used for gene editing (Right). B, Schematic 
overview of the endogenous NHEJ and HDR repair pathways, which generate frameshifting INDEL 
mutations or insert a DNA sequence of choice, respectively.
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to the viral or plasmid sequences. This enables the crRNA-tracrRNA duplex to guide 
Cas9 precisely to the infectious DNA elements by hybridizing to the complementary 
DNA strand16,17. Cas9, an endonuclease, is then able to introduce a double-strand 
DNA (dsDNA) break in the viral or plasmid DNA, resulting in degradation of the 
infection genetic element.

Re-engineering CRISPR/Cas9 for genome editing
Detailed knowledge about CRISPR/Cas9 has been elegantly used to re-engineer 
this system into a tool that alters DNA sequences at a locus of interest in the 
genome. Most work has focused on redesigning the crRNA-tracrRNA duplex into 
a single chimeric RNA. This chimeric RNA contains a 20 nucleotide DNA target-
binding sequence followed by a sequence forming a stem-loop to mimic the natural 
crRNA-tracrRNA duplex17-19. The chimeric RNA, now broadly known as a guide RNA 
(gRNA), efficiently targets Cas9 to a site in the genome depending on its DNA target-
binding sequence (Figure 2A). The only requirement for binding of the gRNA/Cas9 
complex to the target site is the presence of a protospacer adjacent motif (PAM) 
sequence. The most commonly used Cas9 variant, obtained from Streptococcus 
pyogenes, recognizes the PAM sequence NGG20. This sequence is abundantly 
present in mammalian genomes, enabling versatile targeting of Cas9 to many 
sites by redesigning the DNA target-binding sequence of the gRNA. Once Cas9 is 
recruited to the locus of interest its two endonuclease domains cleave one strand 
each, thereby introducing the dsDNA break17. This dsDNA break results in alteration 
of the DNA sequence at the desired locus by activation of the endogenous repair 
processes non-homologous end joining (NHEJ) and/or homology-directed repair 
(HDR) (Figure 2B)18,19,21. 
Of the two major repair pathways for dsDNA breaks, NHEJ is faster and occurs most 
frequent22. This repair process ligates the broken DNA ends back together without 
the use of a homologous sister strand as a template23. As a result, this repair process 
is in itself very mutagenic and produces unpredictable deletions or insertions of a 
small number of base pairs (INDEL mutations). These INDEL mutations effectively 
construct a gene knockout if they introduce a frameshift in the open reading frame 
(ORF) of a gene, resulting in premature stop codons. Indeed, NHEJ induced by 
CRISPR/Cas9 generates gene knockouts efficiently if the gRNA targets a site in the 
ORF close to the start codon24-26. In contrast to NHEJ, HDR repairs the dsDNA break 
using a homologous sister strand as a template to maintain the correct sequence27. 
As a result, this process is slower and less efficient but more error-proof22. CRISPR/
Cas9-induced HDR is achieved by administering Cas9 and the gRNA to mammalian 
cells or organisms, in addition to an exogenous donor-DNA template18,19,28,29. Repair 
occurs through homologous recombination with the donor template, which contains 
a DNA sequence of choice flanked by homology arms. This DNA sequence of choice 
will be introduced into the genome by the HDR pathway, allowing for control of the 
exact sequence inserted at a locus of interest. As a result, HDR enables the insertion 
of reporters, introduction or repair of point mutations, and introduction of loxP 
sites18,19,28,29. In essence, it is the same process as homologues recombination used 
in mouse embryonic cells (ES) to generate genetically modify mice. However, the 
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introduction of the dsDNA break by CRISPR/Cas9 makes homologues recombination 
with the donor DNA sequence much more efficient.

Use of CRISPR-Cas9 in cardiac research
Use of the CRISPR/Cas9 technology has steadily increased in the field of heart 
research. Most cardiac studies applied CRISPR/Cas9 in human induced pluripotent 
stem cells (hiPSCs) to study genetic heart disease. HiPSCs can be differentiated 
into cardiomyocytes and various (if not all) other cell types in the heart, making them 
excellent in vitro models to study cardiac physiology and pathology30-32. Generally, 
two different CRISPR/Cas9 strategies have been used in the hiPSC model to study 
effects of mutations found in genetic heart disease patients. In the first strategy, hiPSCs 
are obtained from patients that have a known mutation of interest. Next, CRISPR/
Cas9 with donor template is used to target the mutated locus and introduce the WT 
sequence through the HDR pathway33-35. Both the mutated and corrected hiPSC lines 
can then be differentiated into a cardiac cell type of interest and the morphological, 
transcriptomic and electrophysiological differences can be studied. Because both 
the mutated and the corrected hiPSC lines have the same genetic background, the 
observed differences can be solely attributed to the known mutation. However, a 
limitation of this approach is the lack of information about whether the corrected 
hiPSCs are actually healthy. In addition to the known mutation, other mutations or 
genetic variants could be present in the genome of patients that contribute to their 
cardiac pathology. This can be especially problematic if the mutation of interest is not 
a known disease-driving mutation. A second strategy can circumvent this limitation. 
In this approach, hiPSCs are obtained from a healthy donor and the mutation is 
introduced into the genome again using CRISPR/Cas9 with the HDR pathway35,36. 
Similar as in the first strategy, both the healthy and mutated hiPSCs can now be 
differentiated and characterized. Observed effects caused by the mutation in both 
strategies can then be compared to determine whether the mutation is disease 
driving and which molecular mechanisms contribute to the pathology35.
In vivo, CRISPR/Cas9 has so far allowed for postnatal genome editing in the mouse 
liver37,38, lung39 and brain39,40. In addition, CRISPR-Cas9 with the NHEJ pathway has 
been able to restore expression of the dystrophin gene in skeletal muscle of Mdx 
mice, a model for muscular dystrophy. Mutations in the dystrophin gene lead to a 
loss of dystrophin expression, resulting in progressive loss of skeletal muscle and 
death due to heart failure or respiratory complications. Multiple studies have shown 
partial restoration of dystrophin expression in skeletal muscle by delivering Cas9 
and gRNAs using adeno-associated viruses (AAVs)41-43. One strategy to restore 
dystrophin expression involved targeting Cas9 to an exon-intron junction of the 
dystrophin gene to introduce INDEL mutations, thereby skipping the downstream 
exon containing the nonsense mutation43. Alternatively, Cas9 was guided to two 
sites flanking the mutated exon the cleave it out of the genome41,42. These strategies 
significantly improved skeletal muscle functions and has recently been extended 
to a dog model44. Importantly, some of these studies also found partially restored 
dystrophin expression in the heart42-45. Targeting of the dystrophin gene was 
relatively inefficient in dog hearts (+/- 10% of all cardiac genomes targeted)44. In 
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addition, the protein levels of dystrophin remained low in mouse hearts (+/- 20% 
of dystrophin protein levels restored compared to wild type, in a total of 40% of 
all cardiomyocytes)45. However, this limited efficiency in targeting cardiac genomes 
seems to be sufficient alleviate cardiac symptoms in models for muscular dystrophy 
and other diseases45,46.  
Improvement of heart function after AAV delivery of Cas9 and gRNAs in diseased 
mammalian models demonstrates the potential to target genomes in postnatal hearts. 
This presents attractive possibilities of using this tool in healthy mice to generate 
gain or loss-of-function mutants of genes in the heart after birth. In turn, this would 
enable cardiac researchers to bypass the time-consuming and expensive process of 
generating genetic mouse models using conventional methods like zygote injection 
or blastocyst injection of ES cells. All in all, postnatal gene editing in mouse hearts 
would significantly increase the efficiency to study gene functions in cardiac biology 
and pathology. To this end, we and others have developed methods that allow for 
cardiomyocyte-specific gene disruption in the postnatal mouse heart using CRISPR-
Cas9.47-49 Although initially promising47, additional evaluations of these methods 
revealed important limitations in the applicability of CRISPR/Cas9 to target genes 
in the heart after birth49. Chapter 2 of this thesis will describe in detail our work 
in developing and evaluating CRISPR/Cas9 as a tool for postnatal cardiac gene 
editing.

Single-cell RNA sequencing to revolutionize our understanding 
of the transcriptomic landscape in the adult heart

Advances in genome editing have significantly increased the versatility and 
scalability of studying gene function in (cardiac) biology. However, in parallel to these 
advancements, improvements in next-generation sequencing (NGS) techniques 
have exponentially amplified our capacity to impartially characterize molecular 
processes at genomic and transcriptomic level. NGS allows for parallel sequencing 
of millions of small DNA fragments obtained from genomic DNA50. Per fragment, an 
inferred base pair sequence is obtained, also known as a read. The combination 
of millions of reads produced from all DNA fragments provides large amounts of 
data about the sequence of the genome. Furthermore, the transcriptome can be 
sequenced with NSG by a technique termed RNA-sequencing, where the RNA is 
first converted to cDNA using reverse transcriptase (RT) 51. In addition to sequence 
information of the transcriptome, RNA sequencing can provide relative expression 
levels for each gene in the genome by counting the number of reads in the dataset 
aligning with the known sequence for a gene52. Afterwards, differential expression 
can be calculated between samples by comparing the numbers of reads for each 
gene53. This provides impartial information about genome-wide gene expression 
changes between samples (e.g. different cell types/tissues or different conditions) 
without deciding a priori which genes to check. 

Single-cell RNA sequencing
Traditionally, RNA sequencing experiments have been done on cell cultures or 
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tissues, 51. However, bulk RNA-sequencing approaches inherently result in a loss 
of information because only the average transcriptome of the whole population of 
cells is obtained. This limits the detection of transcriptional heterogeneity within cell 
populations, nor is it possible to infer cell-type-specific transcriptomes if the population 
consists of multiple cell types (e.g. in tissues). To address these limitations, methods 
have been developed that enable RNA sequencing on single-cells, collectively known 
as single-cell RNA sequencing (sc-RNA seq). The first study to pioneer sc-RNA seq 
used a labor-intensive and time-consuming protocol, involving manual picking of 
individual cells under microscopy followed by processing of each cell separately54. 
Advancements in the years following have significantly increased in the scalability of 
the technique by reducing costs and workload.  Microfluidic55,56 and robotics-based 
approaches57 have enabled simultaneous isolation of thousands of cells, followed by 
rapid RNA extraction and downstream processing for sequencing. 
Various technical adjustments are needed for sc-RNA seq experiments compared 
to conventional bulk-RNA sequencing. First, populations of cells in a cell culture 
or tissue have to be dissociated into single cells. This is commonly achieved by 
enzymatic digestion of the cell cultures or tissues followed by isolation of individual 
cells using either FACS or microfluidic systems. After isolation, each cell is lysed 
and RNA is extracted. However, RNA contents of individual cells are estimated to 
be around 10-30 pg, with only 1-5% of this total RNA being mRNA. This low quantity 
necessitates amplification of RNA molecules, which is the second adjustment from 
the convent bulk RNA-sequencing protocol. Amplification is commonly achieved 
using either PCR amplification56,58,59 or in vitro transcription (IVT)55,57,60. The latter, 
which has been used to generate the sc-RNA-seq datasets in this thesis, involves 
capturing poly-adenylated mRNA transcripts using poly-dT primers (Figure 3). These 
poly-dT primers contain additional features, including a random combination of 6 
nucleotides, also known as a unique molecular identifier (UMI), a cellular barcode, 
the 5’ adapter required for downstream sequencing and a T7 promotor. Binding 
of these poly-dT primers with the mRNA allows for the RT reaction and second-
strand synthesis to create double-strand cDNA. Next, the T7 promotor in the cDNA 
strand allows for the amplification of the original RNAs using IVT. These amplified 
RNA transcripts are used to create DNA fragments with 3’ adapters required for 
downstream sequencing. After sequencing all the DNA fragments, reads can be 
aligned with the known sequences of all genes to obtain expression data for each 
gene. The cellular barcode in each read allows to trace the read back to its cell of 
origin. The UMI in each read allows for correction of potential amplification bias 
during the IVT since every transcript of the same gene within a cell is generally 
bound by a primer with a different UMI (Figure 4A). Therefore, reads from the same 
cell (having the same barcode) that align to the same gene come from different 
transcripts if they have a different UMI. Taken together, all these features in the reads 
allows for the generation of transcriptome-wide expression data in all single cells 
that are collected. 

Analysis of sc-RNA seq datasets
Sequencing the transcriptome in each individual cell generates large amounts of 
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data with complex, multidimensional structures. In essence, the expression of one 
gene in one cell can be regarded as one dimension, so expression of thousands of 
genes in thousands of cells generates a dataset with a vast number of dimensions. 
To gain a biological understanding of these dataset, numerous dimensionality 

Figure 3. Generation of sequencing libraries for sc-RNA seq using IVT. Schematic overview of the 
protocol to obtain RNA sequencing libraries from single cells using a T7 promotor and IVT to amplify the 
transcripts. Orange and black lines depict RNA transcripts and DNA strands, respectively. 5’ SEQ and 3’ 
SEQ depict the sequencing adapters on the 5’ and 3’ end on the DNA fragments respectively (for Illumina 
sequencing, the P5 and P7 adapter). The red rectangles/lines with BC depict the cell barcode sequence, 
the green rectangles/lines with UMI depict the unique molecular identifiers. During sequencing, Read1 
gives the sequence of the cellular barcode and the UMI. Read2 gives the transcriptomic sequence that 
can be used for alignment to the genome, thereby providing read counts for genes as a measure for gene 
expression.
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reduction and clustering algorithms have been developed, each with their own set 
of advantages and disadvantages (Figure 4B). For sc-RNA seq, dimensionality 
reduction algorithms aim to visualize transcriptomic (dis)similarity between cells into 
two- or three dimensions. The algorithms most often used for  sc-RNA-seq data 
are principle component analysis (PCA)61 and T-distributed Stochastic Neighbor 
Embedding (tSNE)62 for linear and non-linear dimensionality reduction respectively. 
In addition, continuous improvements are made on existing methods, resulting in new 
algorithms such as Uniform Manifold Approximation and Projection (UMAP)63, which 
shows more meaningful lower-dimensional representation of the data structure64. 
Next to dimensionality reduction, cells can also be grouped into clusters of cells 
based on their transcriptional (dis)similarity. Expression profiles that characterize 
each of these clusters can then be used to infer the (un)known cell types of 
these clusters. Some workflows for sc-RNA seq analysis, like RaceID, RaceID2, 
and RaceID3, cluster cells in groups using the gene-expression data of all cells 
as input. Clustering is performed independently from the dimensionality reduction 
algorithms65-67. Other workflows, like Saurat and Monocl2, first reduce expression 
data of all cells in 2 dimensions using tSNE56,68,69. Next, cells are clustered in groups 
based on their position in the two-dimensional tSNE space, with cells located 
close together forming clusters. In general, these workflows are often used infer 
transcriptional heterogeneity from sc-RNA-seq data and to identify (new) cell types. 
In addition to analysis approaches described above, new methods are continuously 
developed to study other biological processes with sc-RNA-seq data (Figure 
4B). Various lineage trajectory reconstruction algorithms have been developed to 
uncover differentiation pathways of cells from a stem-cell or progenitor state into 
differentiated states65,67,69. These algorithms generally assume that cells with similar 
transcriptomes are present in the same differentiation pathway, and higher similarity 
indicates higher relatedness to each other (i.e. share more common progenitor states 
during the differentiation program). Trajectory reconstruction algorithms have also 
been used to study gradual transcriptomic responses of cells to a disease or injury 
over time70-72. Another approach, weighted gene co-expression network analysis 
(WGCNA), focusses on defining sets of genes with correlated expression throughout 
cells of interest in sc-RNA-seq datasets73,74. WGCNA can characterize networks of 
gens that are co-expressed and together drive biological or pathological processes, 
and can potentially identify upstream transcription factors regulating the expression 
of these networks. Taken together, different workflows for analysis of sc-RNA-seq 
data have allowed for unprecedented advancements in understanding biological and 
pathological processes on single-cell level.

Biological applications of sc-RNA seq
Improvements in protocols for sc-RNA seq and the development of ever more 
intricate methods of analysis have led to a large number of sc-RNA-seq studies. 
Initially, sc-RNA seq was mainly performed in vitro using different types of cell 
cultures, including immortalized and primary cells55,59,60, mouse ES cells55,58,75 and 
organoids66,76. However, application of the technique has rapidly been extended 
to in vivo models and to human tissues. Extensive efforts have been made to 
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Figure 4. Analysis of sc-RNA-seq data. A, Strategy to infer the cellular origin of each read and to correct 
for amplification bias. To a cell, a pool of poly-dT primers are added that share a cellular barcode (Barcode 
A for cell A, Barcode B for cell B) but have a different random UMI. After sequencing, all reads originating 
from transcripts of cell A will be marked by cellular barcode A, while all reads of cell B will be marked by 
cellular barcode B. This allows for the traceback of all reads to specific cells.



General introduction 1A 19

1A

sequence large quantities of cells from every organ in the mouse. This resulted in 
the generation a mouse cell atlas consisting of more than 105 cells sequenced from 
20 different organs77. Similar efforts are currently ongoing for human organs and 
tissue78. In addition, studies have also applied sc-RNA seq in diseases like cancer79, 
neurodegenerative diseases like Alzheimer’s disease80-82, atherosclerosis83,84 
and auto-immune diseases like rheumatoid arthritis and multiple sclerosis71,85. 
However, studies focusing on the adult heart have made relatively limited use of 
sc-RNA seq. One major hurdle that complicates using sc-RNA seq in the adult 
heart is obtaining single cells viable enough for downstream sequencing. Adult 
cardiomyocytes are fragile86, making it challenging to preserve cell viability during 
the complete process of enzymatic digestion of the heart followed by the sorting 
of individual cells.  In addition, it has proven difficult to obtain all major cell types 
from a heart simultaneously, in large part due of the difference in cell size between 
the cardiomyocytes (+/- 125um)87 and the non-cardiomyocyte (10-20um)88. More 
detailed information about the technical difficulties and applications of sc-RNA seq in 
the adult heart  is discussed in the next chapter of this introduction (Chapter 1b). In 
addition, Chapter 3 will discuss the development of a protocol allowing for sc-RNA 
seq of the adult heart, both in physiological condition and during ischemic heart 
disease. Next, Chapter 4 describes the application of our sc-RNA-seq data to gain 
a better understanding of the dynamics in cellular function and recruitment during 
ischemic heart disease. Lastly, the most recent studies applying sc-RNA seq in the 
cardiac field will be discussed in the general discussion, as well as how the findings 
of these studies compare to observations in this thesis.

New fields in cardiac biology opened up by technological 
advances - the case of micropeptides

New experimental techniques, including the ones described above, have given fresh 
perspectives and new insights in established fields of (cardiac) biology. However, 
these techniques have also shed light on biological factors and systems that were 
previously overlooked. A good example is the discovery of micropeptides, functional 
proteins that are shorter than 100 amino acids. Historically, computational efforts to 
identify all protein-coding genes have set a minimum threshold for the length of open 

Figure 4. Analysis of sc-RNA-seq data (continued). In addition, due to random binding of the poly-DT 
primers duringthe RT reaction, all transcripts of the same gene in a cell are bound to a primer with a 
different UMI. After amplification of the library and sequencing, all reads aligning to the same gene but 
with similar UMIs originate from the same transcript, whereas reads with different UMIs originate from 
separate transcripts. This enables RNA transcript to be digitally counted to correct for amplification bias. 
For example, Gene 1 and Gene 2 in cell A have 2 and 1 transcripts, respectively. After amplification and 
sequencing, Gene 1 has a read count of 6, whereas Gene 2 has a read count of 2. Counting the number 
of UMIs in all reads aligning with Gene 1 or Gene 2 infers the original number of transcripts before ampli-
fication, which is 2 and 1, respectively. B, Computational workflows for the analysis of sc-RNA-seq data. 
High dimensional data is computationally analyzed by reducing the number dimensions, clustering cells 
into groups, reconstructing lineage trajectories or finding groups of genes that are co-expressed across 
cell populations (WGCNA). For WGCNA, the blue and black nodes represent transcription factors and 
genes, respectively. The red lines depict correlation in expression between transcription factors and/or 
genes across a group of single cells. The thickness of the lines is proportional to the degree of correlation.  
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reading frames (ORF) at approximately 300 base pairs, or 100 amino acids89-91. As 
a result, large-scale studies have produced protein databases with a sudden drop in 
the number of proteins shorter than 100 amino acids89,91-93 (Figure 5A). Widespread 
use of this minimum-length threshold was partly driven by the assumption that 
proteins need to have a minimum length to fold into stable conformations and exert 
biological functions. However, technical limitations were also restraining researchers 
from correctly identifying small ORFs. Prediction methods to identify protein-
coding regions are based on sequence statistics and evolutionary conservation to 
distinguish ORFs encoding for proteins from ORFs that occur randomly throughout 
the genome94-96. These prediction methods are influenced by the length of the ORF, 
with longer ORFs typically having a higher reliability in correctly predicted ORFs as 
protein-coding. However, in the case of ORFs smaller than 300 base pairs these 
methods become significantly less accurate 97. Using a minimum length threshold of 
300 base pairs circumvents this problem, but an unintended consequence has been 
that many RNA transcripts legitimately coding for a small peptide were erroneously 
annotated as non-coding91,98-101. 

Advances that have enabled the study of micropeptides
Computational algorithms tailored towards the prediction of small ORFs, along with 
the aforementioned advanced in RNA-sequencing and gene-editing techniques, 
have made it possible to identify many micropeptides and study their function in 
detail. Computational methods now use a combination of evolutionarily conserved 
features in ORFs between species. These include depletion of non-synonymous 
substitution mutations, absence of INDEL mutations that results in a frameshift and 
conservation of the DNA sequence around the start and stop codons94,99. Although 
these methods have improved the reliability of predicting coding potential of small 
ORFs, they do not produce empirical evidence that validates the actual translation of 
small ORFs into micropeptides. Therefore, these prediction methods are combined 
with various experimental techniques to validate the translation of a small ORF into 
a micropeptide.
Mass spectrometry has traditionally been used as the gold-standard for direct 
detection of proteins and peptides. However, small proteins are often lost during 
sample preparation of mass spectrometry, making detection of micropeptides 
difficult99,101. In addition, mass spectrometry requires fragmentation of proteins into 
peptide fragments, which are subsequently detected by the mass spectrometer. Due 
to their small size, micropeptides can often be digested into only a few fragments (or 
none at all). This severely limits the chance of detecting micropeptides compared to 
a longer protein that produces a large number of fragments. Due to these technical 
problems, a different approach to validate small ORF translation has steadily gained 
ground. This approach, a derivative of RNA sequencing known as ribosome-profiling 
(ribo-seq), is capable of mapping the exact position of translating ribosomes in the 
whole transcriptome102. The technique differs from conventional RNA sequencing, 
mostly in the method of sample preparation (Figure 5B). Instead of isolating only the 
RNA from the cell, during ribo-seq, the whole cytoplasmic fraction of cells is isolated. 
Next, the translation is inhibited and complexes of RNA and ribosomes are subjected 
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Figure 5. Identification and validation of small peptides. A, Distribution of protein lengths from 
different databases before the development of better ORF prediction algorithms for small ORFs. The red 
box depicts the number of proteins lower than 100 amino acids. B, Schematic overview of the ribo-seq 
workflow. C, Schematic representation of the strategy used to validate the coding potential of a small 
ORFS using CRISPR/Cas9.
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to nuclease treatment. The technique relies on the capacity of the ribosomes bound to 
the RNA transcript to shield +/- 30 nucleotide fragments from degradation at the site 
of interaction. These fragments, often referred to as ribosomal footprints, can then 
be isolated and used for downstream RNA sequencing. The total set of ribosomal 
footprints identified by sequencing reveals the precise positions of all ribosomes in 
the transcriptome at the moment translation is inhibited. Therefore, ribo-seq does 
not only identify all transcripts that are translated, but also which regions within 
a transcript and in what frame. The region and frame of translation can then be 
compared to a (predicted) ORF, giving a good indication for the translation of ORFs. 
Application of ribosomal profiling in combination with computational ORF prediction 
has allowed for the identification of many small ORFs while simultaneously validating 
their translation98,103,104. However, the presence of ribosomes at small ORFs does not 
definitely prove coding potential, since not all translation events seem to produce 
stable proteins104-106. Therefore, additional validation experiments are required.  
Preferentially, confirmation of the protein-coding potential of small ORFs is achieved 
by antibody detection of the micropeptide of interest. However, similar to mass 
spectrometry approaches, the small size of micropeptides introduces unique 
technical difficulties for antibody generation. Micropeptides typically only have a few 
specific epitopes, significantly impairing possibilities of generating antibodies with 
sufficient antigenicity against the micropeptide90. This can be complicated further if 
micropeptides have transmembrane domains, which cannot be used to generated 
antibodies because the epitope is physiologically shielded by a membrane. Of 
note, a significant portion of micropeptides that currently have been functionally 
characterized are indeed present in membranes107-111. CRISPR/Cas9 gene-editing 
has proven invaluable to circumvent these limitations. CRISPR/Cas9 with the HDR 
pathway can be used to insert an epitope tag in the small ORF, such as a FLAG-
tag (Figure 5C)109. Transcription and translation of the endogenous small ORF 
subsequently produce micropeptides that are fused with this epitope tag, allowing 
for efficient antibody detection with western blot and immunofluorescence. In 
addition, CRISPR/Cas9 has enabled precise removal of the start codon to ablate the 
expression of a micropeptide, without affecting any other sequence of the RNA111. 
This approach safeguards the integrity of the RNA and prevents any biological 
effect due to the disruption of potential lncRNA functions. Taken together, these 
technological advances have given a versatile toolbox to identify, validate, and study 
the function of micropeptides. 

Micropeptides in the heart and skeletal muscle
A small number of small peptides that today would classify as micropeptides were 
already known for some time to have crucial functions for (cardiac) muscle biology. 
Phospholamban (PLN) and sarcolipin (SLN) are both shorter than 100 amino acids 
and have been extensively studied for decades. Both are crucial for correct calcium 
homeostasis during excitation-contraction coupling in muscle cells112,113. PLN and 
SLN are highly expressed in the heart and skeletal muscle, and both bind to the 
calcium transporter sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) located in 
the sarcoplasmic reticulum. Both regulate calcium transients by inhibiting calcium 
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reuptake from the cytosol into the sarcoplasmic reticulum by SERCA.  Although 
these peptides are smaller than 100 amino acids, their short length was regarded 
as a rather unique feature instead of indicative of a large set of small peptides that 
have essential biological functions. However, recently more micropeptide have 
been identified with that regulate SERCA activity. Of these, myoregulin (MLN) is 
highly specific for skeletal muscle, whereas DWORF is highly expressed in the 
heart and the soleus muscle109,114. Although both micropeptide bind SERCA, MLN 
functions as a SERCA inhibitor while DWORF functions as an activator109,114. Other 
SERCA-binding micropeptides have also been identified in non-muscle cell types, 
demonstrating widespread control of SERCA by this family of micropeptides across 
different tissues110. 
Naturally, not all micropeptides in (cardiac) muscle function by interaction with 
SERCA. Two micropeptides, myomaker and myomixer, are localized to the cellular 
membrane of myoblasts in skeletal muscle. Both have important functions in 
promoting fusion of myoblasts into multinucleated myofibers, thereby stimulating 
muscle formation during development107,108. Furthermore, SPAR is a micropeptide 
expressed in the heart, lungs and skeletal muscle111. The micropeptide interacts with 
the lysosomal v-ATPase, which in turn stabilizes the binding between v-ATPase and 
mammalian target of rapamycin complex 1 (mTORC1). Stabilization of this binding 
inhibits downstream mTORC1 signaling and reduces skeletal muscle regeneration 
after damage. Finally, a recent study to identify the full translatome of the human 
heart using ribo-seq found more than 100 non-coding RNAs that contained a 
translated small ORF104. Detailed analyses suggested that a significant portion of 
the micropeptides encoded by these small ORFs have mitochondrial functions.
The above-described functions of micropeptides in (cardiac) muscle demonstrate 
that these small proteins have crucial and disparate biological processes. Some 
of these processes, like calcium handling, are dysregulated in various muscle 
diseases115,116. This suggests important pathological roles for micropeptides 
regulating these processes. Indeed, DWORF expression has been shown to be 
dysregulated in the hearts of a mouse model for pathological hypertrophy114. In 
addition, overexpression of DWORF in mouse hearts protects against progression 
into heart failure117.  This highlights the importance of functionally characterizing all 
micropeptide present in the heart. Chapter 5 of the thesis details the identification 
of all small ORFs potentially encoding micropeptides in the mouse heart. We initially 
predict small ORFs in the cardiac transcriptome of mice using an optimized ORF 
prediction method99. Next, we use a combination of ribo-seq and CRISPR/Cas9 to 
confirm the translation of one small ORF into a stable micropeptide, which we termed 
smORF4. We also ablate the expression of smORF4 in the mouse with CRISPR/
Cas9 to study its function in adult cardiomyocytes. Similar as PLN, SLN, MLN and 
DWORF, smORF4 also regulates calcium handling during excitation/contraction 
coupling. However, smORF4 does not interact with SERCA but potentially affects 
calcium current by binding to protein phosphatase 2A (PP2A), a key phosphatase for 
numerous calcium-handling proteins in cardiomyocytes118. Our data suggests that 
regulation of calcium currents by micropeptides is achieved not only by regulating 
SERCA, but could also be controlled by regulating other proteins such as PP2A in 
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cardiomyocytes.

Thesis outline

In this thesis, I detail the application of novel techniques to the adult mammalian 
heart to uncover new aspects of cardiac biology. By doing so, I hope to contribute to 
a better understanding of molecular processes underlying the development of heart 
failure, which should ultimately help to develop new treatments. This will not cure 
the emotional “broken heart”, but we might be able to manage the biological “broken 
heart”.
The main two new techniques that I have applied to the adult heart are CRISPR/
Cas9 (chapter 2) and sc-RNA seq (chapters 1B, 3 and 4). Application of these 
techniques to the adult heart is in relatively early days, resulting in various limitations 
that hinder the versatility of the techniques or affect the quality of the data generated. 
However, as time progresses and more experience is gained, I am confident that 
CRISPR/Cas9 and sc-RNA seq will prove to be invaluable additions to the toolbox 
biologist can use to study the adult heart and its diseases. 
Cardiac micropeptides (chapter 5) have only recently been discovered90. Currently, 
hundreds of micropeptides have been identified, but their function remains mostly 
unknown98,99,101,104. In this thesis, I have made an effort to the long and challenging 
process of characterizing the biological functions of novel micropeptides in the heart. 
I have validated the translation of one small ORF into a functional micropeptide, and 
the data presented in this thesis suggest its regulatory function in calcium handling 
in cardiomyocytes.

References
1 Berendt, E. A. & Tanita, K. The “Heart of Things”: A Conceptual Metaphoric Analysis of Heart 

and Related Body Parts in Thai Japanes and English. Intercultural Communication Studies 20, 
65–78 (2011).

2 Anderson, R. H., Razavi, R. & Taylor, A. M. Cardiac anatomy revisited. J Anat 205, 159-177, 
doi:10.1111/j.0021-8782.2004.00330.x (2004).

3 Underwood, J. C. E. General and systematic pathology - fourth edition. Churchill Livingstone, 
doi:https://doi.org/10.1002/path.1711720120 (2004).

4 Thomas, P. A., Liu, H. & Umberson, D. Family Relationships and Well-Being. Innov Aging 1, 
igx025, doi:10.1093/geroni/igx025 (2017).

5 Levy, D. K. et al. Long-term survival in the incidence of and survival with heart failure. The New 
England Journal of Medicine 347, 1397-1402 (2002).

6 Lund, L. H. & Savarese, G. Global Public Health Burden of Heart Failure. Cardiac Failure 
Review 03, doi:10.15420/cfr.2016:25:2 (2017).

7 Florea, V. G. & Cohn, J. N. The autonomic nervous system and heart failure. Circ Res 114, 
1815-1826, doi:10.1161/CIRCRESAHA.114.302589 (2014).

8 Campbell, D. J. Do intravenous and subcutaneous angiotensin II increase blood pressure by 
different mechanisms? Clin Exp Pharmacol Physiol 40, 560-570, doi:10.1111/1440-1681.12085 
(2013).

9 Kurdi, M. & Booz, G. W. New take on the role of angiotensin II in cardiac hypertrophy and 
fibrosis. Hypertension 57, 1034-1038, doi:10.1161/HYPERTENSIONAHA.111.172700 (2011).

10 Kehat, I. & Molkentin, J. D. Molecular Pathways Underlying Cardiac Remodeling 
During Pathophysiological Stimulation. Circulation 122, 2727-2735, doi:10.1161/
circulationaha.110.942268 (2010).

11 Schocken, D. D. et al. Prevention of heart failure: a scientific statement from the American 
Heart Association Councils on Epidemiology and Prevention, Clinical Cardiology, 
Cardiovascular Nursing, and High Blood Pressure Research; Quality of Care and Outcomes 
Research Interdisciplinary Working Group; and Functional Genomics and Translational 
Biology Interdisciplinary Working Group. Circulation 117, 2544-2565, doi:10.1161/



General introduction 1A 25

1A

CIRCULATIONAHA.107.188965 (2008).
12 Benjamin, E. J. et al. Heart Disease and Stroke Statistics-2019 Update: A Report From the 

American Heart Association. Circulation 139, e56-e528, doi:10.1161/CIR.0000000000000659 
(2019).

13 Hanna, P., Shivkumar, K. & Ardell, J. L. Calming the Nervous Heart: Autonomic Therapies in 
Heart Failure. Card Fail Rev 4, 92-98, doi:10.15420/cfr.2018.20.2 (2018).

14 Doetschman, T. & Azhar, M. Cardiac-specific inducible and conditional gene targeting in mice. 
Circ Res 110, 1498-1512, doi:10.1161/CIRCRESAHA.112.265066 (2012).

15 Kim, D., Kim, S., Kim, S., Park, J. & Kim, J. S. Genome-wide target specificities of CRISPR-
Cas9 nucleases revealed by multiplex Digenome-seq. Genome Res 26, 406-415, doi:10.1101/
gr.199588.115 (2016).

16 Makarova, K. S. et al. Evolution and classification of the CRISPR-Cas systems. Nat Rev 
Microbiol 9, 467-477, doi:10.1038/nrmicro2577 (2011).

17 Jinek, M. et al. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 
immunity. Science 337, 816-821, doi:10.1126/science.1225829 (2012).

18 Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-
823, doi:10.1126/science.1231143 (2013).

19 Mali, P. et al. RNA-guided human genome engineering via Cas9. Science 339, 823-826, 
doi:10.1126/science.1232033 (2013).

20 Sternberg, S. H., Redding, S., Jinek, M., Greene, E. C. & Doudna, J. A. DNA interrogation by 
the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62-67, doi:10.1038/nature13011 
(2014).

21 van Kampen, S. J. & van Rooij, E. CRISPR Craze to Transform Cardiac Biology. Trends Mol 
Med 25, 791-802, doi:10.1016/j.molmed.2019.06.008 (2019).

22 Mao, Z., Bozzella, M., Seluanov, A. & Gorbunova, V. Comparison of nonhomologous end 
joining and homologous recombination in human cells. DNA Repair (Amst) 7, 1765-1771, 
doi:10.1016/j.dnarep.2008.06.018 (2008).

23 Lieber, M. R. The mechanism of human nonhomologous DNA end joining. J Biol Chem 283, 
1-5, doi:10.1074/jbc.R700039200 (2008).

24 Shalem, O. et al. Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 
343, 84-87, doi:10.1126/science.1247005 (2014).

25 Wang, T., Wei, J. J., Sabatini, D. M. & Lander, E. S. Genetic screens in human cells using the 
CRISPR-Cas9 system. Science 343, 80-84, doi:10.1126/science.1246981 (2014).

26 Koike-Yusa, H., Li, Y., Tan, E. P., Velasco-Herrera Mdel, C. & Yusa, K. Genome-wide recessive 
genetic screening in mammalian cells with a lentiviral CRISPR-guide RNA library. Nat Biotechnol 
32, 267-273, doi:10.1038/nbt.2800 (2014).

27 San Filippo, J., Sung, P. & Klein, H. Mechanism of eukaryotic homologous recombination. Annu 
Rev Biochem 77, 229-257, doi:10.1146/annurev.biochem.77.061306.125255 (2008).

28 Chu, V. T. et al. Increasing the efficiency of homology-directed repair for CRISPR-Cas9-induced 
precise gene editing in mammalian cells. Nat Biotechnol 33, 543-548, doi:10.1038/nbt.3198 
(2015).

29 Maruyama, T. et al. Increasing the efficiency of precise genome editing with CRISPR-Cas9 by 
inhibition of nonhomologous end joining. Nat Biotechnol 33, 538-542, doi:10.1038/nbt.3190 
(2015).

30 Paik, D. T. et al. Large-Scale Single-Cell RNA-Seq Reveals Molecular Signatures of 
Heterogeneous Populations of Human Induced Pluripotent Stem Cell-Derived Endothelial 
Cells. Circ Res 123, 443-450, doi:10.1161/CIRCRESAHA.118.312913 (2018).

31 Bao, X. et al. Long-term self-renewing human epicardial cells generated from pluripotent stem 
cells under defined xeno-free conditions. Nat Biomed Eng 1, doi:10.1038/s41551-016-0003 
(2016).

32 Yoshida, Y. & Yamanaka, S. Induced Pluripotent Stem Cells 10 Years Later: For Cardiac 
Applications. Circ Res 120, 1958-1968, doi:10.1161/CIRCRESAHA.117.311080 (2017).

33 Ang, Y. S. et al. Disease Model of GATA4 Mutation Reveals Transcription Factor Cooperativity 
in Human Cardiogenesis. Cell 167, 1734-1749 e1722, doi:10.1016/j.cell.2016.11.033 (2016).

34 Ben Jehuda, R. et al. CRISPR correction of the PRKAG2 gene mutation in the patient’s induced 
pluripotent stem cell-derived cardiomyocytes eliminates electrophysiological and structural 
abnormalities. Heart Rhythm 15, 267-276, doi:10.1016/j.hrthm.2017.09.024 (2018).

35 Seeger, T. et al. A Premature Termination Codon Mutation in MYBPC3 Causes Hypertrophic 
Cardiomyopathy via Chronic Activation of Nonsense-Mediated Decay. Circulation 139, 799-
811, doi:10.1161/CIRCULATIONAHA.118.034624 (2019).

36 Mosqueira, D. et al. CRISPR/Cas9 editing in human pluripotent stem cell-cardiomyocytes 
highlights arrhythmias, hypocontractility, and energy depletion as potential therapeutic targets 
for hypertrophic cardiomyopathy. Eur Heart J 39, 3879-3892, doi:10.1093/eurheartj/ehy249 
(2018).

37 Xue, W. et al. CRISPR-mediated direct mutation of cancer genes in the mouse liver. Nature 
514, 380-384, doi:10.1038/nature13589 (2014).

38 Ding, Q. et al. Permanent alteration of PCSK9 with in vivo CRISPR-Cas9 genome editing. Circ 
Res 115, 488-492, doi:10.1161/CIRCRESAHA.115.304351 (2014).

39 Platt, R. J. et al. CRISPR-Cas9 knockin mice for genome editing and cancer modeling. Cell 



General introduction 1A26

1A

159, 440-455, doi:10.1016/j.cell.2014.09.014 (2014).
40 Swiech, L. et al. In vivo interrogation of gene function in the mammalian brain using CRISPR-

Cas9. Nat Biotechnol 33, 102-106, doi:10.1038/nbt.3055 (2015).
41 Tabebordbar, M. et al. In vivo gene editing in dystrophic mouse muscle and muscle stem cells. 

Science 351, 407-411, doi:10.1126/science.aad5177 (2016).
42 Nelson, C. E. et al. In vivo genome editing improves muscle function in a mouse model of 

Duchenne muscular dystrophy. Science 351, 403-407, doi:10.1126/science.aad5143 (2016).
43 Long, C. et al. Postnatal genome editing partially restores dystrophin expression in a mouse 

model of muscular dystrophy. Science 351, 400-403, doi:10.1126/science.aad5725 (2016).
44 Amoasii, L. et al. Gene editing restores dystrophin expression in a canine model of Duchenne 

muscular dystrophy. Science 362, 86-91, doi:10.1126/science.aau1549 (2018).
45 El Refaey, M. et al. In Vivo Genome Editing Restores Dystrophin Expression and Cardiac 

Function in Dystrophic Mice. Circ Res 121, 923-929, doi:10.1161/CIRCRESAHA.117.310996 
(2017).

46 Xie, C. et al. Genome editing with CRISPR/Cas9 in postnatal mice corrects PRKAG2 cardiac 
syndrome. Cell Res 26, 1099-1111, doi:10.1038/cr.2016.101 (2016).

47 Carroll, K. J. et al. A mouse model for adult cardiac-specific gene deletion with CRISPR/Cas9. 
Proc Natl Acad Sci U S A 113, 338-343, doi:10.1073/pnas.1523918113 (2016).

48 Guo, Y. et al. Analysis of Cardiac Myocyte Maturation Using CASAAV, a Platform for Rapid 
Dissection of Cardiac Myocyte Gene Function In Vivo. Circ Res 120, 1874-1888, doi:10.1161/
CIRCRESAHA.116.310283 (2017).

49 Johansen, A. K. et al. Postnatal Cardiac Gene Editing Using CRISPR/Cas9 With AAV9-
Mediated Delivery of Short Guide RNAs Results in Mosaic Gene Disruption. Circ Res 121, 
1168-1181, doi:10.1161/CIRCRESAHA.116.310370 (2017).

50 Shendure, J. & Ji, H. Next-generation DNA sequencing. Nat Biotechnol 26, 1135-1145, 
doi:10.1038/nbt1486 (2008).

51 Stark, R., Grzelak, M. & Hadfield, J. RNA sequencing: the teenage years. Nat Rev Genet 20, 
631-656, doi:10.1038/s41576-019-0150-2 (2019).

52 Canzar, S. & Salzberg, S. L. Short Read Mapping: An Algorithmic Tour. Proc IEEE Inst Electr 
Electron Eng 105, 436-458, doi:10.1109/JPROC.2015.2455551 (2017).

53 Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biol 15, 550, doi:10.1186/s13059-014-0550-8 (2014).

54 Tang, F. et al. mRNA-Seq whole-transcriptome analysis of a single cell. Nat Methods 6, 377-
382, doi:10.1038/nmeth.1315 (2009).

55 Klein, A. M. et al. Droplet barcoding for single-cell transcriptomics applied to embryonic stem 
cells. Cell 161, 1187-1201, doi:10.1016/j.cell.2015.04.044 (2015).

56 Macosko, E. Z. et al. Highly Parallel Genome-wide Expression Profiling of Individual Cells 
Using Nanoliter Droplets. Cell 161, 1202-1214, doi:10.1016/j.cell.2015.05.002 (2015).

57 Muraro, M. J. et al. A Single-Cell Transcriptome Atlas of the Human Pancreas. Cell Syst 3, 385-
394 e383, doi:10.1016/j.cels.2016.09.002 (2016).

58 Islam, S. et al. Quantitative single-cell RNA-seq with unique molecular identifiers. Nat Methods 
11, 163-166, doi:10.1038/nmeth.2772 (2014).

59 Picelli, S. et al. Smart-seq2 for sensitive full-length transcriptome profiling in single cells. Nat 
Methods 10, 1096-1098, doi:10.1038/nmeth.2639 (2013).

60 Hashimshony, T. et al. CEL-Seq2: sensitive highly-multiplexed single-cell RNA-Seq. Genome 
Biol 17, 77, doi:10.1186/s13059-016-0938-8 (2016).

61 Tsuyuzaki, K., Sato, H., Sato, K. & Nikaido, I. Benchmarking principal component 
analysis for large-scale single-cell RNA-sequencing. Preprint at https://www.biorxiv.org/
content/10.1101/642595v1, doi:10.1101/642595 (2019).

62 van der Maaten, J. & Hinton, J. Visualizing Data using t-SNE. Journal of Machine Learning 
Research 9, 2579-2605 (2008).

63 McInnes, L. & Healy, J. UMAP: Uniform Manifold Approximation and Projection for Dimension 
Reduction. Preprint at https://arxiv.org/abs/1802.03426 (2018).

64 Becht, E. et al. Dimensionality reduction for visualizing single-cell data using UMAP. Nat 
Biotechnol, doi:10.1038/nbt.4314 (2018).

65 Grun, D. et al. De Novo Prediction of Stem Cell Identity using Single-Cell Transcriptome Data. 
Cell Stem Cell 19, 266-277, doi:10.1016/j.stem.2016.05.010 (2016).

66 Grun, D. et al. Single-cell messenger RNA sequencing reveals rare intestinal cell types. Nature 
525, 251-255, doi:10.1038/nature14966 (2015).

67 Herman, J. S., Sagar & Grun, D. FateID infers cell fate bias in multipotent progenitors from 
single-cell RNA-seq data. Nat Methods 15, 379-386, doi:10.1038/nmeth.4662 (2018).

68 Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell transcriptomic 
data across different conditions, technologies, and species. Nat Biotechnol 36, 411-420, 
doi:10.1038/nbt.4096 (2018).

69 Qiu, X. et al. Reversed graph embedding resolves complex single-cell trajectories. Nat Methods 
14, 979-982, doi:10.1038/nmeth.4402 (2017).

70 Nomura, S. et al. Cardiomyocyte gene programs encoding morphological and functional 
signatures in cardiac hypertrophy and failure. Nat Commun 9, 4435, doi:10.1038/s41467-018-
06639-7 (2018).



General introduction 1A 27

1A

71 Schirmer, L. et al. Neuronal vulnerability and multilineage diversity in multiple sclerosis. Nature 
573, 75-82, doi:10.1038/s41586-019-1404-z (2019).

72 Dick, S. A. et al. Self-renewing resident cardiac macrophages limit adverse remodeling following 
myocardial infarction. Nat Immunol 20, 29-39, doi:10.1038/s41590-018-0272-2 (2019).

73 Liu, Y. et al. Spatiotemporal Gene Coexpression and Regulation in Mouse Cardiomyocytes of 
Early Cardiac Morphogenesis. J Am Heart Assoc 8, e012941, doi:10.1161/JAHA.119.012941 
(2019).

74 Xue, Z. et al. Genetic programs in human and mouse early embryos revealed by single-cell 
RNA sequencing. Nature 500, 593-597, doi:10.1038/nature12364 (2013).

75 Grün, D., Kester, L. & van Oudenaarden, A. Validation of noise models for single-cell 
transcriptomics. Nat Methods 11, 637-640, doi:10.1038/nmeth.2930. (2014).

76 Basak, O. et al. Induced Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables 
Differentiation of Hormone-Producing Enteroendocrine Cells. Cell Stem Cell 20, 177-190 e174, 
doi:10.1016/j.stem.2016.11.001 (2017).

77 Tabula Muris, C. et al. Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris. 
Nature 562, 367-372, doi:10.1038/s41586-018-0590-4 (2018).

78 Rozenblatt-Rosen, O., Stubbington, M. J. T., Regev, A. & Teichmann, S. A. The Human Cell 
Atlas: from vision to reality Nature 550, 451-453, doi:10.1038/550451a. (2017).

79 Tirosh, I. & Suvà, M. L. Deciphering Human Tumor Biology by Single-Cell Expression Profiling. 
Annual Review of Cancer Biology 3, 151-166, doi:10.1146/annurev-cancerbio-030518-055609 
(2019).

80 Keren-Shaul, H. et al. A Unique Microglia Type Associated with Restricting Development of 
Alzheimer’s Disease. Cell 169, 1276-1290 e1217, doi:10.1016/j.cell.2017.05.018 (2017).

81 Mathys, H. et al. Temporal Tracking of Microglia Activation in Neurodegeneration at Single-Cell 
Resolution. Cell Rep 21, 366-380, doi:10.1016/j.celrep.2017.09.039 (2017).

82 Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 570, 332-
337, doi:10.1038/s41586-019-1195-2 (2019).

83 Cochain, C. et al. Single-Cell RNA-Seq Reveals the Transcriptional Landscape and 
Heterogeneity of Aortic Macrophages in Murine Atherosclerosis. Circ Res 122, 1661-1674, 
doi:10.1161/CIRCRESAHA.117.312509 (2018).

84 Winkels, H. et al. Atlas of the Immune Cell Repertoire in Mouse Atherosclerosis Defined by 
Single-Cell RNA-Sequencing and Mass Cytometry. Circ Res 122, 1675-1688, doi:10.1161/
CIRCRESAHA.117.312513 (2018).

85 Zhang, F. et al. Defining inflammatory cell states in rheumatoid arthritis joint synovial tissues 
by integrating single-cell transcriptomics and mass cytometry. Nat Immunol 20, 928-942, 
doi:10.1038/s41590-019-0378-1 (2019).

86 Ackers-Johnson, M. et al. A Simplified, Langendorff-Free Method for Concomitant Isolation of 
Viable Cardiac Myocytes and Nonmyocytes From the Adult Mouse Heart. Circ Res 119, 909-
920, doi:10.1161/CIRCRESAHA.116.309202 (2016).

87 Sorenson, A. L., Tepper, D., Sonnenblick, E. H., Robinson, T. F. & Capasso, J. M. Size and 
shape of enzymatically isolated ventricular myocytes from rats and cardiomyopathic hamsters. 
Cardiovasc. Res. 19, 793-799 (1985).

88 Guertin, D. A. & Sabatini, D. M. in Encyclopedia of Life Sciences     (2006).
89 Carninci, P. et al. The transcriptional landscape of the mammalian genome. Science 309, 1559-

1563, doi:10.1126/science.1112014 (2005).
90 Makarewich, C. A. & Olson, E. N. Mining for Micropeptides. Trends Cell Biol 27, 685-696, 

doi:10.1016/j.tcb.2017.04.006 (2017).
91 Frith, M. C. et al. The abundance of short proteins in the mammalian proteome. PLoS Genet 2, 

e52, doi:10.1371/journal.pgen.0020052 (2006).
92 Kersey, P. J. et al. The International Protein Index: an integrated database for proteomics 

experiments. Proteomics 4, 1985-1988, doi:10.1002/pmic.200300721 (2004).
93 The UniProt, C. UniProt: the universal protein knowledgebase. Nucleic Acids Res 45, 

D158-D169, doi:10.1093/nar/gkw1099 (2017).
94 Lin, M. F., Jungreis, I. & Kellis, M. PhyloCSF: a comparative genomics method to distinguish 

protein coding and non-coding regions. Bioinformatics 27, i275-282, doi:10.1093/bioinformatics/
btr209 (2011).

95 Hurst, L. D. The Ka/Ks ratio: diagnosing the form of sequence evolution. Trends in Genetics 18, 
486-487, doi:10.1016/s0168-9525(02)02722-1 (2002).

96 Wang, L. et al. CPAT: Coding-Potential Assessment Tool using an alignment-free logistic 
regression model. Nucleic Acids Res 41, e74, doi:10.1093/nar/gkt006 (2013).

97 Ladoukakis, E., Pereira, V., Magny, E. G., Eyre-Walker, A. & Couso, J. P. Hundreds of putatively 
functional small open reading frames in Drosophila. Genome Biol 12, R118, doi:10.1186/gb-
2011-12-11-r118 (2011).

98 Bazzini, A. A. et al. Identification of small ORFs in vertebrates using ribosome footprinting and 
evolutionary conservation. EMBO J 33, 981-993, doi:10.1002/embj.201488411 (2014).

99 Mackowiak, S. D. et al. Extensive identification and analysis of conserved small ORFs in 
animals. Genome Biol 16, 179, doi:10.1186/s13059-015-0742-x (2015).

100 Ingolia, N. T. et al. Ribosome profiling reveals pervasive translation outside of annotated 
protein-coding genes. Cell Rep 8, 1365-1379, doi:10.1016/j.celrep.2014.07.045 (2014).



General introduction 1A28

1A

101 Slavoff, S. A. et al. Peptidomic discovery of short open reading frame-encoded peptides in 
human cells. Nat Chem Biol 9, 59-64, doi:10.1038/nchembio.1120 (2013).

102 Ingolia, N. T., Ghaemmaghami, S., Newman, J. R. & Weissman, J. S. Genome-wide analysis 
in vivo of translation with nucleotide resolution using ribosome profiling. Science 324, 218-223, 
doi:10.1126/science.1168978 (2009).

103 Calviello, L. et al. Detecting actively translated open reading frames in ribosome profiling data. 
Nat Methods 13, 165-170, doi:10.1038/nmeth.3688 (2016).

104 van Heesch, S. et al. The Translational Landscape of the Human Heart. Cell 178, 242-260 
e229, doi:10.1016/j.cell.2019.05.010 (2019).

105 Guttman, M. & Rinn, J. L. Modular regulatory principles of large non-coding RNAs. Nature 482, 
339-346, doi:10.1038/nature10887 (2012).

106 Johnstone, T. G., Bazzini, A. A. & Giraldez, A. J. Upstream ORFs are prevalent translational 
repressors in vertebrates. EMBO J 35, 706-723, doi:10.15252/embj.201592759 (2016).

107 Millay, D. P. et al. Myomaker is a membrane activator of myoblast fusion and muscle formation. 
Nature 499, 301-305, doi:10.1038/nature12343 (2013).

108 Bi, P. et al. Control of muscle formation by the fusogenic micropeptide myomixer. Science 356, 
323-327, doi:10.1126/science.aam9361 (2017).

109 Anderson, D. M. et al. A micropeptide encoded by a putative long noncoding RNA regulates 
muscle performance. Cell 160, 595-606, doi:10.1016/j.cell.2015.01.009 (2015).

110 Anderson, D. M. et al. Widespread control of calcium signaling by a family of SERCA-inhibiting 
micropeptides. Sci Signal 9, ra119, doi:10.1126/scisignal.aaj1460 (2016).

111 Matsumoto, A. et al. mTORC1 and muscle regeneration are regulated by the LINC00961-
encoded SPAR polypeptide. Nature 541, 228-232, doi:10.1038/nature21034 (2017).

112 Bhupathy, P., Babu, G. J. & Periasamy, M. Sarcolipin and phospholamban as regulators of 
cardiac sarcoplasmic reticulum Ca2+ ATPase. J Mol Cell Cardiol 42, 903-911, doi:10.1016/j.
yjmcc.2007.03.738 (2007).

113 Pant, M., Bal, N. C. & Periasamy, M. Sarcolipin: A Key Thermogenic and Metabolic Regulator in 
Skeletal Muscle. Trends Endocrinol Metab 27, 881-892, doi:10.1016/j.tem.2016.08.006 (2016).

114 Nelson, B. R. et al. A peptide encoded by a transcript annotated as long noncoding RNA 
enhances SERCA activity in muscle. Science 351, 271-275, doi:10.1126/science.aad4076 
(2016).

115 Dorn, G. W., 2nd & Molkentin, J. D. Manipulating cardiac contractility in heart failure: data from 
mice and men. Circulation 109, 150-158, doi:10.1161/01.CIR.0000111581.15521.F5 (2004).

116 Periasamy, M. & Kalyanasundaram, A. SERCA pump isoforms: their role in calcium transport 
and disease. Muscle Nerve 35, 430-442, doi:10.1002/mus.20745 (2007).

117 Makarewich, C. A. et al. The DWORF micropeptide enhances contractility and prevents heart 
failure in a mouse model of dilated cardiomyopathy. Elife 7, doi:10.7554/eLife.38319 (2018).

118 Lei, M., Wang, X., Ke, Y. & Solaro, R. J. Regulation of Ca(2+) transient by PP2A in normal and 
failing heart. Front Physiol 6, 13, doi:10.3389/fphys.2015.00013 (2015).



General introduction 1A 29

1A





CHAPTER 1B
Single-cell sequencing of the mammalian 

heart: Time to dive deeper

Bas Molenaar & Eva van Rooij
Circulation Research 123 (9), 1033-1035 (2018)



Single-cell sequencing of the mammalian heart:
Time to dive deeper

32

1B

Recent developments in RNA sequencing are now allowing us to study 
genome-wide gene expression differences on an individual cell level. While 
still relatively in early days, knowledge obtained by single-cell RNA sequencing 
(scRNA seq) have already significantly improved our understanding in biology 
and disease, and will undoubtedly continue to do so. However, as is true for 
many new technologies, currently scRNA seq still comes with limitations that 
confine the insights that can be gained from the data acquired by this new 
application. Both biology and current methodology impact the outcomes from 
scRNA seq and restrict us in getting a complete and true view on genome-
wide gene expression changes occuring at a single cell level. Although further 
improvements will surely resolve at least part of these limitations, as yet 
we should be mindful of how to appropriately mine the data to advance our 
knowledge of molecular mechanisms relevant for biology.
 
Magnifying our view on cardiac gene expression 
ScRNA seq is rapidly becoming the new kid on the block among all sequencing 
approaches. Never before were we, as scientists, able to get such a detailed view 
on the molecular changes driving biology. Where conventional bulk sequencing of 
tissues or cell lysates inherently dilutes out lower signals and loses any information 
on cellular origin, scRNA seq provides detailed transcriptome-wide profiles of each 
individual cell that is being analyzed. This innovation in single cell analysis already 
has allowed for the identification of novel stem cell populations, rare cell types, 
and enabled whole-organism fate mapping when combined with single-cell DNA 
sequencing1-3. While originally applied to in vitro cell cultures, more recently it was 
used to examine cells from  digested mammalian tissues, like skeletal muscle, brain, 
pancreas and the heart 4-7.
The first reports on cardiac scRNA seq focussed on gene expression profiles in 
individual cells of the embryonic heart and provided insights that had previously 
gone unnoticed when performing bulk sequencing8,9. These studies showed us that 
distinct gene sets are expressed in cardiomyocytes from specific anatomical sites8. 
Something else we learned that is maybe a bit less obvious, yet important to realize, 
is that there is no distinct gene expression profile in cells representing a certain phase 
of development. Instead of going through distinct phases of gene expression, it is 
the continous gradient of gene expression slowly rising or declining in an individual 
cardiomyocyte that defines the different stages of differentiation9. What separates 
a more mature cardiomyocyte from a nascent one is not the specific set of genes it 
expresses, but rather the combine relative expression level of these genes 9,10.
More recent, scRNA seq was also successfully performed on the adult heart, where 
all main cardiac cell types could be detected under both healthy and diseased 
conditions 7,11. Gradients of gene expression were also found here, but then present 
within the different subpopulations of a specific cell type. These data revealed that 
separate subclusters of adult cardiomyocytes showed a high level of heterogeneity 
in expression of well-established cardiomyocytes markers, such as cardiac muscle 
actin (Actc1) and alpha myosin heavy chain (Myh6)7. Similar gradients were seen 
in other non-cardiomyocyte cell types of the heart11. These observations imply that 
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based on gene expression differences a cell type, even under basal conditions, can 
consist of several different subpopulations that are functionally different. Also, when 
making use of cardiomyocyte-specific promoters, such as the Myh6 promoter, one 
should consider that the activity might vary from one cell to another.
Interestingly, in mining the scRNA seq data it also became clear that there is also gene 
expression ’contamination’ across the different cell types. Marker gene expression 
is often not purely restricted to a certain cell type, just strongly enriched in cells it is 
suppose to mark. For example, some cells that are clearly cardiomyocytes based 
on their transcriptional profile, also express genes that are said to be endothelial 
or fibroblasts specific (e.g. Tie1 or Pecam1 for endothelial cells and Col1a1 and 
Pdgrfa for fibroblasts), albeit at substantially lower levels7. In addition, some cardiac 
macrophages cells also express various canonical fibroblast markers at intermediate 
levels11. Above findings challenge our binary thinking about expression of markers 
in cell types. Rather than a clear-cut division in expression between the different cell 
types, also here there often appears to be a gradient in expression between different 
cells. Just as with the maturation stages during development, cell types do not seem 
to be determined by the presence or absence of marker expression, but rather by the 
expression levels of genes relevant for determining cell identity. 
These insights in cellular heterogeneity would have previously gone unnoticed, but 
are now visualized by this high magnification view on gene expression differences 
scRNA seq provides between individual cells.

Room for improvements
Although scRNA seq in the heart yields numerous possibilities to increase our 
understanding and place nuances in cardiac biology and pathology, currently there 
are some consequential limitations and methodological issues that can result in 
misinterpretation of the data and could distort scientific conclusions. 
Currently the biggest issue with scRNA seq in the heart is the limited coverage, which 
is predicted to pick up only 5-20% of the full transcriptome per cell12,13. This means 
that we only obtain information about the most abundant genes. In addition, a large 
portion of the sequencing reads are mapped to highly expressed mitochondrial genes 
and can therefore not serve to provide information on nuclear gene expression7. In 
mitochondria-rich cardiomyocytes up to 70-80% of all sequencing reads are soaked 
up by mitochondrial genes. A quick calculation then suggests that only 1-6% of 
all reads originate from genomic genes, severely restricting the gene expression 
information that can be gained per cardiomyocyte. As a result, most genes detected in 
cardiomyocytes are highly expressed cardiomyocyte markers, while lower expressed 
genes will only sporadically be picked up. The low coverage renders it particularly 
hard to detect rare subtypes within the cell populations if they are characterized by 
low expressing genes. This becomes especially relevant when one is trying to study 
rare cardiac progenitor cells or attempting to identify the exceptional dedifferentiating 
and/or proliferating cardiomyocyte. Only when a very high number of cells are being 
sequencing, the chance for detecting these rare cellular subtypes will increase. 
As such, while this limitation exists, it is important to realize that the absence of 
evidence for rare cell populations in the heart, is not evidence of absence and can 
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certainly to date not be excluded by using scRNA seq.
Another issue in the methods that scientist mostly ignored in previous scRNA 
seq studies is the effect of tissue dissociation on gene expression. A recent study 
found that dissociation of skeletal muscle to obtain a single cell suspension already 
induced substantial expression of genes4. This resulted in a subpopulation of cells 
characterized by many stress genes that was not present in the skeletal muscle, but 
was the results of the dissociation procedure. These dissociation-induced artefacts 

Figure 1 Schematic overview of the single-cell sequencing technique on cardiac tissue. The red boxes 
depict potential technical limitations that can hinder scientific interpretation of the data sets.
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in gene expression warrant careful interpretation of some data in scRNA seq data 
sets, especially when stress genes are involved.
The snapshot nature of the scRNA seq technique presents another limitation. Since 
transcriptomes of single cells are only measured at one timepoint and not over time, 
it is difficult to determine whether transcriptional heterogeneity between cells is really 
due to biology or whether it arises due to stochastic or cycling gene expression 
changes over time. As such it is possible that based on gene expression similarities 
certain cells are clustered as a separate subpopulation of cells, while the overlap in 
gene expression profile is merely due to temporal synchrony. The fact that cardiac 
gene expression is influenced by circadian rhythms makes this snapshot limitation 
more consequential and highlight the need for additional studies to confirm this 
transcription heterogeneity14.
It addition to the issues above, it has also proven difficult to obtain a correct 
representation of the cardiac cellular composition with scRNA seq, especially in the 
adult mammalian heart. Various sorting strategies are currently used to separated 
single cells from a cell suspension into individual wells or droplets. However, all 
these sorting strategies have physical constraints regarding the cell size that they 
sort. Commercially available single-cell sorting platforms like Fluidigm C1 and 
Chromium can currently only sort cells that are up to 25 and 50 µM in diameter. 
This is considerably smaller than adult mammalian cardiomyocytes, which can 
be approximately 125 µm along the longitudinal axis15. It is likely that studies on 
the adult heart using these systems have therefore been focussed on studying 
the smaller, non-cardiomyocyte cell populations11,16. While we recently were able 
to sort adult cardiomyocytes using an optimized dissociation and Fluorescence-
activated cell sorting strategy7, this approach actually proved biased towards the 
larger cardiomyocytes. While it is thought that roughly 30% of the cells in the adult 
heart are cardiomyocytes, 75% of the cells that we sequenced turned out to be 
cardiomyocytes. While this is helpful in studying cardiomyocyte biology, it captures 
less of the smaller cardiac cell types as a trade-off. Because of these different cellular 
biases in sorting strategies, the scRNA seq technology is currently unable to reliably 
capture the relative abundance of all adult cardiac cell type in an unbiased fashion.
Finally, rapid and continuous advancements in scRNA seq techniques will 
resolve some or all of the above difficulties and limitations. As time goes by, more 
improvements will be made to existing scRNA seq technology, and new, presumably 
superior methods will be developed. While this is great for the depth and reliability 
of the data this technology provides, these advancements currently might actually 
pose a problem by itself as they make it increasingly difficult and potentially even 
impossible to compare and combine the different datasets that are now being 
generated.

Are you part of the solution or just here to complain?
Despite the indicated points of caution, scRNA seq has an unprecendented potential 
to advanced our understanding of cardiac biology and pathology. For this reason, we 
should put a lot of effort into capitalizing this technology.
One potential way to surpass the relatively low resolution in gene expression in 
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adult cardiomyocytes would be to exclude the high number of mitochondrial 
reads. One could envision this occuring by eliminating mitochondrial genes from 
the sequencing library. Since there are only 37 mitochondrial genes, it should be 
possible to either specifically remove mitochondrial transcripts or preventing the 
reverse transcriptase reaction at these transcripts. This should significantly free 
up reagents for genomic transcripts and increase the depth of information gained 
about genomic gene expression in adult cardiomyocytes. Furthermore, commercial 
availably single-cell sorting systems continue to be improved. It is to be expected 
that further developments in these sorting systems will lift the physical constraints 
regarding cell size.
As with all knowledge obtained with new techniques, findings should be validated 
using older, more established experimental techniques. For example, true subtype-
specific differences between cells or diseased-induced expressional changes should 
be validated using in situ hybridisation or immunohistochemistry. This should also 
prevent misinterpretation of data due to dissociation-induced artefacts on gene-
expression profiles. Reproduction of scRNA seq experiments on independent 
sample sets will further increase the reliability of the data sets. 
No doubt near future adjustments will lead to further optimization of the scRNA seq 
approach for the heart. However, even with the current limitations this technology 
enabled us to learn more about cardiac development, transcriptional heterogeneity 
within cell types and cell-type specific gene expression changes during cardiac 
disease. It will be exciting to see how advances in scRNA seq techniques will 
increase transcriptome information at single-cell resolution, and how it will continue 
to improve our knowledge about heart biology and disease.
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Abstract

Rationale: CRISPR/Cas9-based DNA editing has rapidly evolved as an attractive 
tool to modify the genome. Although CRISPR/Cas9 has been extensively used to 
manipulate the germline in zygotes, its application in postnatal gene editing remains 
incompletely characterized. 
Objective: To evaluate the feasibility of CRISPR/Cas9-based cardiac genome 
editing in vivo in postnatal mice. 
Methods and results: We generated cardiomyocyte-specific Cas9 mice and 
demonstrated that Cas9 expression does not affect cardiac function or gene 
expression. As a proof of concept, we delivered short guide RNAs (sgRNAs) 
targeting three genes critical for cardiac physiology, Myh6, Sav1 and Tbx20, using 
a cardiotropic adeno-associated viral vector (AAV9). Despite a similar degree of 
DNA disruption and subsequent mRNA downregulation, only disruption of Myh6 was 
sufficient to induce a cardiac phenotype, irrespective of sgRNA exposure or the level 
of Cas9 expression. DNA sequencing analysis revealed target dependent mutations 
that were highly reproducible across mice resulting in differential rates of in- and out-
of-frame mutations. Finally, we applied a dual sgRNA approach to effectively delete 
an important coding region of Sav1, which increased the editing efficiency. 
Conclusions: Our results indicate that the effect of postnatal CRISPR/Cas9-based 
cardiac gene editing using AAV9 to deliver a single sgRNA is target dependent.  
We demonstrate a mosaic pattern of gene disruption, which hinders the application 
of the technology to study gene function. Further studies are required in order to 
expand the versatility of CRISPR/Cas9 as a robust tool to study novel cardiac gene 
functions in vivo.
Key words: Cas9, CRISPR, postnatal, in vivo, cardiac
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Non-standard Abbreviations and Acronyms

CRISPR  clustered regularly interspaced palindromic repeats
Cas9   CRISPR associated protein 9
sgRNA  short guide RNA
DSB   double strand break
PAM   protospacer adjacent motif
PIM  PAM interaction motif
NHEJ  non-homologous end joining
Indels  insertion deletions
AAV9  adeno-associated virus serotype 9
eGFP  enhanced green fluorescent protein 
EF  ejection fraction
LVID  left ventricular internal diameter
Myh6/7 myosin heavy chain 6/7
Sav1  salvador 1
Tbx20  T-box 20 
Nppa/b natriuretic peptide a/b
Pln  phospholambam
Serca2a  sarco/endoplasmic reticulum Ca2+-ATPase
Pgc1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha
MOI  multiplicity of infection
vg  viral genomes
OT  Off-target
T7E1  T7 endonuclease 1
ACTN2 sarcomeric alpha actinin
P  postnatal day
i.p.  intra-peritoneal
Ccnd1 cyclin d1
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Introduction

Genetic engineering of mammalian species, in particular mus musculus, has 
answered fundamental questions related to basic biology and disease. Traditionally 
this has heavily relied on the generation of genetically modified mice by transgenesis 
or gene targeting in embryonic stem cells. However, the generation of transgenic 
mice is a time consuming, expensive process and requires a substantial number of 
animals1,2. While spatiotemporally-controlled models using tetracycline-dependent 
transactivators or tamoxifen-inducible recombinases have proven very effective for 
studying gene function postnatally, these models have important limitations inherent 
to the drugs used to activate/deactivate gene expression or induce LoxP-mediated 
recombination3,4.
The discovery that the Streptococcus pyrogenese clustered regularly interspaced 
palindromic repeats (CRISPR)-associated (Cas9) endonuclease can be redirected 
to induce DNA double-strand breaks (DSBs) within specific genomic loci has 
revolutionized the way animal models can be generated. Cas9 target activity relies 
on precise RNA-DNA base-pairing between 1) the engineered short guide RNA 
(sgRNA) with the target DNA strand5 and 2) through interactions with the non-target 
DNA strands protospacer-adjacent motif (PAM) and the PAM-interaction motif (PIM) 
in Cas96. The DNA DSBs introduced by Cas9 are predominantly repaired by non-
homologous end joining (NHEJ). This is an error prone process that randomly inserts 
or deletes nucleotides (indels), often introducing a frame-shift mutation resulting in 
the generation of a premature stop codon and thus inactivation of gene function7,8. 
Elegant studies have recently used CRISPR/Cas9 to edit genes in vivo in the mouse 
liver9,10, lung11,12, heart13-15, skeletal muscle16-18 and brain19. However, a broader in-
depth evaluation of the application of CRISPR/Cas9 to study the function of genes 
postnatally in the heart is currently lacking.  
Here, we evaluated the efficiency of CRISPR/Cas9 mediated gene editing to study 
cardiac gene function in vivo using systemic and local delivery of sgRNAs. We 
present unexpected limitations of CRISPR/Cas9-based cardiac genome editing by 
showing inefficient gene disruption using adeno-associated virus serotype 9 (AAV9)-
incorporated sgRNA delivery in cardiomyocyte-specific Cas9 expressing mice. Our 
data suggests that viral delivery of single sgRNAs introduces a low level of gene 
disruption in a mosaic fashion. While this is sufficient for the disruption of some 
genes, for many genes it presents an important limitation of using CRISPR/Cas9-
based gene editing to study gene function in the heart. Finally, we show that removing 
a critical coding exon using a dual sgRNA approach targeting demonstrates a more 
efficacious methodology to edit DNA.

Results

Generation and Characterization of Cardiomyocyte-Specific Cas9 Mice
The ability to express Cas9 within specific tissues together with the relative ease 
to deliver sgRNAs postnatally represents an attractive tool to study gene functions 
in vivo. To investigate the feasibility of CRISPR/Cas9 as a cardiac postnatal gene 
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editing tool in vivo, we generated mice that express Cas9 in a cardiac-restricted 
fashion using two different approaches. Mice expressing Cre recombinase after 
the Myh6 promoter were crossed with homozygous R26-loxP-STOP-loxP-3xFLAG-
Cas9-eGFP mouse to generate cardiomyocyte-specific Cas9 mice (Myh6Cas9 mice; 
Figure 1A), which concurrently labels all Cas9 cardiomyocytes with enhanced green 
fluorescent protein (eGFP). In parallel, we generated transgenic mice expressing 
3xFLAG and Streptococcus pyogenes Cas9 under the control of the Myh6 promoter. 
This construct was injected into zygotes to generate cardiomyocyte-specific Cas9 tg 
mice (Online Figure IA). The resulting progenies of both Cas9 expressing mouse 
models were born at a Mendelian frequency and appeared viable, healthy and fertile. 
Relative Cas9 expression in these two mouse models was determined by Western 
blotting against FLAG (Online Figure IB-C), which showed higher expression of 
Cas9 in the Myh6Cas9 mice compared to the tg Cas9 mice. We therefore decided to use 
these mice for all subsequent experiments. Whole mount imaging confirmed eGFP 
(Cas9) expression in the heart of Myh6Cas9 mice and not in control mice (Figure 1B). 
We did not detect eGFP expression by stereomicroscope imaging in the liver, lung, 
kidney and spleen (data not shown). Confocal imaging confirmed cardiomyocyte-
specific expression of Cas9 by co-staining with alpha actinin 2 (ACTN2; Figure 
1C). Cardiac-restricted Cas9 expression was confirmed by Western blotting against 
FLAG and eGFP (Figure 1D). Cas9 was tagged with nuclear localization signals 
to promote its import into the nucleus and we confirmed the expression of Cas9 
within the nucleus by FLAG immunoblotting, which is fused to Cas9 (Figure 1E).  
Importantly, the expression of Cas9 in cardiomyocytes did not affect cardiac function 
and structure up to adulthood as evaluated by morphological and echocardiographic 
analysis, respectively (Figure 1F-J). In addition, no changes in gene expression of 
known cardiac stress markers were detected (Figure 1K). 

Design and In Vitro Testing of sgRNAs
To investigate whether our Cas9-expressing mice could be used to perform efficient 
gene editing in vivo as a proof-of-concept, we selected two important cardiac genes 
that have previously been studied in knockout mice: T-box 20 (Tbx20) and Salvador 
1 (Sav1). Tbx20 is a cardiac transcription factor critical for both cardiogenesis 
and cardiac function. Disruption of Tbx20 in adult mice results in severe dilated 
cardiomyopathy, arrhythmias and death as early as 5 days post-genetic ablation20. 
Sav1 is an integral regulator of the Hippo pathway, which is an evolutionary conserved 
kinase cascade that serves as a master regulator of development, organ size and 
regeneration. Several studies indicate that Sav1 acts as an endogenous repressor 
of cardiomyocyte proliferation by promoting the phosphorylation of yes associated 
protein (YAP), thereby limiting cardiac regeneration21,22. 
In order to edit Sav1 and Tbx20 we designed sgRNAs against the genes using 
the CRISPR design tool (http://crispr.mit.edu/), which systematically screens for OT 
effects23. The 20-nucleotide sequences were designed to precede a CRISPR type 
II specific PAM sequence 5′–NGG. Four sgRNAs (targeting exon 1 for Tbx20 and 
exon 3 for Sav1; based on previous strategies to generate knockout mice24,25) were 
designed and cloned into a Cas9-expressing vector and transfected into NIH-3T3 
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cells (Figure 2A). Based on the efficiency of the sgRNA-induced DNA DSBs as 
assessed by T7E1 analysis in puromycin selected (Cas9 and sgRNA transfected) 
cells, we selected guide 1 and guide 2 to target the Tbx20 and Sav1 locus, respectively 
(Figure 2B-C). The efficiency was determined by calculating the percentage of 
indels by band intensity quantification (See online data supplement S1). Guides 

Figure 1. Generation and characterization of a cardiomyocyte-specific Cas9 expressing mouse 
(A) Strategy for the generation of Myh6Cas9 mice. tg; transgenic (B) Fluorescence (eGFP;Cas9) and 
brightfield stereomicroscope images of whole hearts isolated from control and Myh6Cas9 mice. Scale 
bar is 1mm. (C) Immunofluorescence expression of eGFP (Cas9), sarcomeric alpha actinin (ACTN2; 
cardiomyocytes) and DAPI in fixed heart histological sections. Scale bar is 100μm. (D) Western blot 
validation of cardiac-specific expression of FLAG and eGFP in Myh6Cas9 mice. GAPDH was used as 
a loading control. (E) Western blot showing nuclear (n) and cytoplasmic (c) localization of Cas9 by 
FLAG expression. Heart weight/body weight ratio (HW/BW). (F-G) HW/tibia length (HW/TL) ratio. 
Echocardiographic analysis of cardiac function and structure by (H) % ejection fraction (EF), (I) left 
ventricular posterior wall thickness at systole (LVPWs) and (J) LV internal diameter at s (LVIDs). (K) 
mRNA analysis of cardiac stress markers by qRT-PCR. Data was normalized to Gapdh. Myosin heavy 
chain 6/7 (Myh6/7); sarco/endoplasmic reticulum Ca2+-ATPase (Serca2a); phospholambam (Pln); 
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (Ppargc1a). Data is represented 
as the mean ± SEM. n=4-8 mice per group.
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were designed to minimize potential OT effects in other sites within the genome. To 
confirm the fidelity of our sgRNA design, we performed T7E1 assays on amplified 
DNA from the top 4 predicted OT protein-coding genes for each sgRNA and no OT 
indels were observed (Figure 2D-E). The sequence of the selected sgRNAs for each 
target and its genomic target location is shown in Figure 2F. We next determined the 
effect of DNA disruption in NIH-3T3 cells on subsequent transcription and translation 
of the target genes. Because we could not reliably detect Tbx20 transcript or protein 
expression in NIH-3T3 cells, likely because it is not expressed (data not shown), 
we determined the effect of sgRNA-mediated disruption on Sav1. This resulted in 
a reduction in Sav1 transcription and translation as assessed by qRT-PCR analysis 
(Figure 2G) and Western blotting (Figure 2H) for sgSav1 compared to sgControl 
(sgCon) samples.

In Vivo Genome Editing of the Heart using Systemic Delivery of sgRNAs with 
AAV9 
Having identified functional sgRNAs, we incorporated the in vitro selected sgRNAs 
into a U6-driven AAV backbone and selected the cardiotropic AAV9 as the delivery 
vector (Figure 3A). Mice were injected i.p with a single low dose of AAV9-sgRNA at 
P3 and were analysed 2 weeks later at P17  (Figure 3A). Administration of AAV9 
by i.p. injection in neonatal mice has previously been shown to mediate robust 

Figure 2. sgRNA generation and in vitro gene-editing using CRISPR/Cas9. (A) Schematic of the 
sgRNA-Cas9 vector and in vitro experiment in NIH-3T3 cells (B-C) T7E1 analysis on target site of PCR-
amplified genomic DNA from sorted NIH-3T3 cells transfected with either a control sgRNA (sgCon) or 
sgRNAs designed to target (B) Tbx20 or (C) Sav1. Red box indicates the selected sgRNA. (D-E) T7E1 
of PCR-amplified genomic DNA from sorted NIH-3T3 for the top 4 potential off-target (OT) DNA cleavage 
sites in gene-coding regions for the selected sgRNA for (D) Tbx20 and (E) Sav1. (F) Targeted genomic 
locus and sequence of selected sgRNAs. (G-H) Effect of sgSav1 mediated gene disruption in sorted 
cells on (G) mRNA expression and (H) protein expression. GAPDH was used as the loading control. n=3 
replicates per group.
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cardiac gene expression26,27. qRT-PCR analysis of sgRNA expression showed that 
the sgRNA is indeed expressed and that its expression is stabilized specifically in 
the heart by Cas9 (Online Figure IIA). We confirmed that the increase in sgRNA 
expression in Cas9 expressing mice was not related to an increased viral dose by 
assessing Luciferase mRNA expression (encoded by the construct; Online Figure 
IIB).  As an indication of overall health, body weights were monitored daily and this 
was not affected by the sgRNA-mediated editing (data not shown). Furthermore, we 
observed no effect on cardiac size as determined by the heart weight/tibia length 
(HW/TL) ratio (Online Figure IIC). T7E1 analysis of DNA isolated from whole 
hearts demonstrated DNA disruption at the targeted loci for Tbx20 and Sav1 in 
Myh6Cas9 mice while the sgRNAs had no effect in control littermates (Figure 3B-C, 
respectively). Importantly, no DNA DSBs were observed in the kidney, lung, liver or 
spleen of Myh6Cas9 mice confirming the cardiac restricted expression (Online Figure 
IIF-G). A reduction in mRNA expression was observed for both targets (Figure 3D). 
We confirmed this reduction using 3 additional primer pairs (Figure S2D-E). This 
effect was an effect of the sgRNA as no difference in Tbx20 or Sav1 expression was 
observed in un-injected control and Myh6Cas9 mice (data not shown).  However, despite 
a reduction in mRNA transcript levels, this only translated into a small reduction in 
protein expression for Tbx20 and no effect on Sav1 (Figure 3E-G). Furthermore, 
we could not detect a transcriptional effect on known downstream targets (Online 
Figure IIH-I). To further evaluate the gene-editing effects within cardiomyocytes, 
we performed immunohistochemistry analysis for TBX20. The nuclear expression 
of TBX20 allows for the quantification of cardiomyocytes expressing TBX20 and its 
expression was reduced in Tbx20-edited mice (Online Figure IIJ-K). Taken together, 
these results suggest that there is inefficient gene editing in these mice. 
To evaluate whether the viral titer (and therefore the levels of sgRNA) or the exposure 
time to the sgRNA could improve the targeting efficiency of Cas9, we used the same 
viral backbone and injected mice with either a low or high dose of AAV9-sgTbx20 
(Online Figure IIIA). Mice were analysed 4 weeks later (Online Figure IIIA) and 
successful DNA DSBs were confirmed by T7E1 analysis for both viral doses (Online 
Figure IIIB-C). Here, we observed that while the low dose of virus did not affect 
gene expression, the high dose of sgRNA resulted in a downregulation of mRNA 
transcripts. (Online Figure IIID). However, for both the low and high dose, we again 
could not detect an effect on protein expression (Online Figure IIIE-G). 
Given that a higher viral dose mediated a greater effect on gene disruption, we 
selected this dose for subsequent experiments. We next evaluated whether a longer 
exposure period would improve targeting efficiency rates. To do so, we injected mice 
with either AAV9-sgTbx20 or –sgSav1 and harvested tissue 8 weeks later (Online 
Figure IVA). T7E1 analysis of whole heart homogenates determined successful 
DNA cleavage in Myh6Cas9 mice injected with AAV9-sgTbx20 and sgSav1 (Online 
Figure IVB-C). No effect on mRNA transcript levels was observed in sgTbx20-edited 
mice, yet a ~50% reduction in mRNA transcripts was observed in the sgSav1-edited 
mice (Online Figure IVD). This suggests a loss of effect over time in the sgTbx20 
treated mice, similar to what was observed in the mice treated with a low dose of 
virus for 4 weeks. 
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Because a longer duration and a higher viral dose failed to mediate a more robust 
target disruption, we next asked whether increased Cas9 expression could improve 
targeting efficiency. To do so, we generated homozygous cardiomyocyte-specific 
Cas9 mice and showed that eGFP (Cas9) expression was increased compared 
to heterozygous cardiomyocyte-specific Cas9 mice (Online Figure VA-B). 
Homozygous Cas9 mice and their Cre- littermate controls were injected with either 
AAV9-sgTbx20 or –sgSav1 and analysed 2 weeks later (Online Figure VC). T7E1 
analysis of whole heart homogenates showed successful gene disruption (Online 
Figure VD-E) and a subsequent reduction in mRNA expression in the homozygous 
Myh6Cas9 mice (Online Figure VF). However, no effect on protein expression was 
detected (Online Figure VG-I), suggesting that increased Cas9 expression did not 
improve the targeting efficiency.

In Vivo Genome Editing of the Heart by Local Delivery of sgRNAs using AAV9 
Because our results indicated that the systemic AAV9-sgRNA delivery failed to 
mediate efficient cardiac gene editing, we next questioned whether the local delivery 
of sgRNAs could improve targeting efficiency rates. We injected adult mice (8 weeks 
old) with AAV9-sgSav1 directly into the left ventricular myocardial wall and analysed 
mice 2 weeks later (Online Figure VIA). We attempted to specifically isolate the 
AAV9-sgSav1 injected region of the myocardial wall. By T7E1 analysis we were 
able to detect some DNA disruption (Online Figure VIB), however no effect was 

Figure 3. In vivo genome editing in the heart of a cardiomyocyte-specific Cas9 mouse. (A) Schematic 
of study outline and sgRNA vector incorporated into AAV9. (B-C) T7E1 analysis on target site of PCR-
amplified genomic DNA from isolated hearts. Red arrowheads indicate cut bands by T7E1 (D) Cardiac 
Tbx20 and Sav1 mRNA analysis by qRT-PCR using primer pairs as indicated (E-G) Representative 
Western blot and quantification for cardiac TBX20 and SAV1 expression. GAPDH was used as the loading 
control. Data is represented as the mean ± SEM. *P<0.05, n=5-8 mice per group.
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apparent on mRNA expression levels (Online Figure VIC) showing that local 
delivery of sgRNAs did not improve the editing capacity. 

In-Depth Indel Analysis using DNA Sequencing Demonstrates Target 
Dependent Indels
Since our results demonstrated cardiac editing in all our studies by T7E1 analysis, the 
absence of  effect on protein expression, downstream gene targets and the expected 
cardiac phenotype, likely indicates a mosaic pattern of gene disruption. To precisely 
determine the level of cardio-editing, we performed DNA sequencing of the Tbx20 
and Sav1 locus on the hearts isolated from Myh6Cas9 (see online data supplement S1 
for details of DNA sequencing set-up and analysis).  In control mice, the detected % 
of mutated DNA was 0.1-0.2%. In AAV9-sgTbx20 injected mice, we detected ~10.5% 
of mutated reads (Figure 4A and Online Figure VIIA), of which ~21% were in-frame 
(3n) mutations (Figure 4B-C and Online Figure VIIB-C). However, the majority of 
the mutations were out-of-frame (~79%; 3n+2 or 3n+1). In AAV9-sgSav1 injected 
mice, we detected ~12.8% of mutated reads (Figure 4D and Online Figure VII7D), 
of which ~28% were in-frame and again the majority (~ 72%) were out-of-frame 
mutations (Figure 4E-F and Online Figure VIIE-F). Of interest, we observed target-
specific indels, which were highly consistent in the mice analysed (Figure 4G and 
Online Figure VIIG).
Cardiomyocytes contribute to approximately 30% of the total cells that make up the 
myocardial wall, yet due to their large structure they contribute to approximately 70% 
of the myocardial volume28. Thus, because Cas9 is only active in cardiomyocytes, 
the percentage of mutated DNA is diluted by non-cardiomyocytes by approximately 
two-thirds and we therefore estimate that the percentage of edited cells is ~31.5% 
for Tbx20 and ~38.4% for Sav1.

In Vivo Genome Editing of Myh6 using Systemic Delivery of sgRNAs with AAV9 
Results in a Severe Dilated Cardiomyopathy
While our results suggested that using a single sgRNA delivered by AAV9 is inefficient 
to mediate robust gene editing to study gene knockout, a recent study reported 
efficient postnatal genome editing in vivo in the heart using CRISPR/Cas913. In this 
study, the disruption of exon 3 (the first coding exon) of Myh6 using AAV9-delivered 
sgRNAs in Myh6 Cas9 tg mice resulted in a severe dilated cardiomyopathy with 
compromised cardiac contractility13. These results recapitulated the results reported 
in Myh6 heterozygous and homozygous knockout mice29. To determine whether our 
lack of a gene-editing effect was related to the gene target, mouse model or viral 
dose, we performed a side-by-side comparison with the virus used in this study 
(courtesy of Prof. Eric Olson) to disrupt Myh6. We injected our mice with sgMyh6 
and sgTbx20 at 1 x 1012vg at P10 and analysed mice 5-6 weeks post injection, 
an experimental design identical to the published study (Figure 5A). As expected, 
AAV9-sgMyh6 injected mice developed a severe cardiac phenotype (Figure 5B-
H) with a reduced ejection fraction (EF) (Figure 5C), left ventricular (LV) dilation 
(Figure 5D-F) and an increased HW/TL ratio (Figure 5G-H). In the Tbx20-edited 
mice, a small, yet significant increase in EF (Figure 5C) as well as a reduction in the 
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LV internal diameter (LVID; Figure 5D) was measured in the absence of changes in 
cardiac morphology or the HW/TL ratio (Figure 5G-H).
Because the sgRNAs were delivered using different vector backbones, we determined 
sgRNA expression in the injected mice by qRT-PCR. We found that sgRNA expression 
levels were similar in all control mice injected with either virus and that its expression 
was increased by Cas9, which was more evident in sgTbx20 injected mice (Figure 
5I). T7E1 analysis of the targeted locus amplified-genomic DNA confirmed cardiac-
editing for both genes (Figure 5J-K) which was accompanied by a reduction in mRNA 
expression, to a similar degree in both sgRNA injected mice (Figure 5L). Different 
primers were used to detect Tbx20 here compared to previously, to better reflect 
the primers used for detection of Myh6 (see online data supplement S1 for details). 
Western blotting for TBX20 and MYH6 (with an antibody that does not cross-react 
with MYH7), showed a significant reduction in protein expression, which was more 
apparent in Myh6-edited mice (Figure 5M-O). Furthermore, we were further able to 

Figure 4. In-depth indel analysis of in vivo Tbx20 and Sav1 cardio-editing by DNA sequencing. Deep 
sequencing analysis of the Tbx20 and Sav1 locus of hearts isolated at P17 from mice injected with an 
sgRNA at P3 (from Figure 3A). (A) Percentage of mutant reads in AAV9-sgTbx20 injected Myh6Cas9 mice 
and (B) the corresponding indel analysis and (C) the most abundant sequencing reads (D) Percentage of 
mutant reads in AAV9-sgSav1 injected Myh6Cas9 mice and (E) the most abundant sequencing reads. (G) 
Size distribution of indels found at each sgRNA targeting site. Data is the average of 4 mice.



Postnatal Cardiac Gene-editing Using CRISPR/Cas9 with AAV9-mediated Delivery of 
sgRNAs Results in Mosaic Gene Disruption

50

2

validate the increased expression of the cardiac stress markers Myh7, Nppa and 
Nppb in the Myh6-edited mice (Figure 5P), which was also observed previously in 
Myh6-edited13 and heterozygous Myh6 knockout mice29. 

Figure 5. In vivo cardiac-editing with CRISPR/Cas9 is target-dependent. (A) Schematic of study 
outline. (B) Representative echocardiographic recordings shown in M-mode of control and Myh6Cas9 mice 
injected with either AAV9-sgTbx20 or –sgMyh6. (C-F) Echocardiographic analysis of cardiac function 
and structure by (C) % ejection fraction (EF), (D) LV internal diameter at systole (LVIDs) and (E) LV 
posterior wall thickness (LVPW) and (F) anterior wall (LVAW) at systole. (G) HW/tibia length ratio (HW/
TL). (H) Representative H&E stained 4-chamber view of heart from control and Myh6Cas9 mice injected 
with sgMyh6. Scale bar is 1mm. (I) sgRNA expression in the heart of sgTbx20 and sgMyh6 treated mice.  
Control + sgTbx20, n=3; Myh6Cas9 + sgTbx20, n=5; Control + sgMyh6, n=4; Myh6Cas9 + sgMyh6 n=8 (J-K) 
T7E1 analysis on target site of PCR-amplified genomic DNA from isolated hearts. Red arrowheads indicate 
cut bands by T7E1. (L) Cardiac Tbx20 and Myh6 mRNA analysis by qRT-PCR. (M-O) Representative 
Western blot and quantification for cardiac TBX20 (M) and MYH6 (N) expression. GAPDH was used as 
the loading control.  (P) Expression of cardiac stress markers, myosin heavy chain 7 (Myh7), natriuretic 
peptide type A/B (Nppa/b) mRNA analysis by qRT-PCR in Myh6-edited mice. Data is represented as the 
mean ± SEM. *P<0.05, **P<0.01; ***P<0.001, n=5-9 mice per group, unless indicated otherwise.
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To determine the percentage of edited DNA in these mice, we performed in-depth indel 
analysis by DNA sequencing of cardiac samples from Tbx20 and Myh6-edited mice. 
This showed that ~22% and ~4% of the target locus was mutated for AAV9-sgTbx20 
and -sgMyh6, respectively, (Figure 6 and Online Figure VIII). In our Tbx20-edited 
mice, from the 4 mice analysed, 1 mouse had a much higher percentage of mutant 
reads (~45%), which increased the average number of mutant reads. In the other 
3 mice, mutant reads constituted approximately 11-15% of the total reads (Figure 
6A and Online Figure VIIIA). The frequency and type of mutations observed in 
the Tbx20 edited mice were similar to our previous data in mice treated at P3 and 
analysed 2 weeks later (Figure 4D-F and Online Figure VIIID-F) suggesting that 
age and incubation time does not affect the type and frequency of indels introduced. 
The majority of the mutations (~86%) were out-of-frame mutations (Figure 6B-C 
and Online Figure VIIIB-C). In the Myh6-edited mice, we detected ~3.8% mutated 
reads, of which the majority (~91%) were out-of-frame mutations (Figure 6E-F and 
Online Figure VIIIE-F). Thus, for both targets, these mutations are likely to disrupt 
endogenous gene function in the cells that are edited. As observed in our previous 
data (Figure 4G and Online Figure VIIG), each sgRNA mediates target-specific 
indels (Figure 6G and Online Figure VIIIG). Finally, n control mice, the detected % 
of mutated DNA was 0.1-1.1%.  
Taken together, these data show that despite low mutation frequencies, in particular 
in Myh6-edited mice, and subsequent downregulation in transcription for Tbx20 and 
Myh6-edited mice, only Myh6-edited mice develop a cardiomyopathy. Strikingly, the 
degree of Myh6 targeting and mRNA downregulation correlated with the severity of 
the cardiac phenotype, fold change sgRNA and cardiac stress marker expression 
(Table 1) Mice were ranked based on the mRNA expression of Myh6. % indels 
(mutated DNA) are shown in the mice where it was measured. mRNA data is the 
relative fold change in mRNA expression relative to control littermate mice.

Table 1. Correlation of CRISPR/Cas9 mediated disruption of Myh6 with cardiac phenotype and gene 
expression

#
% 
Indels

Relative 
Myh6 % EF 

LVID 
mm

HW/TL 
ratio

Relative 
sgRNA 

Relative 
Myh7 

Relative 
Nppa 

Relative 
Nppb 

1 2.33 0.61 65.59 2.40 8.10 6.28 1.81 2.19 1.75

2 3.33 0.39 43.70 3.34 7.90 10.31 7.91 6.45 2.33

3 N/A 0.36 27.85 3.45 6.74 12.22 18.63 0.84 2.51

4 N/A 0.36 24.76 4.10 9.19 13.21 34.56 52.76 7.76

5 N/A 0.32 6.79 4.43 10.26 15.20 53.32 53.71 3.62

6 N/A 0.30 8.69 4.27 10.53 4.80 52.37 23.28 2.36

7 5.89 0.29 4.09 4.38 11.53 21.98 33.58 44.64 5.00

AAV9 is an Efficient Tool to Deliver sgRNAs by Systemic Injection
Our results show that a higher viral dose resulted in increased Cas9 mediated 
DNA cleavage (see Online Figure III comparing low dose with high dose). To 
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determine whether the AAV9 delivery of the sgRNA was the limiting factor, we used 
the sgRNA-ZsGreen construct to trace sgRNA delivery in the heart (Online Figure 
IXA-B). We determined that both a low and high viral dose targets a substantial 
number of cardiomyocytes (~60-70%), although with varied expression within cells 
(Online Figure IXA-B). Due to the difference in ZsGreen expression within cells 
between the doses, it was not possible to image them with the same settings – for 
the high dose the fluorescence intensity was reduced for both stereomicroscopy 
and confocal imaging. Thus, cells targeted with the high viral dose expressed more 
ZsGreen (sgRNA). Overall this suggests that a sufficient number of cardiomyocytes 
are targeted and that increasing the viral titer will increase sgRNA expression within 
cells.

Figure 6. In-depth indel analysis of in vivo Tbx20 and Myh6 cardio-editing by DNA sequencing. 
Deep sequencing analysis of the Tbx20 and Myh6 locus of hearts isolated at 5-6 weeks of age from 
mice injected with an sgRNA at P10 (from Figure 5A). (A) Percentage of mutant reads in AAV9-sgTbx20 
injected Myh6Cas9 mice and (B) the corresponding indel analysis and (C) the most abundant sequencing 
reads.  (D) Percentage of mutant reads in AAV9-sgMyh6 injected Myh6Cas9 mice and (E) the corresponding 
indel analysis and (F) the most abundant sequencing reads. (G) Size distribution of indels found at each 
sgRNA targeting site. Data is the average of 3-4 mice.
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Chromatin Accessibility of Target Genes
Heterochromatic regions within the genome are less accessible to Cas9, thus 
reducing its efficiency30. mRNA transcript analysis of Sav1, Myh6 and Tbx20 
suggested that they are expressed at high levels within cardiac tissue. However, to 
rule out the possibility that Cas9 efficiency is reduced at our targeted sites due to 
heterochromatic regions, we determined chromatin accessibility in our sgRNA target 
sites in publicly available Chip-seq databases for neonatal mouse hearts31. All gene 
loci containing the sgRNA recognition site displayed features of open chromatin, 
including the active enhancer mark H3k27Ac and DNase-Seq hotspots (regions that 
are more susceptible to DNase activity due to less nucleosomes) confirming that the 
target sites should all be accessible for Cas9 in the heart (Online Figure X).
A Dual sgRNA Strategy to Mediate Precise Genome Editing
Because our results highlighted inefficient targeting using a single sgRNA, we 
next sought to determine if the simultaneous use of a dual sgRNA could facilitate 
enhanced efficiencies. We designed two sgRNAs to remove exon 3 of Sav1 
containing the essential WW45 binding domain – the same approach that was used 
to generate Sav1 knockout mice24. Based on the predicted sgRNA cutting sites, we 
determined that the selected sgRNAs would remove exon 3 and introduce a stop 
codon in the transcript read in exon 4 (Figure 7A). Using two separate vectors, we 
tested the functionality of this approach in NIH-3T3 cells (Figure 7B). PCR analysis 
revealed a very efficient deletion of the exon by the 275bp expected reduction in 
DNA size (Figure 7C) and this was confirmed by Sanger sequencing (Figure 7D). 
Sav1 mRNA and protein expression was downregulated in cells sorted for sgSav1 
and Cas9 transfection (Figure 7E-F). 
Having demonstrated successful gene editing in vitro, we generated a dual sgRNA 
AAV9 virus to deliver the sgRNAs in vivo. Mice were injected at P3 with 1x1012vg 
and analysed 2 weeks later, as with our previous studies using a single sgRNA 
in heterozygous and homozygous mice (Figure 7G). PCR analysis revealed exon 
deletion in Myh6Cas9 mice injected with the dual sgRNA (Figure 7H). Dual sgSav1 
treated mice had a modest enlargement in their hearts as assessed by the HW/TL ratio 
(Figure 7I), suggesting the expected increase in cardiac proliferation as observed in 
Sav1 knockout hearts22.  We validated the increase in cardiac proliferation by qRT-
PCR for cyclin D1 (Ccnd1) and Ki67 (Figure 7J). Furthermore, we also found an 
increase in the hypertrophic markers, Nppa and Nppb (Figure 7J). This resulted in 
a subsequent ~30% reduction in mRNA expression as detected with one primer set, 
but not with a primer set located in downstream exons (Figure 7K). While we could 
not detect a consistent reduction in SAV1 protein expression (Figure 7L-M), we 
observed an upregulation on downstream SAV1 targets (Figure 7N), which we had 
previously (Online Figure IIH) failed to detect. In a separate experiment, we also 
tried injecting two separate AAV9-sgRNA vectors, which resulted in exon deletion, 
but the results were less effective with no effect on heart weight or Sav1 downstream 
targets at either 2 or 4 weeks post injection, highlighting the importance of using a 
dual sgRNA vector to permit synergistic cutting by Cas9 (data not shown).
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Figure 7. CRISPR/Cas9 mediated cardiac-genome editing using a dual sgRNA strategy to 
knockdown Sav1. (A) sgRNAs were designed to delete 275bp from exon 3. (B) Separate sgRNA-Cas9 
plasmids were transfected into NIH-3T3 cells and sorted cells were analysed by (C) PCR using a forward 
primer that anneals upstream of exon 3 and a reverse primer that anneals downstream of exon 3 shows a 
successful deletion of 275bp. (D) Sanger sequencing of a purified PCR product from sorted NIH-3T3 cells 
transfected with both sgRNAs shows expected deleted region. The effect of exon deletion in sorted NIH-
3T3 cells was assessed by Sav1 (E) mRNA analysis by qRT-PCR and (F) protein expression by Western 
blotting. Data was normalized to Gapdh. n=3 replicates per group. (G) Schematic of in vivo study outline 
and sgRNA vector incorporated into AAV9. (H) PCR using a forward primer that anneals upstream of exon 
3 and a reverse primer that anneals downstream of exon 3 on ventricular + septum homogenates. (I) 
Heart weight/tibia length (HW/TL). (J) Expression of proliferative and hypertrophic genes in dual sgSav1 
edited mice. (K) The effect of exon deletion on cardiac Sav1 mRNA expression by qRT-PCR analysis and 
(L-M) SAV1 protein expression by Western blotting. (N) Positive regulation of Sav1 downstream targets 
by qRT-PCR analysis of mRNA expression. *P<0.05, **P<0.01, ***P<0.001. n=7-8 mice per group.
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Discussion 

The discovery that Cas9 can be redirected to mediate highly precise genome editing 
has demonstrated enormous versatility to study gene function, yet its application 
to study postnatal cardiomyocyte-specific knock-outs remains uncharacterized. 
Here, we generated cardiomyocyte-specific Cas9 mice and demonstrated that Cas9 
expression alone does not affect cardiac function or the expression of cardiac stress 
markers, which is in line with other studies expressing Cas9 constitutively in the 
heart13. We targeted 3 genes critical for cardiac physiology, Myh6, Tbx20 (critical 
for cardiac function) and Sav1 (impedes cardiac regeneration), and despite a 
similar degree of gene disruption we only observed a cardiac phenotype in Myh6-
edited mice. Previous studies have focused on disrupting genes that are critical 
for cardiomyocyte function, yet our study is the first, to our knowledge, to target 
a non-lethal gene (Sav1). Our results suggest that viral delivery of sgRNAs to the 
heart introduces mosaic gene disruption, whereby only a subset of cells are edited, 
presenting important limitations for the current application of AAV9-mediated delivery 
of sgRNAs for cardio-editing. Our data is in concert with what has been recently 
reported by others in the field15. Finally, we show that a dual sgRNA approach is 
essential in order to maximize the percentage of effectively edited cells.
Although a broad evaluation of the feasibility of utilizing Cas9 to perform postnatal 
gene editing of the heart was lacking to generate knock-outs, recent studies have 
shown successful application of the technology in the heart using similar approaches 
to our experimental design13-15. In a study by Xie et al.14, they generated heterozygous 
PRKAG2 mutant mice that developed cardiac hypertrophy, recapitulating the clinical 
symptoms observed in patients with Wolff-Parkinson-White syndrome. By AAV9-
mediated delivery of Cas9 and a single sgRNA directed at disrupting the mutant 
allele, the authors restored a normal cardiac function in these mice. Here, using 
DNA sequencing, an indel frequency of 6.5% and 2.6% was measured in mice 
injected at P4 and P42, respectively, which is comparable with the ~4-15% editing 
frequency observed in our study (Figure 4 and 6). These results potentially suggest 
that cardio-editing using AAV9 is more permissible in younger mice, perhaps due to 
the more proliferative state of the cardiomyocytes. This is supported by the fact that 
we could not detect an effect on mRNA expression in adult mice injected with AAV9-
sgSav1 directly into the myocardial wall (Online Figure VI). Although disruption of 
the PRKAG2 mutant allele resulted in less mRNA transcripts, no measurable effect 
was reported on the protein expression of the target14 as was shown in our study for 
Tbx20 and Sav1. In contrast, for Myh6 we observed a significant reduction in protein 
expression. 
Here, we demonstrated that disruption of less than 5% of Myh6 was sufficient to drive 
a severe cardiomyopathy (Figure 5 and 6), which is in line with the previous study 
cardio-editing Myh613. We speculate that the slightly smaller percentage of edited 
cells in the Myh6-edited mice may be due to apoptosis of the mutated cells, although 
this would have also been expected in the Tbx20-edited mice. The fact that a similar 
disruption of Tbx20 and Sav1 (~10-15%) failed to reproduce the cardiac phenotype 
reported in knockout models using a single sgRNA, may be a result of the sensitivity 
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of the target gene to small perturbations in gene expression. Both heterozygous and 
homozygous Myh6 knockout mice develop a severe cardiomyopathy29, highlighting 
the sensitivity of this gene to genetic alterations. Thus, for the purpose of gene editing 
to disrupt mutant alleles or where mosaic targeting is sufficient (such as in muscular 
dystrophy), CRISPR/Cas9 may be a useful tool. However, for the generation of 
‘knock-out’ mice or to study unknown cardiac gene functions the CRISPR/Cas9 
system in its current form is less suitable. If the effect on overall cardiac function is 
not essential or novel genes are being studied, we would recommend the isolation 
of targeted cells for downstream analysis. Mosaic gene disruption is particularly 
attractive when studying genes of which disruption rapidly results in the onset of 
cardiomyopathy, as mosaic targeting would allow mechanistic analysis of gene 
disruption in vivo. This has been recently elegantly shown by Guo et al.15 
We used AAV9 to specifically target Cas9-expressing cardiomyocytes and showed 
that ~60-70% were successfully infected and received the sgRNA (Online Figure 
IX). This is in line with the study by Carroll et al.13 By in-depth DNA-sequencing 
analysis, we determined that only ~4-15% were efficiently edited by a single 
sgRNA. If we assume that cardiomyocytes constitute a third of the DNA content in 
the heart, the percentage of edited cells estimated by DNA sequencing is ~45%, 
given that Cas9 is only active in cardiomyocytes. This suggests that a population of 
cardiomyocytes may be resilient towards editing and we speculate that this may be 
related to reduction in chromatin accessibility in post-mitotic cells. Higher viral doses 
increased the sgRNA expression within cells, which may increase the probability that 
the DNA is cut by Cas9. Despite successful detection of DNA DSB and a subsequent 
reduction in transcript expression, which was almost always consistently ~50% less, 
we were unable to detect a change in protein expression for Tbx20 and Sav1. In 
contrast, for Myh6, we observed a reduction in protein expression. However, it is 
unclear whether the reduction in MYH6 protein expression is directly related to 
cardiac editing or a secondary effect to heart failure. Importantly, MYH6 is only 
expressed in cardiomyocytes and thus the detected reduction in protein expression 
is a direct reflection of cardiomyocyte protein expression, whereas Tbx20 and 
Sav1 are expressed ubiquitously in the heart. There are several other potential 
explanations for the absence of an effect of protein expression for Tbx20 and 
Sav1. First, CRISPR/Cas9 may mediate monoallelic targeting vs. biallelic targeting, 
allowing for compensatory translation mediated by the intact allele. Although AAV9 
is highly infectious, it does not integrate into the genome27 and will therefore be 
gradually diluted by each subsequent cell division. Neonatal cardiomyocytes do 
retain some proliferative capacity, however, it is generally accepted that shortly after 
birth cardiomyocytes withdraw from the cell cycle32. However, because our results 
indicated a high level of sgRNA expression two-weeks after administration together 
with the constitutive expression of Cas9, it appears unlikely that biallelic targeting 
does not occur within targeted cells. Second, the proteins half-life may maintain its 
abundance within cells for longer periods although this appears unlikely as longer 
incubations (up to 8 weeks) did not reduce protein expression. 
DNA repair by NHEJ ultimately determines the subsequent outcome of the DNA 
DSB, resulting in variances in the relative percentage of in-frame and out-of-frame 
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mutations. Here, we observed target-dependent indels that were highly consistent 
across mice at different ages for the targeted loci (Figure 4 and 6). While the indel 
pattern was previously thought to be random, our data supports a recent study that 
showed that the repair profile is related to the unique protospacer sequence33, making 
it possible to design sgRNAs that predominantly produce out-of-frame mutations. 
However, in order to maximize the percentage of edited cells, our results strongly 
suggest the application of a dual sgRNA strategy, and importantly the sgRNAs need 
to be transcribed from the same vector. The improved efficiency of our dual sgRNA 
approach in vivo compared with either a single sgRNA or with two sgRNAs delivered 
from two vectors, suggests that the lack of an effect with a single sgRNA is not due to 
the selection of inefficient sgRNAs. While using a dual sgRNA approach is still likely 
to result in a mosaic pattern of gene disruption, it will increase the percentage of cells 
in which the gene is successfully mutated.

Conclusions/Future Directions

With the opportunity to express Cas9 within specific tissues by using tissue-specific 
promoters and the availability of a plethora of delivery vectors including AAV, 
lentivruses, hydrodynamic fluids, vesicles and nanoparticles to deliver sgRNAs, the 
ability to study genes in a robust and timely fashion using CRISPR/Cas9 appears 
very promising. However, our results highlight important limitations of using CRISPR/
Cas9 to study postnatal cardiac gene function when a high level of gene disruption is 
required to induce a phenotypic effect. We underscore the usefulness of using dual 
sgRNAs as this improves precise genome editing. We would therefore recommend 
the design of sgRNAs that flank exons encoding important domains of the protein. 
Further optimization of cardiac CRISPR/Cas9 to perform gene editing will be required 
to increase the fidelity of this system to study the effects of gene knock-down on 
cardiac function in vivo. 

Methods

Please refer to the Materials and Methods section in the online data supplement S1 
for a detailed description of experimental methods.

Animals
All experiments were carried out in accordance with the guidelines of the Animal 
Welfare Committee of the Royal Netherlands Academy of Arts and Sciences. To 
generate an organ-restricted Cas9 mouse, homozygous Cre dependent Rosa26-
Cas9 mice (B6;129-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J; stock number 
024857, obtained from Jackson Labs, Germany, which were originally generated 
on a C57/BL6N background) were crossed with Myh6-Cre transgenic (tg) mice 
(Cre expression driven by a cardiomyocyte-specific promoter; a generous gift from 
Jeffery Molkentin, Cincinnati Children’s Hospital Medical Center; bred on a C57/
BL6N background) to generate Myh6Cas9 mice. For all experiments, Cre negative 
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littermates were used as a control.
To generate tg mice with Cas9 expression driven by the cardiomyocyte-specific 
Myh6 promoter, we PCR amplified 3XFLAG-Cas9 from the plasmid pX330-U6-
Chimeric_BB-CBh-hSpCas9, a gift from Feng Zhang (Addgene plasmid # 42230), 
using primers with added SalI and HindIII restriction sites (see data supplement S2 
for primer sequences). The resulting product was purified and inserted into SalI and 
HindIII digested pJG/Myh6, a gift from Jeffrey Robbins. The Myh6-3XFLAG-Cas9 
plasmid was linearized, purified and injected into zygotes of F1 C57/BL6/CBA mice.

sgRNA Design
We designed sgRNAs for SpCas9 target selection using the CRISPR design tool 
(http://crispr.mit.edu/), which systematically screens for off-target (OT) effects23. 
The 20-nucleotide sequences were designed to precede a CRISPR type II specific 
protospacer adjacent motif (PAM) sequence 5’–NGG. sgRNA sequences are listed 
in data supplement S2.

sgRNA Constructs, Transfection and T7 Endonuclease (T7E1) Assays
Single stranded sgRNA sequences were annealed and cloned into pSpCas9(BB)-
2A-Puro (PX459) following restriction digestion with Bbs1 (PX459 was a gift from 
Feng Zhang (Addgene plasmid # 48139)).34 Successful cloning was confirmed by 
double digestion with BbsI and AgeI. To determine functionality of sgRNA, sgRNA-
PX459 vectors were transfected into NIH-3T3 cells. Genomic DNA was amplified with 
Taq Roche DNA polymerase (Sigma-Aldrich, Zwijndrecht, The Netherlands) using 
primers against the modified locus and the top four potential gene-coding off-targets 
(see data supplement S2 for a list of primers). The presence of indels formation 
was determined using a T7E1 assay, according to manufacturer’s instructions (New 
England Biolabs (NEB), Bioké, Leiden, The Netherlands). 
AAV9 DNA Vectors
The sgRNAs that appeared the most efficient at inducing DNA strand breaks by in 
vitro T7E1 assay were cloned into an AAV vector with an expression cassette for 
Renilla luciferase and the sgRNA backbone - AAV:ITR-U6-sgRNA(backbone)-pEFS-
Rluc-2A-Cre-WPRE-hGHpA-ITR was a gift from Feng Zhang (Addgene plasmid # 
60226)11 which was modified to exclude Cre. 

AAV9 Production
Recombinant AAV vectors used in this study were generated by the AAV Vector 
Unit at ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html) as described 
previously35. 

Injection of AAV Vectors into Neonatal and Adult Mice
Neonatal mice were genotyped at postnatal day 3 (P3) using the Phire Animal Tissue 
Direct PCR Kit (Fisher Scientific) according to manufacturer’s instructions. At P3 or 
P10 heterozygous (Myh6Cas9+/-) or homozygous (Myh6Cas9+/+) Myh6Cas9 mice or their 
littermate controls (Myh6-Cre negative) were injected with AAV9-sgRNA at either a 
dose of 5 x 1011 (low dose), 1 x 1012 (medium dose) or 2.5 x 1012 (high dose) viral 
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genomes (vg) per animal by intra-peritoneal (i.p) injection. For dual sgRNA delivery 
a medium dose was used (this was the maximum dose that could be achieved with 
the viral titer obtained).
Adult mice (8 weeks) were anesthetized with a low dose mixture of ketamine 
(60mg/kg) and xylazine (7mg/kg) by i.p. injection and intubated with a tracheal tube 
connected to a ventilator. Mice were supplemented and maintained under anesthesia 
with 1.5% isoflurane. A surgical plane of anesthesia was confirmed by a lack of a 
pain reflex. The free wall of the left ventricle was injected with a high dose of AAV9-
sgSav1 in 2 locations (total volume per injection was 6 μl). The muscle and rib cage 
was closed with 5-0 silk suture and analgesia (buprenorphine, 0.05-0.1mg/kg) were 
given immediately after surgery and as necessary. 
Next Generation Sequencing and Indel Analysis
For sequencing analysis of indels, we prepared cardiac genomic DNA libraries using 
customized barcoding methods as described by Junker et al36. 

Statistics
Data was plotted and analysed using GraphPad Prism. Data were expressed as 
mean ± SEM. Data was analysed using a student’s t test. P<0.05 was considered 
statistically significant.
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SUPPLEMENTAL MATERIAL

Expanded Methods and Results 

Animals
All experiments were carried out in accordance with the guidelines of the Animal 
Welfare Committee of the Royal Netherlands Academy of Arts and Sciences. To 
generate an organ-restricted Cas9 mouse, homozygous Cre dependent Rosa26-
Cas9 mice (B6;129-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J; stock number 
024857, obtained from Jackson Labs, Germany, which were originally generated 
on a C57/BL6N background) were crossed with Myh6-Cre transgenic (tg) mice 
(Cre expression driven by a cardiomyocyte-specific promoter; a generous gift from 
Jefferey Molkentin, Cincinnati Children’s Hospital Medical Center) to generate 
Myh6Cas9 mice. For all experiments, Cre negative littermates were used as a control.
To generate transgenic mice with Cas9 expression driven by the cardiomyocyte 
specific promoter, Myh6, we PCR amplified 3XFLAG-Cas9 from the plasmid pX330-
U6-Chimeric_BB-CBh-hSpCas9, a gift from Feng Zhang (Addgene plasmid # 42230), 
using primers with added restriction sites SalI and HindIII (see data supplement S2 
for primer sequences). The resulting product was purified and inserted into SalI and 
HindIII digested pJG/ALPHA MHC, a gift from Jeffrey Robbins (Addgene plasmid # 
55594). Construct insertion was determined by restriction digest and sequencing. 
The Myh6-3XFLAG-Cas9 plasmid was linearized by restriction digestion using 
NotI followed by gel extraction and purification using the Tube-O-Dialyzer kit (G 
biosciences, VWR International B.V, Amsterdam, The Netherlands) according to 
manufacturer’s instructions. The sample was diluted to 2ng/μl and injected into 
zygotes of F1 C57/BL6/CBA mice. Founder mice (F0) were identified by ear biopsy 
genotyping. From 50 animals, 1 F0 mouse was identified which was bred with C57/
BL6 mice. See data supplement S3 for plasmid map.

Animal numbers used
For the specific number of animals used per experiment, refer to figure legends. 
For the evaluation of the effect of Cas9 expression in adult mice, a total of 7 mice 
were analysed per group. To evaluate the effect of sgRNA mediated Cas9 disruption 
by intra peritoneal injection, 3-10 mice were analysed per group. To evaluate the 
effect of sgRNA mediated Cas9 disruption by intra-cardiac injection, 5-7 mice were 
analysed per group.

sgRNA Design
We designed sgRNAs for SpCas9 target selection using the CRISPR design tool 
(http://crispr.mit.edu/), which systematically screens for off-target (OT) effects1. 
The 20-nucleotide sequences were designed to precede a CRISPR type II specific 
protospacer adjacent motif (PAM) sequence 5’–NGG. sgRNA sequences are listed 
in data supplement S2.

sgRNA Constructs and Transfection 
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Single stranded sgRNA sequences were annealed and cloned into pSpCas9(BB)-
2A-Puro (PX459) following restriction digestion with Bbs1 (PX459 was a gift from 
Feng Zhang (Addgene plasmid # 48139)).2 Successful cloning was confirmed by 
double digestion with BbsI and AgeI. To determine functionality of sgRNA, sgRNA-
PX459 vectors were transfected into 30% confluent NIH-3T3 cells (Hubrecht Institute 
Cell Bank) in 6 well plates using Lipofectamine 3000 (Invitrogen; Fisher Scientific, 
Landsmeer, The Netherlands) according to manufacturer’s instructions, with slight 
modifications. Briefly, 2.5μg plasmid DNA and 2.5μl Lipofectamine 3000 was diluted 
in 100μl Opti-Mem (Fisher Scientific). To the DNA sample, 2.5μl of p3000 was 
added. Samples were combined and incubated for 10 mins and then added drop-
wise to each well. For dual guide experiments, 2.5μg of plasmid DNA was added for 
each vector. 24 hours later, cells were sorted for puromycin resistance in medium 
containing 2.5μg/ml puromycin for 48 hours. Cell culture medium was replaced and 
cells were grown for an additional 48 hours prior to cell harvest and genomic DNA 
extraction using the DNeasy Blood and Tissue kit (QIAGEN Benelux B.V., Venlo, The 
Netherlands) according to manufacturer’s instructions, RNA isolation and protein 
isolations (see below). 
T7 Endonuclease (T7E1) Assay and Indel Analysis
Genomic DNA was amplified with Taq Roche DNA polymerase (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) using primers against the modified locus and the top 
four potential gene-coding off-targets (see data supplement S2 for a list of primers). 
Indel formation was determined using the T7E1 assay, according to manufacturer’s 
instructions (New England Biolabs (NEB), Bioké, Leiden, The Netherlands), with 
slight modifications. Briefly, 150ng of DNA was PCR amplified and then denatured 
at 95°C and re-annealed by reducing the temperature by 5°C/minute. The resulting 
product was incubated with T7E1 at a concentration of 0.07units/μl for 30 minutes 
and then separated on a 1.5% agarose gel. Band intensity quantification (indel 
analysis) was performed as previously described2. Briefly, indel frequency was 
calculated using the formula indel (%) = 100 x (1-√(1-ƒcut)), where ƒcut=(b+c)/(a+b+c), 
where a is the integrated density of the undigested PCR product and b and c are the 
integrated densities of the cleaved PCR products.

AAV9 DNA Vectors
The sgRNA that appeared the most efficient at inducing DNA strand breaks by in vitro 
T7E1 assay were cloned into an AAV vector with an expression cassette for Renilla 
luciferase and the sgRNA backbone - AAV:ITR-U6-sgRNA(backbone)-pEFS-Rluc-
2A-Cre-WPRE-hGHpA-ITR was a gift from Feng Zhang (Addgene plasmid # 60226)3 
which we modified to exclude Cre by restriction digestion with NheI and HindIII 
(NEB) and recombined using the forward (5′-CTAGCGGAAGCGGAGATATCA-3′) 
and reverse (5′-AGCTTGATATCTCCGCTTCCG-3′) primers. Sanger sequencing 
confirmed successful removal of Cre using a primer located upstream of the Cre 
coding sequence (5′- CCAATGCTATTGTTGAAGGTGCC -3′). See data supplement 
S3 for plasmid map.

AAV9 Production
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Recombinant AAV vectors used in this study were generated by the AAV Vector Unit at 
ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html) as described previously4. 
Briefly, HEK293T cells were co-transfected with a triple-plasmid for packaging of 
AAV of serotype 9. Viral stocks were obtained by CsCl2 gradient centrifugation and 
titration of AAV viral particles was determined by qRT-PCR for quantification of viral 
genomes (vg), as described previously 5. The AAV9 vector encoding Myh6 was a gift 
from Eric Olson and the ICGEB6. The viral preparations had titers between 3.0x1012 

and 1.3x1014 vg/ml.

Injection of AAV Vectors into Neonatal mice 
Neonatal mice were genotyped at postnatal day 2 (P2) using the Phire Animal Tissue 
Direct PCR Kit (Fisher Scientific) according to manufacturer’s instructions. At P3 or 
P10 heterozygous or homozygous Myh6Cas9 mice or their littermate controls (Myh6-
Cre negative) were injected with AAV9-sgRNA at either a dose of 1 x 1011 (low dose; 
LD), 1 x 1012 (medium dose; MD) or 2.5 x 1012 (high dose, HD) viral genomes (vg) 
per animal by intra-peritoneal (i.p) injection. For dual sgRNA delivery, the 3′ and 
5′ guides were mixed in equal units of vg and administered at a final multiplicity of 
infection (MOI) of 2.5 x 1012 vg per animal by i.p. injection. Animals were sacrificed 
and organs isolated 2, 4, 6 or 8 weeks post exposure. All experiments were done 
blindly – the genotype of the mice was not known to the researcher injecting the mice 
and subsequent analysis was blinded until after data analysis. A total of 4-10 mice 
were used per group.

Intracardiac AAV9 Delivery 
Mice were anesthetized with a low dose mixture of ketamine (60mg/kg) and xylazine 
(7mg/kg) by i.p. injection and intubated with a tracheal tube connected to a ventilator. 
Mice were supplemented and maintained under anesthesia with 1.5% isoflurane. 
A surgical plane of anesthesia was confirmed by a lack of a pain reflex. To expose 
the heart, the skin was incised at the third intercostal space, followed by retraction 
of the pectoral muscles and intercostal muscles. The free wall of the left ventricle 
was injected with a HD of AAV9-sgSav1 in 2 locations (total volume per injection 
was 6 μl). The muscle and rib cage was closed with 5-0 silk suture and analgesia 
(buprenorphine, 0.05-0.1mg/kg) were given immediately after surgery and as 
necessary. A total of 5-7 mice were analysed per group.

Echocardiography
Cardiac function was determined by two-dimensional transthoracic echocardiography 
on sedated mice (2-2.5% isoflurane). This analysis was performed with a Visual 
Sonic Ultrasound system with a 30 MHz transducer. The heart was imaged in a 
parasternal short-axis view at the level of the papillary muscles, to record M-mode 
measurements, determine heart rate, wall thickness, and end-diastolic and end-
systolic dimensions. % Ejection fraction (EF) was measured as an index of contractile 
function and was calculated automatically by the software.

Tissue Harvest
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At sacrifice, whole hearts were excised from the chest cavity and cleared of blood 
with ice-cold PBS. Whole hearts (atria + ventricles) were weighed to obtain the heart 
weight (HW) to determine hypertrophy by expressing the heart weight over the body 
weight and tibia length. The atria’s were subsequently removed and the ventricles 
(right and left) were cut for DNA, RNA and protein analysis. In addition, the lung, liver, 
spleen and kidney were isolated for off-target analysis. For intracardiac injections, 
the injected myocardium was specifically isolated, cut into small pieces and divided 
for DNA, RNA and protein analysis. 

RNA and DNA isolation
Total RNA and DNA was purified from isolated organs with TRIzol reagent (Fisher 
Scientific) according to manufacturer’s instructions. One microgram of RNA was 
reverse transcribed to synthesize cDNA using iScript Reverse transcriptase kit (Bio-
Rad, Veenendaal, The Netherlands). 

qRT-PCR
Quantitative PCR was performed using iQ SYBR Green supermix (Bio-Rad) 
according to manufacturer’s instructions in a CFX96 PCR system. Primer sequences 
are listed in data supplement S2. All values were normalized to Gapdh. Note that 
in the main figures, the forward primers to identify target disruption were located on 
the sgRNA cutting site, apart from in figure 5 where primers were used to detect all 
isoforms. The reason for this discrepancy was to standardize the protocol with that 
for the Myh6 edited mice. 

Western Blotting
Cardiac ventricles, lung, liver, kidney and spleen were homogenized in 400μl of 
ice-cold RIPA buffer supplemented with a cocktail of protease inhibitors (cOmplete, 
Sigma-Aldrich) followed by ice-solubilization and cell fractioning prior to protein 
quantification (Bradford Assay, Bio-Rad). For NIH-3T3 isolations, 120μl of RIPA buffer 
with supplements was used. 40μg (organ lysates) or 10μg (cell lysates) of protein 
was separated by SDS-PAGE in a 12% acrylamide gel and analysed by Western 
blotting using antibodies against TBX20 (0.1μg/ml 5% BSA-TBS-T v/v, Santa Cruz 
Biotechnology, Heidelberg, Germany sc134061), SAV1 (1:1000 5% BSA-TBS-T v/v, 
Cell Signaling, #13301), FLAG (0.78μg/ml, Sigma, F3165or eGFP (0.5μg/ml Abnova, 
MAB1765, The Netherlands). GAPDH (0.2μg/ml 5% milk-TBS-T v/v Millipore) was 
used as the internal loading control and for quantification analysis. Blots were imaged 
with a ImageQuant Las4000 scanner (GE Healthcare Life Sciences). 

Next Generation Sequencing and Indel Analysis
For sequencing analysis of indels, we prepared cardiac genomic DNA libraries using 
customized barcoding methods as described by Junker et al.7 To generate the library, 
a low-cycle PCR using the Q5® High-Fidelity 2X Master Mix (NEB) on 60ng genomic 
DNA was performed to amplify and barcode the target site using forward primers 
with a partial 5′ Illumina adapter and a unique barcode and reverse primers with a 
3′ Illumina adaptor (See data supplement S2 for primer sequences). The forward 
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primer was located 180-240 base pairs upstream of the sgRNA binding site and the 
reverse primer was located 13-15 base pairs downstream. The targeted locus was 
PCR amplified using as short cycle PCR (9 cycles). Subsequently, barcoded samples 
were pooled and purified using QIAquick PCR Purification Kit (QIAGEN) followed 
by 2 bead cleanups using The Agencourt AMPure XP system (Beckman Coulter, 
Brea USA), all according to manufacturer’s instructions. A second round library 
preparation PCR was performed using a 5′ and 3′ primer containing the remaining 
Illumina adaptor sequences (See data supplement S2 for primer sequences). PCR 
amplification was performed using a short cycle PCR (12 cycles) and purified as 
previously described prior to sequencing. 
Strand-specific paired-end 75 base-pair reads were generated on an Illumina 
NextSeq 500 to obtain a left mate read (from the 5′ primer) and a right mate read 
(from the 3′ primer). The sequencing data was mapped to Sav1, Tbx20 and Myh6 
using bwa mem 0.7.10.  Reads were analysed if the left mate was mapped in the 
forward direction and contained the correct barcode and if the right mate was 
mapped in the reverse direction and started with the primer sequence and had a 
length of 76 (for Sav1) or 75 (for Tbx20) nucleotides. The PCR primer locations were 
designed so that the indels can be identified within the right mate.  To identify indels, 
we first classified right mate reads using the CIGAR string, which describes the 
length and position of the indels in the alignment, combined with the 3′ location of the 
right mate. Within each CIGAR string we performed a sub-classification based on 
which sequences it contained. We retained CIGAR strings for which we saw at least 
20 reads in a library and that made up at least 5% of all reads in its CIGAR-class. 
We next discarded all CIGAR strings that contained partial soft-clipped part(s) in 
combination with partial mapped parts that had wild-type sequences. This was done 
because it was not possible to determine for these CIGAR strings whether it depicted 
a wild-type sequence or a mutant sequence that contained a mutation in the soft-
clipped part(s) of the read. We divided the remaining CIGAR strings in subgroups 
based on the total amount of base-pair shifts in the reading frame resulting from all 
indels combined. For each base-pair shift, we calculated the percentage of reads 
belonging to all CIGAR strings with the corresponding base-pair shift relative to the 
total number of reads.  

Immunohistochemistry
Whole heart samples were fixed in 4% paraformaldehyde, embedded in paraffin and 
cut into 4μm sections. Sections were dewaxed and rehydrated through an ethanol to 
water gradient and antigen retrieval was performed in boiling 10 mmol/L Tris-EDTA 
with 0.05% tween for 20 minutes followed by a cool down period of 30 minutes. Non-
specific binding was blocked with 1% BSA in PBS for 1 hour at room temperature. 
Sections were incubated overnight with antibodies against eGFP (20μg/ml, GFP-
1010, Aves) and sarcomeric alpha actinin (ACTN2, 1:400, HPA008315, Sigma-
Aldrich) in 1% BSA-TBS-T v/v. Excess primary antibody was washed off in 3 x PBS 
washes and sections were incubated with ALEXA-flour secondary antibodies (anti-
chicken 488 for GFP and anti-rabbit 568 for ACTN2). Nuclei were stained with Dapi 
and sections were mounted for confocal imaging. Hematoxylin and eosin stains were 
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performed using standard protocols.
To image ZsGreen expression, we preserved the fluorescence by fixation in a low 
percentage paraformaldehyde buffer (1% paraformaldehyde, 0.2% NaIO4, 61mM 
Na2HPO4, 75mM LLysine and 14 mM NaH2PO4 in H2O) overnight at 4°C. After 
fixation, organs were placed in a 30% sucrose solution (w/v) overnight prior to 
embedding in Tissue Freezing Medium (Leica Microsystems Nussloch GmbH, 
Germany). 10μm sections were cut using a Leica CM3050 cryotome, dried and 
mounted for imaging.

Imaging Equipment
All confocal imaging was acquired using a Leica SP8 Confocal Microscope (Figure 
1C and Figure S9B). For tilescans of histological sections, we used a Leica DM4000 
(Figure 5H). For stereoimaging of the hearts we used a Leica M165 FC fluorescence 
stereomicroscope (Figure S9A).

Statistics
Data was plotted and analysed using GraphPad Prism. Data were expressed 
as mean ± SEM. Data was analysed using either a student’s t test. P<0.05 was 
considered statistically significant.
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Online Figure I. Generation of cardiomyocyte-specific Cas9 expressing mice. (A) Strategy for the 
generation of Myh6-Cas9 transgenic (tg) (cardiomyocyte restricted) mice. (B) Western blot for FLAG 
(Cas9) expression in wild-type, Myh6-Cas9 tg (f1 generation), control (R26-lsl-3xFLAG-P2A-eGFP) and 
Myh6Cas9 mice. (C) Quantification of immunoblot in B. Data is represented as the mean ± SEM. N.D.; 
not detected. **P<0.01. n=2 mice per group.
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Online Figure II. In vivo genome editing in the heart of a cardiomyocyte-specific Cas9 mouse. 
Mice were injected with either AAV9-sgTbx20 or -sgSav1 at P3 by i.p. injection at a dose of 5x1011 viral 
genomes and analyzed 2 weeks later. (A) sgRNA and (B) Luciferase expression was measured by qRT-
PCR analysis in the liver, lung and heart of sgRNA injected mice. (C) Heart weight/tibia length (HW/TL) 
of sgRNA injected mice. (D-E) qRT-PCR analysis of Tbx20 (D) and Sav1 (E) mRNA expression using 
different primer pairs. (F-G) T7E1 analysis on target site of PCR-amplified genomic DNA from isolated 
heart, lung, liver, spleen and kidney from Myh6Cas9 mice for (E) Tbx20 and (F) Sav1 to assess cardiac-
restricted Cas9 expression. Red arrowheads indicate cut bands by T7E1 (H-I) The effect of cardiac gene 
disruption on known downstream targets of (H) Tbx20 and (I) Sav1. T-box 5 (Tbx5); gata-binding factor 4 
(Gata4); Iroquois homeobox 4/5 (Irx4/5); snail family zinc finger 2 (Snai2); sex determining region Y-box 
2 (Sox2); insulin-like growth factor (Igf1). Data was normalized to Gapdh. n=4-10 mice per group. (J-K) 
Immunoflouresnece detection (J) and quantification (K) of TBX20 expression in Tbx20-edited mice. Scale 
bar is 50μm. Data is represented as the mean ± SEM.
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Online Figure III. Effect of viral dose on cardiac-genome editing in vivo using CRISPR/Cas9. (A) 
Schematic of study outline and sgRNA vector incorporated into AAV9. (B-C) T7E1 analysis on target site 
of PCR-amplified genomic DNA from isolated hearts from sgTbx20 low dose (LD) (B) and high dose (HD) 
(C). Red arrowheads indicate cut bands by T7E1 (D) Cardiac Tbx20 mRNA analysis by qRT-PCR and 
(E-G) representative Western blot and quantification for cardiac TBX20 expression. GAPDH was used as 
the loading control. Data is represented as the mean ± SEM. **P<0.01. n=2-5 mice per group.

Online Figure IV. Long-term effect of cardiac-genome editing in vivo using CRISPR/Cas9. (A) 
Schematic of study outline and sgRNA vector incorporated into AAV9. (B-C) T7E1 analysis on target site 
of PCR-amplified genomic DNA from isolated hearts for Tbx20 (B) and Sav1 (C). Red arrowheads indicate 
cut bands by T7E1 (D) qRT-PCR analysis of cardiac Tbx20 and Sav1 mRNA. Data was normalized to 
Gapdh. Data is represented as the mean ± SEM. n=4-6 mice per group.
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Online Figure V. Effect of Cas9 expression on cardiac-genome editing in vivo using CRISPR/Cas9. 
(A) Western blot analysis and (B) quantification of eGFP (Cas9) expression in control, heterozygous 
(het) and homozygous (homo) Myh6Cas9 mice. (C) Schematic of study outline and sgRNA vector 
incorporated into AAV9. (D-E) T7E1 analysis on target site of PCR-amplified genomic DNA from isolated 
hearts for Tbx20 (D) and Sav1 (E). Red arrowheads indicate cut bands by T7E1. (F) qRT-PCR analysis of 
cardiac Tbx20 and Sav1 mRNA. Data was normalized to Gapdh. (G-I) Representative Western blot and 
quantification for cardiac TBX20 and SAV1 expression. GAPDH was used as the loading control. Data is 
represented as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. n=3-5 mice per group.
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Online Figure VI. In Vivo genome editing of the heart by local delivery of sgRNAs using AAV9. (A) 
Schematic of study outline and sgRNA vector incorporated into AAV9. (B) T7E1 analysis on target site of 
PCR-amplified genomic DNA from isolated hearts for Sav1. Red arrowheads indicate cut bands by T7E1. 
(C) Sav1 mRNA analysis by qRT-PCR on left ventricular samples isolated from the injected site. Data was 
normalized to Gapdh. n=5-7 mice per group. vg; viral genomes.

Online Figure VII. In-depth indel analysis of in vivo Tbx20 and Sav1 cardio-editing by DNA 
sequencing using a second primer set. Deep sequencing analysis of the Tbx20 and Sav1 locus of 
hearts isolated at P17 from mice injected with an sgRNA at P3 (from Figure 3A) using a second primer 
set, with the barcode primer located in the forward primer (A) Percentage of mutant reads in AAV9-
sgTbx20 injected Myh6Cas9 mice and (B) the corresponding indel analysis and (C) the most abundant 
sequencing reads. (D) Percentage of mutant reads in AAV9-sgSav1 injected Myh6Cas9 mice and (E) the 
corresponding indel analysis and (F) the most abundant sequencing reads. (G) Size distribution of indels 
found at each sgRNA targeting site. Data is the average of 4 mice.
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Online Figure VIII. In-depth indel analysis of in vivo Tbx20 and Myh6 cardio-editing by DNA 
sequencing using a second primer set. Deep sequencing analysis of the Tbx20 and Myh6 locus of 
hearts isolated at 5-6 weeks of age from mice injected with an sgRNA at P10 (from Figure 5A) using 
a second primer set, with the barcode primer located in the forward primer. (A) Percentage of mutant 
reads in AAV9-sgTbx20 injected Myh6Cas9 mice and (B) the corresponding indel analysis and (C) the 
most abundant sequencing reads.  (D) Percentage of mutant reads in AAV9-sgMyh6 injected Myh6Cas9 
mice and (E) the corresponding indel analysis and (F) the most abundant sequencing reads. (G) Size 
distribution of indels found at each sgRNA targeting site. Data is the average of 3-4 mice.
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Online Figure IX. Cardiac tracing of sgRNA delivery by AAV9 low and high dose. Wild type mice were 
injected at P3 with either a low (5 x1011vg per mouse) or a high (2.5 x1012vg per mouse) dose of AAV9-
sgRNA-Zsgreen by i.p. injection and analyzed two weeks later. (A) Representative stereomicroscope 
imaging of whole hearts from uninjected and injected hearts. (B) Confocal imaging of fixed and frozen 
heart sections. Image is taken in the left ventricle. Scale bar is 100μm. A total of 4 mice were analyzed per 
group, which all showed very similar results within groups.
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Online Figure X. Chromatin accessibility of targeted genomic loci. The active enhancer mark, 
H3k27Ac and DNase-Seq hotspots at the sgRNA targeted locus for each gene in neonatal mouse hearts 
from publicly available Chip-seq databases.
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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 
TGFb 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.
Conclusion – 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. 

Keywords
Single-cell sequencing, ischemic injury, fibroblasts, 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 

cardiomyoctes 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 possible function for CKAP4 in myofibroblast 
activation.

What Are the Clinical Implications?
Pathological remodeling is driven by changes in cellular composition or function. 
So far, bulk sequencing on cardiac tissue lysates was the best source of profiling 
genome-wide gene expression changes in healthy versus diseased heart. However, 
this approach is unable to provide information on the cellular origin of the expressed 
genes or the heterogeneity in gene expression between the different subpopulations 
of cells. Single-cell sequencing of the adult heart will allow us to examine molecular 
mechanisms that drive the cellular processes underlying heart disease. This new 
biology might ultimately lead to the development of novel therapeutic strategies. 
Here, we identify CKAP4 as a new marker for activated cardiac fibroblasts during 
ischemic injury that appears to function in the process of myofibroblast activation. 

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. 
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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 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.

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 (Table 
S1). 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 
suspension was gently pipetted up and down after which the lysate was passed 
through a 100 mm 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 7-10 (Table S2). 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 11 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 
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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. FSC indicates forward scattering; N/A, 
not applicable; and RIN, RNA integrity number.
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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). 
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) 12,13. 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 aMHC-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 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. 
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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. t-SNE indicates t-distributed stochastic embedding.
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For the identification and analysis of all main cardiac cell types we used the RaceID2 
algorithm 3,14. 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).  
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 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 
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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. CM indicates cardiomyocyte.
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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 (aMHC-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 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.15,16

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 17,18. 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), 19 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 
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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 (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 

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). t-SNE indicates t-distributed stochastic embedding.
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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 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.
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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 activation20-22, 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 of 
these genes was validated by qPCR on cardiac tissue from either control or injured 
hearts (Figure 5F). A complete list of primer sequences used for qPCR is available 
in the online data supplement (Table S3).

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 

Figure 5. Single-cell sequencing of the ischemic heart (continued). 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). 
3dpIR indicates 3 days after IR; Ckap4, cytoskeleton-associated protein 4; IR, ischemia reperfusion; 
qPCR, quantitative polymerase chain reaction; and t-SNE, t-distributed stochastic embedding.
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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, 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. 3 dpIR indicates 3 days afer IR; Ckap4, cytoskeleton-associated protein 4; IR, 
ischemia reperfusion; NIH, National Institutes of Health; qPCR, quantitative polymerase chain reaction; 
siRNA, small interfering RNA; TGFβ, transforming growth factor β; and VIM, vimentin.



Single-cell sequencing of the healthy and diseased heart reveals Ckap4 as a new 
modulator of fibroblasts activation

91

3

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 heart23. 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.20 
(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 24,25 , 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 TGFb, a well-known inducer of myofibroblasts formation 
(Figure 6B) 26 . TGFb 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 TGFb 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 7D), 
suggesting CKAP4 also has a role in activated fibroblasts in humans.
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.
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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 
2,5,27, 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 

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. CKAP4, cytoskeleton-associated protein 4; qPCR, quantitative polymerase chain 
reaction; and VIM, vimentin.
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cell types, including cardiomyocytes, fibroblasts, endothelial cells and macrophages 
28,1. 
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 implie that there are functioanlly different cardiomyocyte populations already 
in a healthy heart.
In addition, we show that only a subset of cardiomyocytes express Myoz2, a protein 
belonging to a family of sarcomeric proteins 15. Myoz2 has been shown to tether 
a-actinin to Calcineurin, a well-known inducer of cardiomyocyte hypertrophy 29, 
thereby inhibiting the pathological hypertrophic response of cardiomyocytes 15. 
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 30.  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 31, 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 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 



Single-cell sequencing of the healthy and diseased heart reveals Ckap4 as a new 
modulator of fibroblasts activation

94

3

have a function in cell proliferation during tumour progression 32, 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 20-22. 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 TGFb 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 28. 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 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.

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 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 19. Hearts were collected and 
analyzed 3 days after surgery.
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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.

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-ALN33 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 (GO) enrichment tool and the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis using DAVID34. 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. 
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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. 
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SUPPLEMENTAL MATERIAL

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.
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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 100mm 
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)
150ml      Liberase TL (final conc. 0.5mg/ml)
30ml        DNase I (final conc. 20mg/ml)
15ml        HEPES 1M
1305ml    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
30ml        DNase I (final conc. 20mg/ml)
1470ml    DPBS
Comments: DNase I (Worthington, 
LK003172): Dilute 1 vial in 500ml 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)
1500ml    DPBS

80ml        Trypsin 10x Stock
1420ml    DPBS

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

The protocol we decided to use was to digest the tissue in a waterbath instead of 
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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/ml 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 5ml 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 



Single-cell sequencing of the healthy and diseased heart reveals Ckap4 as a new 
modulator of fibroblasts activation

102

3

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 
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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 
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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 
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(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, Bioanalyzer-based quality control of RNA 
integrity testing 2 different buffers and the influence of incubation 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 high-
lighting cell identity of each cluster after K-medoids clustering. B, Percentage genomic (gray) versus 
mitochondrial (yellow) gene expression of B, cardiomyocytes, C, fibroblasts, D, endothelial cells and E, 
macrophages.



Single-cell sequencing of the healthy and diseased heart reveals Ckap4 as a new 
modulator of fibroblasts activation

109

3

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, indicating 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.

Figure S5. Sorting strategy to obtain single cells of an adult heart 3 dpIR. A, Schematic representation 
of a heart 3 days post ischemia/reperfusion injury (3 dpIR), dotted box indicates 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 exclusion.
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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 control 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 cellular markers in clusters 
identified as B, cardiomyocytes, E, 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 control 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 conditions (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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Abstract

The efficiency of the repair process following ischemic cardiac injury is a crucial 
determinant for the progression into heart failure and is controlled by both intra- and 
intercellular signaling within the heart. An enhanced understanding of this complex 
interplay will enable better exploitation of these mechanisms for therapeutic use. We 
used single-cell transcriptomics to collect gene expression data of all main cardiac 
cell types at different time-points after ischemic injury. These data unveiled cellular 
and transcriptional heterogeneity and changes in cellular function during cardiac 
remodeling. Furthermore, we established potential intercellular communication 
networks one day after injury. Follow up experiments confirmed that cardiomyocytes 
express and secrete elevated levels of beta-2 microglobulin in response to ischemic 
damage, which can activate fibroblasts in a paracrine manner. Collectively, our data 
indicate phase-specific changes in cellular heterogeneity during different stages of 
cardiac remodeling and allow for the identification of therapeutic targets relevant for 
cardiac repair. 

Keywords
Single-cell sequencing, cardiac repair, ischemic injury, heart failure, intercellular 
communication
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Introduction

Heart failure due to ischemic heart disease is a pandemic1,2. Although reperfusion 
therapy to relief the arterial occlusion has significantly reduced the mortality rate in 
patients, long-term survival and quality of life remains poor due to progression into 
heart failure3. To effectively combat lethality caused by heart failure, a more complete 
understanding of the wound healing process after ischemic injury is required.
ischemia-reperfusion injury (IR) actives a plethora of cellular and molecular 
processes for wound healing in the heart, which are crucial determinants for clinical 
outcome4-7. In a coordinated process involving fibroblasts, neutrophils, macrophages, 
lymphocytes and endothelial cells, loss of cardiomyocytes at the oxygen-deprived 
area is replaced by scar tissue which leads to impaired function and, subsequently, 
heart failure4,5,8,9. Changing the function or recruitment of these cells in the infarcted 
heart affects cardiac function and mortality in pre-clinical studies9-16. Although there 
is an increasing understanding of processes within and between cell types that are 
relevant for cardiac repair, many mechanisms and factors are poorly understood or 
are yet to be identified4-7. 
Historically, high-throughput, unbiased gene expression studies of the infarcted 
heart were limited in resolution as they had to be performed on cardiac tissue or on 
populations of cells isolated by fluorescence-activated cell sorting (FACS) based 
on expression of a gene marker. These types of studies failed to determine the 
cell specific gene expression, thereby preventing examination of transcription 
heterogeneity within cell populations or intercellular communication between cell 
types within the same tissue. Whole-transcriptome analysis at single-cell resolution 
overcomes the previous technical limitation, allowing a more detailed view on gene 
expression changes occurring during various cardiac pathologies. Recently, we 
performed single-cell RNA sequencing (scRNA-seq) on the injured mammalian adult 
heart, allowing us to study gene expression profiles in all main cardiac cell types17,18. 
Here, we use scRNA-seq to get an in-depth view of the cellular and molecular changes 
within and between cells during multiple phases of the wound healing response 
following IR. Our data corroborate previously determined functions of multiple cell 
types during the different repair processes but additionally reveals the regulation 
of currently unstudied factors. Using these data, we also established potential 
intercellular communication networks between all main cardiac cell types during 
each phase of the wound healing response. As such, we found elevated expression 
of multiple unstudied secreted factors by stressed cardiomyocytes following IR injury, 
for which we could also detect an increase in circulating levels. Subsequent in vitro 
experiments suggested that one of these factors, beta-2 microglobulin (B2M), is able 
to stimulate the wound healing response via the activation of fibroblasts. 
Together, our dataset provides detailed information on gene expression differences 
occurring within and between different cell populations during several stages of 
cardiac remodeling. Using these data, we can now link gene expression alterations to 
changes in cellular function and use them to define new cellular interactions relevant 
for repair. Ultimately, a full understanding of all these cellular communications and 
molecular processes could provide a basis for novel therapeutic interventions to 
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Fig 1. Single-cell sequencing reveals changes in the cellular composition of the myocardium at 
different time points after ischemic injury. a, Schematic of the study outline indicating time points of 
tissue harvest after ischemia/reperfusion (IR) injury and representation of the known cellular composition 
and function at these time points.
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improve the wound healing response following ischemic injury of the heart and 
prevent progression into heart failure. 

Results

Single-cell sequencing reveals dynamic cell type composition during repair of 
ischemic injury
Healing of the heart after an ischemic injury is a dynamic process involving multiple 
cell types. Upon ischemic damage, the distribution and function of different cell 
types at the damage myocardium changes over time (Fig. 1a) 4,5. This suggests 
strict regulation and coordination of cell recruitment and function during all phases of 
the wound-healing response. To impartially study how this regulation is achieved, we 
performed single-cell sequencing of cardiac cells at different phases of the healing 
response after IR in mice. 
To do so, we applied a FACS-based protocol, which was previously shown to 
capture various cardiac cells from both healthy and ischemic hearts for downstream 
sequencing, including cardiomyocytes, fibroblasts, endothelial cells and 
macrophages18. This protocol uses a gating strategy based on various scattering 
properties and DAPI negativity to obtain viable cells for downstream sequencing. As 
cardiomyocytes are large and fragile cells, we aimed to ascertain our sorted cells 
were viable and intact. To this end, we re-incubated our sorted (living) cells with 
DAPI and observed that a high proportion of our cardiac cells maintained viability 
(+/- 94% DAPI negative) throughout the whole procedure of tissue digestion followed 
by FACS (Fig. 1b, Supplementary Fig. 1a). Although DAPI negativity is used to mark 
viable cells with good membrane integrity by preventing DAPI from entering the 
cell, it could also indicate the absence of a nucleus in the selected cell fragment 
(e.g. by capturing non-nucleated cellular debris). To confirm that DAPI negative 
cells captured by our FACS-based protocol were nucleated, we co-stained cells with 
DAPI and DRAQ5, a nuclear dye that stains both living and dead cells19. Our data 
indicated that 98.3% of all DAPI negative cardiac cells captured with our gating 
strategy were positive for DRAQ5 (Fig. 1c), confirming the far majority of the cells to 
be viable (DAPI negative) and to contain a nucleus (DRAQ5 positive).
Next, we collected cells from hearts 1, 3 and 14 days post-IR injury (1, 3 and 14 
dp IR) and 1 and 14 days post sham surgery (1dp Sham and 14dp Sham). For 
each condition we collected cells from at least 3 different mice and used them for 

Fig 1. Single-cell sequencing reveals changes in the cellular composition of the myocardium 
at different time points after ischemic injury (continued). b, Determination of cell viability by DAPI 
negativity following dissociation and FACS procedure. c, Schematic of the experimental setup to determine 
the percentage cells that are DAPI-, but are nucleated as determined by DRAQ5 positivity. d, Heatmap of 
the cell-to-cell transcriptome similarities (1- Pearson’s correlation coefficient) of 2201 cells obtained from 
all conditions combined. Cells are clustered based on transcriptome similarity using k-medoids clustering. 
e, t-Distributed Stochastic Neighbor Embedding (t-SNE) plot indicating transcriptome similarities across 
individual cells. Different colors and numbers highlight the clusters identified by k-medoids clustering 
in d. f, Table highlighting cell types that where characterized by the clustering analysis. g, Bar graph 
showing the proportion of cells originating from the different condition per cluster. CM; cardiomyocytes, 
FB; fibroblasts, MP; macrophages, NP; neutrophils, EC; endothelial cells.
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downstream scRNA-seq using the SORT-seq protocol20. After filtering for quality 
(see methods), a total of 2201 cells were used for analysis. k-medoids clustering of 
1-pearson’s r identified a total of 11 robust clusters (Fig. 1d-e, Supplementary Fig. 1b). 
Analyses of the gene expression profile of each cluster (Supplementary Database 
S1) revealed most cell types known to be present during the healing response 
after IR, including cardiomyocytes, fibroblasts, endothelial cells, macrophages 
and neutrophils (Fig. 1f). We next looked whether any clusters were enriched in 
cell obtained from a specific condition (Fig. 1g). In line with current literature, we 
found a clear enrichment of neutrophils coming from 1dp IR hearts (cluster 11)4,5. 
In addition, macrophages were divided into 2 clusters, 1 enriched in cells obtained 
1dp IR (cluster 9) and 1 enriched in cells obtained from 3dp IR hearts (cluster 8). 
Although, we also noticed an increase in the proportion of fibroblasts coming from 
1dp IR and 3dp IR hearts, this increase was not as apparent as with neutrophils and 
macrophages (Fig. 1g). Taken together, our results show a dynamic cell composition 
throughout the wound healing response after ischemic injury, with neutrophils being 
almost exclusively present in the immediate phase after IR, whereas macrophages 
and fibroblasts are more enriched 1 day and 3 days after IR.

Ischemic injury induces a hypertrophy-associated gene program in a subset 
of cardiomyocytes
The biological function of various cell types changes over time during the ischemic 
wound healing response (Fig. 1a), but many factors involved in the temporal regulation 
of cell function are yet to be identified. To find potential new genes regulating cell 
type function over time, we explored transcriptomic dynamicity within various cell 
types during different phases after IR. We first selected cardiomyocytes identified 
in all conditions, followed by refined subclustering of this cell type. Our clustering 
strategy revealed 5 cardiomyocyte subclusters with a mediocre transcriptomic 
similarity between each other (Fig. 2a, Supplementary Fig. 2a – intercluster distance 
of 0.57 +/- 0.080 (mean +/- SD)). Of these, cluster 1-4 contained cardiomyocytes 
from both sham conditions, as well as from different time points post-IR (Fig. 2b). 
Clusters 1-3 did not clearly separate in two-dimensional space with tSNE. Further 
analysis of cluster-specific gene expression profiles revealed that these clusters 
mainly differ in expression of well-established cardiomyocyte markers such as 
myosin heavy chain 6 (Myh6) and ATPase sarcoplasmic/endoplasmic reticulum 
Ca2+ transporting 2 (Atp2a2) (Fig. 2c, Supplementary Fig. 2b-d, Supplementary 
Database S2). Expression of these markers are present in continuous gradients 
throughout the whole cardiomyocytes cell population, rather than limited to a discrete 
set of cells. Cluster 4 did form a distinct cluster and was characterized by a unique 
set of genes that were only dispersedly expressed across cardiomyocytes in other 
clusters, including vascular endothelial growth factor A (Vegfa), SON DNA binding 
protein (Son) and DEAD-box helicase 5 (Ddx5) (Fig. 2c, Supplementary Fig. 2e, 
Supplementary Database 2).
In contrast to the other cardiomyocyte clusters, cluster 5 was enriched in cells 
obtained 3dp IR and 14dp IR (Fig 2b). Analysis of the gene profile revealed highly 
expressed genes classically associated with cardiac stress, including myosin heavy 
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chain 7 (Myh7), natriuretic peptide A (Nppa) and natriuretic peptide B (Nppb) (Fig. 2c, 
Supplementary Fig. 2f, Supplementary Database 2)21,22. Indeed, this cluster showed 
gene ontologies for cardiac hypertrophy, cell growth and response to mechanical 
stress (Fig. 2d). In addition, we identified various genes previously not clearly linked 
to hypertrophic cardiomyocytes, including Reticulon 4 (Rtn4) (Supplementary Fig. 
2f). Rtn4 was previously only shown to be dysregulated in ischemic cardiomyopathy 
on whole tissue level but, to the best of our knowledge, was never shown to be 
specifically upregulated in a subset of cardiomyocytes with a hypertrophy-associated 
transcriptome23,24. The presence of a subset of cardiomyocytes with a hypertrophy-
associated gene profile will enable the identification and study of genes previously 
uncharacterized in cardiomyocyte hypertrophy. 
Taken together, based on gene expression differences, we can detect different 
subpopulations of cardiomyocytes coming from the stressed and unstressed heart, 

Fig 2. Single-cell sequencing indicated cardiomyocyte heterogeneity. a, t-SNE plot indicating 
transcriptomic similarities across cardiomyocytes obtained from all conditions. Different colors and 
numbers highlight the clusters as determined by k-medoids clustering of 1- Pearson’s correlation 
coefficient. b, Bar graph showing the proportion of cardiomyocytes originating from the different condition 
per cluster.. c, Heatmap showing expression of all genes significantly enriched in at least one cluster. 
Examples of genes enriched per cluster are depicted on the right side of the heatmap. d, Bubble plot of 
top GO-terms in gene ontology analysis on genes significantly enriched within the cluster. (b-d) Numbers 
highlighted in red depict cluster that mainly contains 3dp IR and 14dp IR cardiomyocytes (cluster 5).
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Fig 3. Macrophages show transcriptional heterogeneity after ischemia shift from a pro-
inflammatory to a wound healing transcriptional profile. a, t-SNE plot indicating transcriptomic 
similarities across macrophages obtained from all conditions. Different colors, symbols and numbers 
highlight the clusters as determined by k-medoids clustering of 1- Pearson’s correlation coefficient. Stars 
highlight cell cluster formed by macrophages form all conditions, triangles highlight clusters containing 
mainly 1dp IR macrophages, and circles depict clusters containing mainly 3dp IR macrophages. 
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indicating the presence of functionally different heart muscle cells.

Transcriptomic changes associated with cellular function of macrophages and 
fibroblasts
Macrophages and fibroblasts are known to have multiphasic functions during wound 
healing post-ischemia. Both move from a pro-inflammatory state, characterized by 
the release of pro-inflammatory cytokines and metalloproteases, to a pro-wound 
healing state marked by the release of anti-inflammatory factors (Fig. 1a)4,5,8. During 
the wound-healing phase, fibroblasts also secrete pro-angiogenic factors and 
extracellular matrix (ECM) proteins to enhance scar formation5,8. To identify factors 
involved in driving the cellular fate of fibroblast and macrophages in response to 
injury, we set out to determine relevant gene expression changes in these specific 
cells. 
Subclustering of macrophages identified in all conditions formed 8 clusters with 
a lower transcriptomic similarity between all clusters compared to cardiomyocyte 
clusters (Supplementary Fig. 3a – intercluster distance of 0.64 +/- 0.09 (mean +/- 
SD)), but these clusters were not clearly separate in tSNE space (Fig. 3a). Similar to 
cardiomyocytes, heterogeneity in transcriptomes between cell clusters was mainly 
driven by continuous gradients of gene expression (Supplementary Fig. 3b-d), which 
was previously also found in macrophages from healthy hearts25. Although clusters 
were not clearly separated, they were enriched in either 1dp IR macrophages (clusters 
2, 3, 5 and 8) or 3dp IR macrophages (clusters 4, 6, 7). In addition, clusters enriched 
in 1dp IR macrophages were placed closer to each other in tSNE space compared 
to other clusters (Fig. 3a-b), which was also the case for the clusters enriched in 3dp 
IR macrophages. This indicates that the heterogeneity within the 1dp IR and 3dp IR 
macrophage populations prevents clear separation of these populations at a single-
cell level. However, at the whole population level, the average transcriptome of the 
1dp macrophages does differ from that of 3dp IR macrophages.
Analysis of the gene expression profile showed that clusters enriched in 1dp IR 
macrophages showed a high expression of various pro-inflammatory cytokines/
chemokines associated with M1 macrophages. These included interleukin 1b (Il1b), 
chemokine (C-C motif) ligand 2 and 9 (Ccl2 and Ccl9) and chemokine (C-X-C motif) 
ligand 3 (Cxcl3) (Fig. 3c, Supplementary Fig. 3c, Supplementary Database 3). We 
also identified genes differentially expressed between different wound healing phases 

Fig 3. Macrophages show transcriptional heterogeneity after ischemia shift from a pro-
inflammatory to a wound healing transcriptional profile (continued). b Bar graph showing the 
proportion of macrophages originating from the different condition per cluster. d, Heatmap showing 
expression of all genes significantly enriched in at least one cluster. Examples of genes enriched per 
cluster are depicted on the right side of the heatmap. d, Bubble plot of top GO-terms in gene ontology 
analysis on genes significantly enriched within either cluster one, in at least one of the 1dp IR enriched 
clusters or in at least one of the 3dp IR clusters. e, Cell trajectory analysis ordering macrophages on 
pseudotime (left) or highlighting the k-medoids cluster of each macrophage (right). The location in the 
t-SNE and trajectory plot that contain mostly cells from cluster 1 or from the 1dp IR clusters and the 3dp 
IR clusters are highlighted by numbers or text respectively. f, RT-qPCR analysis on the infarcted cardiac 
tissue at different time point post IR for  Arg1 and Gpnmb . Per time point post-IR, expression levels 
are relative to the corresponding time point post-sham surgery (n = 6). Data are presented as mean +/- 
SEM. *P<0.05, ** P<0.01, Two-sample t-test vs corresponding time point post-sham, with Holm-Sidak 
adjustment for multiple comparisons. 
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Fig 4. Transcriptome-wide changes in fibroblasts at different stages after ischemic injury suggests 
dynamic fibroblasts function during wound healing. a, t-SNE plot indicating transcriptomic similarities 
across fibroblasts obtained from all conditions. Different colors and numbers highlight the clusters as 
determined by k-medoids clustering of 1- Pearson’s correlation coefficient. b, Bar graph showing the 
proportion of fibroblasts originating from the different condition per cluster. 



Single-cell transcriptomics during different phases post cardiac ischemia reveals secreted 
B2M to regulate fibroblast activation

127

4

which, to our knowledge, have currently not been studied in macrophages before 
(e.g. Itm2b). Gene ontologies for these clusters were also associated with various 
pro-inflammatory processes (Fig. 3d, Supplementary Fig. 4). Arginase 1 (Arg1) 
expression was high in pro-inflammatory 1dp IR macrophages, whereas this gene 
is an established marker for anti-inflammatory M2 macrophages. However, higher 
Arg1 expression in pro-inflammatory macrophages has recently also been observed 
in other (single-cell-) sequencing datasets of the heart26,27. Macrophages of clusters 
enriched in 3dp IR cells expressed genes more associated with the anti-inflammatory 
M2 macrophage polarization, including apolipoprotein E (Apoe), galectin 3 (Lgals3) 
and transmembrane glycoprotein NMB (Gpnmb) (Fig. 3c, Supplementary Fig. 3d, 
Supplementary Database 3). 
To validate the average transcriptomic differences in macrophages on population-
level between different time points after IR, we additionally performed pseudotime 
and cell trajectory analysis on all macrophages using Monocle228 (Fig. 3e). 
Macrophages from clusters enriched in 1dp IR or 3dp IR macrophages separated 
predominantly in different branches (branch 2 for 1dp IR and branch 3 for 3dp 
IR). In addition, expression of genes characterizing 1dp IR or 3dp IR macrophage 
clusters were also enriched in corresponding branches (Supplementary Fig. 3b-d). 
Moreover, we confirmed differential expression of Arg1 and Gpnmb on whole tissue 
by qPCR, and observed highest expression at 1dp IR and 3dp IR respectively (Fig. 
3f).These results emphasize a gradual shift in macrophage transcriptomics from a 
pro-inflammatory M1 state in the acute phase to a pro-wound healing M2 state in the 
intermediate phase on the whole cell population level.
In contrast to cardiomyocytes and macrophages, fibroblasts did separate in 4 distinct 
clusters with low transcriptomic similarity (Fig. 4a, Supplementary Fig. 5a – intercluster 
distance of 0.75 +/- 0.05 (mean +/- SD)). Two clusters (clusters 1 and 2) contained 
cells from all conditions and had a mediocre expression of ECM proteins (Fig. 
4b, Supplementary Fig. 5b,d, Supplementary Database 4), probably representing 
quiescent resident fibroblasts. Cluster 4 was highly enriched in fibroblasts obtained 
1dp IR, whereas cluster 3 predominantly contained cells originating from 3dp IR 
hearts (Fig. 4b). The 1dp IR cluster expressed various pro-inflammatory chemokines 
and metalloproteases and showed genes ontologies associated with cell proliferation, 
translation and inflammation (Fig. 4c-d, Supplementary Fig. 5c, Supplementary 
Database 4). The 3dp IR cluster had high expression of ECM proteins and showed 
gene ontologies for wound healing, ECM deposition and neovascularization (Fig. 

Fig 4. Transcriptome-wide changes in fibroblasts at different stages after ischemic injury suggests 
dynamic fibroblasts function during wound healing (continued). c, Heatmap showing expression 
of all genes significantly enriched in at least one cluster. Examples of genes enriched per cluster are 
depicted on the right side of the heatmap. d, Bubble plot of gene ontology analysis on genes significantly 
enriched within a cluster. (b-d) Numbers highlighted in red depict clusters that mainly contain 1dp IR 
(cluster 4) or 3dp IR (cluster 3) fibroblasts. e, Cell trajectory analysis ordering fibroblasts on pseudotime 
(left) or highlighting the k-medoids cluster of each fibroblast (right). For each cluster, the locations in the 
trajectory plot that contain mostly cells from that cluster are highlighted by number. f, RT-qPCR analysis 
on the infarcted cardiac tissue at different time point post-IR for Ccl2 and Col1a1. Per time point post-
IR, expression levels are relative to the corresponding time point post sham surgery (n = 6). Data are 
presented as mean +/- SEM. *P<0.05, ** P<0.01, ***P<0.001, Two-sample t-test vs corresponding time 
point post sham, with Holm-Sidak adjustment for multiple comparisons.
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Fig 5. Intercellular communication by autocrine and paracrine signaling in the ischemic heart. 
a, t-SNE plot of all cells obtained 1dp IR. Colors indicate different cell types. CM; cardiomyocytes, FB; 
fibroblasts, MP; macrophages, NP; neutrophils, EC; endothelial cells. To determine potential autocrine/
paracrine signaling after ischemia, expression of ligands in one cell type were determined (e.g. 
cardiomyocytes highlighted by circle). Subsequently, the expression of cognate receptors was determined 
per cell type (highlighted by dashed arrows). b, Spider graph illustrating the potential intercellular 
communications between cell types by ligand-receptor signaling. The line color depicts ligand expression 
in the cell type with the same color. Lines connect to cell types that express the corresponding receptor. 
Line thickness is proportional to the number of ligands expressed in one population for which the receptor 
is expressed in the other cell type, with loop indicating autocrine signaling. c, Potential intercellular ligand-
receptor signaling between cell types, described for each cell type separately. Numbers depict the number 
of ligand-receptor couples between inter-cell type link.
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4c-d, Supplementary Fig. 5d, Supplementary Database 4). Again, our analysis 
enabled the identification of differentially expressed genes between different wound 
healing phases which, to our knowledge, have not been related to fibroblast before 
(e.g. Wdr92). Similar to macrophages, single-cell trajectory analysis and qPCR 
confirmed the time-dependent differences in fibroblasts transcriptomes, going from 
an inflammatory state to a scar formation state (Fig. 4e-f). Our data lacked sufficient 
fibroblasts obtained from the late time point post-IR (14dp IR), therefore currently 
not providing enough information about known functions during this chronic phase.
Taken together, our analyses show the dynamics of cell function over time in both 
macrophages and fibroblasts. Consistent with current literature, both cell types show 
an inflammatory function during the acute phase, followed by a shift towards a pro-
wound healing function in the intermediate phase after ischemia4,5. In addition, using 
sc-RNA seq we observed differentially expression of genes not well characterized in 
macrophages and fibroblasts during ischemic injury. Future studies into the function 
of these genes could provide valuable information about the intracellular mechanisms 
that regulate cell function dynamics during the wound healing response.

Single-cell transcriptomics identifies a communication network between 
cardiomyocytes and other cardiac cells relevant after ischemic injury 
So far, other studies identifying intercellular communication in healthy and ischemic 
mouse hearts lacked cardiomyocytes in their datasets25,26. To bridge this gap, we 
defined intercellular communication networks of all main cardiac cells at different 
time points after ischemic injury using a dataset of ligand-receptor pairs (Fig. 5a-
b, Supplementary Fig. 6a-f, Supplementary Databases 5-9)25,29.  Focusing on the 
immediate phase after ischemic injury (1dp IR), cell types found in the infarct region 
included cardiomyocytes, fibroblasts, macrophages, neutrophils and endothelial cells 
(Fig. 5a). Analysis of ligand-receptor expression between different cell types revealed 
an extensive network of potential intercellular communication by paracrine signaling 
between cell types (Fig. 5b, Supplementary Database 9), providing a possible 
system by which these cell types can coordinate their function. Close examination 
of the individual cell types revealed fibroblasts to express most ligands, for which 
recipient cell types expressed their cognate receptor (Fig. 5c, Supplementary Fig. 
6b,d,f, Supplementary Database 9). 
Next, we aimed to investigate how stressed cardiomyocytes 1 day after ischemic 
injury could potentially influence other cell types by paracrine signaling. For this, 
we first screened for ligands expressed in cardiomyocytes for which a substantial 
proportion of the other cell types express the cognate receptor (Fig. 5d). We found 
that Nppa and Nppb, two well-established factors secreted by cardiomyocytes, were 
the only factors specifically secreted by cardiomyocytes30. To increase the likelihood 
that screened ligands play an important role during the acute phase post-ischemia, 

Fig 5. Intercellular communication by autocrine and paracrine signaling in the ischemic heart 
(continued). d, Schematic of the screening strategy used to identify potential ligands involved in autocrine/
paracrine signaling between stressed cardiomyocytes and other cell types 1 dp IR. e, Bubble plot showing 
ligands selected for downstream functional study with their cognate receptor(s). A positive control (Nppb) 
is depicted in red. The size of the bubble represents the expression of each receptor across all identified 
cardiac cell types 1dp IR
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Fig 6. B2M Is secreted by stressed cardiomyocytes to activate fibroblasts a, Western blot on mice 
plasma at different time points post-IR or 1 day post-sham. Equal loading of plasma proteins was con-
firmed by Coomassie staining (Supplementary Fig. 9)  b, Western blot on supernatant of human cardio-
myocytes derived from iPS cells.
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we selected only ligands that are upregulated at least 3 fold in cardiomyocytes 1dp 
IR compared to 1dp sham. This yielded 149 ligand-receptor combinations, which 
included 39 unique ligands. Next, we discarded ligands that are part of the ECM or for 
which the expression was highly enriched in another cell type (e.g. Il1b). This resulted 
in a set of 15 ligands that are expressed by and upregulated in cardiomyocytes 1 day 
after ischemia, for which one or more cognate receptors are expressed by another 
cell type (Supplementary Fig. 7). 
To confirm secretion of a subset of these factors following IR and to study their 
effect onto the other non-cardiomyocyte cell populations, we selected 3 factors for 
further analysis; milk fat globule-EGF factor 8 protein (Mfge8), calreticulin (Calr) and 
B2m (Fig. 5e). We were able to detect these factors in the blood plasma of mice 
both under healthy conditions and detected an increase in circulating levels during 
the immediate and intermediate phases of wound healing following IR (Fig. 6a, 
Supplementary Fig. 9). In addition, human cardiomyocytes obtained from iPS cells 
also express and secrete these factors (Fig. 6b, Supplementary Fig. 8a-b). However, 
hypoxic stress was not found to upregulate the expression of these ligands in this in 
vitro model (data not shown). 
As fibroblasts expressed the highest level of the cognate receptors of Mfge8, Calr 
and B2m (Fig. 5e and Fig. 6c), we next treated fibroblasts with the recombinant 
protein of MFGE8, CALR or B2M to determine the functional effect of this interaction. 
Of the 3 selected factors, B2M induced the expression of the myofibroblast markers 
actin alpha 2, smooth muscle (Acta2) and Vimentin (Vim) (Fig. 6d). In addition, B2M 
stimulates fibroblasts migration in an in vitro scratch assay (Fig. 6e,f), a model for 
wound healing. Immunohistochemistry indicated that B2M is induced after IR and 
predominantly expressed in the infarcted area by both cardiomyocytes as well as 
other infiltrating cells (Fig. 6g). 
To summarize, these results reveal the intercellular communication networks 
between all main cardiac cell types during each phase of infarct healing and suggest 
that increased secretion of B2M by stressed cardiomyocytes post-IR, stimulates the 
wound healing response of fibroblast. These results extend current knowledge about 
potential paracrine signaling of stressed cardiomyocytes, a crucial process in the 
repair process after ischemia31,32. 

Fig 6. B2M Is secreted by stressed cardiomyocytes to activate fibroblasts (continued) c, cognate 
receptor expression of selected ligands in NIH/3T3 fibroblasts is shown by RT-qPCR. d, Upregulation of 
two myofibroblast (Acta2 and Vim) markers in NIH/3T3 cells after treatment with B2M, TGF-b served as 
positive control (n = 9 from 3 independent experiments). e, Increased wound healing of NIH/3T3 cells after 
treatment with B2M, assessed by scratch assay. Images show representative pictures for each condition. 
Dashed lines indicate gap size. f, Quantification of wound healing assay relative to corresponding control 
(n = 6 from 2 independent experiments). Scale bars, 200mm. g, Immunohistochemistry images of heart 
slices after IR or sham surgery. White arrows indicate cardiomyocytes (larger cells with diminished CTNT 
staining) within the infarct zone that show B2M expression. CTNT, cardiac troponin T. hiPS-CM, human 
induced pluripotent stem cell derived cardiomyocytes. Scale bars, 100mm (left and middle panels) and 
20mm (right panels). Data are presented as mean +/- SEM. *P<0.05, ***P<0.001. One-way ANOVA with 
multiple comparison vs control and Dunnett’s adjustment for multiple hypothesis testing. 
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Discussion

In this study, we detail the dynamics in cellular distribution, function, and 
communication after IR, which are crucial components for wound healing. While 
previous work improved our understanding about the function of and crosstalk 
between all cell types involved (Fig. 1a), to date many processes and paracrine 
signaling pathways are poorly understood or remain to be identified4-7. 
To obtain an unbiased view of the dynamic in cellular function during wound repair, 
we performed scRNA-seq on the adult heart at multiple time points after IR. Using 
a combination of DAPI negativity and DRAQ5 positivity we confirmed capturing 
nucleated cells with good membrane integrity, which included cardiomyocyte and 
non-cardiomyocyte cell populations. Previous scRNA-seq studies on adult heart 
diseases focused on other disease models, sequenced only the nuclei, and/or 
sequenced only a subset of cardiac cell types after injury7,26,33-40. Therefore, we 
believe our study adds to the current knowledge by including various major cell 
types involved in the repair process at different phases of wound healing after IR. 
Furthermore, we opted to study cellular processes in an IR injury model because it 
most closely resembles the clinical circumstance, where cardiac ischemia due to 
myocardial infarction is often treated by immediate reperfusion of the myocardium 
through surgery41. 
Analysis of our sc-RNA-seq data indicated dynamics in cell-type distribution and 
cell function throughout the wound healing response, recapitulating previous 
findings 4,5,42. Neutrophils were only detected during the acute phase after ischemic 
injury. In addition, macrophages and fibroblasts were present in sham hearts, but 
their population expanded during the acute and intermediate phase followed by a 
regression during the chronic phase. In addition, macrophages and fibroblasts on the 
whole-population level switch towards an anti-inflammatory and pro-wound healing/
pro-angiogenic state, respectively. Similar switches have previously also been found 
in bulk-RNA sequencing data of isolated macrophages and fibroblasts27,43. However, 
our data shows a continuum in the transcriptional profile of macrophages from a pro-
inflammatory (M1) towards an anti-inflammatory (M2) state, rather than two distinct 
subsets 26,27,35,44. Therefore, the conventional M1/M2 polarization might be more 
nuanced in the macrophage populations after IR.
Although macrophages and fibroblasts are known to be present and have distinct 
functions during later stages of wound healing8,43, the small number of these cells 
captured 14dp IR prevented us from reliably studying flux and cell function at this 
phase. This is probably due to a limitation of our single-single cell sequencing 
protocol, which was designed to preferentially collect larger cells17,18. Future studies 
capturing a greater number of non-cardiomyocytes together with cardiomyocytes will 
enable a more detailed analysis of how these cell types behave during the chronic 
repair phase. 
In our dataset, we additionally identified a distinct subpopulation of cardiomyocytes 
characterized by a transcriptomic profile highly associated with stress-related 
hypertrophy. The observation that only a subset of cardiomyocytes have an 
hypertrophy-associated transcriptional profile after IR is consistent with findings 
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in a previous study where IR was shown to induce hypertrophy specifically in 
cardiomyocytes flanking the fibrotic regions16. 
With our single-cell we were also able to generate an unbiased network of potential 
intercellular communication between all main cardiac cell types after IR. Using a 
previously generated draft network of ligand-receptor pairs29, we determined which 
cell types express ligands for which other cell types express their cognate receptors. 
Per time point after IR injury, as well as in sham hearts, we generated a database of 
potential intercellular communication networks between all cell types through ligand-
receptor signaling. Similar to results obtained in a previous study in healthy hearts, 
we observed fibroblasts to be the most “communicative” during all phases25.  That 
is, they express the most ligands for which other cell types express the cognate 
receptor. The communication networks generated here should help to study how all 
main cardiac cell types can communicate with one another over the time course of 
the wound healing response following ischemic injury. 
Next, we screened for potential new paracrine factors increasingly expressed and 
released by stressed cardiomyocytes during the immediate repair phase, when 
inflammatory processes crucial for correct infarct healing are initiated. For 3 of these 
factors, we verified secretion by iPS-cell derived cardiomyocytes and increased 
secretion into blood plasma after IR. One of these 3 factors, B2M, was found to 
stimulate a wound healing response by fibroblast. The absence of clear effects of 
MFGE8 and CALR on fibroblast may indicate that their biological effect might be 
larger on other cell types. It is also possible that potential effects of MFGE8 and 
CALR are masked by limitations in our in vitro set-up. 
B2m is widely used as a housekeeping gene, but its use has been shown to be 
inappropriate in myocardial infarction studies45. B2m is a component of the major 
histocompatibility complex (MHC) class I molecules and present on the cell surface 
of basically all nucleated cells. Based on its immunogenic role as a component of the 
MHC class I molecule, B2m has been deleted in umbilical mesenchymal stem cells 
(UMSC) with the rationale of improving stem cell engraftment after MI46. Treatment 
with B2m deficient UMSC was superior in attenuating fibrosis and improving cardiac 
function post-MI compared to wild type UMSC treatment. A potential role of B2m as a 
signaling factor remained however, uninvestigated. Our results suggest that secreted 
B2M is involved in the fibrotic response during the myocardial repair process after 
ischemia, which could contribute to the improved wound healing seen in rats treated 
with either B2m deficient UMSC or their exosomes 46. 
In conclusion, our single-cell sequencing study provides an extensive, unbiased 
dataset of numerous processes occurring in each cell type during different stages 
of the repair process upon IR injury. In addition to confirming known processes and 
factors, we identified potential new players that could have essential functions during 
specific repair phases in certain cell types. We also generated a database of potential 
intercellular-communication networks between all main cardiac cell types for each 
phase of the wound healing response. We believe that these results can serve as 
a resource for the development of novel insights and a deeper understanding of 
the repair process and intercellular crosstalk after ischemic injury of the heart. A 
complete detailed understanding of all these cellular and molecular interactions 
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will result in multiple potential therapeutic strategies to improve the wound healing 
process after ischemic cardiac injury. 

Methods
Experimental animals and ischemia-reperfusion surgery
All animal studies were performed in accordance with institutional guidelines and 
with approval of the Animal Welfare Committee of the Royal Netherlands Academy 
of Arts and Sciences. All animals used were of C57BL/6J background and 8 weeks 
old.
Ischemia-reperfusion (IR) was performed by a 1-hour temporal ligation of the left 
anterior descending (LAD) artery. The whole surgical procedure and following 
recovery period occurred at 38°C. Mice were anaesthetized with intraperitoneal 
injections with a mixture containing ketamine and xylazine. Hairs on the skin 
anterior of the thorax were shaved. A tracheal tube was placed, and the mouse 
was connected to a ventilator (UNO Microventilator UMV-03, Uno BV). The surgical 
site was cleaned using iodine and 70% ethanol. In aseptic conditions and with 
sterilized surgical instruments, an incision was made at the midline, allowing access 
to the left third intercostal space. Pectoral muscles were retracted, and a caudal 
incision was made to expose the third rib. Next, wound hooks were placed to allow 
access to the heart. The pericardium was incised longitudinally and the LAD was 
identified. To achieve temporal ischemia, LAD was ligated by placing a A7.0 silk 
suture around the LAD together with a 2-3 mm PE 10 tubing. After 1 hour of ischemic 
injury, reperfusion of the myocardium was achieved by cutting the ligature. After 
surgery, mice were injected with 0.5-0.1 mg/kg of buprenorphine (temgesic). Next, 
wounds were closed with a 5.0 silk suture and skin was closed with wound clips. 
The animal was disconnected by removing the tracheal tube and places under a 
nose cone with 100% oxygen. For sham surgery, a similar procedure was performed 
with the exclusion of a 1-hour ligation of the LAD artery. Hearts were collected 1 day 
after the sham surgery (1dp Sham), or 1 day (1dp IR) and 14 days (14dp IR) after 
the IR surgery. For the time points 14 days after sham (14dp Sham) and 3 days 
after IR (3dp IR) surgery, datasets were used that were previously published18. For 
plasma collection, blood was withdrawn from the left ventricle into an EDTA blood 
tube (Greiner bio-one, #450475). These tubes were centrifuged 2000 * g at 4°C for 
15 minutes to capture plasma. 

Cardiac tissue dissociation into single-cell suspension
Dissociation of cardiac tissue into single-cell suspension was done according to 
an extended protocol described previously18. In short, mice were euthanized and 
the heart was exposed. Before removal, the heart was perfused by removing the 
right atrium and injecting 10ml ice-cold perfusion buffer consisting of 135 mM NaCl, 
4mM KCl, 1mM MgCl2, 10 mM HEPES, 0.33mM NaH2PO4, 10mM glucose, 10 mM 
2,3-butanedione monoxime, 5mM taurine; pH 7.2. Afterwards, the infarcted area of 
the left ventricle was removed and carefully minced on ice in perfusion buffer and next 
placed in digestion buffer consisting of 0.5 mg/ml Liberase TL (Roche, #540102001), 
20mg/ml DNase1 (Worthington, LK003172), 10mM HEPES, dissolved in 1.305ml 
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DMEM (Dulbecco’s Modified Eagle Medium, high glucose, GlutaMAX Supplement, 
pyruvate (Gibco, #31966021)). Digestion occurred at 37°C in a shaking water bath 
for 15 minutes. Subsequently, the cell suspension was carefully pipetted up and 
down and passed through a 100mm cell strainer (EASYstrainer, #542000, Greiner 
Bio-One). Remaining tissue pieces were gently rubbed through the strainer using a 
plunger of a 1ml syringe (#303172, BD Plastipak). Next, the strainer was rinsed with 
8.5ml of DMEM and centrifuged at 300 * g for 6 minutes at 4°C. The supernatant 
was removed and pellet containing cells was carefully resuspended in 2ml ice-cold 
DMEM with 3mM DAPI (Invitrogen, #D3571) and immediately used for downstream 
single-cell sorting.

Flow cytometry and cell viability/RNA quality control
First, 5000 cells were sorted from the cell suspension into a 96-well plate using 
FASCAria II (BD bioscience). These cells were imaged using EVPS Cell Imaging 
Systems for check cell viability by visualization of the morphology. Single cells from 
the cell suspension were sorted into a 384-well plate. Cells were selected using the 
gating strategy as described before18. In short, selected cells were DAPI negative, 
had high autofluorescence at 488 and 460nm, and had an elongated morphology as 
determined by the FSC-Height and FSC-Width. 
To determine RNA quality for each sort, an addition 100, 500, 1000, 5000 and 10000 
cells were sorted into a 96-well plate containing TRIzol (Fisher Scientific). RNA 
extraction was performed according to manufacturer’s instructions. Afterwards, RNA 
quality was determined by Bioanalyzer (Agilent 2100). 384-well plates containing 
single cells were only used of downstream single-cell sequencing if the RIN of these 
cells in bulk was above 7.5.

Determination of membrane integrity and nuclear presence in sorted cells
To show that our gating strategy selects cells with good membrane integrity, we 
applied our standard strategy as described above and captured cells in five different 
FACS tubes. These cells were again stained for DAPI and after 5, 15, 30, 45 or 60 
minutes incubation, DAPI negativity was again determined by flow cytometry. The 
selection of cardiac cells based on DAPI negativity secures the collection of viable 
cells during FACS, but can also be explained by a lack of a nucleus. To confirm that 
all DAPI negative cells have a nucleus, additional DRAQ5 staining was performed 
before sorting. DAPI only stains nuclei of dead cells, whereas DRAQ5 stains nuclei of 
both live and dead cells19. Dissociated cardiac cells were sorted with the same gating 
strategy used to obtain single cells for sequencing. Thereafter, nuclear presence in 
these cells was determined by FACS by excitation of DRAQ5 at 638nm.

Library preparation and single-cell sequencing
After sorting single cells, cDNA preparation was performed using the SORT-seq 
protocol20. Cells were sorted into 384 well plates containing 5uL 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 
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molecular identifier (UMI), a cell-specific barcode, the 5’ Illumina TruSeq2 adapter 
and a T7 promoter sequence. Cell lysis was formed by incubation of cells for 5 min 
at 65C, 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 and, after separation of the aqueous phase 
from the oil phase, in vitro transcribed for linear amplification by overnight incubation 
at 37°C. Next, Illumina sequencing libraries were prepared using the TruSeq small 
RNA primers (Illumina) and sequenced paired-end at 75 bp read length with Illumina 
NextSeq.

Preprocessing of single-cell sequencing data
Paired-end reads from Illumina sequencing were mapped with BWA-ALN to the 
reference genome GRCm38/mm10 downloaded from the UCSC genome browser47. 
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 gene model. Next, these observed transcript counts were converted into 
expected transcript counts using Poissonian statistics as previously described48, 
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. In addition, reads mapped to Rn45s were 
removed since transcripts of this gene do not have a poly-a tail, and detection of this 
gene is a known artefact of the SORT-seq procedure (not published).

Analysis of single-cell sequencing data and clustering strategy
Single-cell RNA-sequencing data was analyzed using RaceID2 in R version 3.5.2.. 
Expected transcripts counts were used to cluster cells based on k-medoids clustering, 
to visualize cell clusters using t-distributed stochastic neighbor embedding (t-SNE) 
and to compute genes significantly up- or down-regulated in all cells in the cluster 
compared to cell not in the cluster.49 Per cell, total read counts were downsampled 
to 1000 unique transcripts, and cells that had a number lower than 1000 unique 
transcripts were discarded. For k-medoid clustering and tSNE plotting of 1-pearson’s 
r, all genes were used that had a downsampled read count of at least 3 in at least 1 
cell (min.expr = 3, min.number = 1, max. expr =inf). Outlier detection in the RaceID2 
algorithm was switched off. For robust k-medoids clustering the following strategy 
was used: First, clustering was performed over the data using the default cluster 
parameters, where the number is k-medoid clusters is determined by the RaceID2 
algorithm based on saturation of within-cluster dispersion. Next, cluster robustness 
was determined by calculating Jaccard’s coefficient over all bootstrapped samples. 
Clusters were considered robust if at least all clusters except one had a Jaccard 
coefficient > 0.6. This yielded robust clusters for the full dataset, all cells obtained 
from 1dp sham and 14dp sham hearts combined, and all macrophages across all 
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conditions. If clustering did not achieve this level of robustness, iterative k-medoids 
clustering was performed by reducing the number of clusters in steps of one until the 
level of robustness was achieved. This achieved sufficient clustering robustness in 
the subset of the data containing all cells from 1dp IR, 3dp IR and 14dp IR, and in 
the subsets containing all cardiomyocytes and all fibroblasts across all conditions. 

Differential gene expression and gene ontology
To determine enriched genes expressed in a cluster, the function clustdiffgenes 
was used in the RaceID2 algorithm, which determines the differential expression 
of genes between cells in a specific cluster and all cells not in the cluster. A p-value 
is subsequently calculated based on binomial counting statistics. The profile of 
enriched genes of a cluster was used to identify the cell type described by the cluster. 
To generate heatmaps, the average normalized expression of all genes significantly 
enriched in at least one cluster was selected and transformed into z-scores. Next, 
gene-ontology (GO) analysis was performed on these genes using DAVID50. GO-
terms were filtered using a false discovery rate (FDR) filter of 10% to account for 
multiple comparisons. Bubble plots show the -ln transformed p-values of Fisher’s 
exact test. Bubble plots were generated using ggplot2 for R51.

Quantitative real-time PCR.
Total RNA was isolated from the infarct zone of heart ventricles with TRIzol reagent 
(Life Technologies) according to the manufacturer’s instructions. Total RNA (1μg) 
was applied to mRNA based reverse transcription using an iScript cDNA Synthesis 
Kit (Bio-Rad). Real-time PCR was performed according to based SYBRgreen 
methodology (Bio-Rad). Transcript quantities were normalized for endogenous 
loading using Hprt or Gapdh.

Table 1
qPCR primers used

Gene Sequences

Arg1 - mouse Fw 5’- ctcaaaaggacagcctcgagga, Rv 5’- cccgtggtctctcacgtcatac

Gpnmb - mouse Fw 5’- gaatgggatgaacacctgtatcc, Rv 5’- ccacaaaagtgatattggaaccc

Ccl2 - mouse Fw 5’- ggctcagccagatgcagtt, Rv 5’- tctccagcctactcattggga

Col1a1 - mouse Fw 5’- aatgcaatgaagaactggactg, Rv 5’- ccctcgactcctacatcttctg

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

Vim - mouse Fw 5’- atcagctcaccaacgacaag, Rv 5’- aatgactgcagggtgctttc

Hprt- mouse Fw 5’- agcctaagatgagcgcaagt, RV 5’-atggccacaggactagaaca

Gapdh - mouse Fw 5’- tgtcgtggagtctactggtg, Rv 5’- acacccatcacaaacatgg

Cell trajectory and pseudotime analysis
The cellular trajectory across expression space and pseudotime was also determined 
using Monocle228 on subsets of data containing one cell type across all conditions 
(macrophages and fibroblasts). First, all cells belonging to the same cell type across 
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all conditions were selected and used as input. To determine cell trajectory over 
time, the dpFeature protocol was used for correct input. For analysis, only genes 
expressed in at least 5% of all cells were used. Next, tSNE dimension reduction 
was performed on the first two or three principal components for all fibroblasts or 
macrophages, respectively. The number of principal components used for tSNE 
dimension reduction was determined by the amount of variability explained by each 
principal component in the subset of data. Next, clusters were determined using 
the density peak clustering on default settings, and differential expression of genes 
across all cells was determined. For cell trajectory and pseudotime analysis, the top 
1000 significantly differentially expressed genes were used.

Prediction of intercellular communication
Potential intercellular communication networks were determined using previously 
compiled ligand-receptor pairs29. Per cell type, the percentage of cells expressing 
the ligand or cognate receptors by a read count of at least 1 were determined 
(Supplementary Database S5). Next, ligands and receptors were regarded as 
“expressed” by a cell type if the expression was found in at least 20% of cells29. Next, 
potential communication links between two cell types were defined by determining 
the expression of the ligand in the first cell type, and expression of the receptor in 
the second cell type. Networks were plotted using igraph for R52. For the selection of 
potential ligands upregulated by cardiomyocytes after IR, differential expression for 
genes was calculated between all cardiomyocytes obtained from 1dp sham and 1dp 
IR using the DESeq2 package for R 25,53.

Cell culture
Human iPS-cells were obtained from the LUMC hIPS Core facility (LUMC0099iCTRL04) 
and cultured in Essential 8 Medium (Thermofisher Scientific, A1517001) on 
Geltrex -coated plates (Thermofisher Scientific, A1413302). For differentiation into 
cardiomyocytes, a previously described protocol was used54. In short, cells were 
cultured until 80-90% confluency. On day 0, medium was replaced with differentiation 
medium: RPMI medium (Thermofisher Scientific, 72400021) containing 0.5mg/ml 
recombinant human albumin (Sigma, A9731), 0.2mg/ml L-ascorbic acid (Sigma-
Aldrich, A8960). Differentiation medium was supplemented with 5mM CHIR99021 
(Sigma, SML1046). At day two, medium was refreshed with new differentiation 
medium supplemented with 5mM IWP2 (Millipore, 681671). At day 4 and 6 medium 
was again refreshed with new differentiation medium. On day 8, cultures were 
transferred to cardio-culture medium: RPMI medium (Thermofisher Scientific, 
72400021) containing B-27 supplement (Thermofisher Scientific, 17504001). Medium 
was refreshed every two days for a total of 2 times. Afterwards, the iPS-cell cultures 
were exposed to glucose-depleted/lactate-supplemented medium to select for 
cardiomyocytes. This was achieved by transferring cells to selection medium: RPMI 
1640 without glucose without HEPES (Biological Industries, 01-101-1A) containing 
0.5mg/ml recombinant human albumin (Sigma, A9731), 0.2mg/ml L-ascorbic 
acid (Sigma-Aldrich, A8960), 4mM lactate (SC-301818A Chemcruz) and 3.5mM 
HEPES (H0887 Sigma). Afterwards, cells were cultured in cardio-culture medium 
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for approximately 2-3 days allow cells to recover. Next, cells were dissociated with 
10 X TrypLE™ Select Enzyme (Gibco, A1217701) and re-plated in geltrex-coated 
wells with or without coveslips in cardio-culture medium supplemented with 2mM 
Thiazovivin (Millipore, 420220). The next day, medium was refreshed with cardio-
culture medium. After recovery for 2 days, cells and supernatant were collected for 
downstream analysis. 
NIH/3T3 fibroblasts were cultured in DMEM (Gibco, #31966-021) supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin. NIH3T3 were treated 
with 100ng/ml recombinant proteins of MFGE8 (R&D Systems, #2805-MF-050), 
B2M (Sino Biological, #50957-M08H) or CALR (Biomatik, #RPC24546). 5ng/ml 
TGFB (Peprotech, #100-21) and equal amounts of BSA, which served as a positive 
and negative control, respectively. RNA expression was determined after 24h of 
treatment. In vitro wound healing was assessed by a scratch assay. NIH/3T3 cells 
were plated in 24 well plates and scratches were made using a p200 pipet tip. At 
baseline and 16 hours post-scratch images were taken after which the gap closure 
was assessed relative to baseline using ImageJ. 

Histology and immunofluorescence
Cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 and blocked with 
4% (for B2M and MGFE8) or 8% (for CALR and VEGF) goat serum. Subsequently, 
cells were incubated for 2.5 hours at room temperature with primary antibodies against 
B2M (rabbit 1:50, Proteintech, 13511-1-AP) or MFGE8 (mouse 1:50, Santa Cruz, sc-
271574), or incubated overnight at 4°C with antibodies against CALR (mouse 1:50, 
Santa Cruz, sc-166837). Cells were co-stained using antibodies against Cardiac 
Troponin T (CTNT) (rabbit 1:200, Abcam, ab45932) or alpha-Actinin-2 (ACTN2) 
(mouse 1:800, Sigma, A7811). Next, cells were stained with corresponding Alexa 
Fluor antibodies (donkey anti-mouse IgG (H+L) 1:400, Invitrogen, A21202. Or donkey 
anti-rabbit IgG (H+L) 1:400, Invitrogen, A10042) for 45 minutes at room temperature. 
Next, cells were washed and mounted before imaging. For staining of cardiac tissue, 
whole hearts were fixed in 4% formalin for 48h at room temperature and embedded 
in paraffin. 4μm sections were cut an incubated in xylene and ethanol to water 
gradient for deparaffinization and rehydration. Antigen retrieval was performed by 
boiling the sections for 20 minutes in Tris-EDTA buffer (pH 9.0). After cooling down 
for 30 minutes, sections were blocked in 0.5% BSA in PBS for 30 minutes at room 
temperature. After blocking, sections were incubated with antibodies against B2M 
(rabbit 1:50, Proteintech, 13511-1-AP) and CTNT (mouse 1:250, Abcam, ab8295) in 
0.5% BSA in PBS overnight at 4°C. Next, a signal amplification kit (Alexa Fluor™ 594 
Tyramide SuperBoost™ Kit, goat anti-rabbit IgG, Thermofisher, B40944) was used 
according to the manufacturer’s instruction to amplify B2M staining. In short, sections 
were incubated for 60 minutes with a poly-HRP conjugated secondary antibody at 
room temperature, washed in PBS and subsequently incubated with Alexa Fluor™ 
594 Tyramide reagent in reaction buffer for 10 minutes at room temperature. After 
applying a stop reagent, sections were washed in PBS and incubated with DAPI 
(1:1000, Invitrogen, #D3571) and a secondary antibody (Alexa Fluor™ 488 donkey 
anti-mouse IgG (H+L) d1:250, Invitrogen, #A21202) for 1h at room temperature to 
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visualize CTNT. Subsequently, sections were washed and mounted. Images were 
taken using a Leica TCS SPE confocal microscope and processed with Fiji software.

Western blot
For secreted protein detection by iPS-cell derived cardiomyocytes, cell culture 
supernatant was snap-frozen in liquid nitrogen and stored at -80°C until further use. 
Protein concentration was quantified by Bradford assay (Bio-Rad). 25μg (plasma) 
or 10μg (supernatant) of protein was separated by SDS-PAGE in a 10% (MFGE8 
and CALR) or 15% (B2M) acrylamide gel and analyzed by Western blotting using 
antibodies against MFGE8 (1:250, % BSA in TBS-T Santa Cruz Biotechnology  #sc-
271574), B2M (1:1000, 5% BSA in TBS-T, Proteintech #13511-1-1-AP) and CALR 
(1:250, 5% BSA in TBS-T, Santa Cruz Biotechnology #sc-166837). For plasma 
protein detection, HRP conjugated antibodies against CALR (1:100, 5% BSA in 
TBS-T, Santa Cruz Biotechnology #sc-166837 HRP) and MFGE8 (1:100, % BSA in 
TBS-T Santa Cruz Biotechnology  #sc-271574 HRP) were used. Equal loading of 
plasma proteins was confirmed by Coomassie staining on a parallel gel. Blots were 
imaged using an ImageQuant Las4000 scanner (GE Healthcare Life Sciences).

Statistics
Statistical significance was assessed using unpaired two-tailed t-tests and one-way 
ANOVA’s. Normality of data distribution was determined using the Shapiro-Wilk test. 
In case an ANOVA was performed, equality of variance was first tested using Brown-
Forsythe test. If assumptions were not met, statistical tests were performed on log-
transformed data. If required, p-values were corrected for multiple comparisons 
(used tests are stated in the figure legends). Statistical details regarding the analysis 
of single-cell sequencing data are described in the differential gene analysis and 
gene ontology section. 

Data availability
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Supplementary Figure 1. Cell sorting strategy yields viable cells with good membrane integrity 
from the adult heart. a, Percentage of DAPI negative cells after sorting and re-incubation with DAPI for 
several time points. b, Downstream analysis of sorted cells resulted in robust clustering shown by a bar 
graph depicting the Jaccard’s similarity score for each cluster. As a rule of thumb, each cluster should 
have an index of > 0.6 to be robust.
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Supplementary Figure 2. t-SNE analysis across cardiomyocyte populations indicate gradients of 
cardiomyocyte marker gene expression. a, Heatmap of the cell-to-cell transcriptome similarities (1- 
Pearson’s correlation coefficient) of 1033 cardiomyocytes obtained from all conditions combined. Cells 
are clustered based on transcriptome similarity using k-medoids clustering. Clusters identified through 
this method are also used in fig. 2. b-f, t-SNE showing the distribution of expression of genes enriched in 
cluster 1 (b), cluster 2 (c), cluster 3 (d) cluster 4 (e) and cluster 5 (f). Expression is shown as normalized 
read count on a color-coded scale, with red depicting the highest expression and white lowest. The 
numbers of each cluster identified in a, indicate the locations in the t-SNE maps that contain mostly cells 
from that cluster. 
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Supplementary Figure 3. t-SNE and cell trajectory analysis of macrophages show gradients of 
expression of cluster-enriched genes, rather than well-defined expression. a, Heatmap of the cell-
to-cell transcriptome similarities (1- Pearson’s correlation coefficient) of 355 macrophages obtained from 
all conditions combined. Cells are clustered based on transcriptome similarity using k-medoids clustering. 
Clusters identified through this method are also used in Fig 3. b-d, t-SNE (left) and cell trajectory analysis 
(right) showing the distribution of expression of genes enriched in cluster 1 (b), or in clusters enriched 
in 1dp IR (c) or 3dp IR (d) macrophages. Expression is shown as normalized read count on a color-
coded scale, with red depicting the highest expression and white lowest. The locations in the t-SNE and 
trajectory plot that contain mostly cells from cluster 1 or from the 1dp/3dp IR clusters are highlighted by a 
number or text, respectively.
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Supplementary Figure 4. Bubble plot of full gene ontology analysis on genes significantly enriched 
in macrophage clusters (Extended list of Figure 4d).
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Supplementary Figure 5. t-SNE and cell trajectory analysis of fibroblasts with expression of cluster-
enriched genes as color coded. a, Heatmap of the cell-to-cell transcriptome similarities (1- Pearson’s 
correlation coefficient) of 184 fibroblasts obtained from all conditions combined. Cells are clustered based 
on transcriptome similarity using k-medoids clustering. Clusters identified through this method are also 
used in Fig 4. b-d, t-SNE (left) and cell trajectory analysis (right) showing the distribution of expression of 
genes enriched in cluster 1 (b), cluster 4 (c) and cluster 3 (d). Expression is shown as normalized read 
count on a color-coded scale, with red depicting the highest expression and white lowest. The locations 
in the t-SNE and trajectory plot that contain mostly cells from a cluster identified by k-medoids clustering 
are highlighted by a number.
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Supplementary Figure 6. Extensive intercellular communication network during different phases 
of the repair process following ischemia-reperfusion injury. a,c,e, t-SNE plot of all cells obtained 
from 1 and 14dp sham combined (a), 3dp IR (c) or 14dp IR (e). Colors indicate different cell types. CM; 
cardiomyocytes, FB; fibroblasts, MP; macrophages EC; endothelial cells. b,d,f, Spider graph illustrating 
the potential intercellular communications between cell types by ligand-receptor signaling at 1dp and 
14dp sham combined (b), 3dp IR (d) or 14dp IR (f). The line color depicts ligand expression in the cell type 
with a similar color. Lines connect to cell types that express the corresponding receptor. Line thickness is 
proportional to the number of ligands expressed in one population for which the receptor is expressed in 
the other cell type, with loop indicating autocrine signaling.
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Supplementary Figure 7. Bubble plot showing all ligands upregulated in 1dp IR cardiomyocytes 
with their cognate receptor(s). The size of the bubble represents expression of each receptor across all 
identified cardiac cell types 1dp IR. (Extended plot of Figure 5e).
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Supplementary Figure 8. Protein expression of CALR, MFGE8 and B2M by human iPS-derived 
cardiomyocytes. a, Schematic display of the differentiation protocol to derive cardiomyocytes from 
human iPS cells. b, Images captured by fluorescent microscopy showing the expression of 3 selected 
factors (CALR, MFGE8 and B2M) by human cardiomyocytes derive from iPS cells. Cardiac markers used 
are cardiac troponin (CTNT) and alpha-Actinin-2 (ACTN2). Scale bar, 20mm.

Supplementary Figure 9. Coomassie staining confirming equal loading of western blots used to 
detect plasma proteins (Fig. 6a).
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Abstract

Due to recent advancements in transcriptomic and bioinformatic strategies, numerous 
micropeptides have been identified in genes previously believed to be noncoding. 
Several of these micropeptides have crucial functions in the biology and pathology of 
skeletal muscle and the heart. Here, we us a combination of RNA sequencing and a 
bioinformatic algorithm for the prediction of small open-reading frame (smORF) in the 
adult mouse heart. With this approach, we identified more than a hundred smORFs 
with coding potential expressed in cardiac tissue. For one of these smORFs, which 
we name smORF4, we validated translation at the endogenous locus in the human 
and mouse heart. Endogenous smORF4 encodes for a stable micropeptide that 
interacts with the Protein Phosphatase 2A complex, a crucial regulator of calcium 
homeostasis during excitation-contraction coupling in cardiomyocytes. Removal in 
smORF4 in vivo alters expression of genes associated protein phosphorylation in 
the mouse heart and perturbs calcium currents in isolated adult cardiomyocytes. 
Taken together, our data indicates extensive expression of micropeptides in the 
mammalian heart, and highlights the importance of these micropeptides in cardiac 
processes such as calcium handling.

Keywords
Cardiac biology, micropeptides, translation, smORF4, calcium handling,
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Introduction

The past decades have seen a plethora of large-scale genomic, transcriptomic and 
proteomic studies to comprehensively identify all genes that are transcribed and 
translated1-5. This body of work has substantially increased our understanding of 
the transcriptome and revealed an extensive set of protein-coding and non-protein-
coding genes. However, annotation for protein-coding genes was dependent on the 
criterium that a gene encodes a protein of at least 100 amino-acids1-3,6, partially 
due to technical limitations that hinder detection of smaller peptides. During recent 
years, technological advances in transcriptomics and proteomics have challenged 
this universally-held dogma by identifying hundreds of small open reading frames 
(smORFs) encoding for peptides smaller than 100 amino-acids1,6-11. These peptides, 
which are termed micropeptides, have been shown to play crucial functions in 
cell signaling12, cellular metabolism13, mitochondrial processes14, cytoskeletal 
processes15 and invertebrate development16.
In mammalian muscle, a limited number of these peptides have so far been 
functionally characterized. In skeletal muscle, the peptides Myomaker and Myomixer 
are found in the membrane, where they interact with each other and stimulate 
fusion of myoblasts into myotubes17,18. The micropeptide SPAR interacts with a 
proton transporter, thereby regulating the mammalian target of rapamycin (mTOR) 
signaling19. In vivo, SPAR was found to play a crucial role in damage-induced skeletal-
muscle regeneration. Another peptide, Myoregulin (MLN), is specifically expressed in 
skeletal muscle and inhibits Ca+2 re-uptake in the sarcoplasmic reticulum by binding 
SERCA20. MLN deletion enhances in vivo muscle performance. Another-regulin 
(ALN) and Endoregulin (ELN) are two other members of the SERCA-inhibiting family 
of micropeptides that includes MLN, and are expressed ubiquitously or in endothelial 
cells respectively21. In contrast to these SERCA-inhibitory peptides, the cardiac-
specific micropeptide DWORF was found to bind SERCA and activate its activity in 
the heart22. In conclusion, the previously identified micropeptides display diverse, yet 
very prominent physiological functions in skeletal muscle and the heart. 
In this study, we detail the identification of potential micropeptides expressed in the 
mammalian heart. We validated translation of the endogenous smORF for one of 
these peptides, which we name smORF4. We confirmed that translation occurs in 
both the human and mouse heart under physiological conditions. When functionally 
characterizing this micropeptide, we observed an interaction between smORF4 and 
all subunits of the protein phosphatase 2a (PP2A) complex. In cardiomyocytes, 
PP2A is a central regulator for calcium transients during excitation-contraction 
coupling23,24. In line with the function of PP2A, we observed that smORF4 knockout 
in mice impaired physiological calcium transients in adult cardiomyocytes. These 
data and previous findings demonstrate the important functions micropeptides can 
have in cardiac biology, thereby highlighting the necessity of functionally study this 
goup of proteins in the mammalian heart. 
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Results

Prediction of smORFs expressed in the mouse heart reveals multiple 
micropeptide candidates that can be stably overexpressed
In recent years, smORFs encoding for micropeptides have been identified in 
numerous misannotated lincRNAs, with some having crucial physiological functions 
in in vivo models12,18-22,25. We set out to identify potential micropeptides expressed 
in the mammalian heart for which the cardiac function has not been studied. Our 
strategy took as starting point RNA-sequencing data obtained from the hearts of 
C57BL/6J mice and a computational pipeline that predicts peptide-coding potential 
based on comparative genomics (Figure 1A - methods)7,8. Using this strategy, we 
identified a total of 274 transcripts expressed in the mouse heart containing a total of 
216 unique smORFs, all of which were also conserved in the human transcriptome. 
Careful examination of our candidates revealed various micropeptides that have 
established functions in muscle tissue (e.g. Phospholamban (PLN), Small muscle 
protein X-linked (SMPX)26, Cytochrome c oxidase polypeptide 7A1(COX7A1)27 and 
Apelin (APLN)28) (Database S1). However, we identified 7 smORFs in our group of 
candidates that did not have a characterized cardiac function at the time of screening, 
which included the currently studied SPAR and DWORF (Figure 1A)14,22. 
We next determined whether these smORFs could encode a stable micropeptide if 
their translation was forced. To achieve this, we created overexpression constructs 
by cloning all isolated mouse and human smORFs (termed here m/hORF1-7 and 
(h)DWORF) into a pcDNA3.1 vector behind a N-terminal FLAG-tag. Given that 
pcDNA3.1 is often used as a protein-overexpression vector, we reasoned that 
initiation of translation of these constructs would be forced since the translational 
start site of the FLAG sequence is used. In addition, the pcDNA3.1 constructs 
contained the isolated smORFs lacking the 5’- and 3’-UTR of the endogenous 
transcripts, which could affect translation. Upon overexpression and subsequent 
western blot analysis for the FLAG-epitope, we observed that 5 of the 7 smORF 
candidates have encode potential for stable FLAG-tagged micropeptides, including 
SPAR and DWORF (Figure 1B). Next, we validated the expression of the genes 
encoding these five mice- and human-micropeptide orthologs in healthy mouse and 
human hearts by qPCR (Figure 1C-D). Here, we found our fourth candidate (m/
hORF4) to be highly expressed in both the mouse and human heart. When studying 
the mouse and human gene model of smORF4, we found an additional smORF 
downstream of the mouse gene, which encodes a previously described micropeptide 
termed THP529 (Figure 1E). However, an evolutionary conserved ORF for THP5 
could not be detected in the human genome. In contrast, for smORF4 we observed 
high conservation of the amino acids sequence between human, mouse and multiple 
other mammalian species (Figure 1F).

Endogenous smORF4 encodes a stable micropeptide which is translated in 
the human heart.  
Having validated translation of smORF4 upon overexpression of the isolated open 
reading frame from exogenous DNA, we next determined whether endogenous 



smORF4, a cardiac micropeptide regulating calcium transients during 
excitation-contraction coupling

157

5

smORF4 encodes a stable micropeptide. To achieve this, we made use of CRISPR-
Cas9 to insert a DNA sequence encoding a FLAG epitope into the endogenous 

Figure 1. Identification of potential smORFs encoding for cardiac micropeptides. A, Schematic of 
the screening strategy used to identify smORFs expressed in the heart. RNA sequencing was performed 
in 3 hearts. B, Western blot analysis on HEK293T cells transfected with an empty vector (control) or 
FLAG-tagged mouse (mORF) and human (hORF) constructs. C-D, qPCR analysis of the transcripts 
containing the identified smORFs in healthy (C) mouse and (D) human hearts. Data are presented as 
mean +/- SEM. n=3-4. E, Schematic representation of all transcript of the mouse 2210013O21Rik and 
human LINC01420/NBDY. Each box depicts an exon. The red box depicted the predicted the smORF 
encoding for the micropeptide smORF4. The golden box depicts the downstream smORF THP5, which 
was previously identified. F, Conservation of the amino acids sequence of smORF4 between multiple 
mammalian species.
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Figure 2. Endogenous smORF4 encodes a functional micropeptide and is translated in the 
human heart. A, Targeting strategy for CRISPR/Cas9-induced homologues recombination to insert a 
FLAG epitope into the endogenous mORF4 locus in mouse NIH/3T3 cells. To control whether potential 
expression of the FLAG-tag at protein level was due to translation of smORF4, 2 gRNAs were additionally 
used to remove the start codon of the smORF4 open reading frame. PCR primers were used to verify 
correct targeting of the FLAG epitope (FLAG-PCR) and removal of the start codon (ATG PCR). B, PCR 
analysis for the FLAG epitope knockin (upper) and start codon removal (lower) in NIH/3T3 WT, mORF4-
FLAG and mORF4-FLAG/DATG cells. C, Sanger sequencing of PCR products of the FLAG PCR and the 
ATG PC. The quoted number of a sequence highlights the result of sequencing the band of the FLAG 
PCR in B with the same unquoted number. The quoted number of a sequence highlights the result of 
sequencing the band of the ATG PCR in B with the same quoted number. D, Western blot analyses for 
FLAG epitope protein expression in NIH/3T3 WT, mORF4-FLAG and mORF4-FLAG/DATG cells. 
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mORF4 locus just before the stop codon in mouse cells (Figure 2A). As a control, 
we used 2 gRNAs targeting regions flanking the start codon to remove the translation 
start site in cells where the FLAG-tag was correctly inserted. PCR analysis followed 
by Sanger sequencing of the region containing the stop codon (FLAG-PCR) and the 
start codon (ATG-PCR) confirmed correct insertion of the FLAG-tag (mORF4-FLAG) 
and subsequent removal of the smORF4 start codon (mORF4-FLAG/ΔATG) (Figure 
2B-C, and S1). Western blot analysis revealed translation of the FLAG-epitope 
upon insertion of the FLAG-DNA sequence into the mORF4 open reading frame, 
which was ablated upon removal of the mORF4 start codon (Figure 2D). In addition, 
we also validated translation of the endogenous hORF4 open reading frame in the 
human heart using a previously generated ribosomal profiling (Ribo-seq) dataset on 
a combination of healthy and diseased human hearts14. We observed that only the 
hORF4 open reading frame of the transcript was translated, and the trinucleotide 
periodicity of the ribosomal footprints showed translation in frame with the start 
and stop codon of hORF4 (Figure 2E). Taken together, these results validate that 
endogenous mORF4 is translated and encodes a stable micropeptide, and that 
endogenous hORF4 is translated in the human heart.

smORF4 interacts with PP2A
Various previous studies revealed that the physiological functions of micropeptides 
are mainly mediated by interaction with “canonical” length proteins (>100 amino 
acids), regulating their activity19-22. To ascertain the potential biological functions of 
smORF4, we first determined all potential interaction partners using an unbiased 
SILAC-immunoprecipitation approach. HEK293T cells were transfected with a control 
or FLAG-hORF4 vector and labeled with light or heavy epitopes. Subsequent FLAG 
immunoprecipitation followed by mass-spectrometry identified various interaction 
partners of hORF4, including all subunits of the Protein Phosphatase 2A complex 
(PP2A) - gene names: PPP2CA, PPP2R1A, PP2R2A (Figure 3A). 
PP2A is a heterotrimeric protein phosphatase dephosphorylating a myriad of 
target24,30,31. In cardiomyocytes, PP2A is a main phosphatase for multiple proteins 
involved in the calcium transients during excitation-contraction coupling, including the 
L-type calcium channel (LTCC)32,33, the ryanodine receptor (RYR2)34,35 and connexin 
43 (CX43)36. Perturbation of PP2A function increases phosphorylation levels of these 
proteins and affects calcium dynamics in the cytosol and sarcoplasmic reticulum of 
cardiomyocytes32,33,35,37,38. 
Interaction between hORF4 and PP2A was validated by co-immunoprecipitation 
experiments. We observed that 2 of the PP2A subunits co-immunoprecipitated 
in control cells not expressing the FLAG-hORF4 peptide. However, similar to our 
Figure 2. Endogenous smORF4 encodes a functional micropeptide and is translated in the human 
heart (continued). E, Genomic view the full (left) or hORF4 zoom in (right) human LINC01420/NBDY 
with normalized read coverage from mRNA-seq (in gray) and Ribo-seq (in red) on healthy and diseases 
human hearts. The data have been extracted from https://shiny.mdc-berlin.de/cardiac-translatome/ . The 
P-sites panel shows how frequent a base is the first nucleotide in a P-site position derived from the 
ribosomal footprints mapped to hORF4. Blue depicts the first nucleotides of P-sites in frame with the 
hORF4 open reading frame. Red and green depict the first nucleotides of P-sites with a n+1 or n+2 frame 
respectively compared to the hORF4 frame. The lower panel shows the gene model of LINC01420/NBDY. 
The green box depicts of open reading frame of hORF4.
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SILAC approach, we found enrichment in co-immunoprecipitation of the two PP2A 
subunits in cells expressing the FLAG-hORF4 peptide (Figure 3B). To further 
confirm the interaction of hORF4 with PP2A, we determined co-localization of 
PP2A with hORF4 in cardiomyocytes differentiated from human induced pluripotent 
stem cells (hiPSCs). After validating high cardiomyocyte purity by cardiac-troponin 
staining (TNNT2) (>90%, Figure 3C), we infected the cells with AAV6/flag-hORF4. 
We observed infection of AAV6/flag-hORF4 TNNT2-positive cells, thereby validating 
successful infection of cardiomyocytes by our viral construct (Figure 3D). In these 
cells, we observed co-localization between FLAG-hORF4 and PP2A in hiPSCs-
derived cardiomyocytes (Figure 3E). In conclusion, these results demonstrate an 
interaction of hORF4 with PP2A in HEK293T cells, which could be validated by co-
localization in human cardiomyocytes.

mORF4 knockout mice show dysregulation of genes involved in protein 
phosphorylation in the heart
Given the observer interaction between smORF4 and PP2A, we next decided to 
further study the physiological role of smORF4. To generate a mORF4 knockout 
mouse (mORF4ΔATG), we used the same 2 gRNAs that previously enabled us to 
block translations of the endogenous mORF4 containing the FLAG DNA sequence 
(Figure 2A-D, mORF4-FLAG/ΔATG). These 2 gRNAs only remove a DNA segment 
of 47 base pairs, thereby ablating the start codon while only minimally altering the 
sequence of the endogenous gene (Figure 4A), which could affect RNA integrity and 
potential lncRNA function. After correct knockout of the mORF4 start codon in mouse 
ES, we confirmed a lack of mutations at the 4 most-likely off-target sites per gRNA 
(Figure S2). Next, we generated the mORF4ΔATG mouse line by blastocyst injection 
and subsequent backcrossing into the C57BL/6J mouse line for 2 generations. We 
validated correct removal of the mORF4 start codon in the mORF4ΔATG mouse 
genome and transcriptome by Sanger sequencing and qPCR analysis (Figure 
4B,C). Afterwards, we used Ribo-seq to determine whether removal of the smORF4 
start codon would abolish translation while not affecting the integrity and stability 
of the remaining mORF4 transcript. RNA-sequencing revealed similar sequence 
coverage of the full mORF4 gene between wild type (WT) and mORF4ΔATG hearts, 
except at the DNA locus that was removed by the 2 gRNA’s (Figure 4D and S2, gray 
panels). Therefore, we concluded that removal of the 47 base pairs covering the 
mORF4 start codon does not affect integrity of the full transcript. However, ribosomal 
profiling showed ribosomal footprints specifically covering the mORF4 open reading 
frame in WT hearts, which was almost absent in mORF4ΔATG hearts (Figure 4D 
and S2, red panels). Collectively, these results confirm successful removal of the 
mORF4 start codon in our mouse line, which ablates mORF4 translation but does 
not affect integrity of the remaining mORF4 transcript.
Knockout of mORF4 did not affect heart function as indicated by ejection fraction 
(EF) (Figure 4E). In addition, we did not observe cardiac hypertrophy on whole 
organ level as shown by heart weight to tibia length ratio (HW/TL) (Figure 4E, F) or 
by gross histology of cardiac tissue (Figure 4G) However, we did observe a trend 
of increased cell size upon ablation of mORF4 (Figure 4H – P=0.06). Furthermore, 
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Figure 3. smORF4 interacts with the PP2A phosphatase complex A, SILAC-immunoprecipitation of 
HEK293T cells overexpressing an empty vector (control) or FLAG-tagged hORF4. Red points highlight 
enriched proteins after FLAG immunoprecipitation in FLAG-hORF4 cells compared to control cells with at 
least a log2 fold change of 2 in both forward and reverse experiments (See methods). Proteins in dashed 
boxes highlight the subunits of the PP2A complex. B, Co-immunoprecipitation experiment in HEK293T 
cells overexpressing an empty vector (control) or the flag-hORF4 construct. Proteins were precipitated 
against the FLAG and immunoblotted against the depicted proteins. C, Validation of cardiomyocyte 
purity after differentiation of hiPSCs using the cardiomyocyte marker TNNT2. Purity was determined by 
the percentage of TNNT2+ cells using FACS. D-E, Representative confocal images of hiPCS-derived 
cardiomyocytes infected with flag-hORF4 using an AAV6 vector. Cells were stained for (D) FLAG-hORF4 
and TNNT2 or (E) PP2A. 
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Figure 4. smORF4 removal from the mouse heart results in dysregulation of genes involved in 
protein phosphorylation in the heart. A, Targeting strategy to ablate the start codon of the mORF4 
open reading frame from the mouse genome in vivo. Removal of the start codon was achieved by using 
the same 2 gRNAs that generated the mORF4-FLAG/DATG cells in Figure 2. PCR primers were used to 
verify correct removal of the start codon (ATG PCR). 
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when analyzing the transcriptome-wide differences caused by mORF4 removal, 
we found enrichment in differentially expressed genes associated with protein 
phosphorylation, including various kinases required for correct calcium dynamics 
in cardiomyocytes like Pim-1 proto-oncogene (Pim1)39 and Receptor-interacting 
protein 3 (Ripk3)40 (Figure 4I, J). We confirmed upregulation of some of these genes 
by qPCR analysis (Figure S4). Given the differential expression of these genes and 
the observed interaction between mORF4 and PP2A, we reasoned that mORF4 
might be a regulator of phosphorylation of calcium-handling proteins in the heart.

cardiomyocytes mORF4 knockout mice show a switch from L-type to T-type 
Ca+2 currents and disrupt physiological calcium handling
To investigate the function of mORF4 in calcium handling during excitation-contraction 
coupling in the heart, we isolated adult cardiomyocytes from WT and mORF4ΔATG 
littermates. We measured the inward calcium current in cardiomyocytes by whole-
cell patch clamping (Figure 5A), which resulted in I-V curves with 2 peaks in 
mORF4ΔATG cardiomyocytes when compared to the WT littermates (Figure 5B, 
upper and middle IV traces). When fitting the first and second peak of all I-V curves 
separately, we observed that the average fit of the first peak follows a current-voltage 
relationship characteristic for T-type calcium channels, with a maximum at -20 mV 
(Figure 5B, lower IV trace)41-44. In contrast, the average fit of the second peak 
showed an I-V curve characteristic for L-type Ca+2 currents with a maximum at 0-10 
mV. As expected, WT cardiomyocytes had predominantly L-type calcium currents. 
However, mORF4 knockout resulted in a switch towards T-type calcium currents 
(Figure 5B, left bar graphs). Furthermore, we found that mORF4 knockout does 
not affect the expression of LTCC subunits, but increases expression of the T-type 
calcium channels (TTCC). We reasoned that this switch to T-type calcium transport 
upon knockout of mORF4 could be caused by a differential phosphorylation status 
of the LTCCs. This might alter LTCC activity and induces upregulation of TTCCs as 
a compensatory response for sufficient calcium import at the start of the excitation-
contraction cycle.
Since PP2A does not target only the LTCCs, but various other proteins involved in 

Figure 4. smORF4 removal from the mouse heart results in dysregulation of genes involved in 
protein phosphorylation in the heart (continued). B, Upper, PCR analysis for start codon removal in 
WT and mORF4DATG mice. Lower, Sanger sequencing of the PCR product of the ATG PCR of a WT and a 
mORF4DATG mouse. C, qPCR analysis on whole cardiac tissue for the start codon in mORF4 transcripts. 
Data are presented as mean +/- SEM. n=7-8, ****P<0.0001, two-sample t-test. D, Genomic view of part 
of the 2210013O21Rik gene containing the mORF4 open reading frame with normalized read coverage 
from mRNA-seq (in gray) and Ribo-seq (in red) of WT and mORF4DATG hearts. The lower panel shows 
the gene model of LINC01420/NBDY. The green box depicts of open reading frame of mORF4, the region 
between dotted lines highlight the DNA locus removed by the 2 gRNAs. E-F, Ejection fraction and heart 
weight normalized with tibia length in WT and mORF4DATG mice. Data are presented as mean +/- SEM. 
n=6-8 for fractional shortening, n=13 for heart weight, two-sample t-test. G, Representative images of 
four-chamber views from WT and mORF4DATG hearts stained with H&E. H, (Left) Representative WGA 
images of WT and mORF4DATG hearts. (Right) Quantification of cardiomyocyte cell size by WGA staining 
of the heart. Data are presented as mean +/- SEM. n=4-5, Mann-Whitney test. I, Heatmap of differentially 
expressed genes between WT and mORF4DATG hearts determined by RNA sequencing. Expression is 
shown as a color-coded scale of the z-score transformed RPKM values of each gene. J, Top 10 GO terms 
enriched with genes differentially expressed genes between WT and mORF4DATG hearts.
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Figure 5. mORF4 knockout in cardiomyocytes dysregulates calcium transients during excitation-
contraction coupling. A, Schematic representation of the experiments to determine the effects of mORF4 
knockout on calcium transients in adult cardiomyocytes. B, (Left) I-V curves of individual whole-cell patch 
clamp recordings of WT (upper) or mORF4DATG (middle) cardiomyocytes. The resulting average fit of 
the T-type peak and L-type peak over all I-V curves is shown in the lower graph. Red lines depict the mV 
resulting in maximum T-type or L-type currents according to the average fits. (Right) Bar graphs showing 
the relative L-type current (at 10mV – upper bar graph) compared to the T-type current (at -20mV – lower 
bar graph). n= 6-9, *P<0.05, Mann-Whitney test. 
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calcium handling, we also determined cytosolic calcium transients using a calcium dye 
(Figure 5A). We observed that mORF4 knockout reduces cytosolic-calcium import 
rate, decreases total calcium levels after depolarization relative to baseline and also 
affects the initial stages of repolarization (Figure 5D-E). In summary, these results 
show that knockout of mORF4 impairs various aspects of physiological calcium-
currents in cardiomyocytes, which could be indicative of altered phosphorylation 
levels of multiple PP2A targets. 

Discussion

In this study, we screened for micropeptides with a function in the mammalian 
heart. In doing so, were able to identify smORF4 as a regulator of calcium handling 
during excitation-contraction coupling. We identified a total of 216 smORFs possibly 
encoding a peptide, some of which were also found to be translated in the human 
heart14. Upon careful analysis of our potential micropeptides, we selected peptides 
that initially did not have a characterized cardiac function for further study. However, 
some of our candidates have recently been studied in the heart and skeletal 
muscle19,22.
When we forced translation of our selected micropeptide candidates, we found that 5 
of the 7 translated into a FLAG-tagged peptide upon overexpression. It is important 
to underscore that the absence of overexpression of the 2 micropeptides encoded by 
2010107E04Rik/C14orf2 and 2700089E24Rik/FAM220A does not incontrovertibly 
prove an absence of translation of the endogenous smORFs. Potential limitations 
in our approach could prevent protein overexpression in the cytosol, including the 
N-terminal FLAG epitope affecting protein stability or possible secretion of the 
micropeptide into the medium. Indeed, the peptides encoded by 2010107E04Rik/
C14orf2 (mORF/hORF5) and 2700089E24Rik/FAM220A (mORF/hORF6) have been 
detected in mass-spectrometry datasets of human and mouse tissues and cells3,5.
Based on its high expression in both healthy mouse and human hearts, smORF4 
was chosen for downstream validation and characterization. A recent study 
also identified the human ortholog of this micropeptide (here hORF4), which the 
authors termed NoBody (NBDY)45. However, in this study translation was validated 
by overexpression of the full cDNA sequence of the gene using an exogenous 
overexpression vector containing a FLAG-tag in human cancer cells. Our study adds 
to this finding by demonstrating that the endogenous open reading frame in the 
mouse genome is also translated and encodes a stable micropeptide. In addition, 
we also show translation of hORF4/NBDY in the transcripts originating from the 
endogenous gene in the human heart in physiological conditions. Taken together, 

Figure 5. mORF4 knockout in cardiomyocytes dysregulates calcium transients during excitation-
contraction coupling (continued). C, qPCR analysis on whole cardiac tissue for the genes encoding 
the L-type calcium channel and T-type calcium channel subunits expressed in the heart. n=7-8, *P<0.05, 
two-sample t-test. D, Representative traces of calcium imaging in WT and mORF4DATG cardiomyocytes. 
E, Quantification of the maximum rising rate, amplitude, action potential duration (ADP)10, ADP50 and 
ADP90 obtained from the traces of calcium imaging as shown in E. n=17-20, *P<0.05, **P<0.01, two-
sample t-test. 
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our findings and that of others demonstrate that smORF4/NBDY contains an open 
reading frame encoding a stable micropeptide.
When screening for interaction partners of hORF4/NBDY, we observed interaction 
of hORF4/NBDY with all subunits of the PP2A complex. In addition, we observed 
co-localization of hORF4/NDBY with PP2A in human cardiomyocytes obtained from 
hiPSCs. Similar to the previous study, we also found interaction with Enhancer of 
mRNA Decapping 4 (EDC4), a protein involved in mRNA decapping45. hORF4/
NBDY was shown to play a role in P-body biology of human cancer cell lines in vitro. 
However, the interaction between hORF4/NBDY and the subunits of the PP2A has 
not been described previously, nor was its physiological function in vivo.
Because PP2A has an important function in cardiomyocyte in Ca+2-handling during 
excitation/contraction coupling 23,24, we created a mORF4 loss-of-function mouse 
model. Removal of the mORF4 start codon successfully ablated mORF4 translation 
but kept the RNA integrity intact. This enabled us to study the physiological function 
of the mORF4 protein in vivo without introducing additional biological effects caused 
by perturbing potential lncRNA functions. While mORF4 knockout did not affect heart 
function or induced cardiac hypertrophy on whole organ level, we did find a trend 
for increased cardiomyocyte cell size. It is possible that this mild increase in cell 
size is not severe enough to induce hypertrophy detectable at the whole heart level, 
an effect that has been shown upon PP2A deletion in the heart46,47. In addition, we 
observed changes in expression of genes associated with protein phosphorylation. 
These changes might be caused by altered P-body biology, given the previously 
described interaction of hORF4/NBDY with EDC4 and its inhibitory function on 
P-body formation45. However, P-bodies are generally believed to have a repressive 
function on mRNA translation48,49. Therefore, an increase of P-bodies upon knockout 
of mORF4 should repress translation of mRNAs. When looking for repression of 
mRNA translation in our Ribo-seq data of the heart, we did not find a strong effect 
of mORF4 knockout on translation efficiency in the whole transcriptome (data not 
shown). This finding suggests that the main effects of mORF4 knockout in the heart 
are not driven by P-body biology. Nevertheless, in this study we did not determine 
the direct effect of mORF4 knockout on P-body formation in mouse hearts. Given 
the altered expression of protein phosphorylation genes, together with the observed 
interaction between smORF4 and PP2A, we reasoned that smORF4 might have a 
function in calcium handling by regulating PP2A.
We observed that mORF4 knockout substantially altered Ca+2-transport dynamics 
over the membrane of cardiomyocytes, shifting from an L-type to a T-type calcium 
current41,42. One explanation for this shift could be perturbed L-type calcium transport 
due to differential phosphorylation levels, causing a switch to T-type calcium currents 
as compensation. Future work should confirm the differences in phosphorylation 
levels of LTCCs and the presence of this compensation mechanism. Calcium import 
is mediated by the LTCC in the adult heart41,50,51 but the embryonic heart expresses 
TTCCs and fetal cardiomyocytes have T-type calcium current43,44. In addition, various 
cardiac pathologies induce re-expression of T-type calcium currents and TTCCs have 
been shown to play a crucial role in the development of pathological hypertrophy52-55. 
Therefore, the shift from L-type to T-type current upon mORF4 knockout could 
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indicate a potential role for this micropeptide in various cardiac pathologies. 
In conclusion, here we identified a group of smORFs expressed in the adult heart 
with the potential of coding  for a micropeptides. We show that one of these peptides, 
smORF4, in translated and functions as regulator for calcium transients in adult 
cardiomyocytes. Our data underscores the relevance of micropeptides in cardiac 
biology, and highlights the need to functionally characterize this group of proteins. 

Methods

Experimental animals
All animal studies were performed in accordance with institutional guidelines and 
with approval of the Animal Welfare Committee of the Royal Netherlands Academy 
of Arts and Sciences. Animals were C57BL/6J background or were generated from 
129/Ola background and backcrossed with C57BL/6J animals.

Cardiac tissue harvest
At sacrifice, whole hearts were excised from the chest cavity and cleared of blood 
with ice-cold PBS. Whole hearts (atria + ventricles) were weighed to obtain the 
heart weight (HW) and tibias were harvested to determine tibia length. The atria 
were subsequently removed and the left ventricle was isolated and snap-frozen for 
subsequent RNA and protein analysis. For histological analysis, hearts were fixed 
with 4% formalin at room temperature (RT), embedded in paraffin and sectioned at 
4μm. Paraffin sections were stained with Hematoxylin and Eosin (H&E) for routine 
histological analysis according to standard procedures. Slides were visualized using 
a Zeiss Axioskop 2Plus with an AxioCamHRc and DM4000.

RNA-sequencing on cardiac tissue
For RNA-sequencing on cardiac tissue obtained from C57BL/6J mice, total RNA was 
isolated using TRIzol reagent (ThermoFisher Scientific, #15596018) according to the 
manufacturer’s instructions. Next, ribosomal RNA was depleted using the Ribo-Zero 
Removal Kit according to manufacturers’ instructions. Strand-specific single-end 75 
bp reads were generated on an Illumina NextSeq 500. Samples were sequenced 
to an average depth of 41.8 ± 8.1 million reads (mean ± sd). Reads were mapped 
to mouse reference genome GRCm38/mm10 with bowtie2 (with options -very-
sensitive). The expression of genes was quantified using a combination of transcript 
annotations obtained from ensemble v74, Gencode (vM4) and novel lincRNAs 
identified by Ounzain et al56. Files containing read counts for all annotated transcripts 
were used for the downstream prediction of smORFs in the cardiac transcriptome.
For RNA-sequencing on cardiac tissue obtained from WT and mORF4ΔATG mice, 
poly-a purified libraries were prepared using the TruSeq Stranded mRNA Library Prep 
Kit (Illumina) according to the manufacturer’s protocol. Strand-specific single-end 75 
bp reads were generated on an Illumina NextSeq 500. Samples were sequenced 
to an average depth of 20.2 ± 2.8 million reads (mean ± sd). Reads were mapped 
to mouse reference genome GRCm38/mm10 with STAR v 2.4.2a and expression 
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of genes was quantified using the corresponding ensemble gene annotation list. 
Differential expression was calculated using DESeq2 v1.2 with pooled dispersion 
estimates57. Heatmap of the differentially expressed Downstream GO term analyses 
was performed using DAVID58. Genes were selected that were significant down- and 
upregulated a p-value lower than 0.01. GO terms with an EASE Score lower than 
0.05 were considered as significantly enriched in differentially expressed genes.

Prediction of smORFs in cardiac transcriptome
Potential smORFs in the mouse cardiac transcriptome were identified using the 
integrated pipeline designed by Mackowiak et al7. This pipeline predicts coding 
potential of smORFs based on four conservation features between 5 different species: 
depletion of non-synonymous mutations in the potential smORFs (phyloCSF); 
conservation of the reading frame; and nucleotide conservation around the start and 
stop codon (phast-Cons). The list of potential smORFs in the mouse transcriptome 
was further filtered by selecting only the smORFs that did not overlap with an 
annotated coding exon, that were not contained in a longer ORF predicted by the 
pipeline and that did not overlap by more than 50% with annotated retrotransposons. 
Next, only smORFs were kept that had a BLAST match to a smORF predicted in the 
human transcriptome, or that had a conserved start and stop codon, splice sites and 
no frameshifts or premature stop codon. We then selected the smORFs present in 
transcripts that were detected by RNA-sequencing with at least a RPKM of 0.1. This 
resulted in 216 unique smORFs present in a total of 274 transcripts. A careful study 
of the list of selected smORF candidates revealed 6 candidates that, at the time 
of the screening, did not have a characterized cardiac function. In addition, qPCR 
analysis also revealed one candidate (mORF1/ 1810058i24Rik,hORF1/LINC01420) 
that contained a smORF meeting the filtering criteria but was not detected above 0.1 
RPKM in the RNA-sequencing. Given that RT-qPCR analysis revealed expression of 
this candidate at reasonable levels (Ct values between 28-29 in mouse hearts), this 
candidate was also selected for downstream analysis.

Plasmid constructs
N-terminal FLAG-tagged constructs of the micropeptide candidates were obtained 
by cloning the open reading frame of the mouse (mORF) and human (hORF) 
peptides into a pcDNA3.1 vector containing a FLAG sequence. Primers, restriction 
enzymes and length of the ORFs are depicted in table 1. The Cas9-FLAG-gRNA was 
cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 backbone vector (Addgene 
plasmid #42230). The Cas9-ΔATG-gRNA1 and Cas9-ΔATG-gRNA2 were cloned 
into the pSpCas9(BB)-2A-GFP backbone vector (pX458, Addgene plasmid #48139). 
Primer and gRNA sequencing are depicted in table 2.  Forward and reverse primers 
contained the full gRNA sequencing and were annealed to form a duplex DNA, with 
overhangs for correct insertion into the vectors following Bbs1 digestion. The donor 
DNA template containing the sequence for the FLAG epitope and flanking homology 
arms for mORF4 was purchased as a single-strand ultramer DNA oligo from IDT. 
The ultramer consisted of the following sequence: 
5’TCCCGAAGGGACTCCCAGTGGAGGTAGTAGCACTCTCCCCTCGGCG-
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CCTCCTCCTGCATCTGCTGGACTCAAGTCGCATCCACCCCCCCCAGAGAAG-
GACTACAAAGACGATGACGATAAATAGTGAAATAGATTTTTTTCCCAGCCG-
AAATCAGGTCAGATTCTTTCGTTCTCATCTGGGACATCCAGGCTCTCTGAA3’.
The bold sequence highlights the FLAG epitope, the red bases depict the blocking 
mutations to prevent subsequent cleavage by Cas9 after correct insertion of the 
donor template.

Table 1
Cloning constructs and primers used for FLAG-tagged micropeptide candidates

Construct Length Primers Restriction 

FLAG-
mORF1 157

Fw 5’-CGGAATTCCTCCAGTTCCTGCTTGGATTTAC
Rv 5’-CGCTCGAGTCAGGAACTAGGGGGCTTC EcoR1/Xho1

FLAG-
hORF1 157

Fw 5’-CGGAATTCCTCCAGTTCCTGCTTGGATTTAC
Rv 5’-CGCTCGAGTCATGCACTAGGGGGTTTCTTC EcoR1/Xho1

FLAG-
mORF2 313

Fw 5’-CGGAATTCGAGAGAAACAGTTCTTTCTTCAACTCTG
Rv 5’-CGCTCGAGCTAGACAAGCAGTGATGGTCTCTTC EcoR1/Xho1

FLAG-
hORF2 317

Fw 5’-CGGATATCCTGAGAGAATCAGTGCCTTCTTCAGC
Rv 5’-CGGCGGCCGCCTAAACAGGCAGTGATGGTCTCTTC EcoR1/Not1

FLAG-
mORF3 245

Fw 5’-CGGATATCCTGAGACCGCGGTGATTGGG
Rv 5’-CGGCGGCCGCTCACACAACAGTCCAGAAGTTCTG EcoR1/Not1

FLAG-
hORF3 245

Fw 5’-CGGATATCCTGAAACGGCAGTGATTGGGGTG
Rv 5’-CGGCGGCCGCTCACATGAAGGTCCAGAAGTCCTG EcoR1/Not1

FLAG-
mORF4 220

Fw 5’-CGGAATTCGGGGACCAACCTTGTGCC
Rv 5’-CGCTCGAGCTACTTCTCCGGAGGAGGAGG EcoR1/Xho1

FLAG-
hORF4 224

Fw 5’-CGGATATCCTGGAGACCAACCTTGTGCCTC
Rv 5’-CGGCGGCCGCCTACTTCTCCGGAGGAGGAGG EcoR1/Not1

FLAG-
mORF5 190

Fw 5’-CGGAATTCTTTCAAACCTTGATTCAAAAAGTCTGGG
Rv 5’-CGCTCGAGTTAGTGATGGCCATGGGCAG EcoR1/Xho1

FLAG-
hORF5 190

Fw 5’-CGGAATTCCTTCAAAGTATTATTAAAAACATATGGATCCCC
Rv 5’-CGCTCGAGTTAGTGATGACCAGGAGCAGG EcoR1/Xho1

FLAG-
mORF6- 217

Fw 5’-CGGAATTCGGTCCCGCCGACGC
Rv 5’-CGCTCGAGCTAAATGTGTACCTGCAGGCGG EcoR1/Xho1

FLAG-
hORF6 222

Fw 5’-CGGAATTCGCGGCGGCTCTGTCG
Rv 5’- CGGCGGCCGCTCAATGGATCTCAATATGAACCTGCAG EcoR1/Not1

FLAG-
DWORF 121

Fw 5’-CGGAATTCGCTGAGAAAGAGTCAACATCACCAC
Rv 5’-CGCTCGAGCTAGAAGAAGACAATGTAAATAACGATGATGC EcoR1/Xho1

FLAG-
hDWORF 121

Fw 5’-CGGAATTCGCTGAAAAAGCGGGGTCTAC
Rv 5’- CGCTCGAGCTAAGAGAAGACAACATAAATCATTATGATGCAG EcoR1/Xho1

Table 2
Cloning constructs and primers used for gRNAs

Construct gRNA sequence Primers

Cas9-FLAG-gRNA CAAGTCGCACCCTCCTCCTC
Fw5,-CACCGCAAGTCGCACCCTCCTCCTC
Rv5’’-AAACGAGGAGGAGGGTGCGACTTGC

Cas9-ΔATG-gRNA 1 ACCAGAGAAAACTAACGCTC
Fw5’-CACCGACCAGAGAAAACTAACGCTCG
Rv5’- AAACGAGCGTTAGTTTTCTCTGGTC

Cas9-ΔATG-gRNA 2 TGGTGGGAGCGTGGATCTCC
Fw5’-CACCGTGGTGGGAGCGTGGATCTCC
Rv5’-AAACGGAGATCCACGCTCCCACCAC

Cell culture and transfection of HEK293T and HIH/3T3 cells 
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HEK293T cells and NIH/3T3 cells were grown in Dulbecco’s Modified Eagle Medium 
(DMEM), 4.5 g/l d-glucose, GlutaMAX, pyruvate (Gibco, #31966021) supplemented 
with 10% fetal bovine serum (FBS) (Sigma-Aldrich, #F7524). Cells were cultured in a 
humified incubator at 37°C and 5% CO2. All cell lines were controlled for mycoplasma 
contamination at least once every three months and discarded if found positive.
For transfection of HEK293T cells with the FLAG-tagged micropeptide candidates, 
cells were grown to a confluency of 30-40%. Next, cells were transfected with 1 μg 
(for m/hORF2, 4 and (h)DWORF) or 2 μg (for m/hORF1, 3, 5, 7) of plasmid DNA 
using PEI transfection reagent (Polysciences, Inc #23966) in a 1:3 DNA(μg):PEI(μg) 
ratio. As a control, cells were transfected with an equal amount of empty vector 
plasmid DNA. Cells were transfected for 2 day followed by collection of the cells for 
protein analysis.
For generation of the NIH/3T3 mORF4-FLAG and mORF4-FLAG/ΔATG cell lines, 
NIH/3T3 cells were grown to a confluency of 30%. Next, cells were co-transfected 
with 5 μg Cas9-FLAG-gRNA plasmid (pX330) and 1.125 μg donor DNA template 
using 5 μl P3000 reagent and 5 μl Lipofectamine™ 3000 Transfection Reagent 
(ThermoFisher Scientific, # L3000015). After 2 days of transfection, cells were 
selected using 7,5 ug/ml puromycin (Life Technologies, #A1113803) for 3 days. 
Surviving single cells were clonally expanded and genotyped for correct insertion 
of the FLAG-epitope into the mORF4 locus. Genotype primers (FLAG PCR primers) 
used for validation of correct FLAG-epitope knock in are depicted in table 3. Correct 
insertion of the FLAG-epitope in one clone was followed by expansion of this cell line 
(named NIH/3T3 mORF4-FLAG) and collection of cells for DNA and protein analysis
To remove the mORF4 start codon, NIH/3T3 mORF4-FLAG cells were grown to a 
confluency of 30% and transfected with 5 μg Cas9-ΔATG-gRNA1 and Cas9-ΔATG-
gRNA2 plasmid (pX458) using 10 μl P3000 reagent and 5 μl Lipofectamine™ 3000 
Transfection Reagent. After transfection for 2 days, single cells were sorted based 
on GFP expression with FACS Aria III (BD Biosciences) into wells of a 96-well plate 
and clonally expanded. Cells were genotyped to validate the correct removal of the 
mORF4 start codon with PCR using primers (ATG PCR primers) depicted in table 
3. Clones with correct genotypes were expanded and collected for DNA and protein 
analysis.

Table 3
Primers used for PCR validation of correct FLAG-tag insertion and removal of the 
mORF4 start codon

Target Primers

FLAG PCR
primers

Fw 5’-CGCTCCCACCAGGAAATAC
Rv5’-CGCAATCAAATACCTATTTCATCCA

ATG PCR
primers

Fw 5’- GAGGAGGCGGAGAAGGGATATA
Rv5’- CAGGACACAGCGCTTTTTTGGA

Western blot analysis
To obtain protein extract from cell lines, cells were lysed at 4°C with RIPA buffer (50 
mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton x-100, 
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pH 7,4; freshly supplemented with cOmplete EDTA-free Protease Inhibitor Cocktail 
(Sigma-Aldrich, #11836170001). Cellular debris was removed by centrifugation at 
4°C and 15000*g. The supernatant was collected for downstream applications.
For NIH/3T3 WT, mORF4-FLAG and mORF4-FLAG/ΔATG cells, 2 mg of protein 
extract was immunoprecipitated with mouse a-FLAG beads (Sigma-Aldrich, A2220). 
The unbound protein fraction after immunoprecipitation was collected to validate 
equal loading of proteins onto the beads by downstream GAPDH immunoblotting. 
Proteins were size separated by SDS-page electrophoresis and transferred to a 0.45 
mm PVDF membrane (Merck Millipore, #IPVH00010) or a 0.2 mm PVDF membrane 
(Bio-rad, #1620177). Proteins were detected using a-FLAG (1:5000, Sigma-Aldrich, 
#F3165), a-PP2A, C subunit, clone 1D6 (1:5000, Merck Millipore, #05-421), a-PP2A/
A-PR65 (Merck Millipore, #539509) or a-GAPDH (1:5000, Millipore, #MAB374). 
Blots were imaged with an ImageQuant Las 4000 (GE Healthcare Life Sciences).

Quantitative real-time PCR
Total RNA was isolated from mouse and human cardiac tissue with TRIzol reagent 
(ThermoFisher Scientific, #15596018) according to the manufacturer’s instructions. 
Total RNA (1μg) was used for mRNA based reverse transcription using the iScript 
cDNA Synthesis Kit (Bio-Rad, # A1517001). Real-time PCR was performed using 
iQ™ SYBR® Green Supermix  (Bio-Rad, #170-8885). Transcript quantities were 
normalized for endogenous loading using Hprt for mouse and RPL32 for human.

Table 4
qPCR primers

Target Primers

mORF1
Fw 5’-GCTCCAGTTCCTGCTTGGATTTAC
Rv 5’-CAGGCATCAGGAACTAGGGG

hORF1
Fw 5’-TGCTTGGATTTACACTGGGCA
Rv 5’- TCTTCTTGGCATCCAAGTCCT

mORF2
Fw 5’-AAGAGCAACCAACAGCCAGA
Rv 5’- CTTGGGCTGAGCAGAGATCC

hORF2
Fw 5’-TCAGCTCTATCTGGGACACCA
Rv 5’-ATCACCAAGAGTGGCAGGC

mORF3
Fw 5’-ATGGTGGCAGTGCTTTTTGTC
Rv 5’-GTGAAGCTACGTCTGGAGCTG

hORF3
Fw 5’-AAGCTTCTCTCTTCACGGGG
Rv 5’-GCGGGTGAGTCTGACCCATC

mORF4
Fw 5’-GGACTCAAGTCGCACCCTCC
Rv 5’-AAGCCATACTGCAGTCCCTCA

hORF4
Fw 5’-ACCAGTCTTTGAGTGATTGCAG
Rv 5’-GGACACCAGAAAAAGCAGGGTA

mORF5
Fw 5’-TCTGGGTCCCCATGAAACCC
Rv5’- GCAGGTGCAGGACCTTTCAAAG

hORF5
Fw 5’-GCTTTGAAAGCTTCAGCGCC
Rv 5’- ACAGTGACGTTCCACGCTCC

mORF6
Fw 5’-CTGCTCGCCTTCTTCGAGCT
Rv 5’-CGCAGACAAGGCTCTAAATGTGT

hORF6
Fw 5’-CCCGCTCCTATGGGGTCTTC
Rv 5’-CTCAATATGAACCTGCAGGCGG
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DWORF
Fw 5’-GGCTGAGAAAGAGTCAACATCACC
Rv 5’- GGTGTCAGATTGAAGTCTTCTTCCTT

hDWORF
Fw 5’-ATGGCTGAAAAAGCGGGGTC
Rv 5’- CTTCTTGCCTTTCTAAGAGAAGACAAC

mORF4
start codon

Fw 5’-GAGAAAACTAACGCTCTGGTCCTG
Rv 5’-CGTGGATCTCCCGGAGGC

Cacna1c -
mouse

Fw 5’-AAGCTGGCCAGGACTGCC
Rv 5’-GGGTGGGGATTCTCCATCGG

Cacna2d1 -
mouse

Fw 5’-CCGATATTATCCAGCTTCTCCATGGG
Rv 5’- TGAGCATGTCCTTGGGGGAT

Cancna2d2 -
mouse

Fw 5’-AGCAGCACACGATGCAGCA
Rv 5’-CTCCTGCACTTCAAACAGGTTCC

Cacna1g -
mouse

Fw 5’-AGCCCCAGATCCTGGACGA
Rv 5’-ACCTGTCCTGGAAGAACCGG

Cacna1h -
mouse

Fw 5’-CCTCATCATTGTGGGCTCCTTCT
Rv 5’-TCGTTGGACAGATAGCGGGC

Ephb1 -
mouse

Fw 5’-CAAACCAAGCTGCCCCCTCC
Rv 5’-CCGGATCTCATAGTCCAGGATTATGC

Ripk3 -
mouse

Fw 5’-TCCACGCCAAGCTAGCAGATT
Rv 5’-CAGCTCTGGGTCCAAGTACGC

Dyrk1b -
mouse

Fw 5’-CAAGCACATCAATGAGGTATACTATGCG
Rv 5’-ACAATGTAGTCGTGGTTGTCGTC

Prag1 -
mouse

Fw 5’-CCTCCAAAGTCAAGGCACCTGTT
Rv 5’-CCCGTGGTGAAGCTGACGT

Pim1 -
mouse

Fw 5’-CCGCGGCGAAATCAAACTC
Rv 5’-CACTCGGGTCCCATCAAAGT

Hprt -
mouse

Fw 5’-AGCCTAAGATGAGCGCAAGT
Rv 5’-ATGGCCACAGGACTAGAACA

RPL32 -
human

Fw 5’-CAACGTCAAGGAGCTGGAAG
Rv 5’-TGGGGTTGGTGACTCTGATG

Isolation of genomic DNA and genotyping of cell lines and mice
Genomic DNA of cells was isolated using the DNeasy Blood & Tissue Kit (Quigen, 
# 69504) according to manufacturer’s instructions. Genomic DNA of mouse ears 
was isolated by lysing tissue overnight at 55°C in lysis buffer (100 mM Tris, 200 mM 
NaCl, 0.2% SDS, 5 mM EDTA, pH 8.5; freshly supplemented with 150 μg Proteinase 
K (Qiagen, #19131)). DNA was subsequently precipitated and washed with ethanol, 
followed by elution in TE buffer (10 mM Tris, 1 mM EDTA, pH 8). 
Isolated DNA was amplified with Taq Roche DNA polymerase (Sigma-Aldrich, # 
4738225001). PCR products were separated with gel electrophoresis and DNA 
bands of clones showing correct genotypes were isolated from the gel using the 
QIAquick PCR Purification Kit (Qiagen, #kit28706). Next, isolated bands were 
sequenced by Macrogen (Amsterdam, the Netherlands).

Ribosomal profiling on the human heart
Ribosomal-profiling data has been obtained from the web application https://shiny.
mdc-berlin.de/cardiac-translatome/. The dataset has been published previously14.

SILAC cell culture and transfection of HEK293T cells
HEK293T cells were grown in DMEM, 4.5 g/l D-glucose, no L-arginine, no L-glutamine, 
no L-lysine, no sodium pyruvate (Life Technologies, #A14431) supplemented with 
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4 mM GlutaMAX (Life Technologies, # 35050061), 1 mM sodium pyruvate (Life 
Technologies, # 11360070) and 10% dialyzed FBS (Pan Biotech). For light SILAC 
medium Lys-0: L-lysine-12C614N2 and Arg-0: L-arginine12C614N4 (Sigma-Aldrich) 
was added. For heavy SILAC medium Lys-8: L-lysine-13C615N2 and Arg-10: 
L-arginine-13C615N4 (Sigma-Aldrich) was added.
For transfection, light- and heavy-labeled HEK393T cells were grown to a confluency 
of 40% in a 10 cm cell-culture dish. Next, cells were transfected with 10 mg of 
plasmid DNA using 30 mg PEI. In the forward experiment, light-labeled cells were 
transfected with the pDEST26_FLAG_HA (empty vector) and heavy-labeled cells 
were transfected with pDEST26_FLAG_HA_hORF4 (expression vector). In the 
reverse experiment, the light-labeled cells were transfected with the expression 
vector and the heavy-labeled cells were transfected with the empty vector.
After 24 hours of transfection, cells were harvested and lysed at 4°C in lysis buffer 
(25 mM Tris-HCl, 150 mM NaCl, 10 mM MgCl2, 5% glycerol, 1% Triton x-100, pH 
7.4, supplemented with benzonase endonuclease). Cellular debris was removed by 
centrifugation at 4°C and 16000*g. The supernatant was collected for downstream 
immunoprecipitation followed by mass spectrometry.

Immunoprecipitation for mass spectrometry
Light- and heavy-labeled HEK293T cell extracts were immunoprecipitated with 
a-FLAG magnetic beads (Clontech) pre-equilibrated in lysis buffer. After 1 hour of 
immunoprecipitation at 4°C, beads were washed once with lysis buffer and twice 
with DPBS. Beads containing the light- and heavy-labeled samples of the same 
experiment were pooled during the third wash. Proteins bound to the beads were 
eluted with 8M guanidine hydrochloride at 70°C for 10 minutes. Protein eluates were 
ethanol precipitated overnight at 4°C with 100% LC-MS grade ethanol. Afterwards, 
proteins were pelleted by centrifugation at 13000*g for 1 hour at 4°C and air-dried. 

Wessel-Flügge precipitation of input proteins
Before immunoprecipitation, a small sample of the light- and heavy-labeled HEK293T 
cell extracts were collected and pooled for input measurements (20 mg of proteins 
for both light- and heavy-labeled samples of the same experiment). Proteins were 
diluted to a total volume of 200 μl with LC-MS grade water. Next, 800 μl LC-MS grade 
methanol was added, followed by 200 μl chloroform and 600 μl water. Between 
addition of each solution, samples were mixed and briefly centrifuged. Afterwards, 
the samples were vortexed and centrifuged for phase separation. The upper phase 
was discarded and 600 μl methanol was added, vortexed and centrifuged for 5 
minutes at 13000 rpm. The supernatant was carefully discarded and the pellet air-
dried.

In solution proteins digestion and Stagetip purification
Protein pellets were solubilized in 20 μl denaturation buffer (6M urea, 2M thiourea, 10 
mM HEPES, pH 8.0). This was followed by reduction with 10 mM DTT in ABC buffer 
(50 mM NH4HCO3 in LC-MS grade H2O) for 30 minutes and alkylation with 5.5 mM 
iodoacetamide in ABC buffer in the dark for 20 minutes. Next, proteins were digested 
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with 2μg Lysyl Endopeptidase (mass spectrometry grade, Wako, Japan) for 3 hours 
at room temperature while shaking. The digested samples were 5 times diluted 
with 50 mM ABC buffer and further digested with 4 μg trypsin (modified sequencing 
grade, Promega) in ABC buffer, supplemented with 10% [v/v] trifluoroacetic acid 
dissolved in LC-MA grade H2O. Afterwards, digestion was terminated by addition of 
0.7% [v/v] trifluoroacetic acid.
Digested peptide solutions were desalted and concentrated by stop-and-go extraction 
tips (StageTip) containing three discs of C18 reverse-phase material. StageTip was 
activated by forcing 100 μl methanol through the discs by centrifugation (2 minutes 
at 5000 rpm). Remaining organic solvent was removed by addition of 100 μl buffer A 
(5% [v/v] acetonitrile, 3% [v/v] trifluoroacetic acid in LC-MS grade H2O) followed by 
centrifugation. The peptide sample was then loaded on the C18-StageTip, centrifuged 
and the column was washed twice with buffer A. The peptide samples were eluted 
from the C18-Stage-Tips in 60ml buffer B (80% [v/v] acetonitrile, 0.1% [v/v] formic 
acid in LC-MS grade H2O) into an autosampler plate. Next, samples were dried by 
vacuum centrifugation to a volume of 2-3 μl and buffer C (5% [v/v] acetonitrile, 0.1% 
[v/v] formic acid in LC-MS grade H2O) was added to a final volume of ~8μl.

Liquid chromatography and mass spectrometry
Peptide samples were separated by reversed phase liquid chromatography using 
EASY-nLC 1000 Liquid chromatograph (ThermoFisher Scientific), together with in-
house manufactured 20 cm silica microcolumns with an inner diameter of 75 μm, and 
packed with ReproSil-Pur C18-AQ 3μm resin (Dr. Maisch GmbH). Peptides were 
separated on an 8-50% acetonitrile gradient with 0.5 % formic acid at a nanoflow 
rate of 250 nl/min. Eluting peptides were directly ionized by electrospray ionization 
and transferred into a Q-Exactive Plus Orbitrap mass spectrometer (ThermoFisher 
Scientific). Mass spectrometry was performed in the data dependent mode with one 
full scan (MS), followed by fragmentation scans (MS/MS) of the 10 most intense ions. 
The precursor ion scans (MS scans) were performed in the Orbitrap mass analyzer 
with following settings: m/z (mass to charge ratio) range = 300-1700, resolution = 
70000, target value = 3 x 106, maximum injection time = 120 ms. Precursor ions 
were fragmented by high energy collisional dissociation (HCD) and MS/MS scans 
were performed with resolution = 35000, target value = 5 x 105, maximum injection 
time = 120 ms, isolation window = 4.0 m/z, normalized collision energy = 26%. Ions 
with an unassigned charge state and singly charged ions were rejected. Precursor 
ions used for MS/MS were dynamically excluded for 30 seconds.

Analysis of mass spectrometry data 
Raw data files were processed by MaxQuant software (version 1.5.1.2) using the 
built-in Andromeda search engine against a target-decoy database containing the 
forward and reverse sequences from the Uniprot human proteome release 201402 
with added micropeptide sequences. By default, sequences of common contaminants, 
such as keratins, were also included in the search. Carbamidomethylation of 
cysteine was used as fixed modification; oxidation of methionine and acetylation 
of the protein N-terminus were set as variable modifications. Trypsin/P specificity 
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(cleave C-terminal to lysine and arginine residues also if a proline follows) was 
selected, minimal peptide length of 7 amino acids was required and a maximum of 2 
missed cleavages were allowed. False discovery rate was set to 1% for both peptide 
and protein identifications. Each protein group was required to contain at least one 
unique peptide. The option “requantify” was enabled.

Co-immunoprecipitations
HEK293T cells were transfected with an empty vector or a FLAG-hORF4 vector 
using the same approach as for the SILAC experiments. Afterwards, cells were 
harvested and lysed in lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 10 mM MgCl2, 
5% glycerol, 1% Triton x-100, pH 7.4, supplemented with cOmplete EDTA-free 
Protease Inhibitor Cocktail (Sigma-Aldrich, #11836170001)). 10% of the protein 
extract was collected as input sample and the remaining 90% of the protein extract 
was used for immunoprecipitation against the FLAG epitope. The protein extract was 
added to 20 ml ANTI-FLAG® M2 beads (Sigma-Aldrich, #A2220) pre-equilibrated 
with lysis buffer. Immunoprecipitation was performed overnight at 4°C on a rotator. 
The following day, beads were washed in lysis buffer for 3 times. Elution of the bound 
proteins was achieved by addition of 15 mg triple-FLAG peptide (Sigma-Aldrich, 
#F4799) for 30 minutes at 4°C. Protein elution and input samples were subsequently 
used for western blot analysis.

Culture and differentiation of human induced pluripotent stem cells (hiPSCs)
hiPSCs were obtained from the ATCC (line: ATCC-BYS0112 Human Induced 
Pluripotent Stem Cells) and cultured in Essential 8 Medium (ThermoFisher Scientific, 
#A1517001) on Geltrex -coated plates (ThermoFisher Scientific, #A1413302). Cells 
were kept in a humified incubator at 37°C and 5% CO2. Before differentiation of 
hiPSCs, cells were tested for mycoplasma contamination. Differentiation into 
cardiomyocytes was achieved using a previously described protocol59. In short, 
cells were cultured until 80-90% confluency. On day 0, the medium was replaced 
with differentiation medium: RPMI medium (ThermoFisher Scientific, #72400021) 
containing 0.5 mg/ml recombinant human albumin (Sigma-Aldrich, #A9731), 
0.2 mg/ml L-ascorbic acid (Sigma-Aldrich, #A8960). Differentiation medium was 
supplemented with 5mM CHIR99021 (Sigma-Aldrich, #SML1046). At day two, the 
medium was refreshed with new differentiation medium supplemented with 5mM 
IWP2 (Millipore, #681671). At day 4 and 6, the medium was again refreshed with new 
differentiation medium. On day 8, cultures were transferred to cardio-culture medium: 
RPMI medium (ThermoFisher Scientific, #72400021) containing B-27 supplement 
(ThermoFisher Scientific, #17504001). The medium was refreshed every two days 
for 2 times. Afterwards, the hiPSC cultures were exposed to glucose-depleted/
lactate-supplemented medium to select for cardiomyocytes. This was achieved by 
transferring cells to selection medium: RPMI 1640 without glucose without HEPES 
(Biological Industries, 01-101-1A) containing 0.5 mg/ml recombinant human albumin 
(Sigma-Aldrich, #A9731), 0.2 mg/ml L-ascorbic acid (Sigma-Aldrich, #A8960), 4 mM 
lactate (Chemcruz , #SC-301818A) and 3.5 mM HEPES (Sigma-Aldrich, #H0887). 
Afterwards, cells were cultured in cardio-culture medium for approximately 2-3 days 
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to allow cells to recover. Next, cells were dissociated with 10 X TrypLE™ Select 
Enzyme (Gibco, #A1217701) and replated in geltrex-coated wells with coveslips in 
cardio-culture medium supplemented with 2mM Thiazovivin (Millipore, #420220). 
The next day, the medium was refreshed with cardio-culture medium. After recovery 
for 2 days cells were collected for downstream analysis.
To test the purity of the hiPSC-derived cardiomyocytes, a portion of the cells were 
collected, washed with PBS and fixed in 70% ethanol. Next, cells were permeabilized in 
blocking buffer (5%FBS (Sigma-Aldrich, #F7524), 1%BSA (Sigma-Aldrich, #A9647), 
0.5%Triton X-100) and incubated with a-TNNT2 (1:1500, Abcam, #ab45932) for 1 
hour at 4°C. Cells were washed with blocking buffer and incubated with Alexa Fluor 
488 anti-mouse (ThermoFisher, #A21202) for 30 minutes at 4°C. Afterwards, cells 
were washed twice and incubated with 3 mM DAPI (Invitrogen, #D3571). Percentage 
of TNNT2+ cardiomyocytes was measured using the FACScalibur (BD Biosciences).

Generation and production of AAV6 DNA vectors
The n-terminal FLAG-tagged hORF4 construct was PCR amplified from a pcDNA3.1-
FLAG vector using the primers: 
Fw5’ -GCCTCGAGATGGACTACAAAGACGATGACGATAAA 
Rv5’ -GCTCTAGACTACTTCTCCGGAGGAGGAGG
The PRC product was cloned into the AAV packaging plasmid pZac2.1 by restriction 
with Xba1/ Xho1. Next, the plasmid was used of generation of AAV6 viral vectors by 
the AAV Vector Unit at ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html) 
as described previously60. Briefly, HEK293T cells were co-transfected with a triple-
plasmid for packaging of AAV of serotype 6. Viral stocks were obtained by CsCl2 
gradient centrifugation. Titration of AAV viral particles was determined by qRT-PCR 
for quantification of viral genomes as described previously61. Next, hiPSC-derived 
cardiomyocytes were infected with the AAV6/FLAG-hORF4 virus of AAV6/GFP as 
control. Infection occurred by addition of 5000 viral particles per cell during 2 days. 

Immunofluorescence
Cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 and blocked 
with blocking buffer (0.1% TWEEN20, 3% BSA (Sigma-Aldrich, #A9647), in TBS) 
for 45 minutes. Afterwards, cells were incubated for 2 hours at 37°C in a humidified 
environment with a-TNNT2 (1:1500, Abcam, #ab45932) and a-FLAG mouse (1:500, 
Sigma-Aldrich, #F3165) or with a-PP2A, C subunit, clone 1D6 (1:100, Merck Millipore, 
#05-421) and a-FLAG rabbit (1:500, Sigma-Aldrich, #F7425). Cells were washed in 
blocking buffer coverslips were mounted with ProLong Gold Antifade reagent with 
DAPI (Invitrogen, #P36935). Images were subsequently taken using a Leica TCS 
SPE confocal microscope and processed with Fiji software.

Generation of the mORF4ΔATG mouse line
129/Ola-derived IB10 cells (provided by the Netherlands Cancer Institute, 
Amsterdam) were maintained on irradiated mouse embryonic fibroblasts (MEFs) in 
CM+/+ consisting of G-MEM (Life Technologies, #21710-025) supplemented with 1x 
glutamax (Life Technologies #35050-038), 1 mM sodium pyruvate (Life Technologies, 
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#11360039), 1x non-essential amino acids (Life Technologies, #11140035, USA), 
10% fetal bovine serum,  0.1 mM β-Mercaptoethanol (Merck Millipore, #15433),103 
u/mL LIF (Millipore, #ESG1107). Cells were dissociated with 10x TVP (PBS0, 
supplemented with 1 mM EDTA, 1% chicken serum (Life Technologies 16110082) 
and 10% trypsin 2,5% (Life Technologies 25090028)) at 80% confluency and 
passaged in a 1:5 ratio onto fresh MEFs. 
To remove the mORF4 startcodon, IB10 cells in PBS0 solution were electroporated 
with 10 mg Cas9-ΔATG-gRNA1 and 10 mg Cas9-ΔATG-gRNA2 vector. 
Electroporation was performed with the Biorad Gene Pulser device (Voltage, 0,8kV; 
Capacitance, 3 µF). After electroporation, cells were left for 5’ at room temperature 
before seeding them on fresh MEFs. After 24 hours, cells were dissociated and 
sorted as single-cells based on GFP expression into MEF-seeded 96-well plates 
by FACS Aria III (BD biosciences). Following expansion, clones of IB10 cells were 
genotyped to validate correct removal of the mORF4 start codon with PCR using 
primers (ATG PCR primers) depicted in table 3. After validation of correct start codon 
removal (mORF4ΔATGA), one clone was selected. Potential off-target mutations of 
the 2 gRNA’s used to remove the mORF4 start codon were predicted using the MIT 
CRISPR design tool. The top 4 off-target sites per gRNA were selected and PCR 
amplified in WT IB10 cells and in the mORF4ΔATG clone using the primers depicted 
in table 5. Absence of an off-target mutation was determined by Sanger sequencing 
of PCR products using the sequencing primers depicted in table 5.
Prior to the injection, correct chromosome numbers in cells from the IB10 
mORF4ΔATGA clone were validated by karyotyping. Next, cells were dissociated 
and replated into two gelatin-coated wells from a 12-well plate for one hour at 
37°C. Afterwards, the medium was carefully removed with a pipette and the IB10 
mORF4ΔATGA cells were collected in 1 ml of medium. Cells were pelleted and 
stored on ice until blastocyst injection. Injected blastocysts were subsequently 
introduced into pseudo pregnant B6 mice. One male chimeric mouse containing 
the mORF4ΔATGA mutation in the germ line was selected as founder mouse. 
This mouse was crossbred with a fresh C57BL/6 female mouse and the line was 
backcrossed with C57BL/6 mice for 2 generations. For subsequent experiments, 
mORF4ΔATG mice were used with WT littermates as control.

Table 5
gRNA off-target primers

OT mORF4-ΔATG-gRNA1 mORF4-ΔATG-gRNA2 

1

Fw 5‘-TGGAAGTGTAGCTCAGTGGTAA 
Rv 5’-AGCCATTCAGCCCCAGAAATT 
Seq = same as Fw primer

Fw 5’-GCTGACATCATCACCCAAGC 
Rv 5’-GCCGCCTGCAGGAAAGAT 
Seq = same as Fw primer

2

Fw 5’-CTACCCCCAACATACACACACAAC 
Rv 5’-GACATCAGTGAGCCTACATAGGG 
Seq 5’-GAGACAGTAACTAGTGGAGTGCGT

Fw 5’-GCAAGCATGGCAAGAAGATCGATG 
Rv 5’-TCTTGGCTGGCTCACCGA 
Seq = same as Fw primer
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3

Fw 5’-GCCCTAGGTTTTGAGATCACCGG 
Rv 5’-GGGCTGATTTTCAACCAAGTAC
Seq 5’-GGGTGAGATATGGGTAAAGTAACTG

Fw 5’-CGTTTTAGAGCCTATAGTCATTATTCAGG 
Rv 5’-GTGACGATAAGCCTTACTGGAT 
Seq 5’-GGAGTCAACTAACTGCAGCTG

4

Fw 5’-ACCACAGAGTCAAAGTGGCC 
Rv 5’-TGCACACATGCACATACATTCAC 
Seq = same as Fw primer

Fw 5’-GGTCTTTGGTGTGTGCTGG 
Rv 5’-ATGCAGGGTTCTTCTAATGTGAC 
Seq 5’-CAGGAAAGATCCTTTATAGGTGTGC

Ribosome profiling in combination with RNA-sequencing
Snap frozen left-ventricular mouse tissue of 5 WT and 5 NBDY KO mice (male, 
20 weeks old) were powdered with mortar and pestle while actively cooled using 
liquid nitrogen and dry ice. Between 55 and 90 milligrams (mg) of powdered tissue 
was used as input for ribosome profiling and ±5-10 mg was collected for total 
RNA isolation and mRNA sequencing library preparation.  R i b o s o m e 
profiling was performed using a protocol based on previous work for cardiac tissue 
processing14 and ribosomal footprinting62, combined with the NEXTflex Small RNA-
Seq Kit v3 (Bioo Scientific - PerkinElmer #NOVA-5132-06) for small RNA library 
preparation. In summary, powdered tissue was lysed for 10 minutes on ice in 1 
mL lysis buffer consisting of 1 × mammalian polysome buffer (20 mM Tris-Cl pH 
7.4, 150 mM NaCl and 5 mM MgCl2), 1% Triton X-100 (Sigma-Aldrich #T8787-
100ML), 0.1% IGEPAL CA-630 (Sigma #18896-100ML), 1 mM dithiothreitol (DTT; 
Sigma-Aldrich #646563-10X.5ML), 10 U ml−1 DNase I (ThermoFisher Scientific 
#AM2222), cycloheximide (0.1 mg ml−1; Sigma-Aldrich #C4859-1ML) and nuclease-
free H2O. Lysed samples were centrifuged at 20,000g for 10 minutes at 4°C to 
pellet cell and tissue debris. Per sample, 800μL lysate was further processed as 2 
x 400 μL reactions. Per 400 μL, ribosome footprinting was performed as described 
previously62, using 7.5µl of Ambion RNase 1 (ThermoFisher Scientific #AM2295; 
100U/µl) and terminated after 45 minutes through the addition of 15 µl SUPERase 
RNase inhibitor (ThermoFisher Scientific; #AM2696; 20 U/ µl). Ribosome protected 
footprints were size selected using Illustra Microspin sephacryl S-400 HR columns 
(GE healthcare/Sigma; #GE27-5140-01) and further purified using TRIzol LS 
(ThermoFisher Scientific #10296028) and the Zymo Research Direct-zol RNA 
micro kit (#R2061). Isolated footprints were depleted for ribosomal RNA using the 
RiboZero Magnetic Gold kit (Illumina #MRZG12324), after which reactions were 
purified using the Zymo Research RNA Clean & Concentrator-5 kit (#R1013). The 
± 28-30 nucleotide ribosome footprints were further size-selected on 15% TBE-
UREA mini gels (ThermoFisher Scientific #EC68852BOX), eluted from the gel using 
nuclease-free water, ammonium acetate and SDS, and precipitated in the presence 
of glycogen and 2 volumes icecold isopropanol. Phosphorylated RNA footprints 
(NEB T4 PNK; New England Biolabs #M0201) were then used as input for small 
RNA library prep using the NEXTflex Small RNA-Seq Kit v3. Libraries were prepared 
exactly according to manufacturer’s instructions (V19.01). Final libraries were 
then size-selected on 8% TBE gels (ThermoFisher Scientific #EC6215BOX) and 
their distribution was checked on a Bioanalyzer 2100 using a high sensitivity DNA 
assay (Agilent; #5067-4626), yielding library molecules with an average size of 157 
basepairs. Multiplexed Ribo-seq libraries were sequenced on 3 lanes (± 31/3 samples 
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per lane) of an Illumina HiSeq 4000, producing single end 1x51nt reads. 
From 5-10 mg of the same powdered tissue samples used for Ribo-seq, total RNA 
was isolated using TRIzol Reagent (Invitrogen; #15596018). Total RNA was DNase 
treated and purified using the RNA Clean & Concentrator™-25 kit (Zymo Research 
#R1018). RIN scores were measured on a BioAnalyzer 2100 using the RNA 6000 
Nano assay (Agilent; #5067-1511), yielding RIN values that ranged between 8.7 
and 9.1. Poly(A)-purified mRNA-seq libraries were generated TruSeq mRNA 
Reference Guide using 500ng input RNA. Library size distributions were checked on 
a Bioanalyzer 2100 using a DNA 1000 assay (Agilent; #5067-1505), yielding library 
molecules with an average size of 310-340 basepairs, multiplexed and sequenced 
on 2 lanes of an Illumina HiSeq 4000 (5 samples per lane), producing paired 2x101nt 
reads.  
Sequenced RNA-seq and Ribo-seq reads were clipped for adaptor sequences. 
Additionally, RNA-seq reads were trimmed for the first 11 and the last 9 bp for 
each pair. RNA-seq reads were trimmed to 29-mers in order to avoid mapping 
or quantification bias due to read length or filtering when comparing to Ribo-seq 
datasets. Next, RNA-seq and Ribo-seq reads were filtered for mitochondrial RNA, 
rRNAs, and tRNAs. Finally, all datasets were mapped to the mouse genome using 
STAR v2.7.1a, allowing 2 mismatches per read63.
To quantify gene expression we counted sequenced reads mapping to CDS 
regions of genes (Ensembl Release 85), using HTSeq-count64. We obtained a list 
of differentially expressed and translated genes using DESeq257, and we identified 
translationally regulated genes by using deltaTE, a method standing for changes in 
Translational Efficiencies65. We only considered genes with an average RNA FPKM 
≥ 1 (10,598 genes).

Echocardiography
Cardiac function and heart dimensions were evaluated by 2-dimensional 
echocardiography using a Visual Sonics Vevo 2100 Ultrasound (Visual Sonics) on 
mice sedated with 5% isoflurane. M-mode tracings were used to measure the left 
ventricular internal diameter (LVID) as the largest anteroposterior diameter in either 
diastole (LVIDd) or systole (LVIDs). A single observer blinded to experimental groups 
performed echocardiography and another blinded observer performed data analysis. 
Fractional shortening (FS) was calculated according to the following formula: FS(%) 
= [(LVIDd – LVIDs)/LVIDd] × 100. 

Isolation of adult cardiomyocytes
Adult cardiomyocytes were isolated from adult hearts of 8-10 week old mice using 
Langendorff perfusion according to a protocol described in detail previously66. 
Briefly, hearts were horizontally cannulated and perfused with Liberase TL (Roche, 
#5401020001). Afterwards, calcium levels of the cell suspension were gradually 
increased to a final concentration of 1 mM. Cells were left to recover for approximately 
1 hour before starting downstream measurements.

Whole-cell patch clamping
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Peak inward Ca+2 currents were recorded by whole-cell patch clamping as described 
previously67. Measurements were performed in a solution containing 140 mM NMDG, 
4mM KCl, 1mM CaCl2, 1mM MgCl, 6mM glucose, 3mM NaHCO3, 17.5 mM HEPES, 
pH 7.4. Pipettes were pulled using a Sutter P-2000 (Sutter Instrument Company, 
Novato, USA). Pipette solution contained 120mM CsCl, 10 mM C8H20ClN, 3 mM 
MgCl, 1mM CaCl, 2mM Na2ATP, 10 mM EGTA, 5mM HEPES, pH 7.2. Patch pipettes 
has a resistance of 2-3 MΩ after being fire-polished and filled with the pipette 
solution. Calcium currents were recorded in voltage clamp mode, from a holding 
potential of -80mV. After a 300 ms prepulse to -50mV to inactivate sodium channels, 
calcium currents were evoked by 300 ms test pulses from -40 mV to +60 mV with 
10 mV incremental steps. To obtain the I-V curves, peak inward Ca+2 currents were 
normalized to the membrane capacitance to obtain calcium-current densities (ICa) and 
plotted against the test potential. I-V curves of most recordings showed a current-
voltage relationship described by 2 peaks, rather than the expected 1 peak for L-type 
calcium currents in cardiomyocytes. To characterize the current-voltage relationship 
represented by each peak separately, the I-V curve of each cell was divided into a 
part containing the first peak and a part containing the second peak.  For curves 
that only contained 1 peak, no separation was made. Next, these separate parts of 
the I-V curves were fitted for the standard current-voltage relationship of voltage-
dependent calcium channels with the HEKA Fitmaster package using the equation: 

Where ICa depicts calcium-current density and V depict membrane potential. The 
estimated constants Cond, Erev, Vhalf and Slope for the first peak or second peak 
of all individual I-V curves were averaged. These constants were used to plot the 
average I-V curve-fit per peak by calculating the calcium-current densities (Ica) at 
the different test potentials between -40 to +60 mv. Average I-V curve fits of the first 
and second peak showed a current-voltage relationship characteristic for a T-type 
calcium current (maximum current at -20 mV) or L-Type calcium (maximum current 
at 10 mV), respectively. For the I-V curves of individual cells, the calcium-current 
density (ICa) was normalized to the maximum calcium-current density withing that 
cells (ICa/ ICa-max) and plotted against the test potential. To determine the relative T-type 
current and the L-type current within one I-V curve, the current at -20mV (the T-type 
maximum) and at 10 mV (the L-type maximum) was calculated as a percentage of 
the sum of the currents at -20mV and 10 mV. 

Ratiometric calcium imaging
Isolated adult cardiomyocytes were incubated with 10 mM Fluo-4 AM (Invitrogen, 
#F14201) for 15 minutes at 37°C. Afterwards, cardiomyocytes were added to an 
imaging chamber containing 3 ml of control solution-BSA with 1 mM Ca2+ (133.5 
mM NaCl, 4 mM KCl, 12 mM NaH2PO4, 1.2 mM MgSO4, 1 mM CaCl, 10 mM 
HEPES, 11.1mM glucose, 1 mg/ml BSA (Sigma-Aldrich, #A9647), pH 7.4). During 
the whole measurement, the temperature of the solution was kept constant at 
22°. Cardiomyocytes were paced in the chamber using an HSE-HA Stimulator CS 
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(Harvard apparatus) at 1 hertz with a biphasic polarity. Cytosolic calcium levels were 
imaged with a custom-build upright widefield microscope (Cairn research, Kent, UK) 
using a 20X 1.0 NA objective (Olympus XLUMPLFLN20X W). The calcium dye was 
excited with blue LED excitation photons (470 nm) filtered using a 470/40 nm filter 
(Chroma ET470/40X) and reflected towards the objective using a 515 nm dichroic 
mirror (ChromaT515lp). Emitted photons were filtered by a 514 long-pass filter 
(Semrock LP02-514RU). Images were recorded at 100 fps for a total of 3000 frames 
using a high-speed camera (Andor Zyla 4.2 plus sCMOS) with the imaging software 
Micro-Manager (v1.4.23)68. Cytosolic calcium currents during excitation-contraction 
coupling were analyzed using a custom in-house script written in MATLAB (Peaks, 
T.P. de Boer).

Statistical analysis (qPCR). 
The number of samples (n) used in each experiment is indicated in the legends. The 
results are presented as mean ± standard error of the mean. For statistical analyses, 
PRISM (GraphPad Software Inc.) was used. For each dataset the outliers were 
first determined using the Grubb’s test. If a maximum or minimum value reached 
a threshold of P>0.01 it was regarded as an outlier. Next, normality of the dataset 
was test using the Shapiro-Wilks test, where P>0.05 was regarded as a pass for 
normality. If the dataset passed the normality test, the two-sample t-test was used. If 
not, we used the non-parametric Mann-Whitney test. 
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Figure S1.  Extended Sanger sequencing validates correct FLAG-tag knockin and mORF4 start 
codon removal in NIH/3T3 cells. A, Raw and extended Sanger sequencing results of Figure 2C to 
validate correct FLAG-tag knockin into the mORF4 locus. The unquoted number of a sequence highlights 
the result of sequencing the band of the FLAG PCR in Figure 2B with the same unquoted number. Blue 
base pairs highlight the blocking mutations of the donor template. Red nucleotides highlight the FLAG-tag 
DNA sequence. Green nucleotides depict the translation stop codon of the mORF4 open reading frame. 
Note that one allele of the mORF4-flag cell line does not have a FLAG-tag knockin but has a deletion 
of one base pair flanking the gRNA cut site due to non-homologues end joining. B, Raw and extended 
Sanger sequencing results of Figure 2C to validate correct start codon removal of the mORF4 locus. The 
quoted number of a sequence highlights the result of sequencing the band of the ATG PCR in Figure B 
with the same quoted number. The gRNA cut sites are depicted above the sequences. The start codon of 
the mORF4 open reading frame is highlighted in red.
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Figure S2. Extended Sanger sequencing shows correct mORF4 start codon removal in mouse ES 
cells with no off-target mutations. A, Raw and extended Sanger sequencing results of Figure 4B to 
validate correct start codon removal of the mORF4 locus in the mouse genome. B, PCR and subsequent 
Sanger sequencing of WT and mORF4DATG mouse ES cells for the top 4 off-target loci of DATG gRNA1 
and gRNA2 as determined by the MIT CRISPR design tool. The mORF4DATG mouse ES cells were 
subsequently used for blastocyst injections to generate the mORF4DATG mouse model.
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Figure S3. Ribo-seq demonstrates loss of mORF4 translation in the mouse heart upon ablation 
of the start codon. Genomic view of the full 2210013O21Rik gene with normalized read coverage from 
mRNA-seq (in gray) and Ribo-seq (in red) of WT and mORF4DATG hearts. The lower panel shows the 
gene model of LINC01420/NBDY. The green box depicts of open reading frame of hORF4. (Extended 
data of Figure 4D).

Figure S4. Differential expression of genes involved in protein phosphorylation. qPCR analysis on 
whole cardiac tissue to validate differential expression of genes associated with the GO terms (protein) 
phosphorylation in Figure 4J. n=7-8, *P<0.05, two-sample t-test.
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The last decade has seen unprecedented advances in molecular biology and 
computational techniques to unravel the biology of the heart and its diseases. 
Developments in entirely disparate fields of science, such as in genetics, stem-cell 
biology, statistics and computer science, have been brought together to approach 
outstanding questions in cardiac biology simultaneously from different directions. 
Good examples of these multi-disciplinary approaches are applications of CRISPR/
Cas9 and next-generation sequencing in the heart. 
With CRISPR/Cas9, knowledge about the adaptive immune system in bacteria 
was used to apply gene editing in stem cells1,2. In turn, a detailed understanding 
of stem-cell biology has enabled efficient differentiation of these gene-edited stem 
cells into cardiomyocytes. This has allowed for, among others, the detailed study of 
the functions of genes in molecular and electrophysiological processes underlying 
cardiac biology and pathology.  
Next-generation sequencing has already been around for quite some time3,4. 
However, continuing technical advances have produced variations of this technique 
to study transcription-factor binding5, chromatin density5, translation6 and spatial 
gene-expression patterns in the heart7. It has even become possible to obtain 
transcriptome-wide expression profiles from single cells in the heart by single-cell 
RNA sequencing (sc-RNA seq). For sc-RNA seq, a series of technical studies initially 
tried to find an answer to the question: is it possible to obtain transcriptome-wide 
expression data in single cells, and what is the most optimal method8-10? Insights 
obtained in these studies have made the sc-RNA-seq technique readily available, 
resulting in the generation of many high-dimensional sc-RNA-seq datasets. In 
parallel, efforts in the field of computer science and statistics were (and still are) 
ongoing to find optimal algorithms to reduce multidimensional data structures into a 
lower number of dimensions11-13. All this work was performed without a pre-emptive 
idea of how this might be applicable to biology in general or the heart specifically. 
However, high-dimensional sc-RNA-seq data brought together with dimensionality-
reduction algorithms and biological knowledge to make the data understandable, 
has provided valuable insights into (cardiac) biology. 
In this thesis, we described in detail different multi-disciplinary, state-of-the-art 
approaches to tackle unanswered questions regarding biology and pathology of 
the heart. In particular, we have explored the feasibility of applying CRISPR/Cas9 
(chapter 2) and sc-RNA seq in the adult mammalian heart (chapters 3 and 4). 
For sc-RNA seq, we combined data generated with this technique with pre-existing 
and custom-developed bioinformatic approaches. This helped us to study cell-type-
specific gene expression changes and intercellular communication during ischemic 
heart disease. Finally, we used a combination of next-generation sequencing 
approaches and CRISPR/Cas9 to identify previously unknown small open reading 
frames (ORFs) encoding for micropeptides (chapter 5). We confirmed the protein-
coding potential for one small ORF, and functionally characterized the role of the 
micropeptide encoded by the small ORF in cardiomyocytes.
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Application of CRISPR/Cas9 as a versatile tool for genome editing 
in the postnatal heart – promising possibilities but limitations

In chapter 2, we generated a CRISPR/Cas9 mouse line that specifically expressed 
Cas9 in cardiomyocytes in the heart. Our intended objective for this mouse line 
was developing a method that allows for the postnatal editing of genes in the heart 
by targeting CRISPR/Cas9 to genes of interest. This should result in postnatal 
gene knockout by incorrect repair of a double-strand DNA (dsDNA) break through 
non-homologues end-joining (NHEJ), thereby greatly facilitating the generation of 
genetically-modified mice to study in vivo gene function. 
After careful characterization of our mouse line, we validated specific Cas9 expression 
in the nuclei of cardiomyocytes in adult mice. For proof of principle, we directed Cas9 
to two genes in cardiomyocytes using viral delivery of the guide RNAs (gRNAs) 
with adeno-associated virus serotype 9 (AAV9). These genes, T-box transcription 
factor 20 (Tbx20) and Salvador family WW domain-containing protein 1 (Sav1), 
were previously shown to be crucial for adult heart function14. Varying the amount, 
duration or method of gRNA delivery produced similar results. All methods resulted 
in editing a proportion of Tbx20 or Sav1 genes in the heart and reduced RNA levels 
by approximately 50%. However, this translated in only a small or no reduction in 
the protein level of TBX20 and SAV1, and no cardiac phenotype was observed. In 
parallel to our efforts, Carroll et al. used a similar approach but targeted myosin 
heavy chain 6 (Myh6), a vital gene for cardiac contractility15,16. This group did find a 
severe cardiac phenotype when CRISPR/Cas9 was used in the postnatal heart to 
disrupt the Myh6 gene. In collaboration, we performed a side-by-side comparison 
in our mouse line targeting Tbx20 or Myh6. Corroborating our findings and those of 
Carroll et al, we found that targeting Tbx20 did not produce a cardiac phenotype, 
whereas targeting Myh6 resulted in severe cardiomyopathy. Further analysis with 
next-generation sequencing revealed that, for all three genes targeted, only 3-15% 
of all genomes in the heart were targeted. We reasoned that this low efficiency is 
enough to produce a phenotype when disrupting the Myh6 gene, highlighted by 
the fact that a heterozygous knockout of Myh6 already produces a severe cardiac 
myopathy15. However, this low efficiency is likely insufficient to impair cardiac function 
when targeting Sav1 and Tbx20, for which previous studies ablated proteins to 
much lower levels (=>10% of WT levels)14,17. At the time of publication, these results 
highlighted important limitations then using CRISPR/Cas9 to disrupt gene function 
in the postnatal heart. For genes such as Myh6, which are lethal if only a subset 
of genomes int the heart is targeted, CRISPR/Cas9 is a viable option. However, 
CRISPR/Cas9 is potentially less suitable for genes that require gene disruption in 
most, if not all, cells of a certain cell type in the heart. 

New developments to increase the versatility of CRISPR/Cas9 as a tool for 
postnatal gene editing
Since the publication of our method, novel insight and developments have 
increased the viability of using CRISPR/Cas9 for postnatal genome editing in the 
heart. One important observation has been made in genetic-disease models, like 
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those for muscular dystrophy and Wolff-Parkinson-White (WPW) syndrome. In 
these models, the delivery of Cas9 and gRNAs to the heart with AAV9 has been 
used in an attempt to restore the expression of the mutant gene (for muscular 
dystrophy) or the disrupt expression of the mutant allele (for WPW syndrome)18,19.  
Similar gene-editing efficiencies were obtained in these models compared to our 
approach (2-10%). However, unlike postnatal disruption of Tbx20 or Sav1, these 
limited targeting efficiencies were sufficient to alleviate cardiac symptoms present 
in muscular dystrophy and WPW syndrome18-20. One explanation for this difference 
is that, at least for muscular dystrophy, a restoration of 15% of normal dystrophin 
levels is estimated to already alleviate symptoms21. This raises the possibility that 
using CRISPR/Cas9 to target a mutant gene in a disease background might produce 
stronger phenotypical effects in the heart than the disruption of gene function in a 
healthy background. Therefore, genome editing in the postnatal heart could still be 
suitable when studying disease models, and the alleviation of symptoms with AAV9 
delivery of Cas9 and gRNAs presents promising therapeutic opportunities.
Another important development has been the improvement of gRNA design. Our 
gRNAs for Sav1, Tbx20 and Myh6 have been designed using the mit.edu tool, which 
was (and still is) a viable tool for the effective gRNA design22. However, various 
studies have applied increasingly sophisticated computational learning techniques 
using the full sequences of the genome as input23-26. These techniques have steadily 
identified better features in gRNA sequences that determine knockout efficiency, 
resulting in better gRNA-design algorithms. With these newly-developed principles 
of gRNA design, more efficient gRNAs might produce higher targeting efficiencies in 
the postnatal heart, which could make our approach for postnatal gene disruption in 
the heart more viable. 
Gene-editing efficiency of the heart might also be improved by using other methods 
of gRNA/Cas9 delivery. Our method uses AAV9 to deliver the gRNA to Cas9-
expressing cardiomyocytes. However, other methods of non-viral delivery have 
recently been investigated with great interest (reviewed extensively in27). Some of 
these delivery methods, including gold and lipid nanoparticles, efficiently deliver 
Cas9 (mRNA or protein) and gRNAs to the liver and skeletal muscle in vivo28-30. 
It would be interesting to determine the viability of these delivery methods for the 
adult heart. In addition, other methods that efficiently transduce cells with gRNA 
and Cas9 in vitro, like iTOP, could be applied to the postnatal heart to potentially 
increase gene-editing efficiency31. Once high enough efficiencies can be reached, 
Cas9 variants generated by protein engineering offer exciting new possibilities. In 
conclusion, although initial attempts of gene disruption in the postnatal heart using 
CRISPR/Cas9 showed important limitations, ongoing developments continue to 
present promising potential. 
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Single-cell RNA sequencing in the adult heart, a treasure trove for 
new knowledge of cardiac biology and pathology

In chapter 3, we described the development of a protocol that allows for scRNA-seq 
in the adult murine heart. Subsequently, we applied this protocol to the left ventricle of 
the adult heart under physiological conditions and 3 days after ischemia/reperfusion 
(I/R) injury, a model for ischemic heart disease. Sc-RNA seq of the healthy heart 
alone identified almost all major cell types in the heart, except for smooth muscle 
cells. We found significant transcriptional heterogeneity in the cardiomyocyte 
population in the left ventricle, which was previously not well characterized. More 
detailed analysis revealed that this heterogeneity was mainly driven by gradients 
in the expression of well-established cardiomyocytes markers involved in cardiac 
contractility. These included Myh6, ATPase sarcoplasmic/endoplasmic reticulum 
Ca2+ transporting 2 (Atp2a2), Titin (Ttn) and myosin light chain 2 (Myl2). Recent 
studies also observed transcriptional heterogeneity in ventricular cardiomyocytes 
in the human heart32. Differentially expressed genes were related to differentiation, 
contraction and metabolism. Heterogreneity between cardiomyocytes in mouse 
as well as human heart suggests evolutionary conservation, and could indicated 
difference in cellular function.
We also identified a subpopulation of cardiomyocytes characterized by a unique 
transcriptional profile different from all other cardiomyocyte populations. This 
subpopulation was most strikingly defined by enriched Myozenin 2 (Myoz2) expression 
and was recently also identified in the developing human heart33. There, MYOZ2-
enriched cardiomyocytes were found scattered throughout the developing ventricles 
and atria33. Knockout of Myoz2 accelerates the induction of pathological hypertrophy 
in cardiomyocytes following mechanical stress and mutations in its human MYOZ2  
cause hypertrophic cardiomyopathy34,35. This raises the possibility that the Myoz2-
enriched subpopulation of cardiomyocytes responds differently to stresses that 
induce hypertrophy. Further studies to carefully identify all differences between this 
subpopulation and all other cardiomyocytes could yield useful information about 
processes that accelerate or protect against pathological hypertrophy.
We also combined all sc-RNA-seq data obtained from healthy hearts and diseased 
hearts 3 days after I/R (intermediate phase of wound healing). This enabled us to 
determine the differential expression of all genes within a cell type between both 
conditions. Using this approach, we identified Ckap4 as a gene that was explicitly 
upregulated in fibroblasts 3 days after I/R compared to fibroblasts in a healthy heart. 
Functional in vitro studies revealed that Ckap4 knockdown stimulates fibroblasts 
activation. This suggests that Ckap4 upregulation in fibroblasts following IR 
potentially prevents excessive fibrotic remodeling after ischemic injury in the heart, 
which is a strong predictor of an adverse outcome36. Current studies are ongoing 
to determine the fibroblast-specific function of Ckap4 after ischemic injury in vivo. 
Hopefully, this will provide possibilities of enhancing Cakp4 function therapeutically, 
thereby partially restraining fibroblast activity and attenuating the fibrotic remodeling 
after an infarct.
Wound healing after I/R is a dynamic process, consisting of several phases with 



General discussion194

6

divergent cell types present at the damaged myocardium during each phase. 
Therefore, we extended our sc-RNA-seq study in chapter 4 to include the 
immediate phase (1 day after I/R) and a more  chronic phase (14 days after I/R) of 
wound healing. We found differences in the cell types present during each phase. 
In addition, cell types present during multiple phases of wound healing changed 
their transcriptomic profile over time, suggesting a change in cellular function at 
different timepoints. For example, both macrophages and fibroblasts switched from 
a pro-inflammatory to an anti-inflammatory transcriptomic profile as wound healing 
progressed. Previous work showed that communication between various cell types 
plays a crucial role in the recruitment of cells and changes in cell function during 
wound healing in the heart37. Therefore, we aimed to impartially investigate all 
possible intercellular communication at different phases of wound healing. For each 
timepoint following I/R, as well as for healthy hearts, we generated an extensive 
database of potential paracrine-signaling networks between cell types based on the 
expression of ligand-receptor couples. This database could be of particular interest 
for the generation of novel therapies for ischemic heart disease since ligand-receptor 
interaction are relatively easy to target with therapeutic agents such as antibodies 
and small molecules. We validated secretion of 3 ligands in our dataset that were 
upregulated in cardiomyocytes during the immediate phase of wound healing. One 
of these secreted ligands, beta-2 microglobulin (B2M), stimulated fibroblasts activity 
in vitro. Similar to Ckap4, modulating the activity of secreted B2M could finetune 
the fibrotic response after an ischemic event, thereby improving cardiac function in 
ischemic heart disease.

Other sc-RNA-seq applications in the cardiac field 
Although the application of sc-RNA seq in the adult heart was initially limited, today 
multiple other studies have used the technique in various cardiac-disease models and 
even in human patients. Two studies by Li et al. and Dick et al. focused specifically 
on macrophages and endothelial cells in healthy and ischemic hearts of adult mice, 
allowing for the sequencing of a higher number of cells from these particular cell 
types38,39. In turn, this large number of cells enabled detailed stratification of the 
macrophages and endothelial cells into subpopulations with different predicted 
functions based on their transcriptomes. Similar subpopulations of macrophages 
were independently identified by another sc-RNA-seq study of all non-cardiomyocyte 
cell populations during ischemic heart disease40. Studies by Nomura et al. and Martini 
et al.  provided similar databases but focused on cardiomyocytes or all immune 
cells after transaortic banding (TAB), which is a model study pathological cardiac 
hypertrophy in mice41,42. For cardiomyocytes, this revealed that P53 expression is 
required for the transition of hypertrophic cardiomyocytes into failing cardiomyocytes, 
providing a potential therapeutic target41. Finally, sc-RNA-seq studies have recently 
been extended to the human heart under healthy conditions and during end-stage 
heart failure due to ischemic heart disease or dilated cardiomyopathy32,41. All these 
efforts provide a large single-cell atlas of the heart covering multiple diseases in both 
mouse and human.
Although sc-RNA sequencing the adult heart has improved our understanding of 
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heart biology and pathology at single-cell level, it fails to provide information about 
the spatial localization of cells in the heart. Other techniques like Tomo-seq or spatial 
transcriptomics can reveal spatial gene expression patterns but are unable to reach 
single-cell resolution43,44. A recent study elegantly combined spatial transcriptomics 
with sc-RNA seq to create a spatial gene-expression map of the developing heart 
on single-cell resolution33. Future studies combining both approaches in heart 
diseases could yield valuable information about pathological processes. Ischemic 
heart disease should be particularly suitable for this technique since this disease 
has a strong spatial component. Infarcted regions in this disease consist of a fibrotic 
infarcted area, a border zone containing cardiomyocytes interspersed with fibrotic 
regions and a remote zone consisting of healthy myocardium7. Combining sc-RNA 
seq with spatial transcriptomics should create a spatial-transcriptomic map of each 
zone at single-cell resolution, potentially identifying zone-specific rare cell types 
such as proliferating cardiomyocytes. In contrast to other techniques, however, 
the combination of sc-RNA seq with spatial transcriptomics would reveal the full 
transcriptome of these rare cell types.
One important aspect to note is that while the application of sc-RNA-seq in the adult 
heart is increasing, most studies have focused on generating databases. In these 
studies, often one or only a few interesting observations (e.g., differential expression 
of one gene) are pursued further with validation experiments and functional 
studies. However, these databases each contain a vast amount of other biological 
information and are publicly available. To fully harness their potential, more efforts 
will need to be directed towards the datamining of these datasets, preferably by 
(independent) scientific groups, each with a different expertise. Also, it might be 
worthwhile to combine sc-RNA-seq datasets currently available that together cover 
multiple disease models. Finding similarities and dissimilarities between these 
datasets could reveal valuable mechanistic insights into the processes that are 
shared or unique for each disease. Furthermore, because sc-RNA-seq studies of 
adult heart now cover different species, a comparison between species could reveal 
evolutionarily conserved as well as species-specific cardiac processes. Altogether, 
the rise in studies applying sc-RNA seq to the adult heart provides ample exciting 
possibilities to increase our understanding of cardiac biology and pathology. 

Micropeptides as important regulatory nodes in muscle biology

In chapter 5, we detailed the identification, validation and biological function of a 
micropeptide previously not studied in cardiac biology, which we named smORF4. 
We combined improved ORF-prediction methods with ribosomal sequencing (ribo-
seq) and CRISPR/Cas9 to study smORF4 in the heart. After extensive validation of 
the coding-potential of smORF4 in the heart, we found that the micropeptide interacts 
with protein phosphatase 2A (PP2A). In cardiomyocytes, this phosphatase complex 
dephosphorylates multiple proteins vital for calcium transients during excitation-
contraction coupling45. Therefore, we reasoned that smORF4 could regulate calcium 
currents by interacting with PP2A. We indeed showed that knockout of smORF4 
affects calcium handling in adult mouse cardiomyocytes, although it is currently not 
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known if this is due to its direct interaction with PP2A. Follow up studies will focus on 
determining the function of the smORF4-PP2A interaction in the dephosphorylation 
activity of PP2A in the heart.  Ultimately, characterization of smORF4 function in 
cardiomyocytes could contribute to obtaining a more complete understanding in all 
the factor  involved in calcium homeostasis in the heart, and how these factors are 
dysregulated in diseases.
In addition to smORF4, we identified numerous other small ORFs potentially 
encoding a micropeptide in the murine cardiac transcriptome. Furthermore, a 
recent study identified translation of 169 micropeptides in the human heart6. In this 
study, co-expression analysis suggested that many micropeptides are involved in 
mitochondrial processes. For some micropeptides localization to mitochondria was 
also validated. Currently, studies have identified many micropeptides in the heart, and 
results show that various micropeptides have importion regulatory roles in various 
processes crucial for heart function6,46. It is therefore imperative that we gradually 
shift our focus from identifying micropeptides to the careful study of their functional 
role in cardiac biology. Of course, these types of studies are more cumbersome, 
requiring the generation of knockout and/or overexpression models and detailed 
molecular characterization of the molecular effect. However, all these efforts should 
eventually pay off and contribute to a complete picture of the biology of the heart and 
its diseases. 

Concluding remarks

In this thesis, a broad spectrum of different techniques and biological observations 
in the (diseased) adult heart has been described. However, the overarching 
topic connecting all these disparate subjects would be: The application of novel 
techniques developed in other fields to the adult heart, thereby uncovering new 
biological factors or approaching well-studied processes from a fresh perspective. 
Combining these new molecular biology techniques with innovative computational 
methods offers exciting possibilities. However, this multi-disciplinary approach can 
be theoretically and technically challenging, often requiring detailed knowledge 
from unrelated fields of science. This places more responsibility onto researchers. 
Previously, biologists could get by with having detailed knowledge about biological 
processes and the standard molecular biology techniques. However, current 
emphasis on multi-disciplinary approaches makes it necessary to have at least a 
basic understanding of advanced experimental techniques from other fields, and 
often requires at least some affinity with the analysis of large quantities of data. Only 
by combining biological with technical knowledge can reliable conclusions be drawn 
from the results obtained by these new methods. If this can be achieved, however, 
the sky really is the limit in terms of new cardiac biology that can be uncovered with 
this ever-expanding toolbox.
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Samenvatting in het Nederlands

Het hart staat symbool voor elementaire menselijke gevoelens zoals liefde, connectie 
en affectie. Echter, naast de symbolische functie die het hart heeft in vele culturen, 
is het orgaan ook cruciaal voor het normaal functioneren van het menselijk lichaam. 
Het hart is verbonden met de bloedsomloop en zorgt ervoor dat er continue bloed 
door het lichaam wordt getransporteerd. Omdat het hart een cruciale functie vervult 
in het menselijk lichaam ondervinden mensen veel leed als het hart niet goed werkt. 

Het niet goed werken van het hart, ook wel hartfalen genoemd, zorgt 
voor verlies in kwaliteit van leven en resulteert in vroegtijdige dood. Hartfalen is 
gedefinieerd als een aandoening waarbij het hart niet genoeg bloed door de 
bloedsomloop kan pompen en vaak het resultaat van verschillende hartziekten 
waaronder een hartinfarct of pathologische hypertrofie door o.a. hypertensie. Deze 
hartziekten en het resulterende hartfalen zorgen voor de grootse ziekten last in 
onze samenleving. Door veroudering van onze samenleving in combinatie met onze 
westerse levenswijze is het waarschijnlijk dat de prevalentie van deze ziekten alleen 
maar toeneemt. Het grote probleem van deze situatie is dat we nu al geen goede 
medicijnen en therapieën hebben om hartziekten en hartfalen te behandelen en 
tegen te gaan. Het is daarom van groot belang om meer inzicht te krijgen over 
de mechanismen die deze ziekten veroorzaken, en waardoor deze hartziekten 
uiteindelijk overgaan in hartfalen.
 In deze thesis hebben we recent ontwikkelde experimentele methoden 
toegepast op het volwassen hart met als doel om meer inzicht te krijgen in de 
biologische processen in het normale en zieke hart. We beschrijven in detail hoe we 
de protocollen ontwikkelen die de toepassing van deze technieken mogelijk maken. 
Daarnaast beschrijven we meerdere biologisch observaties en inzichten in hart 
biologie en pathologie die we hebben verkregen met deze technieken. 
 Hoofdstuk 2 beschrijft hoe we een muislijn hebben genereerd die het 
bacteriële eiwit Cas9 tot expressie brengt in volwassen hartspiercellen (Cas9 
muislijn). De endonuclease Cas9 kan door middel van guideRNAs (gRNAs) naar 
een specifieke locus in het DNA gerekruteerd worden, waar Cas9 beide strengen 
van het DNA knipt. De resulterende dubbelstrengs DNA-breuk wordt vaak incorrect 
gerepareerd, wat leidt tot mutaties die genen inactiveren. Het doel van de Cas9 
muislijn is om een methode te ontwikkelen waardoor knock-out muismodellen in het 
hart sneller en efficiënter gemaakt kunnen worden. Dit is met de huidige methoden 
een langdurig en duur proces dat veel muizen vergt. In dit hoofdstuk testen we 
of het mogelijk is om in postnatale hartspiercellen 3 genen te inactiveren door 
Cas9 te rekruteren naar deze genen. Dit is gedaan door gRNAs naar het hart te 
brengen met virussen die vooral hartspiercellen infecteren. We laten zien dat deze 
gRNAs effectief in de hartspiercellen terechtkomen. Echter, de efficiency waarmee 
de gRNAs in combinatie met Cas9 mutaties induceren die een gen inactiveren is 
relatief laag. De lage efficiency leidt ertoe dat, voor de 3 genen waarvoor we deze 
methode hebben getest, er maar in 1 geval een cardiaal fenotype is geobserveerd 
waarbij de hartfunctie ernstig verstoord is. Dit terwijl alle 3 de genen een cruciale 
rol hebben voor het normaal functioneren van het hart. We tonen in dit hoofdstuk 
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dus aan dat gen inactivatie door Cas9 in postnatale hartspiercellen kan leiden tot 
een cardiaal fenotype voor sommige genen. Echter, voor veel genen zorgt de lage 
mutatie efficiency van Cas9 niet voor genoeg gen inactivatie, waardoor er geen 
cardiaal fenotype ontstaat. We concluderen dat deze methode dus niet geschikt is 
om de functie van deze gene te bestuderen. Vervolgstudies zijn nodig om de mutatie 
efficiency te verhogen zodat Cas9 ook gebruikt kan worden voor de inactivatie en de 
functionele studie van deze genen.
 Hoofdstuk 3 en 4 beschrijft de toepassing single-cell RNA sequencing in 
het gezonde hart en na een hartinfarct in volwassen muizen. Naast hartspiercellen 
bestaat het hart ook uit andere celtype waaronder macrofagen, fibroblasten, 
endotheelcellen en gladde spiercellen. Elk celtype heeft een ander expressie 
profiel van de genen in het genoom.  RNA sequencing op heel hartweefsel kan het 
genexpressie profiel in de verschillende cel typen niet van elkaar onderscheiden. Dit 
maakt het niet mogelijk om te bepalen waardoor precies verschillen in genexpressie 
in het weefsel ontstaan na een hartinfarct. Het zo kunnen zijn dat cellen van 1 of 
meerdere celtypen bepaalde genen anders tot expressie brengen als gevolg van een 
infarct. Echter, het kan ook zijn dat de cel type compositie in het weefsel veranderd 
wat leidt tot een veranderend genexpressie patroon. Een manier om deze limitatie 
die omzeilen is door de genexpressie in elke individuele cel te bekijken met de single-
cell RNA sequencing techniek. De toepassing van deze techniek in het hart is lastig 
gebleken, vooral omdat hartspiercellen erg gevoelig zijn. Dit maakt het praktisch 
moeilijk om cellen van goede kwaliteit uit het hart te isoleren voor single-cell RNA 
sequencing. In hoofdstuk 3 ontwikkelen we een protocol dat het mogelijk maakt om 
single-cell sequencing in het hart toe te passen in zowel gezonde omstandigheden 
als na een hartinfarct. We laten tevens zien dat een gen genaamd Ckap4 specifiek in 
fibroblasten verhoogd tot expressie komt 3 dagen na een hartinfarct. Deze verhoogde 
expressie zorgt ervoor dat fibroblasten niet te actief worden, waardoor Ckap4 ervoor 
zou kunnen zorgen dat er niet te veel littekenweefsel in het hart gemaakt wordt na 
een infarct. In hoofdstuk 4 breiden we de dataset uit door ook te kijken naar andere 
tijdstippen na een hartinfarct. We bestuderen hoe verschillende celtypen met elkaar 
kunnen communiceren gedurende de verschillende tijdspunten door ligand-receptor 
signalering. We identificeren verschillende liganden die verhoogd tot expressie 
komen in gestreste hartspiercellen na een hartinfarct, wat leidt tot een verhoogde 
secretie van 3 deze liganden in het plasma. In een in vitro model laten we zien dat 
1 van deze 3 liganden, genaamd B2M, ervoor zorgt dat fibroblasten een verhoogd 
activatie hebben tijdens wondheling. Daardoor zou B2M, in tegenstelling tot Ckap4, 
er juist voor kunnen zorgen dat er te veel littekenweefsel gevormd wordt na een 
hartinfarct.
 In hoofdstuk 5 passen we de verschillen nieuwe technieken toe in het hart 
om een heel nieuw biologisch veld te bestuderen, het veld van de micropeptiden. Dit 
zijn eiwitten korter dan 100 aminozuren die eerder over het hoofd gezien waren. Tot 
voor kort was de consensus dat eiwitten in ieder geval langer dan 100 aminozuren 
moeten zijn. Dit was enerzijds omdat men dacht dat een eiwit een minimale lengte 
moet hebben om een stabiele tertiaire structuur te vormen die belangrijk is voor een 
biologische functie.  Anderzijds was dit omdat predictie algoritmen voor de open 



Addendum204

&

leesramen van eiwitten niet betrouwbaar waren voor korte open leesramen. De laatste 
jaren zijn er echter vele eiwitten ontdekt die kleiner zijn dan 100 aminozuren, de 
zogenaamde micropeptiden. In hoofdstuk 5 combineren we nieuwe experimentele 
technieken met recent ontwikkelde predictie algoritmen voor kleine open leesramen 
om micropeptiden te identificeren in het hart. We identificeren meer dan 100 mogelijke 
micropeptiden in het hart en valideren translatie van 1, die we smORF4 noemen. 
Hierna voeren we functionele studies uit in de muis door een smORF4 knockout te 
maken. De uitkomsten van deze studies laten zien dat smORF4 een rol speelt bij 
calcium homeostase in hartspiercellen, wat cruciaal is voor het samentrekken van 
het hart. De resultaten in deze thesis en van andere studies samen tonen aan dat 
er veel micropeptides in het hart tot expressie komen, en dat deze micropeptiden 
betrokken zijn bij belangrijke cardiale processen. Om een compleet inzicht te krijgen 
in de biologische processen in het normale en het pathologische hart is het dus 
belangrijk om de functies van deze micropeptide ook te bestuderen.
 In hoofdstuk 6 vatten we alle resultaten in de thesis samen. We beschrijven 
verschillende tekortkoming van onze studies en hoe deze opgelost zouden kunnen 
worden. Tevens stellen we vervolgonderzoeken voor gebaseerd op de resultaten 
deze thesis in combinatie met nieuwe bevinding van andere studies. 
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