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A B S T R A C T

Our heart is comprised of many diﬀerent cell types that all contribute to cardiac function. An important step in deciphering the molecular complexity of our heart is
to decipher the molecular composition of the various cardiac cell types. Here we set out to delineate a comprehensive protein expression proﬁle of the two most
prevalent cell types in the heart: cardiomyocytes and cardiac ﬁbroblasts. To this end, we isolated cardiomyocytes and ﬁbroblasts from rat hearts and combined stateof-the-art ﬂow cytometry with high-resolution mass spectrometry to investigate their proteome proﬁles right after isolation. We measured and quantiﬁed 5240
proteins in cardiomyocytes and 6328 proteins in cardiac ﬁbroblasts. In addition to providing a global protein proﬁle for these cardiac cell types, we also present
speciﬁc ﬁndings, such as unique expression of ion channels and transcription factors for each cell type. For instance, we show that the sodium channel Scn7a and the
cation channel Trpm7 are expressed in ﬁbroblasts but not in cardiomyocytes, which underscores the importance of investigating the endogenous cell host prior to
functional studies. Our dataset represents a valuable resource on protein expression proﬁles in these two primary cardiac cells types.

1. Introduction
Each myocardial response to a chemical or electrical stimulus is an
orchestrated eﬀort by the various cell types comprising the heart. To
decipher the mechanical, chemical and electrical interactions that take
place among cardiac cell types an essential ﬁrst step is to understand
the molecular composition of each of them. What are the molecular
building blocks of each cell type? What are key characteristics that
make each cell type distinct? What are the molecular components that
form basis for interactions with other cell types and the extracellular
matrix? With recent advances in single cell transcriptomics, these
questions are primarily being addressed at the transcriptome level
[1–4]. These studies have revealed that the heart comprise nine different cell types with 20 subpopulations [4]. This cellular complexity of
the heart is important to take into consideration, for instance when
pursuing functional investigations of cardiac disease associated genes
or when validating novel drug targets. The single cell transcriptome
approaches have revolutionized our view of the cellular composition of
organs. For detailed views of the protein make-up of the cells, these
experiments need to be complemented with orthogonal approaches, as
there are no trivial relationship between transcript and protein

concentrations [5]. The relation between mRNA and protein levels have
been found to correlate with a correlation coeﬃcient of R2 = 0.41 [6].
To bridge the knowledge gap between cardiac cellular mRNA compositions and the corresponding protein compositions, we set out to determine protein expression proﬁles of acutely isolated primary cardiac
cells. We focused on the most prevalent cardiac cell types: cardiomyocytes and cardiac ﬁbroblasts.Cardiomyocytes are the most characteristic cells of our heart, and they account for two thirds of the
cellular volume of the myocardium [1,7,8]. The smaller non-myocyte
cells outnumber the cardiomyocytes. Of these, the cardiac ﬁbroblasts
are among the most prevalent non-myocyte cells [9]. We isolated primary cardiomyocytes and ﬁbroblasts from rat hearts by collagenase
treatment and viable cells were immediately sorted by ﬂuorescenceactivated cell sorting (FACS). Collected cells were analyzed by highresolution mass spectrometry. This dataset describes for the ﬁrst time
the protein expression landscape of primary cells acutely isolated from
hearts and covers 5240 proteins for cardiomyocytes and 6328 proteins
for ﬁbroblasts. Depicting the protein expression landscape of primary
isolated cardiomyocytes and ﬁbroblasts of the heart addresses the
molecular complexity of the heart and provides insight into known and
novel cardiac molecular markers.
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Fig. 1. High-resolution quantitative proteomics analysis of primary cardiomyocytes and cardiac ﬁbroblasts. A. Experimental workﬂow. For isolation of primary heart
cells, hearts were excised from rats and cells were acutely isolated. For cardiomyocytes, cells were isolated by collagenase treatment using a modiﬁed Langendorﬀ
technique. Cardiac ﬁbroblasts were isolated by a dissection method combined with pre-plating for two hours. Viable cardiomyocytes and ﬁbroblasts were sorted by
ﬂuorescence-activated cell sorting (FACS). Proteins were extracted from cells and digested to peptides using trypsin and Lys-C. Peptides were pre-fractionated by
high-pH on an ultra high pressure liquid chromatography (UPLC) system followed by high-resolution tandem mass spectrometry (LC-MS/MS) analysis. Lastly, all
acquired data was analyzed. B. Scatter plot depicting viability FACS sorting of cardiomyocytes (left) and bright ﬁeld microscopy picture of primary cardiomyocytes
acquired immediately after isolation (right). In the scatter plot, ﬂuorescence of viability marker (DAPI) is plotted against FCS-A where each dot represents one cell
and gated viable cells were sorted for further analysis. C. Scatter plot depicting viability of FACS sorted cardiac ﬁbroblasts (left) and bright ﬁeld microscopy picture
(right) of ﬁbroblasts acquired after two hours of pre-plating. Microscopy pictures were acquired at 10× magniﬁcation. D. Table summarizing the total number of
measured proteins in isolated cardiomyocytes and in isolated cardiac ﬁbroblasts. E. Venn diagram representing the overlap between proteins identiﬁed in cardiomyocytes and ﬁbroblasts, respectively.

ﬁbroblasts (pre-plating followed by viability cell sorting versus preplating only) showed a 96% overlap in protein expression proﬁles (Sup.
Fig. S4C), conﬁrming that sorting by large does not modify the protein
expression proﬁle of the cells.
Of all proteins detected, 600 proteins were exclusively identiﬁed in
cardiomyocytes and 1693 proteins were exclusively identiﬁed in ﬁbroblasts (Fig. 1D). Complete lists of proteins identiﬁed in the dataset
are provided in Supplementary Tables S1–S3.

2. Results
2.1. Isolation of primary cardiomyocytes and cardiac ﬁbroblasts from rat
hearts
To investigate protein expression proﬁles, cardiac cells were isolated from rat hearts and analyzed by high-resolution mass spectrometry. Cardiomyocytes were isolated by collagenase treatment using a
modiﬁed Langendorﬀ method, where oxygenated solutions at 37 °C
were perfused through the heart [10–12]. Cardiomyocytes were separated from non-myocyte cells by size exclusion using a cell strainer with
a 20 μm mesh size followed by FACS (Fig. 1A). Acutely isolated cardiomyocytes are represented in Fig. 1B. Cardiac ﬁbroblasts were isolated by a diﬀerent collagenase based isolation method performed at
4 °C [1], which is optimized for ﬁbroblast isolation, followed by a twohour pre-plating step, where ﬁbroblasts adhere to the culture dish and
other cell types are removed by multiple washing steps (Fig. 1A). This
method was applied due to lack of speciﬁc markers for cardiac ﬁbroblasts [1,13–15]. Fibroblasts isolated after a two-hour pre-plating step
are shown in Fig. 1C and in Supplementary Fig. S1. In the subsequent
experiments proﬁling protein expression, we wanted to exclusively
focus our analyses on viable cells. Hence, isolated ﬁbroblasts as well as
cardiomyocytes were sorted by FACS using viability markers. For cardiomyocytes, approximately 60% of the cells were viable by the end of
the isolation process (Fig. 1B), whereas the pre-plated ﬁbroblasts had a
viability above 95% (Fig. 1C). We evaluated whether the cell sorting
procedure aﬀects measured protein expression proﬁles by processing
three biological replicates of pre-plated ﬁbroblasts that were sorted for
viability as well as three biological replicates that were pre-plated only.
To test if the pre-plating procedure for isolating ﬁbroblasts leads to a
cell population contaminated by endothelial cells, we stained isolated
ﬁbroblasts against CD31, an endothelial cell marker, and evaluated
stained cells by ﬂow cytometry (Sup. Fig. S2). From these experiments
we conclude that there is minimal contamination from CD31+ cells in
our cardiac ﬁbroblast population. We collected six biological replicates
of cardiomyocytes and six biological replicates of cardiac ﬁbroblasts.

2.3. Expression proﬁles for commonly used marker proteins
We queried the deep proteome dataset for expression of proteins
that have been applied as cell type markers in the literature. Proteins
that have been reported as markers for cardiomyocytes and ﬁbroblasts
are highlighted in Fig. 2. In these plots, all measured proteins are
ranked according to their abundances, such that the least abundant
proteins are depicted further to the left and the most abundant proteins
are depicted further to the right. Among the most abundant proteins
used as markers for cardiomyocytes are myosin, troponin and desmin.
This is as expected, since these proteins are highly abundant contractile
ﬁlament proteins. Cardiomyocyte markers that are either transcription
factors or adhesion proteins are less abundant. For ﬁbroblasts, vimentin
is the most abundant used marker, whereas Periostin (Postn) is the
lowest abundant marker protein. This presentation conﬁrm that these
marker proteins are indeed expressed at the protein level. However, our
data suggest that most of the ﬁbroblast markers are not speciﬁc for
ﬁbroblasts, e.g. vimentin is also expressed in the cardiomyocytes. In
Supplementary Fig. S5, we show the protein abundance of ﬁbroblast
protein markers in cardiomyocytes. Thus, the data presented in Fig. 2
highlights the internal abundance hierarchy of proteins used as markers, but it does not support the notion of using these proteins as
markers. These ﬁndings suggest that it would be useful to identify new,
speciﬁc, protein markers for cardiac ﬁbroblasts. To identify potential
new ﬁbroblast marker protein candidates, we analyzed the sub-set of
proteins which were exclusively measured in ﬁbroblasts. Among this
sub-set we evaluated which of the proteins were expressed at the
plasma membrane, as we deem a marker protein expressed at the
plasma membrane is useful for most experimental approaches. We
identiﬁed plasma membrane proteins by mapping our dataset onto the
Compartment Database [21]. The Compartment Database contains information on protein subcellular localization along with an evidence
score for the certainty in the localization information. For all proteins,
that were determined to be expressed at the plasma membrane by this
approach, we next queried a cardiac single-nucleus transcriptomics
dataset [16] to evaluate which of them are exclusively expressed in
ﬁbroblasts at the mRNA level. This combined analysis highlights six
proteins. That is, for six proteins we have proteomics evidence that they
are expressed in cardiac ﬁbroblasts and not in cardiomyocytes, we have
localization information that they localize to the plasma membrane,
and we have single cell transcriptomics evidence that their mRNA is
restricted to cardiac ﬁbroblasts and not broadly expressed across cells
(Sup. Fig. S6). These six proteins are: Bcar1, Dlg4, Rnd3, Stx2, Steap3,
Dgka. Our data thus suggests Bcar1, Dlg4, Rnd3, Stx2, Steap3, Dgka as
plasma membrane marker candidates for cardiac ﬁbroblasts.

2.2. Deep proteome measurements of primary cardiomyocytes and cardiac
ﬁbroblasts
The collected replicates of cardiomyocytes as well as ﬁbroblasts
were lysed and proteins extracted [16,17]. Extracted proteins were
digested enzymatically by endopeptidase Lys-C and trypsin and the
generated peptides were pre-fractionated to reduce sample complexity
[18,19] and analyzed on a high-resolution Q-Exactive HF quadrupole
Orbitrap tandem mass spectrometer (LC-MS/MS) [20]. Logarithmized
intensities were normally distributed and biological variability between
replicates was minimal with Pearson correlation coeﬃcients between
measured intensities of [0.84–0.92] for cardiomyocytes and
[0.79–0.93] for ﬁbroblasts (Sup. Fig. S3). In total, we measured 6912
proteins, where 5240 proteins were measured in cardiomyocytes and
6328 proteins were measured in ﬁbroblasts (Fig. 1D). Summaries of
protein identiﬁcations made per biological replicate are provided in
Supplementary Fig. S4. The two protocols evaluated for isolation of
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Fig. 2. Expression proﬁles of commonly used marker proteins
in cardiomyocytes and cardiac ﬁbroblasts. A. Protein rank
plot of cardiomyocytes showing commonly used cell type
speciﬁc markers. Ranking is based on log2 transformed
median protein iBAQ intensities. B. Protein rank plot of cardiac ﬁbroblasts showing abundances of common cardiac ﬁbroblast markers.

To understand and explore cell type speciﬁc GO terms further, an
extended analysis was performed using proteins that were either exclusively identiﬁed in, or being signiﬁcantly more abundant in, one cell
type. This extended GO analysis for cardiomyocytes (Fig. 3B) provided
us with additional enriched functional terms, such as regulation of
cardiac contraction, arrhythmogenic right ventricular cardiomyopathy,
the intercalated disc, PPAR signalling pathway hypertrophic cardiomyopathy and proteins involved in action potential activity. The
equivalent analysis for ﬁbroblasts highlights TNF signalling pathway
and JNK cascades in addition to terms related to transcription and the
nucleus (Sup. Fig. S7).

2.4. Functional diﬀerences in protein expression proﬁles of cardiomyocytes
and ﬁbroblasts
The proteome datasets acquired can be applied to asses functional
diﬀerences between proteins expressed in the two cell populations. To
investigate for similarities as well as diﬀerences in protein expression
between cardiomyocytes and cardiac ﬁbroblasts, we performed an unsupervised hierarchical clustering on normalized protein intensities
(Fig. 3A). The analysis was restricted to proteins measured in all replicates in both cell types. As anticipated for high quality data, the six
biological replicates of each cell type cluster together. For the ﬁbroblasts, sub-clusters are formed for cells that were cell sorted and those
that were not. The analysis highlights several clusters of proteins expressed diﬀerentially between the two cell types. Enriched gene ontology (GO) terms were deduced from these clusters using g:Proﬁler
[22] and are presented in summary next to the clusters in Fig. 3A.
Proteins signiﬁcantly enriched in cardiomyocytes represent mainly GO
terms related to mitochondria, such as mitochondrial translation,
NADH dehydrogenase activity, electron transport chain oxidoreductase
activity, metabolite and energy generation and cellular respiration.
These GO terms reﬂect that cardiomyocytes have a high mitochondrial
density allowing them to produce and consume high amounts of ATP.
Other highly enriched processes in cardiomyocytes are related to lipid
metabolism, such as lipid oxidation and the tricarboxylic acid cycle,
reﬂecting that the main energy metabolism in the heart relies on fatty
acid oxidation [23]. Also, cardiomyocytes are enriched for adherens
junctions.
Enriched processes and functions in the cardiac ﬁbroblasts are
mainly related to translation, hereunder mRNA processing and rRNA
binding, cell cycle and regulation hereof. Cardiac ﬁbroblasts are the
main producer of interstitial collagen and ﬁbronectin; the main components of the extracellular matrix (ECM) which provides the threedimensional structure around the cardiac cells. Accordingly, ﬁbroblasts
are continuously producing matrix components, which explains the
signiﬁcant over-representation of these processes. Another important
function of ﬁbroblasts is to maintain the structural integrity of the heart
by cell-to-cell and cell-to-ECM interactions [24–26], reﬂected in the
hierarchical cluster analysis, with GO terms such as actin binding.

2.5. More than 40 ion channel proteins quantiﬁed in cardiomyocytes and
cardiac ﬁbroblasts
In total, we identiﬁed more than 40 ion channel proteins in the
cardiac cells investigated (Sup. Table S4). In Fig. 4A, a subset of these
ion channel subunits are highlighted in an intensity rank plot for cardiomyocytes and ﬁbroblasts, respectively. In cardiomyocytes, the voltage gated ion channels involved in action potential generation are
expressed as anticipated, such as the voltage-gated sodium channel
Scn5a, the L-type calcium channel Cacna1c and several voltage gated
potassium channels, such as Kcnq1, Kcnd3, Kcnj3 and Kcnj5. A few ion
channels were also measured in the ﬁbroblasts and these diﬀered from
the channels found in the cardiomyocytes. For instance, in the ﬁbroblasts we detect Piezo, as expected, but we also measured Scn7a and
Kcnn3.
The role of ﬁbroblasts in cardiac electrophysiology is discussed, and
it remains to be resolved whether ﬁbroblasts actively contribute to
electrical signal propagation in the heart. In our data, we detect connexin proteins in ﬁbroblasts (Cx37 and Cx43) that could potentially
electrically couple ﬁbroblasts to one-another or to cardiomyocytes via
gap junctions. However, only low intercellular conductance has been
measured between ﬁbroblasts, so it is unknown to which extent they
contribute to cardiac electrical conduction [27–29]. In the cardiomycytes, we measured Cx43 and Cx46 (Fig. 4B). The abundance of connexins in cardiomyocytes is much greater than that found in ﬁbroblasts,
and Cx43 is the dominant form.
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Fig. 3. Functional diﬀerences in protein composition of cardiomyocytes and ﬁbroblasts. A. Hierarchical clustering of protein intensities with gene ontology terms of
enriched clusters. Heat map showing a Euclidian hierarchical clustering of all measured protein intensities in all biological replicates of cardiomyocytes and
ﬁbroblasts. Highly expressed proteins are represented in blue and lower expressed proteins in yellow. To the right of each cluster enriched gene ontology terms are
provided. B. Tree-map for extended gene ontology analysis for cardiomyocytes. Tree-map showing functional enrichment analysis for proteins found only in cardiomyocytes (n = 400) along with over-expressed protein in cardiomyocytes (fold change > 4 and P-value < .05, n = 445) present in at least 3 out of 6 replicates.
The colour represents the signiﬁcance (negative log10 of adjusted P-value) and the size depicts coverage of each gene ontology term. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

67

Journal of Molecular and Cellular Cardiology 143 (2020) 63–70

P.C. Poulsen, et al.

Fig. 4. Ion channel abundances in cardiomyocytes and ﬁbroblasts. A. Rank plots showing protein abundances of selected ion channels in cardiomyocytes (left) and
cardiac ﬁbroblasts (right). Abundances are depicted as median logarithmic iBAQ protein intensities. B. Heat map depicting abundance of selected gap junction
proteins (Cx37, Cx43 and Cx46) across the six biological replicates of cardiomyocytes (CM) and ﬁbroblasts (FB).

2.6. Trpm7 is exclusively expressed in cardiac ﬁbroblasts

Trpm7 channels are low-abundant channels that are consistently expressing functional channels in cardiac ﬁbroblasts across species.

In our data, we observed that the cation channel Trpm7 was exclusively identiﬁed in the cardiac ﬁbroblasts. That is, we did not ﬁnd
any evidence for Trpm7 expression in cardiomyocytes, whereas the
channel was consistently found across cardiac ﬁbroblast samples. Other
studies have also reported Trpm7 expression in cardiac ﬁbroblasts
[30,31]. To evaluate if Trpm7 mediate a functional current in the isolated ﬁbroblasts, we performed electrophysiological patch clamp recordings. First, we isolated ﬁbroblasts from rat hearts. Currents were
elicited by a voltage ramp protocol ranging from −80 mV to +80 mV
from a holding potential of 0 mV. To enhance Trpm7 currents, we
performed all recordings in presence of Caesium, which inhibits K+
currents. Once stable currents were achieved, the extracellular solution
was switched to extracellular solution containing Trpm7 inhibitor. In
the rat ﬁbroblasts, we measured Trpm7 activity as the current sensitive
to the Trpm7 blocker NS8593. NS8593 was originally identiﬁed as a
speciﬁc negative allosteric modulator of the KCa2.x channels, but later
found also to inhibit Trpm7 at 10 μM [32] (Fig. 5A). To evaluate if
Trpm7 mediated currents in ﬁbroblasts extends beyond rat ﬁbroblasts,
we also isolated ﬁbroblasts from pig hearts using a similar strategy and
performed electrophysiological measurements on these. The pharmacology of Trpm7 channels is still in its infancy, and no speciﬁc inhibitor
is commercially available. To substantiate our rat ﬁbroblast ﬁndings
using NS8593 we therefore investigated if another reported Trpm7 inhibitor, 2-APB, would show similar results. To not limit our conclusions
to rat ﬁbroblasts, we isolated cardiac ﬁbroblasts from another species as
well, namely pigs. As for the rat ﬁbroblast experiments, recordings on
pig cardiac ﬁbroblasts were performed in presence of Caesium to enhance Trpm7 currents. Indeed, the current mediated was blocked by 2APB (Fig. 5B). From these recordings we conclude that rat as well as pig
cardiac ﬁbroblasts express functional Trpm7 channels. Taken together
our electrophysiological data and our proteomics data suggest that

3. Discussion
In this study, we present the ﬁrst deep proteome of acutely isolated
primary cardiomyocytes and cardiac ﬁbroblasts from adult rat hearts.
Previously, protein compositions of ﬁbroblast cell lines [33] or ﬁbroblasts grown in culture [34] have been investigated. Here, we focused
on acutely isolated cells to resemble the in-vivo molecular build-up as
closely as possible. We measured 6912 proteins in total, whereof 600
proteins were speciﬁc to cardiomyocytes and 1693 proteins were speciﬁc to ﬁbroblasts. The majority of cardiomyocyte proteins are structural proteins [35]. Those muscular structural proteins, together with
troponins and a few transcription factors have served as cardiomyocyte
markers for decades [10,36]. The study of primary cardiac ﬁbroblasts
has been challenged by lack of speciﬁc markers representing all ﬁbroblast subpopulations [14,37]. The identiﬁcation of ﬁbroblasts is particularly riddled by the lack of reliable markers, in particular membrane
bound ones that enable puriﬁcation by FACS sorting. Herein we propose six new potential plasma membrane markers of ﬁbroblasts. Fibroblasts are best known for their role in the synthesis and remodelling
of the extracellular matrix. However, their involvement in cardiac
physiology is suggested to extend as broadly as to involvement in cardiac regulation by the autocrine and paracrine systems [14] and electrical eﬀects via electrical communication between ﬁbroblasts as well
as between cardiomyocytes and ﬁbroblasts [38,39]. Herein, we provide
evidence for cardiac ﬁbroblasts expressing two diﬀerent connexin
proteins, Cx37 and Cx43, which potentially form an electrical connection between ﬁbroblasts and other cardiac cells. The electrophysiological impact of these proteins in ﬁbroblasts requires additional
functional investigations. Besides connexins, the dataset highlights
diﬀerential expression of speciﬁc ion channels within eachcell type. For
68
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Fig. 5. Trpm7 mediated current in cardiac ﬁbroblasts. Whole-cell voltage-clamp recordings of Trpm7 currents measured in ﬁbroblasts isolated from rat hearts (A) and
pig hearts (B). Left panel shows representative current recordings before and after application of Trpm7 channel inhibitor (NS8593 10 μM or 2-APB 500 μM).
Currents were elicited by the voltage protocol shown in the inset. Right panel summarizes the eﬀect of TRPM7 inhibitor measured at +80 mV. n = 8 (rat) and n = 5
(pig). The current density is statistically signiﬁcantly diﬀerent in cardiac ﬁbroblasts before and after exposure to NS8593 (paired t-test, p-value = .0059) and before
and after exposure to 2-APB (paired t-test, p-value = .009).

instance, we ﬁnd that ﬁbroblasts express the ion channels Scn7a and
Kcnn3. The role of these ion channels in ﬁbroblasts merits further investigation. We also describe that Trpm7 is expressed in cardiac ﬁbroblasts, and we conﬁrm that Trpm7 carries a cation current in ﬁbroblasts isolated from both rat and pig hearts.
Our data present the deepest proteomes currently achieved for adult
cardiomyocytes and ﬁbroblasts, and represents a resource for improving our understanding of cardiac physiology on the cellular and
molecular level.
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