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and Joerg Heineke3,8,12,13,14,*

SUMMARY

To identify cellular mechanisms responsible for pressure overload triggered
heart failure, we isolated cardiomyocytes, endothelial cells, and fibroblasts as
most abundant cell types from mouse hearts in the subacute and chronic stages
after transverse aortic constriction (TAC) and performed RNA-sequencing. We
detected highly cell-type specific transcriptional responses with characteristic
time courses and active intercellular communication. Cardiomyocytes after TAC
exerted an early and sustained upregulation of inflammatory and matrix genes
and a concomitant suppression of metabolic and ion channel genes. Fibroblasts,
in contrast, showed transient early upregulation of inflammatory and matrix
genes and downregulation of angiogenesis genes, but sustained induction of
cell cycle and ion channel genes during TAC. Endothelial cells transiently induced
cell cycle and extracellular matrix genes early after TAC, but exerted a long-last-
ing upregulation of inflammatory genes. As we found that matrix production by
multiple cell types triggers pathological cellular responses, it might serve as a
future therapeutic target.

INTRODUCTION

Despite modern therapies, chronic heart failure (CHF) remains associated with high mortality rates, similar

as observed in many forms of cancer (Mamas et al., 2017). One common stimulus ultimately leading to heart

failure is chronic pressure overload, for example, due to long-standing uncontrolled arterial hypertension

or aortic stenosis (Heineke and Molkentin, 2006). At a certain point in disease progression, even removal of

pressure overload cannot sufficiently ameliorate heart failure (Hein et al., 2003). In order to improve

morbidity and mortality of CHF patients, new therapeutic targets need to be identified that enable thera-

pies beyond the current treatment algorithms, addressing, for example, pathological molecular circuits in

specific cardiac cell types that have so far not been recognized. In terms of numbers, cardiomyocytes,

endothelial cells, and fibroblasts are the three main cell types in the heart (Pinto et al., 2016). When the

heart is exposed to pressure overload, several processes simultaneously occur in different cell types: Car-

diomyocytes undergo hypertrophic growth, cellular metabolism partially switches from fatty acid to

glucose oxidation and a number of genes that are typically only expressed during embryonic development

become re-expressed in ventricular cardiomyocytes (Heineke and Molkentin, 2006; Hill and Olson, 2008;

Neubauer, 2007). In the chronic phase, cardiomyocyte dysfunction becomes stronger, energetic shortage

prevails, and cellular hypertrophy reaches a plateau (Neubauer, 2007). Cardiac fibroblasts proliferate and

produce extracellular matrix (Souders et al., 2009). Cardiac endothelial cells engage in enhanced angio-

genic activity, but in the chronic phase, capillary rarefaction emerges (Hein et al., 2003; Heineke et al.,

2007; Mohammed et al., 2015; Sano et al., 2007). The myocardial response to pressure overload is coordi-

nated between the different compartments by intercellular communication, for example, via secreted pro-

teins, but details remain largely unknown. To obtain an unbiased view of pathological mechanisms, gene

expression has to be assessed in different cell types and at different time points during the development of

heart failure due to different etiologies (e.g., myocardial infarction, pressure overload, diabetes mellitus).
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Initially, transcriptional profiling had been applied mainly to whole heart samples from mice and humans

(Liu et al., 2015; Tan et al., 2002; Yang et al., 2014; Zhao et al., 2004). By this approach, predominantly

the RNA expression of cardiomyocytes is determined, since these cells constitute by far the biggest portion

of the heart’s volume (Zhou and Pu, 2016). Although these studies gave important insights, the gene-

expression patterns in non-cardiomyocytes remained far less well explored. In addition, regulation of

gene expression occurs at different levels, transcriptionally, but also post-transcriptionally, and therefore

cannot solely be assessed at themRNA stage. In this study, we compared the RNA transcriptome of cardiac

myocytes, endothelial cells and fibroblasts in mice under baseline conditions and during short term and

chronic pressure overload. Our study reveals the highly cell-specific nature and time course of gene-

expression changes after TAC and computes potential responsible transcriptional regulators. Further-

more, increased and decreased ligand receptor interactions between the three cell types during TAC

were analyzed. In the course of the study, we focused on the endothelial cell lineage and conducted single

cell as well as Ribo-Tag-Sequencing, again under baseline condition and during pressure overload. We

found a transient expression of collagen and matrix remodeling genes in endothelial cells, but also in fibro-

blasts and cardiomyocytes early after pressure overload. This is relevant for disease progression and inter-

cellular communication because matrix proteins such as fibronectin trigger cardiomyocyte hypertrophy

and promote endothelial proliferation and migration as well as fibroblast migration.

RESULTS

The phenotype of subacute and chronic cardiac pressure overload in mice

Mice were analyzed 1 or 8 weeks after TAC as models of subacute or chronic pressure overload, respec-

tively (Figure S1A). The heart weight to body weight ratio (HW/BW) as a sign of cardiac hypertrophy was

significantly increased after one week of TAC versus sham operatedmice and further increased significantly

8 weeks after TAC (Figure S1B). Echocardiography revealed a preserved left ventricular systolic function

(measured as ejection fraction, EF) in the subacute state, but a strong decline occurred in the chronic

phase. Similarly, an increase of left ventricular end-diastolic area, which indicates ventricular dilatation,

was only noted 8 weeks after TAC. The left ventricular wall thickness was significantly increased one and

8 weeks after TAC. The heart rate during echocardiography did not significantly differ between all groups

(Figures S1C–S1F). Histological examination after staining with Sirius red showed significantly more

myocardial fibrosis after TAC, but no difference between both TAC time points was visible (Figures S1G

and S1H). As determined by RNA sequencing and verified in part by qPCR, the expression of typical stress

responsive genes (Nppa, Nppb, Myh7, Acta1) was markedly upregulated 1 and 8 weeks after TAC in car-

diomyocytes (Figures S1I and S1J).

Purification of cardiomyocytes, fibroblasts and endothelial cells from mouse hearts

After enzymatic digestion of mouse hearts, endothelial cells were labeled with anti-Cd146 coupled mi-

crobeads and captured from the digestion solution by Miltenyi columns. In immunofluorescence staining,

we verified that CD146 protein indeed co-localizes with Isolectin B4 labeled endothelial cells in mouse

heart sections one and 8 weeks after sham or TAC surgery (Figure S2A). The endothelial cell depleted col-

umn flow-through was incubated with feeder cell removal microbeads to label and capture cardiac fibro-

blasts. Cardiomyocytes were isolated from separate hearts with a Langendorff apparatus and isolated from

the non-myocytes by sedimentation. RNA from the three cardiac cell types was isolated from mice one

week after sham or TAC surgery and 8 weeks after TAC surgery and was subjected to bulk RNA sequencing

(Figure 1A). Interrogation of cell marker gene expression from this analysis revealed exclusive high expres-

sion of typical contractile genes (Myh6, Tnnt2, Actc1, Ttn and Myh7) in cardiomyocytes, but markedly less

expression of typical fibroblast and endothelial genes after sham or TAC surgery at all time points in these

cells. Fibroblasts are less well defined, but PDGFRa was suggested as cardiac fibroblast specific marker,

and different collagen genes as well as Vimentin are often used to identify these cells (Pinto et al., 2016).

Accordingly, the expression of Col3a1, Col1a1, Vim (Vimentin) and Pdgfra was high in fibroblasts after

sham and after 1 or 8 weeks of TAC surgery. Postn (Periostin), which is a marker of activated fibroblasts,

was expressed at low levels in fibroblasts from sham operated mice, but was induced after TAC (Tallquist

and Molkentin, 2017). Cardiac endothelial cells under all conditions exerted high expression levels of Cdh5

(VE-Cadherin), Pecam1 (CD31), Kdr (VEGF-receptor 2), Flt1 (VEGF-receptor 1) and Vwf (vonWillebrandt fac-

tor), which are all highly specific endothelial cell markers. In addition, however, we noted that one week

after TAC endothelial cells expressed Col3a1, Col1a1, Vim and Postn and therefore co-clustered with fibro-

blasts with regard to marker gene expression, although Pdgfra expression remained low, suggesting that

no complete transition to fibroblast gene-expression took place (Figure 1B). We verified the purity of the
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isolated cardiac endothelial cells by FACS analysis, which revealed around 93% of these cells were double-

positive for CD31 (Pecam1) and CD102 (ICAM1) and around 95% were positive for CD31 alone (Figure 1C).

Cardiac endothelial cells were largely negative for the pan-leukocyte marker CD45 (only 2.3% positive) and

the fibroblast marker Mefsk4 (only 1.2% positive). Analysis of fibroblast purity revealed 96%Mefsk4 positiv-

ity, but also around 10–20% positivity for CD31. In addition, we found the fibroblasts to be 30.5% positive

for CD45, which had previously been observed (Skelly et al., 2018). All this showed that fibroblasts (isolated

by the specific marker Mefsk4) are a rather heterogeneous cell population. The FACS analyses results were

almost identical after 8 weeks of TAC, but the endothelial cells showed a bit higher positivity for CD45 (11%)

and Mefsk4 (around 7%) after one week TAC (Figures S2B and S2C). A principal component analysis from

the bulk RNA sequencing data confirmed that global gene-expression patterns were strongly different be-

tween all cell types (Figure 1D). In cardiomyocytes, gene-expression was significantly different after one

week TAC, but did not change much further 8 weeks after surgery. Endothelial and similarly fibroblast

gene-expression, in contrast, becamemarkedly different from sham after one week of TAC, but normalized

back toward sham levels 7 weeks later. In the analysis of protein coding mRNAs one week after TAC versus

sham, 1772 genes were significantly upregulated in cardiomyocytes, 4325 in fibroblasts and 1565 in endo-

thelial cells. 620 genes were commonly upregulated in all cell types (Figure S3A). On the other hand, 7073

genes were significantly downregulated in cardiomyocytes, 3587 and 4199 genes were downregulated in

fibroblasts and endothelial cells, respectively. 1098 genes were commonly downregulated in all cell types

(Figure S3B). 8 weeks after TAC 2262 genes were significantly upregulated versus sham in cardiomyocytes,

3609 in fibroblasts and 816 in endothelial cells. 78 genes were commonly upregulated in all cell types (Fig-

ure S3C). On the other hand, 5189 genes were significantly downregulated in cardiomyocytes, 2757 and 754

genes were downregulated in fibroblasts and endothelial cells, respectively (Figure S3D). With regard to

annotated non-coding (nc) RNAs, we identified mainly antisense RNAs and lincRNAs. microRNAs were

rarely picked up in our analysis, because they were lost due to their small size in our RNA isolating proced-

ure. In order to minimize false positive results in this often low expressed group of RNAs, we only consid-

ered RNAs with an expression level of at least 2 counts per million reads (cpm). We found that 41 annotated

non-coding RNAs were significantly upregulated in cardiomyocytes, 107 in fibroblasts and 33 in endothelial

cells one week after TAC versus sham (Figure S4). 180 ncRNAs were significantly downregulated in cardi-

omyocytes, 85 in endothelial cells and 50 in fibroblasts one week after TAC. Because most of the ncRNAs

are functionally still not well characterized, we focused our subsequent analyses on protein-codingmRNAs,

in order to identify so far unrecognized cellular processes that could affect pressure overload triggered

myocardial disease. The complete gene-expression tables from cardiomyocytes, endothelial cells and fi-

broblasts after sham, and one and 8 weeks after TAC surgery are available in Tables S2–S7.

Cardiomyocyte gene expression after TAC

TAC induced a marked dysregulation of gene-expression in cardiomyocytes, which followed different pat-

terns and was subdivided into eight different clusters (Figures 2A–2C). Genes in clusters 1, 2, 3 and 7 were

mainly downregulated versus sham in response to TAC. Cluster 1 contained genes important for catabolic

processes and fatty acid oxidation (Gene ontology, biological process), while Cluster 2 included genes

involved in transmembrane ion transport, but also for adrenergic receptors. mRNAs of clusters 1 and 2

were suppressed already at one week, and stayed downregulated at the chronic 8 weeks time point after

TAC. The dynamic regulation of clusters is shown in Figure 2A (with example genes) and C, while related

gene-ontology classes are displayed in Figure 2B. Genes in cluster 3 (connected to basic cell function, e.g.

mRNA processing, mitochondrial genes, DNA replication) were mildly downregulated only late in disease.

Cluster 7 genes were only marginally regulated. We found upregulated genes in clusters 4, 5, 6 and 8.

Genes in clusters 4 (related to inflammation) and 6 (related to extracellular matrix, cell growth and wound

healing) were induced already after 1 week of TAC and stayed upregulated at the chronic stage. Cluster 5

mRNAs (related to negative regulation of cell migration and (negative) regulation of vessel

Figure 1. Endothelial, fibroblast and cardiomyocyte cell purification from mouse hearts

(A) Scheme on the experimental procedures to isolate the indicated cell types from mouse hearts.

(B) Heatmap of cell marker gene expression in RNA from isolated cardiomyocytes (CM), endothelial cells (EC) or fibroblasts (FB) after sham or the indicated

time point after TAC surgery.

(C) Cardiac endothelial cells and fibroblasts were isolated from mouse hearts and stained for the endothelial markers CD31 and CD102, for the leukocyte

marker CD45, and the fibroblast marker Mefsk4. Subsequently, flow cytometric analyses were performed and representative results are shown here. The

numbers indicated in each quadrant indicates the percentage of cells localized in that particular quadrant.

(D) RNA from the different cell types after sham or 1 and 8 weeks after TAC was subjected to RNA sequencing. The differences in overall gene expression

patterns were visualized by a principal component analysis.
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morphogenesis) were mainly upregulated 8 weeks after TAC. Genes in cluster 8 were only transiently up-

regulated 1 week after TAC and encoded proteins involved in DNA replication and cell cycle control. We

verified the mRNA upregulation of selected genes (Ccl2, Col1a1, Col3a1, Thbs1) in isolated cardiomyo-

cytes after 1 and 8 weeks of TAC by qPCR, which compare well with the results from our RNAseq approach

(compare Table S1), although no statistical significance was found for the induction of Col1a1 and Thbs1

after 8 weeks of TAC (Figures 2D–2G). To identify potential transcriptional regulators of the observed

gene-expression patterns in the different clusters, we employed a motif search algorithm to identify tran-

scription factor binding sites in the promoter region of the regulated genes within the clusters. The top

identified motifs for each cluster are demonstrated in Figure 2H. Of note, the transcription factor MEF2,

identified in cluster 2, was previously found to induce cardiomyopathy when overexpressed in mouse car-

diomyocytes, in part by dysregulating ion channel genes as they are contained in cluster 2 (Xu et al., 2006).

With regard to the promoters of inflammatory genes in cluster 4, we found overrepresentation of motifs

binding Twist2, SpiB, PU and Ets1 transcription factors, which all induce inflammatory genes (Ghisletti

et al., 2010; Mudry et al., 2015). SMAD2 and 3 binding sites were found in promoters of extracellular matrix

genes in cluster 6, which fits to the known role of TGFb/SMAD signaling for the induction of myocardial

fibrosis (Khalil et al., 2017). Binding motifs for Jun and Fos (as part of the AP-1 complex, involved in cardi-

omyocyte hypertrophy) were found in promotors of cluster 5 and 6 genes. Genes in cluster 8 exerted an

enrichment of E2F transcription factor binding sites, typically found in promotors of cell cycle genes (Muller

et al., 2017). Many additional motifs were identified, which could be investigated in the future. We per-

formed a ligand receptor analysis to investigate the potential interaction of cardiomyocyte derived, pres-

sure overload regulated protein ligands with their receptors expressed in endothelial cells, fibroblasts and

cardiomyocytes, according to our RNA-seq analysis. To identify these interactions, we considered ligands

from cardiomyocytes that were significantly upregulated (‘‘GAINED’’) or downregulated (‘‘LOSS’’) in these

cells by at least two-fold after one week of TAC. To prioritize among the ligand-receptor pairs in each cate-

gory, a ligand-receptor score (that included expression levels of ligand and receptor and fold-change regu-

lation of the ligand due to TAC) was calculated for each ligand-receptor pair. More than 400 cardiomyocyte

derived interactions were gained after TAC (vs. sham),while 150 interactions were lost or reduced toward

other cells (Figure S5A). The highest amount of ligand receptor interactions from cardiomyocytes was out-

going toward fibroblasts. At 8 weeks of TAC less cardiomyocyte derived interactions were initiated to

endothelial cells and fibroblasts and even less interactions were lost, while signals gained from cardiomyo-

cytes to other cardiomyocytes slightly increased (Figure S5B). As indicated in Figures S5C and S5D, after

1 week of TAC, cardiomyocytes induce collagens and matrix glycoproteins, but also growth factors (e.g.

BMP10 and TGFb2) to interact with other cells. In turn, cardiomyocytes withdrew, for instance, FGF13

and 16, Laminin and EphrinB3 based signals to other cells and Angiopoetin-1 was less released toward

endothelial cells. After 8 weeks, the interaction of the natriuretic peptides (encoded by Nppa and

Nppb) with their receptors Npr1 and Npr3 on cardiomyocytes became more relevant, because of the

strong upregulation especially of Npr3 (10-fold) and Npr1 (2-fold). We also compared our analysis to the

one performed by Zongna Ren et al., who performed a single cell analysis of cardiomyocytes and non-car-

diomyocytes from hearts at different time points after TAC (Figures S5E–S5H)(Ren et al., 2020). When

comparing our 8 cardiomyocyte subclusters (Figures 2A–2C) to the 9 clusters identified by Ren et al. in car-

diomyocytes, we found that very large parts of the genes we identified were not detected by Ren et al.

(‘‘novel’’, Figure S5E). These ‘‘novel’’ genes, belonged to GO terms shown in Figure S5G (e.g., fatty-acid

beta oxidation, DNA repair, leukocyte migration, extracellular matrix organization). On the other hand,

we also identified about 80% of the genes detected by Ren et al., which distributed to different clusters

from their analysis (‘‘known genes’’). GO terms related to these genes are shown in Figure S5H. About

20% of these genes were not found in our analysis (Figure S5F), they were related to the GO-terms sarco-

mere organization and heart contraction (Figure S5H). Together, these results indicate that cardiomyocytes

Figure 2. Cardiomyocyte gene expression after TAC

The cardiomyocyte gene expression was analyzed with RNA sequencing

(A) A heatmap of differentially expressed genes in cardiomyocytes in sham vs. 1 week and vs. 8 weeks of TAC is shown. Eight different clusters were observed

that each had a characteristic expression pattern. Example genes are indicated on the right.

(B) Gene ontology terms (GO, biological process) related to the 8 clusters are shown.

(C) Visualization of cluster gene regulation over time under the indicated conditions. Data are shown as mean GSEM.

(D–G) Relative mRNA levels of the indicated genes measured by qPCR in isolated cardiomyocytes from mice treated as indicated. Data are shown as

mean GSEM. *p<0.05, **p<0.01 as determined by two-tailed unpaired t-test, except for (F) in the right panel, where a two-tailed Mann-Whitney test was

used.

(H) Enrichment of top ten transcription factor binding motifs in the promoter region of regulated genes in the indicated clusters.
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profoundly change their gene-expression during pressure overload, resulting in a long lasting upregula-

tion of inflammatory, anti-angiogenic and extracellular matrix genes as well as a sustained downregulation

of metabolic, ion channel and basic cell function genes. While cardiomyocytes engage in rich intercellular

communications toward endothelial cells and fibroblasts and other cardiomyocytes early after TAC, this is

markedly reduced toward interaction mainly with other cardiomyocytes in the chronic phase.

Fibroblast gene expression after TAC

The TAC induced gene-expression in cardiac fibroblasts occurred in different patterns and was divided into

8 clusters (Figures S6A–S6C). Genes in Cluster 1 (related to cell adhesion, cation transport and membrane

potential) were first sharply downregulated one week and then strongly upregulated 8 weeks after TAC.

Cluster 2 genes (cell division and cell cycle genes) were strongly induced 1 week after TAC and stayed up-

regulated at a lower level 8 weeks after TAC, while genes in cluster 6 (related to inflammation, angiogenesis

and collagens) were upregulated 1 week after TAC, but normalized 7 weeks later. Cluster 3 genes (related

to fluid homeostasis and nerve impulse transmission) and cluster 4 genes (blood circulation, cell fate spec-

ification) were only upregulated in the chronic phase of disease. In turn, genes in cluster 7 (related to

vascular development) and 8 (related to blood circulation, vascular and connective tissue development)

were downregulated one and one and eight weeks after TAC, respectively. Analysis of potential transcrip-

tional regulators revealed that promoters of cluster 4 and cluster 6 genes were strongly enriched with ETS-

transcription factor binding motifs (Figure S6D). From these, especially PU.1 was previously implicated in

myofibroblast formation and fibrosis (Khalil et al., 2017; Wohlfahrt et al., 2019). Ligand/receptor analyses

showed that fibroblast increased many ligands to interact with other cells, while decreasing a slightly

smaller number of ligands after one week of TAC (Figures S7A andS7C). In the chronic phase, far less fibro-

blast derived ligand-receptor pairs were up- or downregulated (Figures S7B andS7D). The ligands that

were still upregulated (versus sham) at that stage were mainly interacting with cardiomyocytes or other fi-

broblasts. Example ligand receptor pairs are shown in the Figure. When comparing our bulk RNAseq anal-

ysis in fibroblasts with the single cell based approach by Ren et al., we again found that very large parts of

the genes we identified were not detected by Ren et al. (‘‘novel’’, Figure S7E)(Ren et al., 2020). These

‘‘novel’’ genes, belonged to GO terms shown in Figure S7G (e.g. sodium ion transport, cell cycle phase

transition, leukocyte migration, sprouting angiogenesis, ossification). On the other hand, we also identified

about 60% of the genes detected by Ren et al., which distributed to different clusters from their analysis

(‘‘known genes’’). GO terms related to these genes are shown in Figure S7H. About 40% of these genes

were not found in our analysis (Figure S7F), they were related to the GO-terms oxidative phosphorylation

and generation of precursor metabolites and energy (Figure S7H). In summary, we observed a very versatile

regulation of genes in cardiac fibroblasts, with only transient upregulation of extracellular matrix and in-

flammatory genes and transient downregulation of angiogenesis related genes in the subacute phase after

TAC, but sustained upregulation of cell-cycle, cell adhesion and ion channel genes in the chronic phase.

Endothelial cell specific gene expression in response to TAC

One week after TAC, endothelial cells exerted mainly transient changes in gene-expression that were

divided into 8 clusters with regard to regulation dynamics (Figures 3A–3C). Genes in cluster 1 (mitosis,

cell cycle and extracellular matrix genes) and cluster 7 (extracellular matrix and matrix remodeling genes)

were upregulated one week, but returned toward sham levels 8 weeks after TAC. We verified increased

endothelial cell cycle activity by immunostaining for the cell proliferation marker Ki67 (together with endo-

thelial labeling by Isolectin B4), which was increases in capillary endothelial cells one week, but not 8 weeks

after TAC (Figure 3D). Cluster 3 genes (related to inflammation) were upregulated one week after TAC and

remained induced seven weeks later. Genes in clusters 2 (cell junction, endothelial/vascular genes), 4

(mRNA processing/splicing genes) and 5 (heart contraction, potassium ion transport genes) were all down-

regulated subacutely after TAC, but returned to sham levels in the chronic phase. The expression of cardi-

omyocyte sarcomeric genes (‘‘heart contraction’’) in endothelial cells has been observed before, but its

functional significance remains unclear (Li et al., 2019). Genes in cluster 6 (related to calcium ion homeosta-

sis) were upregulated selectively 8 weeks after TAC, and genes in cluster 8 (ion transport genes) were down-

regulated one and 8 weeks after TAC. Binding sites of transcriptional regulators over-represented in the

promoter regions of regulated genes in the different clusters are shown in Figure 3E. As an example, genes

in cluster 1 exerted binding motifs for E2F transcription factors and CHR motifs (known regulate cell cycle

genes) and SMAD (known to induce the expression of extracellular matrix genes) (Khalil et al., 2017; Muller

et al., 2017). Accordingly, increased nuclear abundance of activated (phosphorylated) SMAD3 was de-

tected in endothelial cells after 1 week of TAC in immunofluorescence staining (Figures 3F and 3G). Cluster
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3 genes exerted promotor motifs for NFAT and RUNX and ETS transcription factors, which are typically

found in promoter region of inflammatory genes (Lee et al., 2017; Wang et al., 2020b; Wohlfahrt et al.,

2019). The ligand-receptor interaction analysis revealed that endothelial cells increased the expression

of many paracrine and autocrine ligands after one week TAC compared to sham, whereas a much smaller

number of ligands was downregulated (Figures 4A and 4C). 8 weeks after TAC, far less ligands were regu-

lated (Figures 4B and4D). Endothelial cells increased the transcription of various matrix components and

glycoproteins, which interacted with different integrins, but also other cell surface receptors on fibroblasts,

cardiomyocytes and endothelial cells. We verified increased Fibronectin abundance after one week of TAC

that overlapped strongly with endothelial cells at that time point by immunofluorescence staining. After

8 weeks of TAC, the Fibronectin increase was reduced compared to the one week time point and the over-

lap with endothelial cells was less evident (Figures 4E and 4F). Endothelial cells also enhanced the expres-

sion of growth factors (like Ctgf or Igf-1) and inflammatory stimuli (such as Il1b), interacting with their

respective receptor on other cells. Example ligand receptor pairs are shown in the Figure. Because large

parts of endothelial derived ligands were related to extracellular matrix, we assessed the functional impact

of different matrix proteins on fibroblasts, endothelial cells and cardiomyocytes. As shown in Figures 4G

and 4H, coating the cell culture dish with Fibronectin, but not Collagen or Gelatin (containing denatured

collagen) induced cellular hypertrophy in neonatal rat cardiomyocytes compared with uncoated dishes.

Culturing of C166 endothelial cells on Fibronectin or Collagen, but not on Gelatin, promoted their prolif-

eration versus plating on uncoated dishes (Figure 4I). Similarly, Collagen, Fibronectin and evenGelatin trig-

gered endothelial cell migration (in a scratch wound assay) (Figures 4J and 4K), while the migration of pri-

mary rat cardiac fibroblasts was only enhanced by Fibronectin. Therefore, matrix based proteins

synthesized by cardiomyocytes, endothelial cells and fibroblasts after TAC strongly affect cell functions

and will likely change the cardiac remodeling process. When comparing our bulk RNAseq analysis in endo-

thelial cells with the single cell based approach by Ren et al., we again found that very large parts of the

genes we identified were not detected by Ren et al. (‘‘novel’’, Figure S8A)(Ren et al., 2020). These ‘‘novel’’

genes, belonged to GO terms shown in Figure S8C (e.g., extracellular matrix organization, cell cycle phase

transition, leukocyte migration, potassium ion transport). On the other hand, we also identified about 55%

of the genes detected by Ren et al., which distributed to different clusters from their analysis (‘‘known

genes’’, Figure S8B). GO terms related to these genes are shown in Figure S8D. About 45% of these genes

were not found in our analysis (Figure S8B), they were related to the GO-terms cellular respiration and gen-

eration of precursor metabolites and energy (Figure S8D). In summary, cardiac endothelial cells transiently

induced cell cycle and extracellular matrix genes and transiently downregulated cell junction genes one

week after TAC, but induce inflammatory genes early that remain upregulated in the chronic phase.

Comparison of gene-expression between cell types

We noted in our analysis that despite a very different general gene-expression pattern between the three

analyzed cell types (see Figure 1D), a subgroup of genes with similar function, mostly related to inflamma-

tion, cell cycle/mitosis, growth factors, cell adhesion and extracellular matrix were expressed and regulated

in all cells, although with different time dynamics (see above). As shown in Table S1, cell cycle genes were

expressed at low levels in cardiomyocytes, but were highly expressed in fibroblasts and endothelial cells.

Growth factor genes were expressed at high levels in all cell types and were mainly upregulated early after

TAC. Inflammatory genes were only expressed at low levels in cardiomyocytes, but very high in fibroblasts

and endothelial cells, in which they even remained induced in the chronic phase. Unexpectedly, cell adhe-

sion and collagen genes were robustly expressed in all cell types: Their mRNA levels were (as anticipated)

Figure 3. Endothelial cell gene expression after TAC

The endothelial gene expression was analyzed with RNA sequencing.

(A) A heatmap of differentially expressed genes in endothelial cells in sham vs. 1 week and vs. 8 weeks of TAC is shown. Eight different clusters were observed

that each had a characteristic expression pattern. Example genes are indicated on the right.

(B) Gene ontology terms (GO, biological process) related to the 8 clusters are shown.

(C) Visualization of cluster gene regulation over time under the indicated conditions. Data are shown as mean GSEM.

(D) Immunofluorescence staining for the indicated markers from mouse heart sections after treatment as indicated. The arrows point at Ki-67 positive

endothelial cells. Scale bar: 50mm.

(E) Enrichment of top ten transcription factor binding motifs in the promoter region of regulated genes in the indicated clusters.

(F) Immunofluorescence staining for the indicated markers from mouse heart sections after treatment as indicated. The arrows point at phospho(p)-SMAD3

positive endothelial cells. Scale bar: 50mm.

(G) A quantitative analysis of pSMAD3 positive endothelial cells in hearts from mice treated as indicated. Data are shown as mean GSEM. *p<0.05 as

determined by one-way ANOVA with Sidak’s multiple comparisons test.
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Figure 4. Interaction of endothelial cell derived ligands in response to pressure overload

(A) Number of interactions between upregulated (gain) or downregulated (loss) endothelial cell (EC) derived ligands after

1 week (A) and 8 weeks (B) of TAC with receptors expressed in EC, fibroblasts (FB) and cardiomyocytes (CM). Example

interactions gained or lost after 1 week (C) or 8 weeks (D) of TAC are shown.
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highest in fibroblasts, where the expression was only mildly induced in response to one week of TAC, but

changedback to sham level after 8 weeks. Cardiomyocyte had the lowestmRNA levels of these genes. Inter-

estingly, the expression of cell adhesion genes in endothelial cells was about as high as in fibroblasts and the

collagen genes were only slightly lower than in cardiac fibroblasts. Genes from both categories were upre-

gulated after one week of TAC in endothelial cells, but their expression went down toward sham levels

8 weeks after TAC. It should be noted, however, that direct comparison of gene-expression between the

cell types should be interpreted with caution, due to possible effects of differing isolation protocols.

Single cell sequencing of endothelial cells

Because we found the expression of matrix/adhesion, collagen and inflammatory genes in endothelial cells

interesting, and because the impact of this cell type on cardiac remodeling was largely neglected in the

field so far, we focused our subsequent analysis on cardiac endothelial cells. In theory, low-level contam-

inations for example by fibroblasts and inflammatory cells might have contributed to this finding in our

bulk-sequencing analysis. Therefore, we employed single cell sequencing of cardiac endothelial cells (iso-

lated as described in Figure 1A) after sham, and one and 8 weeks after TAC. Two biological replicates (1600

single cells) were analyzed per condition (in total 4800 single cells). As shown in Figure 5A, 12 different clus-

ters were identified in cardiac endothelial cells. We observed clusters with high expression of angiogenesis

genes (clusters 0 and 6), of collagen/or ECM organization genes (clusters 6 and 7), of mRNA translation

related genes (clusters 8 and 9), of inflammatory and extravasation genes (clusters 4, 8, 9), of mitochondrial

genes, and of erythrocyte genes (likely reflecting a contamination with erythrocytes) (Figure S9A). Genes

representing characteristic GO terms (biological process) were enriched in the different clusters (Figure 5B).

When comparing the clusters between sham and different time points after TAC, it became evident that the

time course of gene-expression differed between clusters (Figure 5C). For instance, cluster 6 cells (contain-

ing ECM/collagens genes) were markedly more abundant after one week, but no longer after 8 weeks of

TAC. In addition, cluster 8 cells (inflammatory and mRNA translation genes), became more abundant

one week after TAC and remained elevated 8 weeks after TAC. Importantly, endothelial cell markers

such as Vcam1 or Pecam1 were expressed in the same clusters, indicating that inflammatory and matrix

genes were upregulated in endothelial cells (Figures 5A and S9A). To more directly analyze collagen

and inflammatory gene expression in endothelial cells, we quantified their co-expression with endothelial

marker genes within the same cell. As endothelial marker genes, we employed Kdr and Cdh5, as well as

Fabp4 and Nrp, which were found to be highly enriched in cardiac endothelial cells, according to (Ren

et al., 2020).Col1a2, Col3a1, Col4a2, Col5a2, Ccl2 or Il1b were strongly more expressed in endothelial cells

one week, but not 8 weeks after TAC versus sham, indicating that they were transiently induced in endo-

thelial cells during pressure overload (Figures 5D, S9B, and S9C).

Ribo-Tag Sequencing in endothelial cells after TAC

To understand whether changes in the endothelial transcriptome were also visible at the posttranscrip-

tional level, we performed endothelial cell specific Ribo-tag sequencing. For this purpose, we crossed

the Ribo-Tag mouse with endothelial specific Cre driver mice (Cdh5-CreERT2). In the Ribo-Tag/Cdh5-

CreERT2 mouse, activated Cre will trigger the recombination of a floxed Rpl22 allele leading to the synthe-

sis HA-Rpl22-tagged ribosomes specifically in endothelial cells (Figure 6A). As reported in detail previously,

hearts one week after sham or TAC surgery were homogenized, an RNAse digestion was performed, and

endothelial monosomes were isolated by HA-directed immunoprecipitation (Doroudgar et al., 2019). RNA

fragments that were protected from RNAse digestion by ribosomes (‘‘Ribosome protected fragments’’)

were then forwarded to RNA-sequencing to determine which RNAs were being actively translated in

Figure 4. Continued

(E and F) Immunofluorescence staining for the indicated markers from mouse heart sections after treatment as indicated.

Scale bar: 50mm.

(G) Isolated rate neonatal cardiomyocytes plated on different matrices as shown and stained for markers as indicated.

Scale bar: 50mm.

(H) Quantification from cardiomyocyte cell area from cells as shown in (G). Data are shown as mean GSEM.

(I) C166 endothelial cell proliferation plated on different matrices as indicated measured as BrDU incorporation by ELISA.

Data are shown as mean GSEM.

(J and K) (J) Quantification and representative images (K) of endothelial cell migration after plating on different matrices

as shown. Scale bar: 50mm. Data are shown as mean GSEM.

(L) Migration of primary cardiac fibroblasts plated on different matrices as indicated. Data are shown as mean GSEM.

*p<0.05, ***p<0.001, ****p<0.0001 as determined by one-way ANOVA with Sidak’s multiple comparisons test.

ll
OPEN ACCESS

iScience 25, 103965, March 18, 2022 11

iScience
Article



Enriched genes, e.g.: Pecam1, Kdr, Nrp1
Enriched genes, e.g.: Fabp4, Cd36, Cxcl12, Gnas, Ddx5, Gpr116
Enriched genes, e.g.: Sdpr, Ahnak, Plcb4, Malat1
Enriched genes, e.g.: mt-Rnr2
Enriched genes, e.g.: mt-Rnr2, Il1b
Enriched genes, e.g.: Rgs5, Cald1, Sept7, Crip1, Malat1
Enriched genes, e.g.: Col3/1a1, Lox, Vcam1, Col8a1 
Enriched genes, e.g.: Plp1, Scn7a, Col3a1, Col1a2, Marcks
Enriched genes, e.g.: eEF1a1, Eif5b, Il1b
Enriched genes, e.g.: Eif4g1, Icam1, Pecam1

Enriched genes, e.g.: mt-Rnr2, Cd74
Enriched genes, e.g.: mt-Nd1, mt-Nd4, mt-cytb
Enriched genes, e.g.: Hba-a1, Hba-a2, Pabpc1, Alas2

Sham TAC
1wk

TAC
8wk

Sham TAC
1wk

TAC
8wk

Ccl2
Col1a2
Col3a1
Col4a2
Col5a2
Il1b

Sham
TAC 
1wk

TAC 
8wk

Cdh5 pos cells Kdr pos cells Fabp4 pos cells Nrp1 pos cells
TAC 
1wkSham

TAC 
8wk

TAC 
1wk

TAC 
1wkSham

TAC 
8wk

TAC 
8wkSham

A

B

D

C

Figure 5. Single cell sequencing of cardiac endothelial cells

(A) UMAP plot from pooled single cell RNA sequencing data from isolated cardiac endothelial cells after sham, 1 and 8 weeks after TAC surgery (n = 2

samples/condition). 12 different subclusters were found. Main genes are shown on the right.

(B) Gene ontology terms (GO, biological process) related to the clusters as indicated in (A).

(C) Visualization of cluster gene regulation over time under the indicated conditions.

(D) Quantification of the expression of the indicated genes in sham and 1 and 8 weeks after TAC in endothelial cells. Cdh5, Kdr, Fabp4 and Nrp1 are cardiac

endothelial marker genes. N = 2 samples/condition.
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Figure 6. Ribo-Tag Sequencing in endothelial cells after TAC

(A) Scheme of the endothelial Ribo-Tag sequencing approach.

(B) Venn diagrams to show the overlap between significantly upregulated genes and downregulated genes between

endothelial RNA-sequencing (from previous Figures) and RiboTag sequencing. The numbers in the different sections

indicate the number of genes (co-) regulated in the indicated sections of the diagram.
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cardiac endothelial cells. When considering genes that showed a significant, at least two-fold higher ribo-

somal density after one week of TAC versus sham, 473 genes were identified. From these, 287 (61%) had

also been found increased in the RNA seq analysis from endothelial cells. Only 124 genes were significantly

less abundant at the ribosome one week after TAC, and of these 39 (32%) were also downregulated after

TAC at themRNA level (RNA seq) (Figure 6B). A heatmap and the associatedGO terms of genes with higher

(Up) and lower (Down) association with ribosomes versus sham is shown in Figure 6C. Among the upregu-

lated genes, similar functional categories (related to cell cycle, collagens and inflammatory response) were

identified by the Ribo-tag compared to the RNA-seq approach one week after TAC. In addition to these

terms, ‘‘nucleosome assembly’’ related genes weremore translated after TAC. Here, mainly histone encod-

ing mRNAs are listed, which indicates that histones were more produced, likely due to a higher need

because of increased DNA synthesis. Histones were not detected at themRNA level (see Figure 3), because

they are lacking a poly-A tail, which precluded identification in our RNA sequencing approach (Marzluff

et al., 2008). Among the downregulated genes in ‘‘metabolic process’’, which was (with nine genes) the

most significant group, mainly fatty acid metabolism associated regulators were included. We next iden-

tified translationally upregulated protein ligands in endothelial cells from our Ribo-Tag analysis and inter-

sected the results with previously published Ribo-Tag data from cardiomyocytes early after TAC to deter-

mine upregulated endothelial cell ligands that interacted with receptors translated in cardiomyocytes

(Doroudgar et al., 2019). We also identified increasingly translated ligands from cardiomyocytes early after

TAC that interacted with translated receptors in endothelial cells. Like from the transcriptomic analysis (Fig-

ure 3) an interaction score was calculated that depended on the ribosomal abundance of ligand and recep-

tor mRNAs and the increase of the ribosomal abundance of ligand mRNA versus sham (Figure 6D).Similar

as seen in the transcriptome analysis, endothelial cells translated more collagens and cell adhesion pro-

teins binding (integrin) receptors on cardiomyocytes and endothelial cells. Furthermore, endothelial cells

translated more growth factors (Igf1 and Ptn) acting on cardiomyocytes as well as inflammatory signals

(Anxa1, Bgn) acting on cardiomyocytes and endothelial cells. When analyzing translationally induced car-

diomyocyte derived ligands after TAC, we noted, similar as in our transcriptome based analysis, that car-

diomyocytes promote the production of angiogenesis regulating signals (Ctgf, Cyr61, Col18a1) and also

matrix associated proteins (Col1a1, Fbn1, Fn1) toward endothelial cells. Example ligand receptor pairs

are shown in the Figure. Comparing the ligand-receptor interactions identified after Ribo-Tag sequencing

with the once found after RNA seq (see Figures 4C, 4D, S5C, and S5D), we found only a partial overlap,

which was larger when ECs were considered as receiving, receptor expressing cell (Figure 6E).

Collagen protein production by cardiac endothelial cells

Since we had indirect evidence from our Ribo-Seq that the increased collagen mRNA levels might also lead to

more collagen protein production, we wanted to analyze this directly. Immunofluorescence studies revealed a

partial co-localization of collagen-1 and collagen-3 with endothelial cells labeled by isolectin B4 (IB4) in mouse

cardiac cryosections. This co-localization was especially enhanced after TAC (compared to sham), when

collagen stainingbecame stronger (Figures 7A and 7B).Wefinally investigatedwhether human endothelial cells

can express and produce collagen. The purity of human umbilical vein endothelial cells (HUVECs) and human

coronary microvascular endothelial cells (HCMECs) was confirmed by confluent immunostaining for VE-Cad-

herin (CDH5) (Figure 7C). A qPCR analysis revealed significantly higher Col1a1 mRNA expression in HCMECs

compared to HUVECs. An ELISA from the cellular supernatant showed a strongly increased collagen 1 protein

production inHCMECs compared toHUVECs (Figure 7D). To decipher whether collagen 1 production could be

triggered by TGFb, we cultured HUVECs and HCMECs in growth factor depleted media with or without the

addition of TGFb. As shown in Figure 7E, TGFb increased collagen 1 production in HCMECs, but not in HU-

VECs. Therefore, cardiac microvascular endothelial cells might have a specific ability to produce collagen, at

least when compared to umbilical vein endothelial cells.

Figure 6. Continued

(C) Heatmap of differentially translated genes in sham vs. 1 week TAC is shown (n = 4 sham, n = 5 TAC). Related gene

ontology terms (GO, biological process) among the up- and downregulated genes with example genes is shown on the

right.

(D) Ligand-receptor analysis of gained new interactions between endothelial cells and cardiomyocytes is shown. The first

two columns address endothelial cell derived ligands, the last two columns describe cardiomyocyte derived ligands. The

ligand receptor pairs are shown on the right.

(E) Venn diagrams to show the overlap of gained interaction between the indicated cell types computed from our RNA-

seq versus the Ribo-Tag Seq results. The numbers in the different sections indicate the number of genes (co-) regulated in

the indicated sections of the diagram.
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DISCUSSION

Although a cardiomyocyte centric view has long prevailed with regard to the mechanisms of heart failure

development, the advent of sophisticated cell isolation technologies, next-generation sequencing and

especially single cell sequencing has expanded the view and shifted attention at least in part to the

non-myocyte compartment. Indeed, multiple studies have addressed transcriptomic changes in myocytes

and non-myocytes using bulk or single-cell sequencing during development, under homeostatic condi-

tions and after ischemic injury, but the cardiac response to pressure overload has-at least in non-myocytes-

so far not been addressed in a similar manner (Cleuren et al., 2019; DeLaughter et al., 2016; Farbehi et al.,

2019; Gladka et al., 2018; Li et al., 2019; Litvinukova et al., 2020; Lother et al., 2018; McLellan et al., 2020; Paik

et al., 2020; Ren et al., 2020; Skelly et al., 2018; Vigil-Garcia et al., 2021; Wang et al., 2020a, 2020c). We

observed strongly differing global gene-expression patterns between cardiomyocytes, endothelial cells

and fibroblasts, with much smaller changes induced by TAC versus sham surgery. The timely pattern of

the response to pressure overload and the nature of the gene changes was highly cell type specific. Car-

diomyocytes transiently induce genes related to the cell cycle in the subacute phase after TAC, but these

genes were downregulated in the chronic phase despite persisting pressure overload. Activation of cell cy-

cle genes, which might be associated with cardiomyocyte proliferation, appears to be adaptive during

pressure overload (Angelis et al., 2008; Malek Mohammadi et al., 2019; Toischer et al., 2017). Enhanced car-

diomyocyte renewal could counteract myocyte drop-out by necrosis or apoptosis due to long term pres-

sure overload (Hein et al., 2003). The transient nature of cell cycle gene induction could therefore be

responsible for insufficient cardiac regeneration in chronic pressure overload and could possibly be over-

come by therapeutic induction of cell cycle regulators. Cardiomyocytes also induced a profound and sus-

tained upregulation of extracellular matrix and inflammatory genes, although the mRNA expression levels

of inflammatory mediators were much lower in cardiomyocytes compared to fibroblast or endothelial cells.

Collagen production in cardiomyocytes was previously detected, but its relative contribution to heart injury

related fibrosis remains unclear (Kanisicak et al., 2016; Schram et al., 2010). We also found that angiogenic

regulators, among them several anti-angiogenic genes, were predominantly induced in the chronic phase

of pressure overload, when capillary rarefaction is known to emerge, which likely contributes to cardiac

dysfunction (Hein et al., 2003; Heineke et al., 2007; Mohammed et al., 2015; Sano et al., 2007). Pressure over-

load entailed an early and prolonged downregulation of multiple different functional gene classes. Down-

regulation of fatty acid metabolism genes was in line with increasing importance of glucose metabolism in

hypertrophy, while downregulation of axonogenesis genes could account for the previously observed car-

diac hypoinnervation after TAC (Muhlfeld et al., 2013). Among the downregulated genes in cardiomyocytes

were many ion channels and cardiac contractility related genes, which might predispose to arrhythmia and

cardiac dysfunction. Compared to cardiomyocytes with their long-term and profound dysregulation of

genes, cardiac endothelial cells and fibroblasts exerted more transiently regulated gene-clusters, predom-

inantly one week after TAC. Accordingly, matrix and inflammatory genes were transiently upregulated and

angiogenesis genes transiently downregulated after TAC in fibroblasts. Early upregulation of cell cycle and

extracellular matrix genes in our study are in line with previous reports showing fibroblast proliferation and

matrix synthesis within one week after the induction of pressure overload (Kanisicak et al., 2016; Moore-

Morris et al., 2014). Impact of fibroblasts on cardiac angiogenesis occurs in cardiac aging and in tumors,

but had only recently been found in the myocardium in pressure overload (Dittrich et al., 2021; Kalluri

and Zeisberg, 2006; Vidal et al., 2019). Remarkably, fibroblasts strongly upregulated multiple inflammatory

mediators one week after TAC, some of which exerted the highest levels compared to the other cells. In line

with our results, previous work had suggested that mechanical loading and TAC induces expression of the

chemokine Ccl2 in cardiac fibroblasts (and in a lower amount in endothelial cells) (Lindner et al., 2014; Un-

udurthi et al., 2020). Enhanced myocardial angiogenesis occurs within 1–2 weeks after the induction of

Figure 7. Collagen protein is produced by cardiac endothelial cells

(A) Immunofluorescence staining of mouse heart sections for Isolectin B4 (IB4) to label endothelial cells and for Collagen 1

and 3 (Scale bar =50mm).

(B and C) Immunostaining for the endothelial marker CDH5 and nuclear staining for DAPI in cultured confluent human

umbilical vein endothelial cells (HUVECs) and human cardiac microvascular endothelial cells (HCMECs). Scale bar= 50mm.

(D)Col1mRNA and Collagen 1 (Col1) protein from the indicated cells and their supernatant, respectively. Data are shown

as mean GSEM.

(E) Collagen 1 protein from the supernatant of the indicated cells with and without TGF-b stimulation as indicated. (D) and

(E), data are shown as mean GSEM. The numbers indicated in the graph indicate the number of samples analyzed in that

particular condition. *p<0.05, **p<0.01, ****p<0.0001 as determined by two-tailed unpaired t-test (panel D) or by one-

way ANOVA with Sidak’s multiple comparisons test.
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pressure-overload, which was reflected by endothelial upregulation of cell cycle and vascular genes in our

analysis. The functional impact of endothelial cells to the cardiac response to pressure overload, however,

has remained less clear: on one hand, the inhibition of angiogenesis entailed reduced heart function, while

on the other hand, endothelial to mesenchymal transition (EndoMT) from endothelial cells to fibroblasts

was suggested to underlie cardiac fibrosis (Zeisberg et al., 2007). Although complete transdifferentiation

of cardiac endothelial cells into fibroblasts during pressure overload or myocardial infarction was disputed

by other groups using lineage tracing techniques, Stefanie Dimmeler et al. recently suggested that an

incomplete EndoMTmight occur after myocardial infarction, whereby endothelial cells maintain their iden-

tity, but upregulatemesenchymal genes (Col3a1, Fn1 or others) (Kanisicak et al., 2016; Manavski et al., 2018;

Moore-Morris et al., 2014). In our study, we report partial EndoMT early after pressure overload, which was

characterized mainly by the upregulation of collagen and matrix remodeling genes. EndoMT appeared to

be transient in nature, as it was no longer observed 8 weeks after TAC surgery. Evidence of partial EndoMT

in our study was supported by bulk and single cell RNA sequencing: the latter revealed co-expression of

endothelial and collagen genes, which occurred in 10–20% of endothelial cells after one week of TAC. A

similar percentage of partial EndoMT has been previously observed after myocardial infarction (Glaser

et al., 2020; Tombor et al., 2021). In addition to analysis at the mRNA level, we detected translation of col-

lagens and matrix remodeling genes in endothelial cells one week after TAC versus sham, and verified co-

localization of collagen 1 and 3 proteins with endothelial cells specifically after one week of TAC. Further-

more, we detected collagen 1 production by cultured cardiac endothelial cells (but not by HUVECs), which

was even more stimulated by the EndoMT inducer TGFb. Beside the mesenchymal genes, endothelial cells

upregulated a range of inflammatory regulators after TAC. Their expression was much higher than in car-

diomyocytes, but a little less compared to fibroblasts. In the single-cell sequencing analysis, the fraction of

endothelial cells expressing inflammatory proteins was different from the ones expressing mesenchymal

genes, although some overlap existed. Expression of cytokines by endothelial cells will likely promote

the recruitment of monocytes into the myocardium during pressure overload. According to our motif anal-

ysis, the transcription factor Runx1 might drive inflammatory gene expression, while SMAD and PU.1 could

trigger collagen expression in endothelial cells (Michaud et al., 2008). Like fibroblasts, endothelial cells ex-

pressed and/or upregulated different growth factors (such as prominently Igf-1) on a higher level than car-

diomyocytes and thereby supported their own growth, but likely also that of cardiomyocytes in an auto-

crine and paracrine manner. Indeed, the amount of endothelial cells has previously been positively

correlated with the degree of myocardial hypertrophy (Tirziu et al., 2007). Our computed interaction anal-

ysis of TAC induced cellular ligands and their expressed receptors suggested that all three cell-types initi-

ated rich communication to other cells, which strongly diminished 8 weeks after TAC. In this chronic stage,

cardiac myocytes were the most ‘‘talkative’’ cells and also received far more signals than the other cells. It is

interesting to note that beside growth factors and cytokines, intercellular communication after TAC ap-

pears to strongly involve extracellular matrix proteins, like collagens and fibronectin. It was suggested

that extracellular matrix does not only constitute the basic structure of the heart, but also serves as inter-

cellular signaling mediator by binding to receptors on target cells (mainly integrins) predominantly during

development and strain or injury, in order to trigger growth and cell proliferation ormigration via outside-in

signaling (Ieda et al., 2009; Lu et al., 2016; Ogawa et al., 2000; Zeltz and Gullberg, 2016). Indeed, we found,

for instance, that fibronectin promotes cardiomyocyte hypertrophy, endothelial cell proliferation and

migration and fibroblast migration, which might critically affect disease progression. Our study reveals in-

sights into the contribution of the three main resident cardiac cell types to early and late pressure overload,

which because of the use of bulk-sequencing of purified cell populations with a higher sequencing depth

goes beyond the results of previous studies that relied mainly on single cell sequencing (Ren et al., 2020). It

also constitutes a deep resource and a reference for cardiac cellular coding and non-coding gene-expres-

sion under baseline conditions and during pressure overload.

Limitations of the study

A limitation of our study was that we did not include less abundant, but likely still functionally very impor-

tant-cell types such as different leukocyte populations, nerve cells, smooth muscle cells and others. Further

work will be needed to investigate these cells and add them to the existing analysis. As we focused on

endothelial cells in the course of the study, one of our main findings is the transient release of collagens

by endothelial cells during pressure overload. Further studies are needed to determine the relative contri-

bution of endothelial cells, but also other cells to tissue fibrosis in the heart. This could be achieved, for

instance, by cell specific ablation of central transcriptional regulators (such as SMADs) during experimental

pressure overload and quantification of the resulting myocardial fibrosis. When a significant impact on

ll
OPEN ACCESS

iScience 25, 103965, March 18, 2022 17

iScience
Article



tissue fibrosis by endothelial cells or another cell type prevails and if this is confirmed in human heart failure,

this cell type might be targeted by anti-fibrotic therapies in the future.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Joerg Heineke (Joerg.Heineke@medma.uni-heidelberg.de)

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Bulk RNA-seq, Ribo-Seq and single-cell RNA-seq data have been deposited at GEO and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table. Micro-

scopy data reported in this paper will be shared by the lead contact upon request.
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d This paper does not contain an original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male C57Bl6N mice (Charles River Laboratories) at the age of 8-10 weeks were used for cardiac sham and

TAC surgery. The animals had free access to water and a standard diet and were maintained on a 12-h light

and dark cycle at a room temperature of 22 G 2�C with a humidity of 35-60%. All animal procedures

described in this study were approved by the local state authorities (LAVES-Niedersächsisches Landesamt

für Verbraucherschutz und Lebensmittelsicherheit, 33.12-42502-04-17/2706). All procedures including the

use and care of animals were carried out according to the Guide for the Care and Use of Laboratory Animals

published by the National Research Council (NIH Publication No. 85-23, revised 1996) and the German

animal protection code.

Transverse aortic constriction

TAC or sham surgery was performed by subjecting the aorta to a defined 26-gauge constriction in 8-9 weekold

mice as described previously (Appari et al., 2017; Grund et al., 2019) (Heineke, 2013; Riehle and Bauersachs,

2019). Mice were subcutaneously (s.c.) injected with 0.02 mg/kg atropine and 0.1 mg/kg buprenorphine. Anes-

thesiawas inducedwith3-4% isoflurane inan induction chamber.Afteroral intubation,micewereconnected toa

small animal ventilator (MiniVent Type 845, HarvardApparatus), and anesthesiawasmaintainedwith 1.5-2% iso-

flurane. A left sternal thoracotomy was performed, the thymus partially removed, and the transverse aorta was

tied around a 26Gneedle (Heineke, 2013). In sham-operated controlmice, the same procedurewas conducted,

but no ligaturewasplacedaround theaorta. Shamsamples for all RNA-seqapproacheswasharvestedoneweek

after surgery. During surgery, the animals were placed on a heating pad connected to a temperature controller

(Föhr Medical Instruments) to maintain body temperature at 37 �C.

Transthoracic echocardiography

Mice were anesthetized with 4% isoflurane in an induction chamber and placed on a heating pad to keep

body temperature at 37�C. Anesthesia was maintained with 1-2% isoflurane via mask. Non-invasive echo-

cardiography was performed in parasternal long- and short axis with a 30MHz transducer (Vevo 770, Visual-

sonics), as previously described (Appari et al., 2017; Grund et al., 2019). LV end-diastolic diameter (LVEDD),

enddiastolic average wall thickness (Wth), heart rate and enddiastolic volume (EDV) as well as endsystolic

volume (ESV) were recorded or calculated. Ejection fraction was calculated as [(EDV-ESV)/EDV] x 100.

METHODS DETAILS

Immunofluorescence and histological analysis

For organ harvesting, mice were sacrificed and whole hearts were immediately removed, washed in cold

PBS and 0.5% KCl in PBS and dissected at the mid-ventricular level. Basal parts of the ventricle were

embedded in paraffin or OCT. Immunofluorescence staining was performed in 7mm OCT cryosections.

Slides were fixed in 4% PFA for 20 minutes, permeabilized in 0.3% Triton X for 20 minutes and blocked

with 3% BSA for at least 1 hour at room temperature. Eachstep was followed by repeated washing in

PBS. Slides were then serially incubated with primary and secondary antibodies. The following primary an-

tibodies were used for immunostaining: anti-Collagen 1 (ab34710, Abcam), anti-Collagen 3 (ab7778, Ab-

cam), anti-CD146 (ab75769, Abcam), anti-phospho SMAD3 (S423+S425, ab52903, Abcam), anti-Ki67

(ab15580, Abcam), anti-Fibronectin (F3648, Sigma-Aldrich), anti-CDH5 (2150-1470, BD-Pharmingen).

Nuclei were visualized with 4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories), and Fluorescein-

labelled GSL I-isolectin B4 (IB4, Vector Laboratories) was used to label cardiac endothelial cells. For light

microscopic histological analysis, cryosections of 12mm thickness were prepared. Sections were stained

with Sirius Red following standard procedures to demonstrate the fibrotic area. The scar area was deter-

mined as the percentage of fibrotic tissue area in relation to total LV area in midventricular sections (Adobe

Photoshop CS6), as described (Appari et al., 2017; Grund et al., 2019).

Cardiac cell isolation for RNA sequencing

Adult ventricular cardiomyocytes were prepared from adult mice as previously described using a

Langendorff system (Appari et al., 2017; Grund et al., 2019). In brief, the heart was removed from the
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chest, cannulated via the ascending aorta, and mounted on a modified Langendorff perfusion apparatus.

The heart was first retrogradely perfused with perfusion buffer (NaCl 113mM, KCl 4.7mM, KH2PO4

600mM, Na2HPO4 x 2H2O 600mM, MgSO4 x 7H2O 1.2mM, NaHCO3 12mM, KHCO3 10mM, HEPES

10mM, Taurine 30mM, Glucose 5.5mM, BDM 10mM) at 37�C. Subsequently, the perfusion was switched

to digestion buffer (containing 0.042 mg/mL Liberase DH Blendzyme, Roche Applied Science, Trypsin,

Gibco, 12.5mM CaCl2 in perfusion buffer) for 10 minutes. The heart was then disassembled from the Lan-

gendorff system and transferred to the petri dish containing the digestion solution with cells. An equal

amount of stop solution (10% bovine calf serum, 12.5mM CaCl2 in perfusion buffer) was added. Then the

heart was cut into small pieces and carefully homogenized through a cut off P1000 pipet-tip before the

solution was filtered through a 100mm cell strainer and transferred to a 15mL conical tube, where cardi-

omyocytes were allowed to sediment for 8 minutes. After removal of the supernatant (containing dead

cells and non-myocytes), the cardiomyocytes were washed twice with cold PBS, before being subjected

to the RNA isolation procedure.

Cardiac endothelial cells and fibroblasts were isolated from hearts of adult mice. The hearts were cut into

small pieces and digested with a combination of collagenase I (Worthington 500U/ml) and DNAse I (150U/

ml) in RPMI media for one hour at 37�C. The solution was then filtered through a 70mm cell strainer and incu-

bated with anti-CD146 coated microbeads (Miltenyi) for 30minat 4�C in MACS buffer (0.5% bovine serum

albumin, 2mM EDTA in PBS). The microbeads were subsequently captured by Miltenyi columns. After

extensive washing with MACS buffer and subsequent elution, this step was repeated once with a fresh col-

umn and then the endothelial cell-coupled beads were eluted and directly forwarded to RNA extraction.

The column flow through was then incubated with feeder-removal-beads (Miltenyi) to bind to fibroblasts.

The bead-coupled fibroblasts were captured by double incubation withMiltenyi columns. After elution, the

fibroblasts were forwarded to RNA extraction.

Flow cytometry

After MACS separation, the cells were washed with PBS containing 2% FCS and 2 mM EDTA and incu-

bated for 5minat 4�C with Fc block solution (Purified rat anti-mouse CD16/CD32, Clone 2.4G2) from

BD Biosciences. The cells were then incubated for 20minat 4 �C with the following directly conjugated

anti-mouse antibodies: CD45-PerCP (clone 30F11), CD31-PE (clone 390) and anti-feeder cells-APC (clone

mEF-SK4) (all antibodies from Milteny Biotec) and CD102/ICAM-2-FITC (clone 3C4) from BioLegend. After

washing, the cells were counted by FACS LSR II von BD. Data were analyzed using FlowJo software

(version 10).

Drop-seq single cell sequencing

Dead cells and multi-cell cluster were excluded from the analysis by cell sorting after staining with 40,6-Dia-

midin-2-phenylindol (DAPI). Individual cells were then packaged in picoliter droplets together with the bar-

coded ‘Seq B’ microparticles (Chemgenes Corp; Wilmington, MA; referenced in the Macosko et al. (PMID

26000488)) following drop-seq laboratory protocol v. 3.1 from McCarrol Lab (http://mccarrolllab.org/

dropseq/; accessed last time March 3rd, 2021). For packaging, the high-throughput single-cell RNA

sequencing system fromDolomite Bio (Royston, UK) was used. In brief, the beads were resuspended in lysis

buffer at a concentration of 600 beads/ml and then loaded into a sample loop. The cells were resuspended

at a concentration of 300 cells/ml in PBS, including 0.01% bovine serum albumin (BSA), and then loaded into

an agitated tube. Monodisperse droplets were generated in droplet generation oil (Bio-Rad) by pumping

the suspensions through glass single cell RNA seq chips (Dolomite Bio) at a speed of 200 mL/min for the oil

and 30 mL/min for beads and cells. The aqueous droplets containing single cells and/or beads in oil were

collected in 50 mL falcon tubes. We immediately proceeded with droplet breakage and cDNA synthesis

according to the drop-seq laboratory protocol v. 3.1 from McCarrol Lab. Briefly, droplet contents

(mRNA bound on the beads’ oligos) were released and washed from oil using 6x SSC buffer and perfluor-

ooctanol, and cDNA was generated by reverse transcription using Maxima H-RTase (Thermofisher Scien-

tific). Subsequently, beads were subjected to exonuclease I treatment prior cDNA amplification by SMART

PCR (4 + 14-18 cycles), purification, and tagmentation for sequencing exactly according to the drop-seq

laboratory protocol v. 3.1. After final analysis on Bioanalyzer to validate tagmented library size and concen-

tration, the libraries were sequenced on the Next Seq 550 (Illumina) at the Research Core Unit Genomics,

Hannover Medical School with 75 cycles HighOutput, paired end, read1 26bp with custom, read2 58bp und

Single index 8bp.
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Ribo-Tag Sequencing

The Ribo-Taqmouse model and ribosome-protected fragments immunoprecipitation were described pre-

viously (Doroudgar et al., 2019). The Ribo-tag mice were purchased from Jackson Laboratory (JAX ID

011029). For endothelial cell-specific tagging of ribosomes, Ribo-tag mice were crossed with Cdh5-

CreERT2 mice expressing the Cre recombinase under the control of the Cadherin 5 (Cdh5) promoter

(Cdh5-CreERT2:Ribo-tag). At 9 weeks of age, male mice underwent transverse aortic constriction or

sham operation. Ribosome footprints were generated after immunoprecipitation of endothelial cell-spe-

cific monosomes with anti-HA magnetic beads after treating the lysate with RNase I. Libraries were gener-

ated according to the mammalian Ribo-seq kit (Illumina). Barcodes were used to perform multiplex

sequencing and create sequencing pools containing at least eight different samples. Sample pools were

sequenced on the NextSeq550 platform using 75-bp sequencing chemistry. For heart homogenates,

mice were sacrificed, and their hearts were quickly excised, washed in PBS containing 100 mg/mL cyclohex-

imide (CHX), and snap frozen in liquid nitrogen. Left ventricular tissue was homogenized using a tissue ho-

mogenizer in 5 volumes of ice-cold polysome buffer (20 mM Tris pH 7.4, 10 mM MgCl, 200 mM KCl, 2 mM

DTT, 1% Triton X-100, 1U DNAse/ml) containing 100 mg/mL CHX. The tissue was homogenized further by

passing the lysate through a 23-gauge syringe needle ten times. For complete lysis, the samples were

kept on ice for 10 min and subsequently centrifuged at 20,0003g to precipitate cell debris and the super-

natant was immediately used in the further steps. From the lysate, 100 mL was used as input, from which

RNA was extracted using Trizol. The remaining lysate was used for RPF generation after RNAse digestion

for 45minat room temperature. RNAse digestion was stopped by adding SUPERase-In (Ambion). The lysate

was used for anti-HA IP of monosomes. Anti-HA magnetic beads (Thermo Fisher, 88836; 25mL per heart)

were washed with 1000 mL polysome lysis buffer three times. The lysate was then added to anti-HA mag-

netic beads and incubated with rotation at 4�C for 4h. Beads were then washed five times with 500 mL of

high salt buffer (20 mM Tris pH 7.4, 10 mM MgCl, 300 mM KCl, 2 mM DTT, 1% Triton X-100). The washed

beads were subjected to RNA extraction using TRIZOL for library construction. Ribo-Seq libraries were

generated according the to the mammalian Ribo-seq kit (Illumina) after size selection using Urea gels.

RNA isolation

RNA was isolated using RNeasy mini kit (Qiagen) and the NucleoSpin RNA II kit (Macherey Nagel) accord-

ing to the manufacturer’s protocol.

Quantitative real-time PCR

cDNA was generated using the Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)

and quantitative PCR was performed following standard procedures. Gene-expression was normalized to

Gapdh mRNA expression. Primer sequences are displayed in the key resources table.

Bulk RNA sequencing

RNA from different cardiac cell types was analyzed by bulk sequencing at the Helmholtz Center for Infec-

tion Research in Braunschweig. Quality and integrity of total RNA was controlled on the Agilent Technol-

ogies 2100 Bioanalyzer (Agilent Technologies; Waldbronn, Germany). The RNA sequencing library was

generated from 100ng total RNA using Dynabeads�mRNADIRECT�MicroPurification Kit (Thermo Fisher)

for mRNA purification followed by ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre) according to

the manufacturer’s protocols. The libraries were sequenced on Illumina HiSeq2500 using TruSeq SBS Kit

v3-HS (50 cycles, single ended run) with an average of 3 x107 reads per RNA sample.

Cell culture of rat and mouse heart cells

Neonatal rat ventricular cardiomyocytes and fibroblasts were isolated from 50-80 1-3 day old Sprague-

Dawley rats. Hearts were minced into small pieces, before they were digested 6-7 times in digestion solu-

tion (0.116M NaCl, 5.4mM KCl, 5.6mM dextrose, 10.9mM NaH2PO4, 0.41 mM MgSO4, 20mM HEPES,

pH7.3 with 0.44mg/ml collagenase type 2, Worthington, and 0.1mg/ml pancreatin, Sigma Aldrich). Cardi-

omyocytes and fibroblasts were then separated by Percoll density gradient centrifugation (Heineke, 2013).

Neonatal rat cardiomyocytes were plated overnight in plating media (Media 199, containing 5% fetal

bovine serum and 10% horse serum), before being switched to serum free media (Grund et al., 2019).

Rat neonatal fibroblast were cultured in DMEM Media with 10% FBS (Scharf et al., 2019).

ll
OPEN ACCESS

iScience 25, 103965, March 18, 2022 27

iScience
Article



DNA synthesis was measured to analyze endothelial cell proliferation by performing a BrdU incorporation

assay with a commercially available kit (Roche).

A scratch assay was performed to study fibroblast and endothelial cell migration. The cell monolayer of

growing fibroblasts was scraped in a straight line to create a ‘‘scratch injury’’ with a p200-pipet tip. Migra-

tion of cells was analyzed 18 hours later.

Human endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) and human cardiac microvascular endothelial cells

(HCMECs) were purchased from PromoCell. They were cultured according to manufacturer’s suggestions.

In brief, HUVECs were cultured in Endothelial Cell Growth Medium (PromoCell) containing a growth factor

cocktail with ECGS/H 0.4% (sterile-filtered, aqueous extract from mixed-sex bovine hypothalamic tissue),

FCS (fetal calf serum) 2%, EGF (epidermal growth factor) 0.1 ng/mL, hydrocortisone 1 mg/mL, bFGF (basic

fibroblast growth factor ) 1 ng/mL. HCMECs were cultured in Endothelial Cell Growth Medium MV for

microvascular endothelial cells (PromoCell) containing a growth factor cocktail with ECGS/H 0.4%, FCS

5%, EGF 10 ng/mL, hydrocortisone 1 mg/mL. Endothelial cells were used for experiments at passage 2.

TGFb (Peprotech) was used at a concentration of 10 ng/mL.

Collagen 1 ELISA

Collagen 1 levels were determined from the endothelial supernatant using the Human Pro-Collagen I alpha

1 DuoSet ELISA kit according to the manufacturer’s protocol (R&D Systems, DY6220-05).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean G standard error of the mean (SEM), unless indicated otherwise in the Fig-

ure legend. The investigators were blinded for mouse treatment during surgeries, echocardiography, or-

gan weight determination and all histological quantifications. An unpaired, two-tailed Student’s t-test was

used to determine statistical significance when two groups were compared. If data were not normally

distributed, the two-tailed Mann-Whitney test was used as non-parametric test. For comparison of more

than two groups, statistical significance was determined by using one-way ANOVA (with Sidak’s multiple

comparisons test, Prism 7 software). P-values <0.05 were considered as statistically significant.

Bulk RNA seq bioinformatics

Before alignment to the reference (mm10) each sequence was trimmed on base call quality and sequencing

adapter contamination using the Trim Galore! wrapper tool. Reads shorter 20nt were removed from

FASTQ files. Trimmed reads were aligned to the reference using the short read aligner STAR (https://

code.google.com/p/rna-star/). Feature counts were determined using R package ‘‘Rsubread’’. Only genes

showing counts greater than 5 at least two times across all samples were considered for further analysis

(data cleansing). Differentially expressed Genes were selected with EdgeR (0.75<FC>1.5 and pvalue

<0.05) using the Wald test. Gene ontology biological processes and KEGG pathway analysis from different

groups of genes was performed by compareCluster using the enrichGO databases with a p-value <0.05

Bonferroni as a method to correct the p-value. A Heatmap of differentially regulated genes was generated

using the Complexheatmap program, values are the z-score of the log2CPM per gene. Motifs analyses

were performed using the sequence of the significantly upregulated genes from -500 bp to 100bp around

their transcriptional start site (TSS) by the help of findMotifs.pl from homer (settings-start -500-end 100-len

8,10-p 8). Motifs with p<0.05 were considered significant. Receptor-Ligands interaction analysis was per-

formed by crossing the different gene sets from our RNA-seq with the ligand-receptor list from (Skelly

et al., 2018). In order to find the most relevant ligand-receptor interaction, a LIG_REC_Score was calculated

according to the following formula: LIG_REC_Score= as.numeric(scale(LIG_REC, center=F, scale=T)),

where LIG_REC= (UP_TAC_LIG+EXP_TAC_REC)*Log2fc_TAC_LIG, where UP_TAC_LIG is the sum of

count per millions (CPM) of the ligands from the donor cells that were up-regulated after TAC (Log2FC>1

and P<0.05), EXP_TAC_REC is the CPM of the matched receptor from the receiver cell. Receptors were

required to be expressed in TAC more than sham (Log2FC>0.1). The resulted LIG_REC value was normal-

ized by the z-score with the help of the function scale from base (options, center=F, scale=T). To compare

our results with the published data by Ren et al. 2020, we crossed the list of expressed genes in our clusters

from each cell type with the expressed genes in the clusters of fibroblasts, endothelial cells and cardiomyo-

cytes as detected by (Ren et al., 2020). Furthermore, the function ggalluvial from R was used to create the
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alluvial plots. EnrichGO from clusterprofiler was employed to identify the enriched biological function of

each group.

Drop-seq single-cell bioinformatics

Analyses were performed via the snakemake pipeline dropSeqPipe version 0.4 (https://github.com/

Hoohm/dropSeqPipe) and drop-seq-tools version 1.13. 800 cells per sample were defined as the number

of input cells. Cell barcode was set to positions 1-12, while UMI was set to 13-20. UMI edit distance was set

to 4. TruSeq adapters were trimmed using default parameters. Alignments were performed against the

mouse mm10 reference genome, with quantification performed against the mm10.gtf annotation. UMAP

and clusters analysis and plots were performed by the help of Seurat (version 4.0.2) (https://satijalab.

org/seurat/articles/get_started.html). Line plots from the EC clusters were perfomed using a custom

scripts in R.

Ribo tag bioinformatics

Translation prediction using Ribo-seq data was performed with Rp-Bp v2.0, based on Ensembl release 96

(Malone et al., 2017). Adapters removal and quality filtering was done with flexbar v3.0 using standard

filtering parameters implemented in Rp-Bp (Dodt et al., 2012). Reads aligning to a custom bowtie2

v2.3.0 ribosomal index were discarded. Remaining reads were then aligned in genomic coordinates to

the mouse genome with STAR v2.5.3a. Differential gene expression was performed using DESeq2 based

on the translation predictions. Briefly, in-frame counts from open reading frames (ORFs) were aggregated

at the gene level, and the resulting matrix was used as input for differential expression. We used periodic

fragment lengths that showed a distinctive triplet periodicity, as determined with the automatic Bayesian

selection of read lengths and ribosome P-site offsets (BPPS) method. We required the ORFs to have evi-

dence from uniquely mapping reads, at least 10 in-frame P-sites, and to be detected as translated in at least

2 out of 9 biological replicates.

Datasets of our analyses are deposited in the GEO database under accession number GSE180794.
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