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A B S T R A C T   

CRELD1 (Cysteine-Rich with EGF-Like Domains 1) is a risk gene for non-syndromic atrioventricular septal defects 
in human patients. In a mouse model, Creld1 has been shown to be essential for heart development, particularly 
in septum and valve formation. However, due to the embryonic lethality of global Creld1 knockout (KO) mice, its 
cell type-specific function during peri- and postnatal stages remains unknown. 

Here, we generated conditional Creld1 KO mice lacking Creld1 either in the endocardium (KOTie2) or the 
myocardium (KOMyHC). Using a combination of cardiac phenotyping, histology, immunohistochemistry, RNA- 
sequencing, and flow cytometry, we demonstrate that Creld1 function in the endocardium is dispensable for 
heart development. Lack of myocardial Creld1 causes extracellular matrix remodeling and trabeculation defects 
by modulation of the Notch1 signaling pathway. Hence, KOMyHC mice die early postnatally due to myocardial 
hypoplasia. 

Our results reveal that Creld1 not only controls the formation of septa and valves at an early stage during heart 
development, but also cardiac maturation and function at a later stage. These findings underline the central role 
of Creld1 in mammalian heart development and function.   

1. Introduction 

AVSD is a common congenital heart malformation, which results 
from the failure of cardiac remodeling during the formation of the 
atrioventricular septa and valves. AVSD constitutes more than 7% of all 
recognized heart defects, and AVSD patients have to undergo surgical 
treatment in the first months after birth to prevent heart failure [1]. 

CRELD1 has been the first single gene linked to atrioventricular septal 
defects (AVSD) [1]. Missense mutations were found in non-syndromic 
patients and in Down syndrome patients with AVSD [1–7]. 

To address the molecular function of Creld1 and how this protein 
could contribute to AVSD, we and others have analyzed the heart 
development in Creld1 knockout mice [8,9]. These studies reveal that 
Creld1 controls the formation of the atrioventricular cushion (AVC), the 
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progenitor structure of the developing septa, resulting in embryonic 
death at developmental day (E)11.5 due to a defect in heart develop-
ment. AVC morphogenesis in mice occurs between E9.5 and E10.5. At 
this time point, endocardial cells within the heart tube start 

delaminating and subsequently invade the extracellular matrix (ECM), 
where they acquire mesenchymal properties and start to proliferate. 
This process - termed endocardial-mesenchymal transformation (EMT) - 
requires intricate interactions between the endocardium and the 

Fig. 1. Conditional Creld1 knockout mouse lines. (A) Whole-mount lacZ staining of WT and Creld1lacZ embryos at E10.0. (B) Fluorescence of the tdTomato reporter 
(red) driven by either the Tie2- or the MyHC-Cre mouse line in non-fixed embryos at E10.5. DNA has been labeled using DAPI (blue). (C) Immunofluorescence 
staining against tdTomato (red), driven by the Tie2 promotor (GtRosaTie2, left), and PECAM (right, purple) in paraffin sections of E10.5 embryos. Only the region of 
the heart is shown; box indicates the atrioventricular (AV) cushion, which is shown in the magnified view in the middle; arrows indicate endothelial cells lining the 
heart lumen. (D) Immunofluorescence staining against tdTomato (red) in wild-type (WT) and transgenic E12.5 embryos expressing tdTomato driven by the Tie2 
promotor (GtRosaTie2). (E) Immunofluorescence staining against tdTomato (red) in paraffin sections of E14.5 wild-type and transgenic embryos expressing tdTomato 
under the control of the MyHC promotor (GtRosaMyHC). The right panel shows a magnification of the heart region indicated with a box in the middle panel. (F) 
Immunofluorescence staining against Creld1 (cyan) in paraffin sections of E12.5 wild-type (WT) and conditional KOMyHC embryos at E12.5. (G) Western blot analysis 
of Creld1 protein expression in different tissues of an adult wild-type mouse. Alpha-Tubulin (α-Tub) has been used to verify that protein has been loaded. The protein 
marker (in kDa) is indicated. (H) Immunofluorescence staining against Creld1 (red) and PECAM (green) in cryo-section of the atrium and ventricle of an adult wild- 
type mouse. Boxes on the left indicate the region of the magnified view shown on the right; arrows highlight endothelial cells. (I) Immunofluorescence staining 
against Creld1 (red) in cryo-sections of different regions of an adult wild-type mouse heart (atrium, ventricle, apex, aorta). Scale bars are indicated. All images are 
representatives of at least n = 3 per genotype. (J) Cell clusters from single cell RNA-seq analysis of cardiac cells at postnatal day 0 (P0) visualized by UMAP. Cell types 
are color coded. The expression of Creld1 in each cell type is visualized via dot plot. (K) Same as in (J) for adult cardiac cells. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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underlying myocardium [10,11]. Creld1 is required for the vascular 
endothelial growth factor (VEGF)-dependent proliferation of endocar-
dial cells at E10.5 by promoting calcineurin-dependent nuclear trans-
location of nuclear factor of activated T cells 1 (NFATc1) and, thereby, 
the expression of Nfatc1 target genes [8]. After AVC formation is 
completed, the heart is further remodeled into the cardiac septa and 
valves. Creld1 is expressed in both endo- and myocardium [8]. However, 
Nfatc1 translocation only occurs in endocardial cells, which raises the 
question whether Creld1 predominantly functions in the endocardium. 
Besides cushion formation, the interaction between the endo- and 
myocardium also regulates the development and maturation of the 
ventricular wall and, thereby, formation of the mature heart. During 
development, the ventricular wall consists of the outer wall and the so- 
called trabeculae, which comprise myocardial cells covered by an 
endocardial cell layer. The compact ventricular wall mainly forms by 
proliferation of the outer cell layer. Loss of compaction leads to severe 
cardiac defects and eventually heart failure [12,13]. One of the major 
molecular players in regulating trabeculation is the Notch signaling 
pathway [14–17]. Whether Creld1 plays a role in regulating later stages 
of myocardial development, in particular after E11.5, is not known. 

To unravel the cell type-specific function of Creld1 during heart 
development, we generated conditional knockout mice lacking Creld1 in 
either the endocardium or myocardium. Our results revealed that loss of 
Creld1 function in the endocardium is dispensable for heart develop-
ment, whereas Creld1 function in the myocardium is essential for heart 
function and survival. In the myocardium, Creld1 controls modelling of 
the extracellular matrix (ECM) and trabeculation, and its loss resulted in 
myocardial hypoplasia. In turn, mice lacking Creld1 in the myocardium 
died shortly after birth. Our results reveal that Creld1 not only controls 
the formation of septa and valves at an early stage during heart devel-
opment, but also maturation and function of the myocardium at a later 
stage. These findings underline the central role of Creld1 in mammalian 
heart development and function. 

2. Results 

2.1. Generation of conditional Creld1 knockout mice 

Using global Creld1 knockout mice, we have previously shown that 
Creld1 controls cardiac development through activation of calcineurin/ 
NFATc1 signaling [8]. However, Creld1 is widely expressed throughout 
the embryo and in adult tissues (Fig. 1A, B) [18]. Cardiac development 
crucially relies on signaling in both the endocardium and the myocar-
dium. To unravel the cell type-specific contribution of Creld1 function 
during heart development, we generated conditional knockout (KO) 
mice lacking Creld1 in either the myocardium (KOMyHC) or the endo-
cardium (KOTie2). All investigations concerning mouse work have (i) 
local approval and (ii) all procedures conform to the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of 
animals used for scientific purposes (see Material and Methods part for 
details). Animals have been euthanized using isoflurane inhalation and 
cervical dislocation. We confirmed the specificity of the Cre lines using a 
tdTomato reporter line (GtRosa), analyzing the reporter fluorescence in 
the whole embryo (Fig. 1C) and on sections from embryos at different 
developmental stages (Fig. 1D–F). Expression of tdTomato in Tie2-Cre 
and MyHC-Cre mouse lines showed specific expression of the reporter 
transgene in endothelial cells or cardiomyocytes, respectively. The 
specificity of the MyHC-Cre line was further confirmed by lack of Creld1 
expression in KOMyHC cardiomyocytes (Fig. 1G). In the heart, Creld1 is 
expressed in endothelial cells, visualized by performing a co-staining 
with an antibody against the endothelial cell marker PECAM 
(Fig. 1H), but is also detected in the rest of the heart (Fig. 1I). To analyze 
Creld1 expression on a single-cell level in the heart at different devel-
opmental stages, we made use of already published single-cell RNA-seq 
data sets for the mouse heart at P0 and in the adult stage [19,20]. At P0, 
Creld1 is mainly expressed in atrial and ventricular myocytes, 

endothelial cells, and fibroblasts, and to a lesser extent in epicardial 
cells, and immune cells (Fig. 1J). In the adult state, Creld1 is mainly 
expressed in endocardial cells, and to a lesser extent in endothelial cells, 
myocardium, fibroblasts, and erythrocytes (Fig. 1K). 

Of note, to verify the design of the conditional mouse line, we also 
generated global knockout mice by crossing Creld1flox/flox mice with Cre 
deleter mice [21]. In line with our previous report [8], viable wild-type, 
heterozygous, and homozygous embryos were identified at E10.0–10.5 
at Mendelian ratios (wild-type: 27%, heterozygous: 49%, homozygous: 
24%), but died soon after, and we never recovered any viable homo-
zygous knockout mice after E11.5. Thus, we have generated conditional 
KO mice that allow studying Creld1 function specifically in the endo-
cardium and myocardium. 

2.2. Creld1 function in the endocardium is dispensable for heart 
development and function 

To generate KOTie2 mice and control littermates, we crossed Tie2+/ 

cre; Creld1flox/flox males with Tie2+/+; Creld1flox/flox females (Fig. 2A). 
KOTie2 mice (Tie2+/cre; Creld1flox/flox) were born in Mendelian ratio and 
survived to adulthood without any gross phenotype. To investigate in 
detail whether the loss of Creld1 in the endocardium affects cardiac 
function in adult mice, we performed a detailed analysis using histology, 
ultrasound, and echocardiography. Morphological analysis of isolated 
hearts from KOTie2 mice did not reveal any septum defects or other 
morphological changes compared to control mice (Fig. 2B). The left 
diastolic diameter of KOTie2 mice was slightly reduced (Fig. 2C), whereas 
the length of the QRS interval was not different to control littermates 
(Fig. 2D). To also investigate the cardiac phenotype on a cellular level, 
we determined the average area per cell in hematoxylin/eosin-stained 
sections. However, we did not observe a significant difference in cell 
area between control and KOTie2 mice (Fig. 2E). Of note, to verify the 
results from KOTie2 mice, we also generated mice lacking Creld1 in 
Nfatc1-expressing cells (KONfatc1). The expression of the Cre recombi-
nase in this model seemed to be more widespread than in the Tie2 
model, as demonstrated using the fluorescence reporter mice (Supple-
mentary Fig. S1A). Nevertheless, the ratio of KONfatc1 mice at weaning 
(3 weeks of age) was similar to KOTie2 mice (Supplementary Fig. S1A). 
Thus, KONfatc1 and KOTie2 mice display a similar phenotype and do not 
show an overt cardiac phenotype, demonstrating that endocardial 
Creld1 is dispensable for heart development and function. 

2.3. Creld1 function in the myocardium is essential for cardiac function 
and survival 

During the generation of KOMyHC mice, we never recovered KOMyHC 

mice at weaning age, indicating that these mice die during embryonic 
development or before weaning. To elucidate the time point of KOMyHC 

mice lethality, we analyzed the distribution of viable embryos at E10.5 
and E13.5 with the respective genotypes from matings of MyHC+/cre; 
Creld1+/flox males with MyHC+/+; Creld1flox/flox females (Fig. 3A). 
KOMyHC embryos (MyHC+/cre; Creld1flox/flox) were recovered at ratios 
that were similar to control littermates at both developmental stages 
(Fig. 3A), demonstrating that loss of Creld1 in the myocardium does not 
lead to embryonic death before E13.5 and, therefore, does not resemble 
the global Creld1 knockout phenotype. Thus, we analyzed the survival 
after birth, revealing that KOMyHC pups die shortly after birth, with few 
animals surviving until P13 (Fig. 3B). Postnatal KOMyHC mice were 
smaller than their littermate controls, as demonstrated by the difference 
in body weight across the different time points (Fig. 3C). To reveal 
whether KOMyHC mice die due to cardiac defects, we analyzed the gross 
heart morphology between P0 and P7. Indeed, the atria of postnatal 
KOMyHC mice were severely enlarged and the ventricles displayed 
myocardial hypoplasia (Fig. 3D), indicating that KOMyHC mice die due to 
heart failure. To reveal when the phenotypic differences occur during 
development, we analyzed the gross heart morphology of E13.5 
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embryos. In fact, KOMyHC embryos showed phenotypic differences 
compared to their control littermates: the cardiac wall of KOMyHC em-
bryos failed to mature properly with trabeculae being morphologically 
distinct and not yet compacting (Fig. 3E). Furthermore, E13.5 KOMyHC 

embryos presented with an intra-ventricular shunt (IVS), whereas ven-
tricles were already fully septated in wild-type littermates (Fig. 3E), 
indicating a delayed septation. In summary, the cardiac defects leading 
to postnatal death of KOMyHC mice are already initiated during 

Fig. 2. Loss of Creld1 in the endocardium is not 
essential for cardiac function and survival. (A) Mat-
ing scheme for the generation of control and KOTie2 

mice. (B) Hematoxylin-eosin staining of cardiac sec-
tions from wild-type and KOTie2 mice. Scale bar: 2.5 
mm. Asterisk: interventricular septum. (C) Diastolic 
left ventricular diameter of wild-type (Tie2+/+, 
Creld1flox/flox, n = 30) and knockout mice (Tie2+/cre, 
Creld1flox/flox, n = 29). (D) see (C) for duration of the 
QRS interval. (E) Cell area. Data are shown as mean 
± SD and individual data points. Statistical compar-
ison has been performed using Student’s t-test (two- 
tailed, unpaired, Welch correction). All images are 
representatives of at least n = 3 per genotype.   

Fig. 3. Creld1 expression in the myocardium is essential for cardiac function and survival. (A) Mating scheme for the generation of control and KOMyHC knockout 
mice. Percentages of genotypes at E10.5 (grey, n = 53) and E13.5 (black, n = 138) are indicated. (B) Survival rate of wild-type (ctrl) and KOMyHC mice after birth. 
Days after birth are indicated. (C) Relative body weight of control (ctrl) and KOMyHC mice. Weights have been determined from P0-P13 and normalized to the mean 
weight of the respective control littermates. Statistical comparison has been performed using Student’s t-test (two tailed, unpaired). Data are shown as mean ± SD 
and individual data points. (D) Hematoxylin-eosin staining of cardiac sections from wild-type (ctrl) and KOMyHC mice at P7. Similar results were obtained from other 
mice at P0 and P5. Scale bar: 0.4 mm. (E) Hematoxylin-eosin staining of cardiac sections from wild-type (ctrl) and KOMyHC mice at E13.5. Scale bar: 0.2 mm. All 
images are representatives of at least n = 3 per genotype. 
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embryonic development. 

2.4. Myocardial Creld1 deficiency affects gene expression during heart 
development 

To unravel the molecular mechanisms underlying dysmorphogenesis 
in the absence of Creld1 in the myocardium, we performed gene 
expression studies. So far, Creld1 function has only been associated with 
calcineurin/NFATc1 signaling at E10.5 during embryonic development 
in global Creld1 knockout mice [8]. However, the expression of NFATc1 
target genes, Nfatc1, Rcan1, and Vegfa in KOMyHC hearts was not 
significantly different at E10.5 compared to wild-type embryos (Sup-
plementary Fig. S2A), indicating that the cardiac defects are not caused 
by dysregulation of NFATc1 signaling. To further delineate the under-
lying signaling pathways, we performed RNA sequencing (RNA-seq) of 

whole embryonic hearts at E13.5 and separated atria and ventricles at 
P3 (Fig. 4A). Dimensionality reduction using principal component 
analysis (PCA) of KOMyHC samples and littermate controls revealed a 
clear separation of KOMyHC samples and littermate controls by age and 
anatomy (Fig. 4B). While both genotypes clustered together at E13.5, P3 
KOMyHC and wild-type samples showed clear segregation according to 
genotype, indicating distinct transcriptomic profiles. To characterize 
signaling pathways that are co-expressed across all samples, we first 
performed a gene co-expression network analysis, based on the ‘Con-
struction of co-expression network – automated’ (CoCena2) [22] that 
clusters genes into distinct modules based on their expression patterns 
across genotypes and conditions. Similar to the PCA, we did not detect 
large differences between control and KOMyHC E13.5 hearts (Fig. 4C). 
However, CoCena2 identified the light green module with 310 genes 
globally upregulated in embryonic hearts and only the P3 KOMyHC atria 

Fig. 4. Transcriptome analysis of control and KOMyHC hearts. (A) Scheme of samples collected for RNA-seq. (B) Principal component analysis of E13.5 and P3 
samples. (C) Genes were clustered into expression modules based on similar expression patterns across the experimental groups using a gene co-expression network 
analysis based on CoCena2. Mean group fold change (GFC) for each module are displayed in the heat map. The number of genes assigned to specific modules are 
depicted in colored boxes on the right. (D) Heatmap representation of selected genes present in the turquoise, blue and yellow modules; ctrl: control hearts; KO 
KOMyHC hearts. ECM: extracellular matrix, EMT: endocardial-mesenchymal transition. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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having a similar gene-expression signature (Fig. 4C). Gene ontology 
(GO) enrichment analysis of these genes suggested that embryonic 
hearts and P3 KOMyHC atria are highly proliferative with the most 
prominent terms being ‘translation’ and ‘cell division’. Further, P3 
KOMyHC atria showed decreased expression of genes important for 
muscle development, e.g. Mef2a, Nr1d2, and Cav1, when compared to 
control atria and ventricles (turquoise module, 296 genes, Fig. 4D). The 
yellow module (149 genes) contained genes that were upregulated in P3 
KOMyHC atria and ventricles and Hallmark and GO enrichment analyses 
revealed that these belong to biological processes of ‘extracellular ma-
trix (ECM) organization’ and ‘epithelial-to-mesenchymal transition 
(EMT)’. Similarly, the blue module (96 genes) identified ‘ECM organi-
zation’, ‘EMT’, and ‘cardiomyopathy’ using Reactome, Hallmark, and 

disease ontology analyses (Fig. 4C). These two modules contained col-
lagens (Col5a1, Col4a2) and lysyl oxidases (Lox, Loxl1), suggesting an 
accumulation of ECM. Further, we detected increased expression of the 
natriuretic peptide progenitor A (Nppa) gene in both P3 KOMyHC atria 
and ventricles. Nppa is the precursor of the Atrial natriuretic peptide 
(Anp) protein, which is secreted from cardiomyocytes upon stretching 
and dilation of the heart and, thus, serves as marker for mechanical 
stress as well as cardiac hypertrophy and heart failure [23]. Taken 
together, our analyses demonstrate that loss of myocardial Creld1 affects 
transcriptional networks in both atria and ventricles at P3. 

Fig. 5. Molecular and cellular cardiac phenotype of E13.5 KOMyHC mice. (A) Anp (atrial natriuretic peptide) expression. Cardiac sections of P7 KOMyHC and control 
mice labeled with an Anp antibody (red) and DAPI (blue). Scale bar: 120 μm. (B) Sirius Red/Fast Green labeling of cardiac sections from P7 KOMyHC and control mice. 
Region indicated with a box is shown as a magnified view on the right. Similar results were obtained from other mice at P0 and P5. Scale bar: 0.4 mm. (C) Fn1 
(Fibronectin 1) expression. Cardiac sections of E13.5 KOMyHC and control embryos labeled with an Fn1 antibody (red) and DAPI (blue). Scale bar: 40 μm. All images 
are representatives of at least n = 3 per genotype. (D) Quantification of the fibrotic area: i. in the left atria, ii. in the left ventricles using images as shown in (B). (E) 
Quantification of the mean fluorescence intensity of the Fn1 labeling, as shown in (C). (F) Representative images of Ki67 labeling (yellow) of heart sections from 
E13.5 control and KOMyHC mice. Dapi labeling is shown in blue. Scale bar: 250 μm. (G) Quantification of Ki67 labeling shown in (F). (H) Representative images of 
cleaved caspase-3 labeling (yellow) of heart sections from E13.5 control and KOMyHC mice. Dapi labeling is shown in blue. Scale bar: 250 μm. (I) Quantification of 
cleaved caspase-3 labeling shown in (H). A: atria, V: ventricle. Statistical comparison has been performed using Student’s t-test (two tailed, unpaired). Data are shown 
as mean ± SD and individual data points. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.5. Loss of Creld1 in the myocardium leads to ECM remodeling during 
heart development 

To verify changes in gene expression identified by RNA-seq, we 
performed immunofluorescence labeling of Anp. Indeed, Anp expression 
was increased in the atria of KOMyHC hearts (Fig. 5A). To histologically 
verify the accumulation of ECM, we performed Sirius Red/Fast Green 
staining for collagen detection. Whereas control hearts did not show 
prominent collagen deposition in the ventricular wall, KOMyHC hearts 
displayed collagen accumulation surrounding the ventricular trabeculae 
(Fig. 5B), supporting a fibrotic phenotype in early postnatal KOMyHC 

mice. In fact, the fibrotic area in both, atria and ventricles was signifi-
cantly increased in KOMyHC compared to control mice (Fig. 5D). During 
heart development, the ECM guides the assembly and maturation of 
cardiac cell types [24]. Mutations in the ECM genes Has2 or Vcan pre-
vent trabeculae formation [25,26], demonstrating the importance of the 
ECM for heart development and function. To investigate whether early 
changes in ECM during embryonic development might underlie the 
cardiac defects observed in KOMyHC mice, we analyzed the ECM at E13.5 
using Fibronectin 1 (Fn1) as a marker. Indeed, expression of Fn1 was 
increased in KOMyHC compared to control hearts (Fig. 5C, E), demon-
strating that ECM remodeling occurs already before major transcrip-
tional changes can be observed. Apart from Fn1, also the expression of 
Laminin B3 was increased in KOMyHC compared to control hearts (Sup-
plementary Fig. S2C). To reveal whether a defect in proliferation un-
derlies the defects observed at E13.5 in KOMyHC hearts, we labeled heart 
sections with an antibody against Ki67. However, we did not observe 
any significant differences, neither in the atria, nor in the ventricles 
(Fig. 5F, G). In addition, we also did not observe increased cell death in 
KOMyHC compared to control hearts (Fig. 5H, I). In summary, loss of 
Creld1 in the myocardium leads to ECM accumulation, resulting in 
myocardial hypoplasia and, eventually, heart failure. 

2.6. Creld1 controls Notch1 signaling in the heart during embryonic 
development 

To characterize Creld1-dependent signaling pathways during em-
bryonic development that control ECM remodeling and trabeculation, 
we further inspected the gene expression at E13.5. Due to the major 
transcriptional changes at P3 and the settings used for analysis, the 
CoCena2 analysis did not show any genes affected during embryogen-
esis. Thus, we generated a differentially expressed gene (DEG) list (p- 
value: <0.05) using only the E13.5 samples and performed a targeted 
gene-set enrichment analysis (GSEA) of cardiac development signaling 
pathways. However, neither genes with NFAT binding sites in their 
promoter, nor genes regulated by Vegf, Nrg1, or Bmp showed an un-
equivocal tendency towards being up- or down-regulated (Supplemen-
tary Fig. S3, Supplementary Table S2). 

Intriguingly, screening of DEG between wild-type and KOMyHC hearts 
at E13.5 revealed that Notch1, which is a well-known player during 
trabeculation and ECM degradation, is significantly downregulated in 
KOMyHC compared to control hearts (p-value: 0.046, log2FC: − 0.824). 
Notch1 signaling promotes ECM degradation during the formation of 
endocardial projections that are critical for trabeculation [17]. Some of 
the main components of Notch signaling controlling ECM remodeling 
and trabeculation are the E3 ligase Mib1, which ubiquitinates the 
Notch1 ligands Delta (Dll4) and Jagged (Jag1), triggering their endo-
cytosis and initiating Notch1-dependent gene expression [27]. During 
early ventricular development, Dll4 is expressed in the endocardium, 
whereas Jag1 is expressed in the myocardium [14,15]. At E13.5, Notch1 
activity depends on myocardial Jag1 expression, coordinating ventric-
ular patterning and maturation [14,15]. Myocardial Jag1 inactivation 
disrupts chamber maturation, leading to cardiomyopathy [15]. First, we 
performed qPCR analysis on E13.5 hearts for Notch1 target genes (Hey1, 
Hey2, Hes1). However, we did not observe a difference in Notch1- 
dependent gene expression (Supplementary Fig. S1B). To analyze and 

spatially dissect Notch signaling in the endo- or myocardium, we per-
formed flow cytometry analysis of E13.5 control and KOMyHC hearts and 
analyzed the surface expression of Jag1. Generally, the frequency of 
endocardial (CD31+) or myocardial (Vcam1+) cells remained un-
changed between control and KOMyHC hearts (Supplementary Fig. S4A). 
To perform an unbiased analysis of Jag1 expression, we used Uniform 
Manifold Approximation and Projection (UMAP), a dimensional reduc-
tion technique to identify differences in endocardial and myocardial 
protein expression (Fig. 6A, Supplementary Fig. S4B). The analysis 
revealed no differences in the cluster distribution between control and 
KOMyHC hearts (Fig. 6A). However, Jag1 expression, in particular in the 
Vcam1+ clusters, was reduced in KOMyHC hearts compared to control 
hearts (Fig. 6B). Gating-based flow cytometry analysis (Supplementary 
Fig. S4C) of Jag1 expression underlined these results (Fig. 6C). In 
summary, our results demonstrate that loss of Creld1 in the myocardium 
reduces Jag1 surface expression on myocardial cells at E13.5, which, in 
turn, alters Notch1 signaling and, thereby, heart development. 

3. Discussion 

Our study unravels the role of Creld1 in the embryonic and early 
postnatal heart and demonstrates that Creld1 function in the myocar-
dium, but not the endocardium, is essential for heart function and sur-
vival. Together with results from our previous study [8], this suggests a 
key role for Creld1 in cardiac development with its functions being as 
diverse as the sequential molecular pathways necessary to form a four- 
chambered heart. 

Based on Creld1 function in controlling AVC formation via activation 
of calcineurin/Nfatc1 signaling [8], we hypothesized that Creld1 exerts 
its role via a cell-autonomous mechanism in the endocardium. However, 
KOTie2 mice, in which Creld1 is specifically depleted in the endocar-
dium, did not cause a strong cardiac defect, demonstrating that endo-
cardial Creld1 expression is dispensable for heart development and 
function. However, KOMyHC mice lacking Creld1 in the myocardium died 
due to a severe cardiac defect a few days after birth. Thus, Creld1 
function in the myocardium is essential for heart function and survival. 
Intriguingly, these mice did not resemble the phenotype of global Creld1 
knockout-mice. Together, this indicates that the regulation of AVC 
development at E9.5–10.5 depends on Creld1 function in both, endo-
cardium and myocardium. This points towards a role for Creld1 in 
controlling cell-cell communication between the myocardium and 
another cell type during early embryonic development. At later stages 
during development, the cell autonomous role of myocardial Creld1 
seems to be more important. The molecular details underlying this 
Creld1-dependent interaction between different cell types in the heart 
need to be revealed in future studies. Of note, the other mammalian 
isoform, Creld2, is a secreted protein that fulfils paracrine functions 
[28,29]. Future studies need to reveal whether Creld1 also displays 
extracellular functions, promoting paracrine signaling. 

Our gene expression analyses at P3 indicate that KOMyHC atria show 
traits of the transcriptional program of E13.5 hearts. This is in line with 
previous studies showing that the remodeling process leading to a hy-
pertrophic heart also includes a partial return to the expression of an 
embryonic gene program [30]. Our data further demonstrate that Creld1 
expression in the myocardium promotes ECM remodeling, trabecula-
tion, and chamber maturation. Loss of Creld1 resulted in an increased 
expression of ECM components at E13.5 (i.e. Fn1). The ECM provides 
the architectural scaffold to support efficient contraction and relaxation 
of cardiomyocytes and facilitates intercellular communication and 
metabolic exchange within the myocardial microenvironment [31]. 
Pathological ECM remodeling leads to adverse cardiac remodeling and 
heart failure [31]. In fact, increased Fn1 levels contribute to the devel-
opment of cardiac hypertrophy [32] and persistent ECM and car-
diomyocyte growth, as we observed in KOMyHC hearts [17]. A key player 
in ECM remodeling, trabeculation, and chamber maturation is the Notch 
signaling pathway. A previous study showed that heterozygous Creld1+/ 
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− knockout mice display reduced expression of Hey2 [33], which is a 
target of Notch1 signaling. In fact, also Notch1 expression was reduced in 
Creld1+/− knockout mice [33]. Our results indicate that Creld1 in the 
myocardium controls Notch1 signaling by stimulating the surface 
expression of Jag1 in the myocardium, thereby enhancing trabecular 
termination, and contributes to compaction. However, loss of Jag1 in 
cardiomyocytes does only results in a mild cardiac phenotype without a 
defect in trabeculation [15], indicating that down-regulation of Jag1 
alone does not underlie the cardiac defects observed in KOMyHC hearts. 
Furthermore, it is surprising that loss of Creld1 in the myocardium only 
results in minor changes in gene expression during embryonic devel-
opment, nevertheless, neonatal mice die soon after birth. This conun-
drum has to be solved in future experiments. 

So far, Creld1 has been shown to interact with calcineurin B, which 
controls Nfatc1 translocation in the nucleus [8]. Furthermore, Creld1 
regulates surface expression of the acetylcholine receptor (AChR) in 
mouse muscle cells by promoting the assembly of AChR subunits in the 
ER [34]. Thus, Creld1 seems to be important for regulating the subcel-
lular localization of proteins. Whether this also plays a role in the 
context of Notch signaling in the myocardium will be investigated in 
future studies. Previous work indicated that the predicted structure of 
Creld1 is reminiscent of non-canonical Notch1 ligands, e.g. Dlk1 [35], 
lacking the DSL motif of canonical Notch ligands and rather containing 
tandem EGF repeats. However, physical interaction between Creld1 and 
Notch1 could not be verified [33]. 

A recent study, investigating the role of CRELD1 in the immune 
system, identified CRELD1 as an important modulator of immune ho-
meostasis upstream of WNT signaling [18]. This suggests that WNT and 
Notch signaling are connected, as Jag1, which is down-regulated in 
hearts of myocardium-specific Creld1 KO animals, is a target gene of 
canonical WNT signaling [36–38]. 

Altogether, these results uncover a previously undescribed function 
for Creld1 signaling and demonstrate that Creld1 and Notch1 signaling 
are closely intertwined in the myocardium during heart development. 

AVSD patients carrying CRELD1 mutations globally express the 
mutation in both endocardium and myocardium. Thus, the patients 
display a defect in septum and valve formation due to defects in AVC 
formation. However, no defects in chamber maturation have been re-
ported, which would be a result of CRELD1 loss-of-function in the 
myocardium. To mimic the human pathophysiology and further analyze 
the functional consequences of Creld1 mutations in vivo, knock-in mouse 
models carrying Creld1 mutations are required that express the mutant 

protein in a cell type-specific manner. Our study has added another 
chapter to understand the molecular mechanisms underlying cardiac 
development and underlines the key role of Creld1 in regulating cardiac 
development and heart function. 

4. Material and methods 

Mice. All investigations concerning mouse work have (i) local 
approval and (ii) all procedures conform to the guidelines from Directive 
2010/63/EU of the European Parliament on the protection of animals 
used for scientific purposes. In detail, all animal experiments were 
conducted according to the German law of animal protection and in 
agreement with the approval of the local institutional animal care 
committees (caesar: Landesamt für Natur, Umwelt und Ver-
braucherschutz (LANUV), North Rhine-Westphalia, Az 84-02.04.2014. 
A275; German Mouse Clinic: district government of Upper Bavaria, Az 
ROB-55.2-2532.Vet_02-16-46). Animal housing, handling and proced-
ures were performed according to the guidelines governing animal care. 
Mice were housed under standard SPF conditions (12-h light/dark cycle) 
with food and water provided ad libitum. Targeted ES cells (Creld1tm1a 

(EUCOMM)Wtsi) were obtained from the European Mouse Mutant Cell Re-
pository (EuMMCR) and injected into blastocysts (84-02.04.2012.A192) 
to generate Creld1lacZ mice as described previously [8]. To remove the 
lacZ/neo cassette and generate the conditional allele (Creld1flox), 
offspring was crossed to Flp-deleter mice [39]. To generate cell type- 
specific knockout mice, Creld1flox mice were crossed with respective 
Cre lines: Tie2-Cre [40], Nfatc1-Cre [41], or αMyHC-Cre [42]. As a re-
porter, Gt(Rosa)26Sortm9(CAG-tdTomato)Hze (GtRosa) mice were used [43]. 
Animals have been euthanized using isoflurane inhalation and cervical 
dislocation. 

Genotyping. Genotyping was performed using isolated DNA ob-
tained from ear punches. Primers for detecting the lacZ cassette of 
Creld1-lacZ mice were C2411 (5′ TGCAGTCGGGAATCTG) and C2413 
(5′ AGTCTTCCTGTCCAGG); transgenic band 450 bp. Primers for 
detecting the floxed allele after removal of the lacZ cassette of Creld1flox 
mice were C2411 and C2412 (5′ TGGGCACACTTCTGTG); wild-type 
band 250 bp and transgenic band 320 bp. Primers for detecting the 
KO allele after removal of the floxed cassette mice were C2411 and 
C2414 (5′ TCAGGGACTGAACTCC); transgenic band 469 bp. Generic 
primers for detecting the Tie2-Cre or Nfatc1-Cre allele were C0098 (5′

GCGGTCTGGCAGTAAAAACTATC) and C0099 (5′ GTGAAA-
CAGCATTGCTGTCACTT); transgenic band 180 bp. MyHC-Cre specific 

Fig. 6. Flow cytometry analysis of E13.5 hearts. (A) 
Clustering of CD45− Ter119− (immune cells, eryth-
rocytes) cardiac cells. Individual clusters are color- 
coded; Vcam1+ and CD31+ are highlighted. ctrl: 
control hearts, KOMyHC: knockout hearts. (B) Scaled 
Jag1 expression, superimposed on clustering pre-
sented in (A). All cluster presented in (A) and (B) are 
representative for n = 4 per genotype, 8 samples in 
total from 4 different experiments. (C) Percentage of 
Jag1+ cells among Vcam1+ cells. Data are presented 
as mean ± SD and individual data points.   
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primers were C3750 (5′ ATGACAGACAGATCCCTCCTATCTCC) and 
C3751 (5′ CTCATCACTCGTTGCATCGAC); transgenic band 300 bp. 

X-Gal staining. Mouse embryos were fixed in 0.5% para-
formaldehyde in PBS for 1 h at 4 ◦C, washed in PBS twice and incubated 
in rinse solution (100 mM NaP, 2 mM MgCl2, 0.01% sodium deoxy-
cholate, 0.02% NP-40) for 1 h. Afterwards, samples were stained for 24 
or 48 h in X-gal staining solution (1 mg/ml X-gal, 5 mM K4[FeII(CN)6], 
5 mM K3[FeIII(CN)6]), washed for 1 h in PBS and mounted using 100% 
glycerol. 

Immuno- and histological stainings and quantification. Mouse 
embryos and hearts were fixed in 4% paraformaldehyde/PBS for 6 h 
(E10.5) or 48 h (E13.5, postnatal hearts). For cryo-sections (postnatal 
hearts), samples were cryo-protected in 10%/30% sucrose for 48 h, and 
embedded in Tissue Tek (Sakura Finetek). To block unspecific binding, 
cryo-sections (16 μm) were incubated for 1 h in blocking buffer (0.5% 
Triton × 100 and 5% ChemiBLOCKER (Millipore) in 0.1 M phosphate 
buffer, (pH 7.4)). Primary antibodies were diluted in blocking buffer and 
incubated for 2 h. Fluorescence-labeled secondary antibodies were 
diluted in blocking buffer containing 0.5 mg/ml DAPI (Invitrogen), 
pictures were taken on a confocal microscope (FV1000, Olympus). For 
paraffin sections, samples were dehydrated through a series of ethanol 
baths followed by incubation in xylene and embedding in paraffin wax 
(Paraplast plus, Leica). After sectioning on a rotary microtome (5 μm), 
sections were deparaffinized and rehydrated followed by hematoxylin/ 
eosin or antibody staining. Hematoxylin staining was performed in 
Meyer’s hemalum solution (Sigma-Aldrich) and eosin staining (Sigma- 
Aldrich) in H2O and 50% ethanol. For collagen staining, the sections 
were incubated in Bounin’s solution (Sigma-Aldrich) at 55 ◦C and 
stained using 1 g/l aqueous Fast Green FCF (Sigma-Aldrich) solution and 
1 g/l Sirius Red F3B (Direct Red 80, Sigma-Aldrich) in saturated aqueous 
picric acid solution (Sigma-Aldrich). Postnatal heart sections stained 
with Sirus Red and Fast Green were imaged using a Zeiss AxioScan.Z1 
slide scanner. The images were imported to Fiji using the “Bioformats” 
plugin [44]. Left atria (LA) and the outer left-ventricular walls (LV) were 
optically dissected and areas containing staining artefacts or physio-
logically collagen-rich tissues (i.e., cardiac valves and blood vessels) 
were excluded from the analysis. To segment the tissue from the back-
ground, images were filtered for minimum saturation and maximum 
brightness values in the HSB color space. To assess fibrotic areas within 
the tissue, filters were complemented with a Hue filter representing red 
color (185–55 a.u.). The fraction of fibrotic tissue was assessed by 
normalizing the area of fibrotic tissue on the overall tissue area. 

Antibody staining of paraffin sections was performed as described 
above, including an additional step of peroxidase blocking (1.2% H2O2 
in PBS, 10 min) and heat-induced antigen retrieval (10 mM sodium 
citrate buffer, pH 6, 20 min at 85 ◦C). Primary antibodies: gt anti-Creld1 
AF4116 (R&D Systems; 1:250), rb anti-RFP (Rockland; 1:1.000), rb anti- 
PECAM-1 M20 (Santa Cruz Biotechnology, 1:400), anti-Anp (Peninsula 
Laboratories, 1:250), anti-Fn1 (Merck, 1:200), anti-Ki67 (Invitrogen, 
1:400), anti-cleaved caspase-3 (Asp175, Cell Signaling, 1:400); sec-
ondary antibody: dk anti-rat CY3 (Dianova, 1:500). 

The Ki67 and cleaved caspase-3 labeling was quantified as follows: 
Images were taken on a confocal microscope (SP5, Leica). Analysis was 
performed with Fiji ImageJ (Version 2.0.0-rc-69/1.52p). In brief, 
random areas of 250 × 250 px were taken from the atria and ventricles, 
and positive Ki67 cells were manually counted. 

Western blot analysis. Lysates were obtained by homogenizing 
tissue in lysis buffer (10 mM Tris/HCl, pH 7.6, 140 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, mPIC protease inhibitor cocktail 1:500). Sam-
ples were incubated for 30 min on ice and centrifuged at 10,000g for 5 
min at 4 ◦C. Prior to separation by SDS-PAGE, samples were mixed with 
4× SDS loading-buffer (200 mM Tris/HCl, pH 6.8, 8% SDS (w/v), 4% 
β-mercaptoethanol (v/v), 50% glycerol, 0.04% bromophenol blue) and 
heated for 5 min at 95 ◦C. Per sample, 80 μg total protein lysates were 
loaded. For Western blot analysis, proteins were transferred onto PVDF 
membranes (Immobilon), probed with antibodies following 

manufacturer’s protocols (LI COR IRDye), and analyzed using a near- 
infrared fluorescence detection system (LI-COR Odyssey). Primary an-
tibodies: gt anti-Creld1 AF4116 (R&D Systems; 1:250), ms anti-tubulin 
TUB2.1 (Sigma, 1:5.000). 

Quantitative real-time PCR. Total RNA was extracted from mouse 
embryos or mouse hearts using the NucleoSpin XS Kit (Macherey-Nagel) 
and checked for quality on a 2% agarose gel. 200 ng–2 μg of total RNA 
were used for cDNA synthesis using SuperScript III Reverse Transcrip-
tase (ThermoFisher Scientific). cDNA was mixed with iQ SYBR Green 
Supermix (Bio-Rad) or the PowerTrack™ SYBR Green Master Mix 
(ThermoFisher Scientific) and specific primers to detect relative changes 
in gene expression. Gene expression was normalized to the expression of 
reference genes using the delta-Ct method. Primers used for qPCR are 
described in Table 1. 

Cardiovascular examination of endocardial Creld1 knockout 
mice. Tie2+/cre,Creld1flox/flox (15 males, 14 females) and control litter-
mates Tie2+/+,Creld1flox/flox (15 males, 15 females) underwent a sys-
tematic phenotyping screen by the German Mouse Clinic at the 
Helmholtz Zentrum München (http://www.mouseclinic.de) as 
described previously [45–47]. The cardiovascular screening was per-
formed at the age of 15 weeks including electrocardiogram and echo-
cardiography. Briefly, electrocardiography (ECG) measurements were 
recorded in conscious mice with the ECGenie (Mouse Specificy Inc., 
Boston, MA) and analyzed using LabChart software (ADInstruments). 
Left ventricular function was evaluated with transthoracic echocardi-
ography using a Vevo 2100 Imaging System (Visual Sonics) with a 30 
MHz probe. No anesthesia was performed for the ECHO measurement. 

At 19 weeks of age, hearts were collected, fixed in 4% neutral buff-
ered formalin and embedded in paraffin for histological examination 
using standard hematoxylin/eosin-stained sections. Heart photomicro-
graphs were taken using a Hamamatsu NanoZoomer digital slide scan-
ner (Hamamatsu Photonics, Herrsching, Germany). Hematoxylin/eosin- 
stained (H/E) section of the whole heart were imaged using the Zeiss 
AxioScan.Z1 slice scanner. The images were imported to Fiji using 
“NDPITools” plugin [48]. Hematoxylin (nuclei) and eosin (cytosolic) 
staining were separated using the H/E option in the “Color Deconvolu-
tion” function integrated into Fiji. The resulting blue (channel 1) and red 
(channel 2) channels were used to assess nuclei count and tissue area, 
respectively. Both channels were blurred using a Gaussian blur with σ =
0.55 μm to suppress noise. Areas with blood clotting, big blood vessels, 
or noise were excluded from the subsequent analyses. To segment the 
nuclei, the Fiji auto-thresholding method “RenyiEntropy” was applied. 
Nuclei objects were identified and counted using the “Analyze Particles” 
function of Fiji (size range 7.25 * 10− 12 m2 – 124.2 * 10− 12 m2, circu-
larity ⩾ 0.25 a.u.). The area of the heart was assessed by counting all 
pixels passing the threshold obtained by the Fiji auto-thresholding 
method “Triangle”. Cell area was calculated for each image by 
dividing the count of nuclei by the area covered by the heart. 

Sample preparation and RNA sequencing. Total RNA was 
extracted using a RNeasy Micro kit (Qiagen). The quantity and quality 
(RINe) of the RNA were assessed via the HS RNA analysis screen tape 
assay on a 4200 TapeStation system (Agilent Technologies). Total RNA 
was converted into double-stranded cDNA libraries as a template for 
high-throughput sequencing according to the SMART-Seq2 protocol 
[49]. In brief, mRNA was captured by polyT nucleotides and converted 
into cDNA with 5′ and 3′ overhangs by using the switching mechanism at 
the 5′ end of RNA template (SMART) approach, SuperScript II RT 
(Invitrogen) and a template-switching oligonucleotide. After PCR 
amplification, cDNA was quality controlled via the HS D5000 analysis 
screen tape assay on a 4200 TapeStation system (Agilent Technologies). 
A total of 100 pg of cDNA each was further converted to sequencing 
libraries by Tagmentation using a Tn5 from the Nextera XT DNA Library 
Preparation kit (Illumina) and subsequent PCR amplification using a 
Nextera XT Index kit (Illumina). Size selection, purification and size 
measurement of cDNA fragments were performed as described above. 
The cDNA library was quantified using a Qubit dsDNA HS assay kit 
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(Thermo Fisher). The libraries were clustered at 1.4 pM on a NextSeq500 
system (Illumina) and sequenced 75-bp single-read using High Output 
v2 chemistry. Sequencing data were demultiplexed using bcl2fastq2 
v.2.20. After base calling and demultiplexing, the 75-bp single-end reads 
were aligned to the Mus musculus reference genome mm10 from UCSC 
by STAR v.2.5.1 using default parameters. 

RNA sequencing analysis. Raw counts were imported to R (R 
Development Core Team, 2008, v.3.5.3 2019-03-11) and genes with less 
than 10 reads across all samples were depleted. Subsequently, raw 
counts were normalized and a differential expression (DE) analysis was 
conducted using the DESeq2-package [50] set to default parameters. To 
compensate for unwanted variation, a surrogate variable analysis was 
performed using the surrogate variable analysis package [51]. The first 
surrogate variable (SV) was added to the DESeq2-model to obtain more 
precise dispersion estimates. The regularized logarithm (rlog) trans-
formed counts were additionally corrected on the first SV. The obtained 
matrix was used as input for the PCA (Rbase package) and gene co- 
expression network analysis, and to draw heat maps. For the DE anal-
ysis, p-values were adjusted for the false discovery rate (FDR) using 
Independent Hypothesis Weighting [52]. PCA results were visualized 
using the ggplot2 package (v.3.1.1). 

For the CoCena2, raw gene counts were rlog transformed and batch- 
corrected on the first surrogate variable and subsequently filtered by 
lowest p-value in any DE comparison (4511 genes total, p-value cutoff 
0.055). Gene-to-gene similarities were determined using Spearman’s 
rank correlation coefficient (r) with the R package Hmisc (v.4.2.0) and 
the threshold to draw edges was set to r > 0.837. These cut-off values 
resulted in networks following the power-law distribution (scale-free 
topology, r2 = 0.86, Pearson correlation). Unbiased clustering was 
performed using the “Louvain modularity” algorithm in igraph (v.1.2.4). 
Clustering was repeated 15 times. Genes assigned to more than five 
different clusters were not assigned to clusters. Clusters with fewer than 
20 genes are not shown. Group fold changes were obtained by calcu-
lating the mean of gene-wise z-transformations of the rlog transformed 
counts in each module. Heatmaps were drawn using the pheatmap 
package (v.1.0.12). Enrichment analysis was conducted using Cluster-
Profiler (v.3.10.1) [53]. The results are listed in Supplementary 
Table S2. 

The code for CoCena2is available at https://github.com/UlasThoma 
s/CoCena2. The analysis has been performed according to the version 
from the 25th of March 2019. 

The detailed analysis on the embryonic samples was similarly per-
formed using the DEseq2 [50] model correcting for the first sV found the 
complete dataset [51]. Also in this model, all genes showing a low read 
count (total reads <10) were removed to de-noise the result. The dif-
ferential expression was defined according to p-values threshold (p <
0.05) with no fold change cut-off nor multiple testing correction to 
identify also small but consistent changes in the transcriptome. 

GSEA for the transcriptional profile of KOMyHC E13.5 heart was 
performed on the ranked gene list according to the log2 fold change in 
the comparison KOMyHC vs. control. The enrichment and the graphical 

visualization were calculated with the fgsea R package (v. 1.10.0 
https://doi.org/10.1101/060012) with 10000 permutation for statisti-
cal testing. All used signatures are part of the MsigDB database (v. 6.2). 

Single-cell analysis. Two separate mouse heart single-cell datasets 
at two different time points (P0, adult) were used to analyze the 
expression of Creld1 across different cell types. The first dataset was 
retrieved from the Tabula Muris project [20]. This dataset consisted of 
processed data of 624 cells of adult mouse aorta-heart tissues using drop- 
let technique (data available from: https://figshare.com/articles/dat 
aset/Robject_files_for_tissues_processed_by_Seurat/5821263?file 
=13088642). The second dataset consisted of 25,776 processed cells 
from Drop-seq RNA-seq on a P0 mouse heart (data available from: 
https://github.com/jlduan/Reprogram-Seq) [19]. 

Both datasets were separately analyzed in R using Seurat package (v. 
3.2.3) [54]. The “NA” cluster from the adult heart dataset and “MEF- 
derived” cluster from the P0 heart data were excluded from the analysis 
to focus on cardiac cells only. The remaining cells were visualized using 
UMAP algorithm and the expression of desired gene(s) in different 
clusters were shown on the UMAP and dot plots. 

Flow cytometry. Pregnant female mice were sacrificed at E13.5 by 
cervical dislocation. Embryos were removed from the uterus, washed in 
4 ◦C phosphate-buffered saline (PBS, Invitrogen), and dissected hearts 
were incubated in cold PBS containing 2 mg/ml of collagenase D 
(Roche), 200 U/ml DNase I (Sigma), and 3% fetal calf serum (FCS, 
Invitrogen), followed by mechanical disruption and incubation at 37 ◦C 
for 30 min. Following the incubation, the cell suspension was filtered 
through a 100 μm filter, transferred into FACS tubes, and centrifuged at 
320g for 7 min. Cells were resuspended in FACS buffer (PBS, 0.5% BSA 
and 2 mM EDTA), containing purified anti-CD16/32 (FccRIII/II) (1:100) 
and rat serum (2%), and incubated for 10 min at 4 ◦C. Immunostaining 
of each sample was performed in two steps. First, each sample was 
stained with the biotin-labeled antibody Ter119 (1:200, TER-119, Bio-
legend). Second, the fluorochrome-conjugated antibody mix was 
applied. Antibodies (Biolegend) used for the second step: CD45 APC-Cy7 
(1:400, 30-F11), CD31 PE-Cy7 (1:800, 390), Vcam1 FITC (1:400, 429 
(MVCAM.A)), DLL4 APC (1:200, HMD4-1), Notch1 BV421 (1:200, 
HMN1-12), CD339 (1:100, HMJ1-29), and Streptavidin BV785 (1:200). 
Each step was performed for 30 min at 4 ◦C followed by washing cells in 
FACS buffer and centrifugation at 320g for 7 min. Cell suspensions were 
analyzed by flow cytometry using a BD FACSymphony. Prior to the 
analysis, Hoechst 33258 was added to the cell suspension (1:10000). 
Single live cells were gated on the basis of dead cell exclusion, side (SSC- 
A) and forward scatter (FSC-A) gating, and doublet exclusion using 
forward scatter width (FSC-W) against FSC-A. 

Statistical analysis. Statistical analysis has been performed inde-
pendent of the sex (female, male) and has been performed in Graph Pad 
Prism using Student’s t-test. The respective details are indicated in the 
figure legends. 

For computationally analyzing the flow cytometry data, the open- 
source statistical software R (version 4.0.2) was used. The samples 
were down-sampled using the CD45− , Ter119− gate and batch corrected 

Table 1 
qPCR primer.  

Gene Primer F (5′-3′) Primer R (5′-3′) 

Creld1 GGCCTTGGCTACTTTGAGG CTACACACTTGAGGTGATGCAG 
Nfatc1 TGAGGCTGGTCTTCCGAGTT CGCTGGGAACACTCTCGATAG 
Rcan1 TGCGAGATGGAGGAGGTG ACTGGAAGGTGGTGTCCTTG 
Vegf-a CACAGCAGATGTGAATGCAG TTTACACGTCTGCGGATCTT 
Hprt TCCCAGCGTCGTGATTAGCGATGA AATGTGATGGCCTCCCATCTCCTTCATGACAT 
Ppia GCGTCTCCTTCGAGCTGTT AAAGTCACCACCCTGGCA 
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 
Hey1 GCGCGGACGAGAATGGAAA TCAGGTGATCCACAGTCATCTG 
Hey2 AAGCGCCCTTGTGAGGAAAC GGTAGTTGTCGGTGAATTGGAC 
Hes1 CCAGCCAGTGTCAACACGA AATGCCGGGAGCTATCTTTCT  
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using the CytoNorm package version 0.0.5 [55] to reduce technical 
variances between different experiments. The batch corrected data was 
loaded using the FlowCore package version 2.0.1 [56]. The aggregated 
data then was used as the input for further analyses using the CATALYST 
package (v.1.12.2) [57]. The signal intensities were transformed using 
the arcsine transformation prior to statistical analysis, with cofactor 
equal to 150. The transformed data was used for visualization and 
dimensionality reduction using the Uniform Manifold Approximation 
and Projection (UMAP) algorithm [58]. Later, the clustering method 
provided by the CATALYST package was used for an unsupervised 
grouping of the data. The algorithm is a combination of two methods. 
The first method applies the FlowSOM clustering [55] that cluster the 
data points into n x n high-resolution clusters. The second method re- 
cluster the previously generated clusters into bigger clusters so-called, 
metaclusters, using the ConsensusClusterPlus metaclustering [59]. The 
default parameters of the package were used for the processing of data. 
The appropriate number of metaclusters was chosen by visually 
inspecting the clusters and their heatmap. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.yjmcc.2021.03.008. 
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