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Abstract: Endothelial cells (ECs) across ages and tissues are highly heterogeneous in 

developmental origins, structures, functions, and cellular plasticity. Here, we applied CoBATCH 

for single-cell epigenomic tracing of dynamic EC lineage histories in five mouse organs from 

development to ageing. Our analyses showed that epigenomic memory reflects both 

developmental origins and tissue-restricted specialization of EC sublineages but with varying time 15 

lengths across organs. To gain insights into cellular plasticity of ECs, we identified bivalent 

chromatin occupancy of otherwise mutually exclusive EC- (ERG) and mesenchymal-specific 

(TWIST1/SNAI1) transcription factors promoting endothelial-to-mesenchymal transition. We 

further revealed that pseudotime trajectories by histone modifications H3K36me3 and H3K27ac 

faithfully recapitulate short- and long-range EC fate change over senescence, respectively. 20 

Together, our data provide a unique exploration of chromatin-level cell fate regulation of 

organotypic EC lineages across the lifespan. 

 

 

One-Sentence Summary: Single-cell chromatin binding is examined for tracing endothelial cell 25 

lineages in mouse organs across the lifespan. 
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Vascular endothelial cells (ECs) emerge de novo from both the extraembryonic yolk sac and 

mesodermal progenitors during early embryo development, and further undergo specification and 

remodeling to create distinct vessel subtypes required for tissue development, homeostasis, and 

regeneration(1-8). Importantly, considerable EC heterogeneities for structure, phenotype and 

function manifest across tissues from development to ageing(9-13). Single-cell transcriptomic 5 

studies have largely improved our understanding of EC heterogeneities in mouse organs at the 

certain stages(14-20), offering an unprecedented opportunity in cataloging tissue-specific EC 

subtypes. ECs from different tissues exhibit high expression of respective tissue-restricted 

transcription factors, such as Foxq1 in brain, Hoxd9 in testis, Foxf1 in lung, Pparg in skeletal 

muscle, and Gata4 in liver(15). Recently, single-cell epigenomic approaches, such as chromatin 10 

accessibility by scATAC-seq (assay for transposase-accessible chromatin with high-throughput 

sequencing), have begun to reveal regulatory heterogeneities during cellular diversification in 

tissues(21-24). Emerging significant questions include whether and how these tissue-restricted 

features are perpetuated in the epigenome during development or across the lifespan. Whether 

tissue microenvironment educates ECs to support the parenchymal cells and their functions or 15 

simply they share the common progenitors to some extent recently attracts intensive 

investigation(25). Here, we applied our recently developed CoBATCH(26) for measuring single-

cell chromatin binding of histone modifications and transcription factors as a surrogate for tracing 

the EC lineage dynamics across mouse organs (brain, heart, lung, kidney and liver) from 

embryonic day E16.5 to ageing. Our data present a comprehensive epigenomic landscape for 20 

deciphering developmental origin and specialization of EC phenotypes and cooperative TF actions 

in regulation of cell fate decision at the single-cell level. 

Single-cell CoBATCH profiling of EC lineages in five mouse organs across development 

and ageing 

With an improved CoBATCH protocol(26) (See also Materials and methods), we first 25 

performed single-cell profiles of endothelial cell (EC) lineages labeled by an EC-specific marker 

gene Cdh5 (encoding VE-Cadherin)(27) from five organs (heart, brain, liver, lung, and kidney) at 

the stages of embryonic day (E)16.5, neonate (P5), adulthood (3-4 months), and senescence (17-

19 months) (table S1). Tissues from 4-day tamoxifen-induced Cdh5CreERT2::Rosa26tdTomato/+ mice 

were dissected and dissociated before FACS (fluorescence-activated cell sorter) sorting for 30 

tdTomato+ cells. Thus, ECs and their derivatives were subjected to single-cell CoBATCH profiling  
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for H3K27ac, a histone mark for active enhancer (28) (Fig. 1A, table S2 and S3). The EC labeling 

was verified by immunostaining for CD31 (fig. S1, A). Together, we obtained H3K27ac profiles 

of 10,527 single cells passing quality filter across the developmental and aged stages, yielding 

6,255 ± 2,568 deduplicated fragments (mean ± s.d.) per cell and a high fraction of reads in peaks 

(~80%) for each sample (fig. S1, B to D, and table S4). Expectedly, strong H3K27ac signals in the 5 

vicinity of Cdh5 and developmental gene Gata4 were observed in hearts across all stages (fig. 

S2A). The data quality was also validated by the peak annotation and transcription factor (TF) 

motif enrichment. The peaks were mostly found at cis-regulatory regions including promoters and 

distal enhancers, and enriched for motifs of MEF2 and ETS families(29) (fig. S2, B and C). Thus, 

these CoBATCH data can be used to reconstruct a comprehensive epigenomic landscape while 10 

tracing dynamic EC lineages across organs with time. 

We next performed unsupervised dimensionality reduction using latent semantic indexing 

(LSI) algorithm followed by non-linear Uniform Manifold Approximation and Projection (UMAP) 

embedding to visualize single cells(30). Clustering of all EC lineage cells across tissues and ages 

presented prominent epigenomic heterogeneities (Fig. 1B). Two major populations were readily 15 

distinguished, corresponding to ECs and non-ECs, as demonstrated by projecting H3K27ac signals 

of pan-EC signature genes (Fig. 1C). Both the aggregate and single-cell profiles exhibited 

pronounced H3K27ac signals at the representative marker gene loci (Cdh5 for ECs and Thy1 for 

mesenchymal cells (MCs)(31)) (Fig. 1D). To further explore the heterogeneity of EC lineage cells 

across organs from development to ageing, 15 distinct subpopulations were identified and 20 

annotated by the H3K27ac signals around known marker genes as well as sampling information 

(organ and stage). Among 15 clusters, several were sourced from a single organ, such as 

endocardial cells (Cgnl1(32), Cdh11(33)), coronary vascular ECs (Ephb4(34), Dach1(35), 

Fbln2(36), Epas1(37)), lung-specific ECs (Fendrr(38), Foxf1(39)), liver portal arterial ECs 

(Gata4(40), Efnb2(41)), kidney-specific ECs (Hoxa11(42), Pax2(43)), and liver sinusoidal ECs 25 

(LSEC) (Stab1(44), Flt4(45)). Differing from the ECs restricted to particular tissues, functional 

proangiogenic ECs (Flt1(46), Lrp5(47)) were found in multiple organs. Similarly, c8 as an 

independent cluster comprising ECs from multiple organs across all stages, was thus defined as 

general ECs (Cdh5(27), Fgfr3(48)). Our data also separated ECs by vascular beds, such as 

capillary ECs (Cd300lg(15), Col4a1(49)) and venous ECs (Tek(41), Dab2ip(50)). Most immune-30 

related cells (Egr2(51), Lat2(52)) and senescent cells (Ccr1(53), Cebpb(54)) were present at adult  
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and aged stages, indicating a unique epigenetic role in mounting the immune response and ageing 

process(14, 55). Interestingly, we identified hematopoietic stem and progenitor cells (HSPC) 

(Itga4(56), Runx1(57)) in liver and mesenchymal-like cells (Pdgfra(58), Tnxb(59)), consistent 

with the expected cellular processes of the endothelial-to-hematopoietic transition (EHT) and 

endothelial-to-mesenchymal transition (EndMT) during those developmental stages (Fig. 1, E to 5 

G). 

Epigenomic memory reveals developmental origins and specialization of ECs  

We asked whether single-cell trajectories established from 4-day genetic lineage tracing 

across all stages are capable to establish the link between the epigenomic memory of dynamic EC 

lineages and their developmental origin. We used UMAP to separately visualize single-cell 10 

H3K27ac CoBATCH profiles at the E16.5, neonatal, adult and aged stages. A majority of single 

cells were largely clustered by organs at E16.5 and P5, but intermixed at adult and aged stages 

(Fig. 2A). We calculated the organ-specific signature score to examine the epigenomic memory of 

each organ with time. Profound organ-specific features determined by single-cell H3K27ac signals 

were observed in the developmental lives (E16.5 and P5) (Fig. 2B). Notably, robust H3K27ac 15 

signals were evident around TF genes, thus likely reporting tissue developmental origins of brain 

(Olig2, Otx1, Neurog1)(60-62), heart (Tbx5, Mef2c, Tbx20)(63-65), kidney (Hoxa9, Hoxa11, 

Pax2)(66-68), liver (Hnf4a, Foxa2, Hnf1a)(69, 70), and lung (Foxf1, Sox9, Foxp2 )(71-73) (Fig. 

2, C to G, and fig. S3, A to E). In addition, to analyze the epigenomic heterogeneity of EC lineage 

cells within stages, we identified different clusters for organs in each stage (fig. S4A), and 20 

performed correlation analysis between clusters as well as Jaccard similarity for single cells. In 

line with the aforementioned, the aged stage showed the lowest similarity across and within 

clusters and single cells, indicating a dramatic epigenetic change during ageing (fig. S4, B and C). 

To explore the contribution of different EC lineage subtypes to tissue specialized functions 

for development and homeostasis, we clustered single-cell H3K27ac CoBATCH data for each 25 

organ across stages. Cell identities were annotated based on several known marker genes together 

with the previously established gene signatures (table S5) for organ function (Fig. 3, A and B, and 

fig. S5A). For example, we identified a cluster corresponding to blood–brain barrier (BBB) ECs 

shielding the brain from circulating blood components(74), annotated by H3K27ac signals around 

BBB related genes Slc2a1(75) and Foxq1(76). Diverse EC and non-EC subtypes in heart were also  30 
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identified(77). Notably, a proangiogenic EC subpopulation was linked to the signaling of VEGF, 

primarily facilitating the growth of blood vessels(78). Cgnl1 was known as a unique marker for 

endocardial cells, phenotypically distinguished from vascular ECs(32). Dach1 as a known marker  
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in regulating coronary vasculature growth by potentiating arterialization, facilitated the definition 

of the function specialization in heart(35). Further, fenestrated ECs, specialized for their unique 

role for filtration across the glomerular capillary wall in kidney, were characterized by Plvap(79) 

and Plxnb1(80). Liver sinusoidal endothelial cells (LSECs) form a unique barrier and are involved 

in metabolic maintenance and organ homeostasis(81). These highly specialized ECs were 5 

identified by highest H3K27ac signals around the Stab1(82) and Id1(83) gene loci. We also defined 
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pulmonary alveolar type I (AT1)-like cells in lung by typical markers (Hopx(84) and Ager(85)), 

which are specialized for efficient gas exchange (Fig. 3C and fig. S5B). The identity of each cell 

subtype with specialized functions was also examined alongside projection of the pan-EC 

signature score and specific inspection of H3K27ac signals at Pecam1 and Cdh5 (fig. S5C). 

Identification of temporally regulated transcription factors implicated in EC fate change 5 

To recapitulate the developmental plasticity of the EC fate within organs, we reconstructed 

pseudotime trajectories for each organ based on single-cell H3K27ac profiles using Monocle 3(86). 

The predicted pseudotime was in good agreement with the real developmental stages within each 

organ (Fig. 4A and fig. S3A).  We next sought to investigate the dynamic change in TF motifs 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

9 
 

along pseudotime. Interestingly, we observed dynamic patterns for organ-specific TFs (HES1 and 

NR2E1 in brain, ISL1 and NKX2-5 in heart, PAX2 and HOXA11 in kidney, HNF4A and GATA4 

in liver, and FOXD8 and HOXF1 in lung), correlated with corresponding organ development (Fig. 

4B). Further, the oscillating ERG and TWIST1 motif scores along pseudotime exhibited a reverse 

correlation within each organ (Fig. 4C). This partly validated the pseudotime ordering of single 5 

cells and also supported the important role of EndMT during organogenesis. Unsupervised k-

means clustering was able to nominate a number of temporally dynamic TFs within distinct 

regulatory regions along pseudotime (Fig. 4D). Together, these results revealed the temporally 

regulated TF activity closely associated with the EC fate transition, including EndMT. 

EndMT process reinforced by bivalent chromatin co-binding of EC- and MC-enriched TFs 10 

EndMT is a cell fate dynamic process involved in many biological processes, such as heart 

valve formation, tissue regeneration and ageing(87, 88).we next sought to perform ERG and 

TWIST1 CoBATCH profiles to explore the single-cell TF binding landscape during EndMT. 

Similarly, hearts from Cdh5CreERT2::Rosa26tdTomato/+ mice induced by tamoxifen at P1 and 

harvested at P5 for FACS sorting for tdTomato+ cells (Fig. 5A). After stringent filtering to remove 15 

a significant portion of cells expressing neither ERG nor TWIST1, 457 and 329 single cells were 

retained for subsequent analyses. We performed LSI and UMAP with combined datasets from 

independent ERG and TWIST1 CoBATCH experiments and identified two major subpopulations 

including ECs and MCs defined as non-ECs (Fig. 5, B and C). No evident batch effect was 

observed when clustering all single cells from different datasets (Fig. 5, B and C). We also 20 

confirmed bona fide peaks from aggregate ECs and MCs, and characterized their potential 

functions (fig. S6, A to C). To determine the differential TF motif activity from ERG and TWIST1 

binding sites during EndMT, we used chromVAR to calculate motif scores(89). Expectedly, the 

ERG/ETS1 motif was highly enriched in ECs, and the high motif scores of ZEB1(90), SNAI1, 

SNAI2(87) were observed in MCs (Fig. 5, D and E). Interestingly, beyond this, there was also the 25 

high ERG motif score in the EC cluster identified from TWIST1 CoBATCH profiles, and vice 
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versa (Fig. 5E). This finding suggested that ERG was likely recruited to a subset of TWIST1 peaks 

via indirect mechanisms and so was TWIST1. 
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Next, to gain in-depth understanding of the mechanism, we carried out pseudotime analysis 

and revealed a temporally progressive change in the motif score of EC-enriched TFs (ERG/ETS1 

and FOXC1/2), shared (SOX17/18 and TCF21), and MC-enriched TFs (TWIST1 and ZEB1). This 

yielded consistent kinetics for the cell-type specific TFs along pseudotime between ERG and 

TWIST1 profiles (Fig. 5, F and G). Strikingly, a significant fraction of single cells from ERG 5 

CoBATCH profiles presented the high TWIST1 but lowest ERG motif scores, suggesting that we 

captured chromatin occupancy of TWIST1 via ERG tethering within these cells. Likewise, this 

was also the case with identified ERG binding in TWIST1 CoBATCH profiles. Collectively, these 

results lead to a hypothesis that the physical protein interaction between EC and MC TFs, such as 

ERG/TWIST1, may give rise to the bivalent chromatin co-binding at single-cell resolution. 10 

To validate such protein–protein interaction, we performed reciprocal co-

immunoprecipitation assays for ERG/TWIST1 and ERG/SNAI1 (another MC-enriched TF). 

Indeed, our results showed that both TWIST1 and SNAI1 immunoprecipitation in HEK293T cells 

co-purified ERG proteins, and vice versa, confirming the interactions (Fig. 5, H and I). Taken 

together, these data support a model that the TF complex bind to the regulatory elements of EC 15 

genes via the ERG binding activity at the onset of EndMT while with progression to those of MC 

genes via the TWIST1/SNAI1 binding activity (Fig. 5J). 

H3K27ac and H3K36me3 CoBATCH profiles distinctly report endothelial lineage 

senescence 

Accumulating evidence shows that the ageing process is associated with epigenetic alterations 20 

within each organ across the lifespan(91). To investigate the coupling between the temporal 

dynamic landscape of different histone modifications and ageing features, we first analyzed 

H3K27ac and H3K36me3 (largely deposited at actively transcribed gene body(92, 93)). 

CoBATCH profiles in hearts from development through aged stages. A two-dimensional 

representation of H3K27ac profiles revealed a prominent separation of EC lineage cells into early 25 

(E16.5), middle (P5) and late (adult, aged) phases (Fig. 6A). We next asked how cellular 

composition changed during the ageing process. At the earlier time point (E16.5, P5) in H3K27ac 

profiles, the cell population was mainly composed of cardiac ECs (95% and 92%). Starting from 

P5, immune-related cells were present with a marked increase at adult and aged stages (Fig. 6B). 

The enhanced immune response with age was also witnessed by analyzing bulk RNA-seq data 30 
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from different ages of adult hearts (fig. S7A). Although a similar trend in cellular composition was 

observed in H3K36me3 CoBATCH profiles, these effects in cardiac EC and immune-related cell 

composition were more pronounced in H3K27ac profiles (Fig. 6B). To further characterize the 

dynamics during endothelial-related biological processes mounted in ageing, we calculated the 

H3K27ac and H3K36me3 values for pan-EC, artery, capillary, venous, lymphatic, angiogenesis, 5 

EndMT, immune-related, and housekeeping gene signatures. Expectedly, pan-EC signatures 

showed a steady decrease while immune-related and EndMT signatures manifested an evident 

increase along pseudotime within H3K27ac profiles in each organ (Fig. 6C and fig. S7B). However, 

this finding was not observed in H3K36me3 profiles (Fig. 6C). This phenomenon was further 

supported by the fact that single cells from H3K27ac profiles along the descending EC score were 10 

accompanied by an increment in the immune-related signature score during ageing. Again, this 

was absent with H3K36me3 profiles (Fig. 6D). 

Next, we focused on the aged stage across five organs (brain, heart, kidney, liver, and lung) 

to examine the short-range epigenetic change compared to the long-range window analyzed above 

(Fig. 6E). Strikingly, by calculating the signature scores, we observed the more profound transition 15 

in H3K36me3 profiles compared to H3K27ac, suggesting that single-cell H3K36me3 exhibited a 

shorter epigenomic memory than H3K27ac during ageing (Fig. 6F). To distinguish the 

transitioning modes, we also uncovered that a significant fraction of cells was distributed at the 

nearly ending time (more senescent) in H3K36me3 profiles in all organs except for lung. However, 

a majority of cells were found at the early phase along pseudotime of senescence in H3K27ac 20 

profiles within each organ (Fig. 6G). As a control, we also performed the similar analysis with 

single-cell transcriptomic data from the Tabula Muris Senis(14), finding a more continuous 

distribution of cells (fig. S7, C to F). Together, our data support that the EC lineage senescence 

experiences a gradient increase in the immune response determined by single-cell H3K27ac 

profiles in the long-range time window. Nonetheless, H3K36me3 regulation is more sensitive in 25 

this regard in the short period of time. 
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Discussion 

We reconstructed the single-cell epigenomic trajectories of plastic EC lineages in the five 

representative mouse organs across developmental and ageing stages by CoBATCH profiling of 

histone modifications and transcription factors. Our study differs from other recent single-cell atlas 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

14 
 

researches in several aspects. A vast majority of recent single-cell reports leveraged scRNA-seq 

for cataloging cell types from specific tissues or across many organs in adult or embryonic stages(5, 

94-98). Other studies capitalized on variant single-cell ATAC methods to profile chromatin 

accessibility for understanding of key regulatory elements in transcriptional regulation and cell 

differentiation in snapshot data from mouse or human tissues(21, 22). More recently, an elegant 5 

study specifically interrogated the heterogeneity of ECs across mouse adult tissues, identifying 78 

EC subtypes defined by transcriptome across different vascular beds(15). Aside from distinct 

layers of molecular information detected, our study explored the real EC lineage dynamic 

trajectories over 4-day lineage tracing in several stages from development through adult to aged 

stages. Given the reported high plasticity of ECs in vivo, the rational is that 4-day tracing rather 10 

than single snapshot of cells actively expressing EC markers would offer better opportunities to 

decipher the EC developmental origin and epigenetic basis of cell fate regulation. Importantly, we 

examined not only EC lineages in organogenesis but also their senescence process. Finally, cross-

tissue comparisons of these broadly distributed EC lineages yielded distinctive epigenomic 

features in cell fate plasticity and further remodeling. 15 

Our work demonstrates the power of CoBATCH to illustrate not only the epigenetic 

heterogeneity and plasticity of ECs in mouse organs across the lifetime, but also the mechanisms 

that underpin cell fate transition. For example, directly assaying TF chromatin occupancy by 

CoBATCH, rather than computationally inferring putative TF motifs within regulatory regions(99), 

revealed that the EndMT process was reinforced by bivalent chromatin co-binding of otherwise 20 

mutually exclusive EC- and MC-TFs. Further, single-cell temporal trajectories of H3K27ac and 

H3K36me3 profiles enabled faithfully capturing the finetuning EC lineage senescence in a long- 

and short-time window. 

New insights were also gained through epigenomic tracing of developmental origin of EC 

sublineages. One major goal in developmental biology is to trace a cell back to its origin. Despite 25 

a large body of studies have demonstrated that many tissue-resident ECs are of mesodermal origin, 

different origins of ECs in several tissues have been reported(100-105). For example, mesoderm 

derived vessel plexus contributes to hepatic ECs(101); endocardial cells in the developing heart 

contribute to part of liver vasculature, indicating a potential cross-organ regulation through direct 

vascular contribution during organogenesis(102). Our data uncovered developmental origin of 30 

ECs based on epigenomic memory, but also witnessing flexible time lengths across organs. For 
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instance, early EC lineages retained the strong H3K27ac memory around cognate pioneer TFs 

expressed in tissue progenitor cells, such as Hoxa9 in kidney, Hnf4a in liver, and Foxf1 in lung. 

As a caveat, these inferring results need future investigation through genetic lineage tracing. 

Looking forward, further expanding datasets by including more EC lineage cells covering the 

entirety of mouse organs and adding epigenomic layers across many other histone modifications 5 

would undoubtedly improve exploration of rarer but regenerative EC or its derived non-EC 

subtypes. We foresee that will reveal a full organism-wide view of the epigenetic landscape of the 

widely distributed EC lineage plasticity. This will bring us closer to produce organotypic ECs with 

therapeutic applications. Furthermore, concurrent measurement of epigenome and transcriptome 

in single cells would greatly deepen understanding of the complex link between multilayered 10 

molecular information and EC differentiation, remodeling and plasticity in development and 

diseases.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

16 
 

References and Notes 
1. W. C. Aird, Phenotypic heterogeneity of the endothelium: I. Structure, function, and 

mechanisms. Circ Res 100, 158-173 (2007). 
2. W. C. Aird, Phenotypic heterogeneity of the endothelium: II. Representative vascular beds. 

Circ Res 100, 174-190 (2007). 5 
3. W. C. Aird, Endothelial cell heterogeneity. Cold Spring Harb Perspect Med 2, a006429 

(2012). 
4. J. M. Gomez-Salinero, S. Rafii, Endothelial cell adaptation in regeneration. Science 362, 

1116-1117 (2018). 
5. J. Qiu, K. K. Hirschi, Endothelial Cell Development and Its Application to Regenerative 10 

Medicine. Circ Res 125, 489-501 (2019). 
6. S. P. Herbert, D. Y. Stainier, Molecular control of endothelial cell behaviour during blood 

vessel morphogenesis. Nat Rev Mol Cell Biol 12, 551-564 (2011). 
7. H. Zhang, K. O. Lui, B. Zhou, Endocardial Cell Plasticity in Cardiac Development, 

Diseases and Regeneration. Circ Res 122, 774-789 (2018). 15 
8. A. Gillich et al., Capillary cell-type specialization in the alveolus. Nature 586, 785-789 

(2020). 
9. S. Rafii, J. M. Butler, B. S. Ding, Angiocrine functions of organ-specific endothelial cells. 

Nature 529, 316-325 (2016). 
10. H. G. Augustin, G. Y. Koh, Organotypic vasculature: From descriptive heterogeneity to 20 

functional pathophysiology. Science 357,  (2017). 
11. R. Marcu et al., Human Organ-Specific Endothelial Cell Heterogeneity. iScience 4, 20-35 

(2018). 
12. D. J. Nolan et al., Molecular signatures of tissue-specific microvascular endothelial cell 

heterogeneity in organ maintenance and regeneration. Dev Cell 26, 204-219 (2013). 25 
13. M. F. Sabbagh et al., Transcriptional and epigenomic landscapes of CNS and non-CNS 

vascular endothelial cells. Elife 7,  (2018). 
14. C. Tabula Muris, A single-cell transcriptomic atlas characterizes ageing tissues in the 

mouse. Nature 583, 590-595 (2020). 
15. J. Kalucka et al., Single-Cell Transcriptome Atlas of Murine Endothelial Cells. Cell 180, 30 

764-779 e720 (2020). 
16. T. Su et al., Single-cell analysis of early progenitor cells that build coronary arteries. 

Nature 559, 356-362 (2018). 
17. M. Vanlandewijck et al., A molecular atlas of cell types and zonation in the brain 

vasculature. Nature 554, 475-480 (2018). 35 
18. D. T. Paik et al., Single-Cell RNA Sequencing Unveils Unique Transcriptomic Signatures 

of Organ-Specific Endothelial Cells. Circulation 142, 1848-1862 (2020). 
19. K. B. Halpern et al., Paired-cell sequencing enables spatial gene expression mapping of 

liver endothelial cells. Nat Biotechnol 36, 962-970 (2018). 
20. L. Vila Ellis et al., Epithelial Vegfa Specifies a Distinct Endothelial Population in the 40 

Mouse Lung. Dev Cell 52, 617-630 e616 (2020). 
21. S. Domcke et al., A human cell atlas of fetal chromatin accessibility. Science 370,  (2020). 
22. D. A. Cusanovich et al., A Single-Cell Atlas of In Vivo Mammalian Chromatin 

Accessibility. Cell 174, 1309-1324 e1318 (2018). 
23. E. Markenscoff-Papadimitriou et al., A Chromatin Accessibility Atlas of the Developing 45 

Human Telencephalon. Cell 182, 754-769 e718 (2020). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 
 

24. S. Preissl et al., Single-nucleus analysis of accessible chromatin in developing mouse 
forebrain reveals cell-type-specific transcriptional regulation. Nat Neurosci 21, 432-439 
(2018). 

25. J. Lotto et al., Single-Cell Transcriptomics Reveals Early Emergence of Liver Parenchymal 
and Non-parenchymal Cell Lineages. Cell 183, 702-716 e714 (2020). 5 

26. Q. Wang et al., CoBATCH for High-Throughput Single-Cell Epigenomic Profiling. Mol 
Cell 76, 206-216 e207 (2019). 

27. A. Monvoisin et al., VE-cadherin-CreERT2 transgenic mouse: a model for inducible 
recombination in the endothelium. Dev Dyn 235, 3413-3422 (2006). 

28. M. P. Creyghton et al., Histone H3K27ac separates active from poised enhancers and 10 
predicts developmental state. Proc Natl Acad Sci U S A 107, 21931-21936 (2010). 

29. S. De Val et al., Combinatorial regulation of endothelial gene expression by ets and 
forkhead transcription factors. Cell 135, 1053-1064 (2008). 

30. E. Becht et al., Dimensionality reduction for visualizing single-cell data using UMAP. Nat 
Biotechnol,  (2018). 15 

31. M. F. Pittenger et al., Multilineage potential of adult human mesenchymal stem cells. 
Science 284, 143-147 (1999). 

32. H. Narumiya et al., Endocardiogenesis in embryoid bodies: novel markers identified by 
gene expression profiling. Biochem Biophys Res Commun 357, 896-902 (2007). 

33. A. Klein, B. Bayrau, Y. Miao, M. Gu, Isolation of Endocardial and Coronary Endothelial 20 
Cells from the Ventricular Free Wall of the Rat Heart. J Vis Exp,  (2020). 

34. J. A. Khan et al., Fetal liver hematopoietic stem cell niches associate with portal vessels. 
Science 351, 176-180 (2016). 

35. A. H. Chang et al., DACH1 stimulates shear stress-guided endothelial cell migration and 
coronary artery growth through the CXCL12-CXCR4 signaling axis. Genes Dev 31, 1308-25 
1324 (2017). 

36. T. Tsuda, H. Wang, R. Timpl, M. L. Chu, Fibulin-2 expression marks transformed 
mesenchymal cells in developing cardiac valves, aortic arch vessels, and coronary vessels. 
Dev Dyn 222, 89-100 (2001). 

37. D. MacGrogan, G. Luxan, J. L. de la Pompa, Genetic and functional genomics approaches 30 
targeting the Notch pathway in cardiac development and congenital heart disease. Brief 
Funct Genomics 13, 15-27 (2014). 

38. P. Szafranski, T. Gambin, J. A. Karolak, E. Popek, P. Stankiewicz, Lung-specific distant 
enhancer cis regulates expression of FOXF1 and lncRNA FENDRR. Hum Mutat,  (2021). 

39. X. Ren et al., FOXF1 transcription factor is required for formation of embryonic 35 
vasculature by regulating VEGF signaling in endothelial cells. Circ Res 115, 709-720 
(2014). 

40. C. Geraud et al., GATA4-dependent organ-specific endothelial differentiation controls 
liver development and embryonic hematopoiesis. J Clin Invest 127, 1099-1114 (2017). 

41. M. Corada, M. F. Morini, E. Dejana, Signaling pathways in the specification of arteries 40 
and veins. Arterioscler Thromb Vasc Biol 34, 2372-2377 (2014). 

42. T. Chow et al., Recapitulating kidney development in vitro by priming and differentiating 
mouse embryonic stem cells in monolayers. NPJ Regen Med 5, 7 (2020). 

43. G. Raduly et al., The immunoexpression of aquaporin 1, PAX2, PAX8, connexin 36, 
connexin 43 in human fetal kidney. Rom J Morphol Embryol 60, 437-444 (2019). 45 

44. K. Schledzewski et al., Deficiency of liver sinusoidal scavenger receptors stabilin-1 and -
2 in mice causes glomerulofibrotic nephropathy via impaired hepatic clearance of noxious 
blood factors. J Clin Invest 121, 703-714 (2011). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

18 
 

45. T. Su et al., Single-Cell Transcriptomics Reveals Zone-Specific Alterations of Liver 
Sinusoidal Endothelial Cells in Cirrhosis. Cell Mol Gastroenterol Hepatol 11, 1139-1161 
(2021). 

46. H. M. Eilken et al., Pericytes regulate VEGF-induced endothelial sprouting through 
VEGFR1. Nat Commun 8, 1574 (2017). 5 

47. N. Ricard, S. Bailly, C. Guignabert, M. Simons, The quiescent endothelium: signalling 
pathways regulating organ-specific endothelial normalcy. Nat Rev Cardiol,  (2021). 

48. P. Yu et al., FGF-dependent metabolic control of vascular development. Nature 545, 224-
228 (2017). 

49. R. Lemmens et al., Novel COL4A1 mutations cause cerebral small vessel disease by 10 
haploinsufficiency. Hum Mol Genet 22, 391-397 (2013). 

50. J. Zhang, H. J. Zhou, W. Ji, W. Min, AIP1-mediated stress signaling in atherosclerosis and 
arteriosclerosis. Curr Atheroscler Rep 17, 503 (2015). 

51. T. Miao et al., Egr2 and 3 control adaptive immune responses by temporally uncoupling 
expansion from T cell differentiation. J Exp Med 214, 1787-1808 (2017). 15 

52. M. Zhu et al., Negative regulation of T cell activation and autoimmunity by the 
transmembrane adaptor protein LAB. Immunity 25, 757-768 (2006). 

53. R. Mo et al., T cell chemokine receptor expression in aging. J Immunol 170, 895-904 
(2003). 

54. C. Muller et al., Reduced expression of C/EBPbeta-LIP extends health and lifespan in mice. 20 
Elife 7,  (2018). 

55. N. Schaum et al., Ageing hallmarks exhibit organ-specific temporal signatures. Nature 583, 
596-602 (2020). 

56. D. Li et al., VCAM-1(+) macrophages guide the homing of HSPCs to a vascular niche. 
Nature 564, 119-124 (2018). 25 

57. M. J. Chen et al., Erythroid/myeloid progenitors and hematopoietic stem cells originate 
from distinct populations of endothelial cells. Cell Stem Cell 9, 541-552 (2011). 

58. R. Li et al., Pdgfra marks a cellular lineage with distinct contributions to myofibroblasts in 
lung maturation and injury response. Elife 7,  (2018). 

59. Z. Li et al., Single-cell transcriptome analyses reveal novel targets modulating cardiac 30 
neovascularization by resident endothelial cells following myocardial infarction. Eur Heart 
J 40, 2507-2520 (2019). 

60. K. L. Ligon et al., The oligodendroglial lineage marker OLIG2 is universally expressed in 
diffuse gliomas. J Neuropathol Exp Neurol 63, 499-509 (2004). 

61. D. Acampora, M. Gulisano, V. Broccoli, A. Simeone, Otx genes in brain morphogenesis. 35 
Prog Neurobiol 64, 69-95 (2001). 

62. Y. Sun et al., Neurogenin promotes neurogenesis and inhibits glial differentiation by 
independent mechanisms. Cell 104, 365-376 (2001). 

63. J. D. Steimle, I. P. Moskowitz, TBX5: A Key Regulator of Heart Development. Curr Top 
Dev Biol 122, 195-221 (2017). 40 

64. H. Akazawa, I. Komuro, Roles of cardiac transcription factors in cardiac hypertrophy. Circ 
Res 92, 1079-1088 (2003). 

65. J. K. Takeuchi et al., Tbx20 dose-dependently regulates transcription factor networks 
required for mouse heart and motoneuron development. Development 132, 2463-2474 
(2005). 45 

66. A. Dintilhac, R. Bihan, D. Guerrier, S. Deschamps, I. Pellerin, A conserved non-
homeodomain Hoxa9 isoform interacting with CBP is co-expressed with the 'typical' 
Hoxa9 protein during embryogenesis. Gene Expr Patterns 4, 215-222 (2004). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

19 
 

67. K. Q. Gong, A. R. Yallowitz, H. Sun, G. R. Dressler, D. M. Wellik, A Hox-Eya-Pax 
complex regulates early kidney developmental gene expression. Mol Cell Biol 27, 7661-
7668 (2007). 

68. M. Bouchard, A. Souabni, M. Mandler, A. Neubuser, M. Busslinger, Nephric lineage 
specification by Pax2 and Pax8. Genes Dev 16, 2958-2970 (2002). 5 

69. J. P. Babeu, F. Boudreau, Hepatocyte nuclear factor 4-alpha involvement in liver and 
intestinal inflammatory networks. World J Gastroenterol 20, 22-30 (2014). 

70. R. H. Costa, V. V. Kalinichenko, A. X. Holterman, X. Wang, Transcription factors in liver 
development, differentiation, and regeneration. Hepatology 38, 1331-1347 (2003). 

71. S. Guo, H. Lu, Novel mechanisms of regulation of the expression and transcriptional 10 
activity of hepatocyte nuclear factor 4alpha. J Cell Biochem 120, 519-532 (2019). 

72. B. E. Rockich et al., Sox9 plays multiple roles in the lung epithelium during branching 
morphogenesis. Proc Natl Acad Sci U S A 110, E4456-4464 (2013). 

73. W. Shu et al., Foxp2 and Foxp1 cooperatively regulate lung and esophagus development. 
Development 134, 1991-2000 (2007). 15 

74. R. N. Munji et al., Profiling the mouse brain endothelial transcriptome in health and disease 
models reveals a core blood-brain barrier dysfunction module. Nat Neurosci 22, 1892-1902 
(2019). 

75. H. Yousef et al., Aged blood impairs hippocampal neural precursor activity and activates 
microglia via brain endothelial cell VCAM1. Nat Med 25, 988-1000 (2019). 20 

76. M. D. Sweeney, K. Kisler, A. Montagne, A. W. Toga, B. V. Zlokovic, The role of brain 
vasculature in neurodegenerative disorders. Nat Neurosci 21, 1318-1331 (2018). 

77. Y. Xiao et al., Hippo Signaling Plays an Essential Role in Cell State Transitions during 
Cardiac Fibroblast Development. Dev Cell 45, 153-169 e156 (2018). 

78. F. J. Giordano et al., A cardiac myocyte vascular endothelial growth factor paracrine 25 
pathway is required to maintain cardiac function. Proc Natl Acad Sci U S A 98, 5780-5785 
(2001). 

79. R. V. Stan, M. Kubitza, G. E. Palade, PV-1 is a component of the fenestral and stomatal 
diaphragms in fenestrated endothelia. Proc Natl Acad Sci U S A 96, 13203-13207 (1999). 

80. N. Perala et al., Sema4C-Plexin B2 signalling modulates ureteric branching in developing 30 
kidney. Differentiation 81, 81-91 (2011). 

81. A. L. Wilkinson, M. Qurashi, S. Shetty, The Role of Sinusoidal Endothelial Cells in the 
Axis of Inflammation and Cancer Within the Liver. Front Physiol 11, 990 (2020). 

82. V. Olsavszky et al., Exploring the transcriptomic network of multi-ligand scavenger 
receptor Stabilin-1- and Stabilin-2-deficient liver sinusoidal endothelial cells. Gene 768, 35 
145284 (2021). 

83. B. S. Ding et al., Divergent angiocrine signals from vascular niche balance liver 
regeneration and fibrosis. Nature 505, 97-102 (2014). 

84. R. Jain et al., Plasticity of Hopx(+) type I alveolar cells to regenerate type II cells in the 
lung. Nat Commun 6, 6727 (2015). 40 

85. Y. Wang et al., Pulmonary alveolar type I cell population consists of two distinct subtypes 
that differ in cell fate. Proc Natl Acad Sci U S A 115, 2407-2412 (2018). 

86. C. Trapnell et al., The dynamics and regulators of cell fate decisions are revealed by 
pseudotemporal ordering of single cells. Nat Biotechnol 32, 381-386 (2014). 

87. Y. Li, K. O. Lui, B. Zhou, Reassessing endothelial-to-mesenchymal transition in 45 
cardiovascular diseases. Nat Rev Cardiol 15, 445-456 (2018). 

88. J. Bischoff, Endothelial-to-Mesenchymal Transition. Circ Res 124, 1163-1165 (2019). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

20 
 

89. A. N. Schep, B. Wu, J. D. Buenrostro, W. J. Greenleaf, chromVAR: inferring transcription-
factor-associated accessibility from single-cell epigenomic data. Nat Methods 14, 975-978 
(2017). 

90. P. Zhang, Y. Sun, L. Ma, ZEB1: at the crossroads of epithelial-mesenchymal transition, 
metastasis and therapy resistance. Cell Cycle 14, 481-487 (2015). 5 

91. P. Sen, P. P. Shah, R. Nativio, S. L. Berger, Epigenetic Mechanisms of Longevity and 
Aging. Cell 166, 822-839 (2016). 

92. A. Barski et al., High-resolution profiling of histone methylations in the human genome. 
Cell 129, 823-837 (2007). 

93. T. S. Mikkelsen et al., Genome-wide maps of chromatin state in pluripotent and lineage-10 
committed cells. Nature 448, 553-560 (2007). 

94. B. Pijuan-Sala et al., A single-cell molecular map of mouse gastrulation and early 
organogenesis. Nature 566, 490-495 (2019). 

95. J. Cao et al., The single-cell transcriptional landscape of mammalian organogenesis. 
Nature 566, 496-502 (2019). 15 

96. M. Litvinukova et al., Cells of the adult human heart. Nature 588, 466-472 (2020). 
97. C. Tabula Muris et al., Single-cell transcriptomics of 20 mouse organs creates a Tabula 

Muris. Nature 562, 367-372 (2018). 
98. J. Cao et al., A human cell atlas of fetal gene expression. Science 370,  (2020). 
99. J. D. Buenrostro et al., Integrated Single-Cell Analysis Maps the Continuous Regulatory 20 

Landscape of Human Hematopoietic Differentiation. Cell 173, 1535-1548 e1516 (2018). 
100. O. A. Stone, D. Y. R. Stainier, Paraxial Mesoderm Is the Major Source of Lymphatic 

Endothelium. Dev Cell 50, 247-255 e243 (2019). 
101. K. Matsumoto, H. Yoshitomi, J. Rossant, K. S. Zaret, Liver organogenesis promoted by 

endothelial cells prior to vascular function. Science 294, 559-563 (2001). 25 
102. H. Zhang et al., Genetic lineage tracing identifies endocardial origin of liver vasculature. 

Nat Genet 48, 537-543 (2016). 
103. U. H. Langen et al., Cell-matrix signals specify bone endothelial cells during 

developmental osteogenesis. Nat Cell Biol 19, 189-201 (2017). 
104. B. J. Ballermann, Glomerular endothelial cell differentiation. Kidney Int 67, 1668-1671 30 

(2005). 
105. L. Klotz et al., Cardiac lymphatics are heterogeneous in origin and respond to injury. 

Nature 522, 62-67 (2015). 
106. W. B. Langdon, Performance of genetic programming optimised Bowtie2 on genome 

comparison and analytic testing (GCAT) benchmarks. BioData Min 8, 1 (2015). 35 
107. Y. Zhang et al., Model-based analysis of ChIP-Seq (MACS). Genome Biol 9, R137 (2008). 
108. G. Yu, L.-G. Wang, Q.-Y. He, ChIPseeker: an R/Bioconductor package for ChIP peak 

annotation, comparison and visualization. Bioinformatics 31, 2382-2383 (2015). 
109. F. Ramírez, F. Dündar, S. Diehl, B. A. Grüning, T. Manke, deepTools: a flexible platform 

for exploring deep-sequencing data. Nucleic Acids Res 42, W187-191 (2014). 40 
110. H. Thorvaldsdóttir, J. T. Robinson, J. P. Mesirov, Integrative Genomics Viewer (IGV): 

high-performance genomics data visualization and exploration. Brief Bioinform 14, 178-
192 (2013). 

111. C. Bravo Gonzalez-Blas et al., cisTopic: cis-regulatory topic modeling on single-cell 
ATAC-seq data. Nat Methods 16, 397-400 (2019). 45 

112. T. Stuart et al., Comprehensive Integration of Single-Cell Data. Cell 177, 1888-1902 e1821 
(2019). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21 
 

113. D. A. Cusanovich et al., Multiplex single cell profiling of chromatin accessibility by 
combinatorial cellular indexing. Science 348, 910-914 (2015). 

114. H. A. Pliner et al., Cicero Predicts cis-Regulatory DNA Interactions from Single-Cell 
Chromatin Accessibility Data. Mol Cell 71, 858-871 e858 (2018). 

115. O. Fornes et al., JASPAR 2020: update of the open-access database of transcription factor 5 
binding profiles. Nucleic Acids Res 48, D87-D92 (2020). 

116. C. Y. McLean et al., GREAT improves functional interpretation of cis-regulatory regions. 
Nat Biotechnol 28, 495-501 (2010). 

117. D. W. Huang, B. T. Sherman, R. A. Lempicki, Bioinformatics enrichment tools: paths 
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res 37, 1-10 
13 (2009). 

118. R. Satija, J. A. Farrell, D. Gennert, A. F. Schier, A. Regev, Spatial reconstruction of single-
cell gene expression data. Nat Biotechnol 33, 495-502 (2015). 

 
  15 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

22 
 

Acknowledgments: We thank all members of the He lab for critical comments on this manuscript. 

Part of the analyses was performed on the High Performance Computing Platform of the Center 

for Life Sciences, Peking University. We thank the flow cytometry Core at National Center for 

Protein Sciences at Peking University, particularly Liying Du and Jia Luo, for technical help.  

Funding: A.H. was supported by the National Key Research and Development Program of China 5 

(2019YFA0801802 and 2017YFA0103402), the National Natural Science Foundation of China 

(32025015 and 31771607), the Peking-Tsinghua Center for Life Sciences, and the 1000 Youth 

Talents Program of China. 

Author contributions: A.H. conceived and designed the study. X.Y. designed and performed all 

experiments. Y.L. and H.X. performed the computational analyses, supervised by A.H. X.L. 10 

provided computational support. H.X., Y.L. and A.H. wrote the paper with input from all other 

authors. All authors participated in data discussion and interpretation. 

Competing interests: The authors declare no competing interests. 

Supplementary Materials 

Materials and Methods 15 

Figs. S1 to S7 

Tables S1 to S5 
 
 
 20 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443777
http://creativecommons.org/licenses/by-nc-nd/4.0/

