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The pathogenesis of IBD involves both en-

vironmental factors (smoking, diet, exposure 

to pollution, and the commensal gut microbi-

ome) and a genetic predisposition, which has 

been narrowed down to mutations in ~100 

genes involved in pathways including epithe-

lial cell and barrier function, and immunity 

(4). One of these genes is C1orf106. Mohanan 

et al. show that the role of the C1orf106 pro-

tein is to maintain appropriate amounts of 

cytohesin 1 protein in mature epithelia, by 

promoting its ubiquitination and subsequent 

proteolytic degradation. Cytohesins are acti-

vators of the Ras guanosine triphosphatase 

(GTPase) ARF6 (ADP ribosylation factor 6), 

which directs cytoskeletal remodeling and 

endocytic internalization of cadherins. When 

epithelial cells form mature monolayers, 

ARF6 activity must be down-regulated, to 

maintain TJ stability. Experimental deple-

tion of C1orf106, which mimics the down-

regulation of the mutant form that occurs 

in IBD patients, leads to abnormally high 

amounts of cytohesin, thus promoting exces-

sive ARF6 activation (see the figure). This in 

turn causes increased cadherin endocytosis, 

which results in higher TJ permeability to 

small molecules, without detectable changes 

in TJ protein organization. The passage of 

some small molecules, notably of bacterial 

nanoparticles, debris, and other antigenic 

molecules, can induce an immune response 

and inflammation, potentially escalating bar-

rier damage (1, 3). 

Manfredo Vieira et al. show that in organ-

isms predisposed to autoimmune disease, 

exposure to pathogenic bacteria leads to a 

severe breakdown of the intestinal epithelial 

barrier, and eventually bacterial transloca-

tion to mesenteric lymph nodes and liver. 

This exacerbates autoimmune reactions (see 

the figure). 

Thaiss et al. show that chronic hyperglyce-

mia can affect barrier function through meta-

bolic and transcriptional reprogramming in 

intestinal epithelial cells, which is mediated 

by the glucose transporter GLUT2. This re-

sults in enhanced dissemination of bacterial 

products and intestinal and systemic inflam-

mation, which is common in patients with 

obesity, diabetes, and metabolic syndrome 

(see the figure). However, the mechanism by 

which the intestinal barrier becomes leaky is 

unclear and requires further investigation.

Because a defective intestinal barrier can 

lead to leakage of either bacterial antigens or 

bacteria into the underlying tissue as well as, 

potentially, into blood and lymph vessels, it 

can both initiate and maintain inflammation 

and spread of infection. Thus, therapeutic 

strategies should address the integrity of the 

TJ barrier. This can be done through small 

molecules that target proteins involved in the 

control of barrier function, when the under-

lying molecular mechanism is known. For ex-

ample, in a mouse model of T cell–mediated 

acute diarrhea, pharmacological control of 

either actomyosin contractility or endocyto-

sis reverses the symptoms (15). Thus, stabiliz-

ing C1orf106, as suggested by Mohanan et al., 

could be a strategy in the subset of IBD pa-

tients that carry the mutation, provided that 

no off-target toxicity results from such stabi-

lization. As additional information becomes 

available about the molecular mechanisms 

through which claudins, occludin, tricellulin, 

cytoplasmic adaptor proteins, and signaling 

proteins control the leak pathway, new po-

tential direct TJ targets could be identified. 

For example, claudin isoform expression 

changes following the differentiation of in-

testinal cells along the crypt-surface axis, and 

dietary components, including fiber, favors 

differentiation and increased expression of TJ 

proteins. Therefore, promoting intestinal cell 

differentiation could help to strengthen the 

otherwise leakier barrier of intestinal crypts.  

Another key strategy is to limit the in-

flammatory responses that occur once bac-

terial products and bacteria have crossed 

the epithelial barrier—for example, through 

immunosuppression and antibodies that tar-

get inflammatory cytokines (3). Conversely, 

because intestinal epithelial homeostasis 

results from a balance between shedding of 

damaged and old cells and their replacement 

by new cells, prevention and therapy of IBD 

must also include the stimulation of mecha-

nisms that promote epithelial monolayer 

repair (3). Still, in the presence of massive 

bacterial invasion through defective epithe-

lial barriers in hosts with a compromised 

immune system, antibiotic therapy and vac-

cination may be the most effective approach, 

as shown by Manfredo Vieira et al., whereas 

Thaiss et al. suggest the control of glycemia as 

another important factor to consider. Future 

studies on the complex interplay between mi-

crobiome, intestinal epithelium, and immune 

response will help to refine rational strategies 

to maintain and repair intestinal barriers. j
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Diverging 
roads to 
the heart
Cardiovascular lineage 
decisions in the mouse 
embryo are explored at 
single-cell resolution

By Robert G. Kelly1 and Silke R. Sperling2,3,4

I
nsight into early cardiac lineage diversi-

fication is essential to unravel the ori-

gins of congenital heart defects, which 

are among the most frequent birth 

anomalies. Congenital heart defects 

commonly affect specific regions of the 

heart or cardiac cell types (1). Moreover, di-

rected differentiation of pluripotent stem 

cells into specific cardiac lineages is a piv-

otal step in modeling heart disease, drug 

testing, and regenerative therapies. On page 

1177 of this issue, Lescroart et al. (2) used 

single-cell RNA sequencing to generate two 

high-resolution snapshots of gene expres-

sion in nascent cardiovascular mesoderm in 

the early mouse embryo. Their findings cap-

ture the transcriptional complexity of pre-

cardiac mesoderm and reveal how different 

lineages contributing to the heart first arise 

during embryogenesis.

Understanding the regulatory mecha-

nisms that drive cell fate choices during 

lineage diversification is a central goal of 

developmental biology. Waddington’s epi-

genetic landscape provides a powerful met-

aphor for such decisions, in which a cell is 

represented by a ball rolling across a con-

toured landscape signifying gene regulatory 

space (3). By defining the transcriptional 

content of many individual cells scattered 

across the landscape, single-cell transcrip-

tomics heralds a revolution in our grasp of 

how cell fate decisions take place (see the 

figure). This technique is transforming our 

perception of biological complexity and 

has led to the discovery of new cell types 

and regulatory mechanisms in homeostasis 
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and disease as well as during development 

(4–7). Furthermore, approaches coupling 

transcriptomics with epigenomic studies at 

single-cell resolution hold the promise of a 

holistic understanding of the gene regula-

tory networks underlying cell fate decisions. 

During embryonic development, cardiac 

progenitor cells transiently express the tran-

scription factor mesoderm posterior protein 

1 (Mesp1) at gastrulation (8). Nascent cardiac 

mesoderm migrates to the anterior lateral 

region of the embryo, where progenitor cells 

of the first heart field give rise to the early 

heart tube. Subsequently, late differentiat-

ing multipotent progenitor cells of the sec-

ond heart field contribute to growth of the 

heart from adjacent pharyngeal mesoderm. 

Second heart field cells give rise to the ve-

nous and arterial poles of the heart, which 

are hotspots of congenital heart defects (1). 

The first and second heart fields segregate 

before Mesp1 is expressed (9, 10). 

 Single-cell RNA sequencing has recently 

offered insights into the extent of transcrip-

tional diversity in different regions and 

cell types of the developing heart, provid-

ing valuable resources for discovering new 

pathways and genes involved in cardiac 

disease (6, 7). Lescroart et al. focused on 

Mesp1-expressing cells at the early time 

points when this gene is expressed in first 

and second heart field progenitor cells. 

The new data neatly fit a developmental 

continuum between single-cell transcrip-

tomes from pregastrulation epiblast cells 

and later mesoderm, previously generated 

by this group (11). Using a clustering algo-

rithm to visualize gene expression topology 

in these combined data sets, the authors 

identified distinct progenitor cell subpopu-

lations indicative of early lineage diversifi-

cation. These comprise cardiomyocyte and 

endothelial progenitor cells, presumably of 

first heart field origin, as well as cells with 

a pharyngeal mesoderm genetic signature, 

defined as posterior and anterior clusters of 

second heart field cells, the latter including 

head muscle progenitors. At later stages of 

development, posterior and anterior second 

heart field cells contribute to the venous 

and arterial poles of the heart, respectively. 

Of particular interest is the finding that the 

different progenitor cell clusters emerge at 

the edge of a core of molecularly heteroge-

neous cardiovascular progenitor cells. 

Lescroart et al. computed pseudotime 

trajectories to track progress between plu-

ripotent epiblast and distinct progenitor 

cell states based on transcriptional profiles. 

This analysis revealed that anterior and 

posterior second heart field clusters diverge 

from common progenitor cells expressing 

genes enriched in both lineages within the 

central core. Such multilineage priming has 

been observed in Mesp1-labeled cardiac and 

pharyngeal muscle progenitor cells in the 

basal chordate Ciona intestinalis, suggest-

ing that this is a conserved feature of cell 

fate segregation in pharyngeal mesoderm 

(12). Cells within the core population may 

thus constitute a transition state between 

different trajectories, within which extrin-

sic signaling events influence lineage out-

comes (5). Transcriptional heterogeneity in 

the core population would confer develop-

mental plasticity and robustness in the face 

of genetic or environmental perturbation, 

potentially contributing to compensatory 

mechanisms and phenotypic variability in 

congenital heart defect patients. Mining 

the data set generated by Lescroart et al. 

will contribute to systematic approaches to 

defining the extrinsic and intrinsic regula-

tors controlling sequential fate decisions 

in early mesoderm (13). As an example, 

the authors identified Notch signaling as 

a Mesp1-regulated pathway enriched early 

in the endothelial versus myocardial tra-

jectory. Furthermore, transcriptome analy-

sis of single cells from mutant embryos 

showed that Mesp1 itself controls the tran-

sition from pluripotency to progenitor cell 

specification.

A major challenge of single-cell tran-

scriptomic analysis is mapping cells to 

the tissue of origin. Using fluorescent in 

situ hybridization to track selected genes, 

the authors showed that myocardial and 

endocardial progenitor cells could be spa-

tially distinguished in nascent mesoderm, 

as could anterior and posterior pharyngeal 

territories. Systematic methods have re-

cently been developed to map single cells 

after RNA sequencing. These exploit high-

resolution reference atlases generated from 

in situ hybridization of a series of land-

mark genes (14) or spatial transcriptomic 

approaches, such as single-embryo spatial 

RNA sequencing (15). The latter technique 

has been developed at a stage overlapping 

with the work of Lescroart et al. and should 

permit topological mapping of this new 

data set. This will allow identification of 

the niches harboring progenitor cells on di-

vergent trajectories and clarify our under-

standing of how future regions of the heart 

and cardiac cell types are patterned in the 

progenitor population. 

Another challenge of such high-through-

put data sets concerns distinguishing bio-

logical from experimental noise; analysis 

of additional cells and time points is likely 

to refine our view of the progenitor popu-

lation substructure. Integrating single-cell 

transcriptomic approaches at multiple time 

points with single-cell epigenomic data 

sets and lineage history will provide a fine-

grained map of the dynamic cardiovascular 

progenitor cell landscape. This will guide 

systematic exploration of the mechanisms 

driving cardiac progenitor cell fate choices 

in development and disease. j
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Distinct progenitor cell populations give rise to 
diferent regions of the heart and cardiac cell types.

Cardiovascular progenitor cells 
distributed on Waddington's 
epigenetic landscape.

The precardiac landscape

Distinct progenitor cell clusters emerge at the edge 
of a transcriptionally heterogeneous core of nascent 
cardiovascular mesoderm.
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Early road map to the heart
The transcriptional complexity of precardiac 

mesoderm reveals early segregation of lineages 

contributing to the heart.
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