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Abstract 

Intestinal smooth muscles are the workhorse of the digestive system. Inside the millions of finger-

like intestinal projections called villi, strands of smooth muscle cells contract to propel absorbed 

dietary fats through the adjacent lymphatic vessel, called the lacteal, sending fats into blood 

circulation for energy production. Despite this vital function, how villus smooth muscles form, 

how they assemble alongside lacteals, and how they repair throughout life remain unknown. Here 

we combine single-cell RNA sequencing of the mouse intestine with quantitative lineage tracing 

to reveal the mechanisms of formation and differentiation of villus smooth muscle cells. Within 

the highly regenerative villus, we uncover a local hierarchy of subepithelial fibroblast progenitors 

that progress to become mature smooth muscle fibers, via an intermediate contractile 

myofibroblast-like phenotype, a long-studied hallmark of wound healing. This continuum persists 

in the adult intestine as the major source of smooth muscle reservoir capable of continuous self-

renewal throughout life. We further discover that the NOTCH3-DLL4 signaling axis governs the 

assembly of villus smooth muscles alongside their adjacent lacteal, which is necessary for gut 

absorptive function. Overall, our data shed light on the genesis of a poorly defined class of 

intestinal smooth muscle and pave the way for new opportunities to accelerate recovery of 

digestive function by stimulating muscle repair. 

 

One Sentence Summary  

Villus smooth muscles arise and renew via local myofibroblast-like intermediates governed by the 

NOTCH3-DLL4 signaling axis 
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Introduction 

The mammalian intestine is a self-renewing organ that processes ingested food, absorbing nutrients 

from a sea of biochemical, mechanical, and pathogenic insults. Absorption is driven by highly 

coordinated muscular contractions, which rely on spatiotemporal patterning and functional 

heterogeneity of intestinal smooth muscle (SM) cells (1–3). For fatty nutrients, specialized SM 

fibers in the intestinal villus contract to propel dietary fats through the central lymphatic capillary, 

known as the lacteal (Fig. 1A) (1, 2, 4–8). Whereas most lymphatic capillaries in the body lack 

SM coverage, the abundance of SM fibers surrounding the lacteal is a unique feature of the 

contractile villus. 

Villus SM cells were first identified in ultrastructural studies in 1909 (9) and were 

subsequently shown to drive villus contractions that intensify in response to dietary fats (10, 11). 

More recent in vivo imaging in mice has revealed that villus SM cells facilitate lipid transport by 

squeezing the adjacent lacteal (2). In addition to their contractile function, a subset of villus SM 

cells secretes VEGFC, the critical lymphatic morphogen. Inducible loss of either VegfC or its 

lacteal-associated receptor Vegfr3 leads to lacteal regression and impaired dietary fat uptake (12). 

Unlike most quiescent adult cells, gut villus lacteals and their host intestinal epithelium are 

in a continuous state of renewal throughout adulthood (13, 14). This unique feature of the villus 

reflects the need to self-repair because the gut is constantly challenged by invasive bacteria, 

chemical agents, and physical constraints of peristalsis (1, 13). Despite the crucial interplay 

between muscle and lymphatics within this highly regenerative villus, it remains undefined how 

villus SM cells form, how they assemble alongside lacteals, and how they self-renew to maintain 

organ homeostasis throughout adult life. 
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To study these mechanisms, we built a single-cell gene expression atlas of the developing 

and postnatal mouse intestine across key developmental stages. We reconstructed the 

transcriptional lineage of intestinal musculature to reveal molecular heterogeneity within intestinal 

SM cells that are reflective of their distinct anatomical location and function, providing novel 

molecular markers for their isolation and discrimination. Using inducible lineage tracing, we 

quantified the dynamics of villus SM differentiation and uncovered a local hierarchy of 

subepithelial fibroblast and myofibroblast intermediates, characterized by expression of PDGFRα 

(platelet-derived growth factor receptor alpha) and TNC (Tenascin C), which drive the formation 

of SM fibers in the perinatal and adult intestine in a process that resembles wound repair (15). We 

find NOTCH3 specifically expressed along this precursor continuum with its receptor DLL4 

restricted to the villus capillary vasculature. Using genetic perturbations in mice, we demonstrate 

that this NOTCH3-DLL4 signaling axis is a contact-dependent mechanism that governs the 

morphogenesis of the muscular-lacteal complex, which ultimately affects muscular contractility 

and gut absorptive function. Collectively, our data significantly advance our understanding of the 

origin and renewal of the muscular-lacteal complex, a system that ensures nutrition throughout life 

and prevents debilitating digestive and metabolic disorders. 
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Results 

A single-cell RNA-sequencing atlas of the mouse intestinal musculature 

To understand the heterogeneity of diverse cell types within the developing intestinal musculature 

we performed single-cell RNA sequencing (scRNA-seq) to profile the mouse intestine across key 

developmental stages: embryonic day (E) 12.5, 14.5, 16.5, 18.5, and postnatal day (P) 1.5 (Fig. 

1B). This time window corresponds to the major transformation of the embryonic gut tube into a 

functional intestine ready to process fats from maternal milk at birth. We clustered 37,277 high-

quality single-cell transcriptomes and used differential gene expression analysis (DGEA) and 

canonical markers to assign cell-type labels (Fig. 1, C, D and E, and Fig. S1, A and B, and table 

S1). Our data reveal distinct developmental trajectories of progenitor, transitioning, and 

differentiated cells across all major lineages including intestinal mesenchyme, endothelium, 

epithelium, mesothelium, enteric nervous system, and circulating blood and immune cells (Fig. 1, 

C and E, and Fig. S1C). Across the distinct lineage clusters, we calculated RNA velocity (16) by 

quantifying the proportion of molecules derived from spliced and unspliced transcripts (Fig. S1D). 

RNA velocity analyses revealed trajectories from early embryonic stage E12.5 to postnatal stage 

P1.5 (Fig. 1D), with evidence of progressive differentiation along each lineage from progenitor 

cell states at earlier developmental stages, toward mature cells at later time points (Fig. 1E, top-

right panel, and Fig. S1, E and F). 

To reconstruct the developmental trajectory of intestinal musculature, we specifically re-

clustered 9,445 mesenchymal cells from the scRNA-seq data to further understand their 

transcriptional heterogeneity (Fig. S2, A and B). To focus our analyses on the absorptive small 

intestine, we excluded large intestine transcriptomes expressing Hoxa9, Hoxd9, Colec10, and 

Adamdec1 (Fig. S2C) (17, 18). This approach resulted in 7,519 cells across distinct groups 
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spanning mesenchymal progenitors to mature SM cells across all developmental stages (Fig. 2, A, 

B, C, and D, and table S2). Within these groups, we found three clusters of mature SM cells (SM-

1, SM-2, SM-3) that expressed canonical SM markers - Myosin heavy chain 11 (Myh11), alpha 

SM actin (gene: Acta2high/protein nomenclature: SMA), and Transgelin (Tagln) (Fig. 2, A and B) 

(8, 19–22).  

Mature SM cells of the small intestine include a heterogeneous mix of villus SM within 

the muscularis mucosa and the two layers of circular and longitudinal muscles of the muscularis 

externa (gut wall) (Fig. 2A) (23). These populations differentiate radially in sequence during 

intestinal development, with the outer circular muscle layer developing first, followed by the 

longitudinal muscle layer, and finally the villus SM fibers arising with lacteal formation close to 

birth (8, 24). This sequence was evident within our unsupervised clustering, with each of the three 

muscle clusters exhibiting unique transcriptional signatures (Fig. 2, A, B and D, and Fig. S2E), 

and distinct developmental stage composition (Fig. 2, A and C). SM-1 and SM-2 contained cells 

mostly from E12.5 and E14.5 (Fig. 2, A and C), consistent with the stepwise differentiation pattern 

of the emerging gut wall (8). In contrast, SM-3 contained cells mostly from P1.5, indicating villus 

SM identity (Fig. 2, A and C) (24). Several findings further support these classifications. In a 

cluster along the trajectory of gut wall progenitors of SM-1 and SM-2, but not SM-3, we found an 

enrichment of c-Kit and other markers of Interstitial Cells of Cajal (ICC) (1, 25), which are known 

to be spatially restricted to the muscularis externa (Fig. 2, A and B). Forkhead box protein p2 

(Foxp2) and Neuropilin 2 (Nrp2) transcripts were also differentially expressed in the muscularis 

externa (Fig. 2B and Fig. S3A).   
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Using immunofluorescence to validate the spatial fidelity of our cell type classifications in 

mouse intestinal tissue, we found nuclear-localized FOXP2 protein expression in SMA+ cells of 

the gut wall but not in the villus (Fig. 2E), consistent with SM-1 and SM-2 representing gut wall 

musculature. Immunofluorescence also confirmed NRP2 expression in the muscularis externa, in 

addition to its previously described expression in the lymphatic endothelium (Fig. S3A) (26). 

Together, our transcriptomic analysis captured the differentiation of gut mesenchyme into the 

diverse musculature of the gut wall and the villus stroma. 

 

Villus SM cells arise from SMAlow star cells by PDGFRα+ fibroblast-to-myofibroblast 

transition  

Platelet-derived growth factor receptor alpha (PDGFRα) has recently emerged as a marker of 

mesenchymal stem and progenitor cells across multiple organ systems (27). During villus 

formation, PDGFRα+ mesenchymal cells accumulate beneath the endoderm forming a 

subepithelial fibroblast cell population (Fig. S3B) (28–34). In our transcriptomes from the 

intestinal musculature, we found Pdgfra expression in mesenchymal progenitor clusters at E12.5 

and 14.5, and in a fibroblast-like cluster from later (perinatal) time points (E16.5, E18.5, and P1.5) 

marked by Periostin (Postnhigh) (Fig. 2, A, B and C). In contrast, Pdgfra was absent in mature 

SMs, ICCs, and a pericyte cell cluster marked by Cspg4 and Pdgfrbhigh (Fig. 2, A and B) (22). 

Using two-dimensional (2D) scatter plots of our transcriptomes from the muscularis mucosa, we 

observed a stark inverse relationship between the expression of Pdgfra and Acta2, while cells 

expressing Pdgfra and Myh11 were almost mutually exclusive (Fig. S3C). Interestingly, whereas 

the Pdgfra+ fibroblast-like cluster was broadly negative for Acta2, we noted a subset of cells that 
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were Acta2low (Fig. 2, A and B), suggesting a cell state transition from fibroblast to myofibroblast, 

a key step in wound healing (19, 35–37).  

During physiological wound healing, fibroblast cells progress through a precursor stage to 

become contractile myofibroblasts, by gradually expressing SMA, arranged as stress fibers (35, 

38, 39). In our previous studies of the villus SM (24), we detected a subset of SMAlow villus 

mesenchymal cells with stellate morphology, which we called star cells, and hypothesized that 

they represent a precursor state for villus SM differentiation in the embryonic and postnatal 

intestine. Using immunofluorescence to validate these expression patterns, we found PDGFRα 

protein in undifferentiated mesenchymal cells just beneath the gut endoderm at E12.5 and E14.5 

(Fig. 2F and Fig. S3D). At E18.5 and P9, immunofluorescence confirmed PDGFRα expression in 

the villus subepithelial cells that were closely positioned to, but distinct from the mature (SMAhigh) 

SM cells, whereas SMAlow star cells displayed variable levels of PDGFRα expression (Fig. 2F 

and Fig. S3E). 

Based on these patterns, we hypothesized that during late embryogenesis, Pdgfra+ 

fibroblast-to-myofibroblast transition represents a hierarchical continuum of stem and progenitor 

cell states involved in villus SM differentiation. To test this, we performed Pdgfra+ lineage tracing 

using the Pdgfra-CreERT2 driver (40) and Rosa26-tdTomato reporter mice (41) prior to the 

formation of star cells (E15.5). This resulted in tdTomato labeling of SMAlow star cells in the villus 

stroma at E18.5 (Fig. 2G). Next, we induced Pdgfra+ lineage tracing at P0 and collected tissues 

at P9 (P0i-P9c) to quantify the contribution of the Pdgfra+ lineage to the formation of mature SM 

fibers (Fig. 3A). We observed Pdgfra+ lineage reporter tdTomato expression in 87 ± 3.4 % of 

villus SM fibers (Fig. 3, B and C). In the next two induction intervals (P9i-P18c and P18i-P27c, 

Fig. 3A), the Pdgfra+ lineage contributed to 7.9 ± 0.72 % and 6.3 ± 3.6 % of the SM fibers, 
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respectively (Fig. 3, B and C). Altogether, these data suggest that during the mouse perinatal 

development, Pdgfra+ fibroblast progenitors progress to become SMAlow myofibroblast-like cells 

that differentiate into villus SM cells.   

 

Villus SM cells renew from TNC+ intestinal myofibroblasts  

The transition from fibroblasts to contractile myofibroblasts is paramount to organogenesis, tissue 

repair, and cancer, but the mechanisms that govern this transition are poorly understood. To 

investigate the transcriptional changes during the formation of SMAlow star cells (a fibroblast-to-

myofibroblast transition), we performed unsupervised clustering of the 1,708 perinatal fibroblast-

like cells we had captured (Fig. 2C). This partitioned them into four groups based on their 

transcriptomic programs (Fig. S4A). Surprisingly, we found that previously described gene 

expression signatures that define mature fibroblast heterogeneity in the adult villus (22, 30, 34, 

42–47) could not explain the results of unsupervised clustering of perinatal fibroblasts (Fig. S4, 

B, C and D). Instead, we observed the expression of additional regulators of the fibroblast-to-

myofibroblast transition including Palladin (Palld) (48), Desmin (Des) (49), transforming growth 

factor beta-induced (Tgfbi) (50), and Tenascin-C (Tnc) (51, 52) (Fig. S4E). 

TNC is an extracellular matrix protein that can induce actin stress fibers during fibroblast-

to-myofibroblast transition (51, 52) and has previously been detected in subepithelial 

myofibroblast cells of the adult villus (14, 53, 54). In our scRNA-seq analysis, 2D scatter plots 

revealed that Tnc expression is low in Pdgfrahigh perinatal fibroblasts but peaks in Pdgfralow and 

Acta2low myofibroblast intermediates, commensurate with the appearance of the SMAlow star cells 

in the villus (24), while mature SM cells expressing Myh11 are rarely Tnc+ (Fig. 3D). 

Immunofluorescence validated these expression patterns by demonstrating TNC protein in SMAlow 
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cells at E18.5 and P9, but not in mature SM fibers (Fig. 3E and Fig. S4F). Together, these data 

suggest that during villus SM differentiation, Pdgfra+ fibroblast progenitors transition through a 

Tnc+/Acta2low myofibroblast precursor cell state, equivalent to star cells we have described 

previously (24).  

To assess the fate of Tnc+ cells in the perinatal stages, we performed lineage tracing using 

the Tnc-CreERT2 driver (55) at fixed induction-collection intervals, as above (Fig. 3A). TdTomato 

expression was observed in 87±4%, 54±4.5%, and 57±5.7% of SM fibers in the induction-

collection intervals P0i-P9c, P9i-P18c, and P18i-P27c, respectively (Fig. 3, F and G). As 

expected, Tnc+ lineage also marked myofibroblast-like cells which were often closely associated 

with SM fibers (Fig. 3F, asterisks). Interestingly, whereas the contribution of Pdgfra+ and Tnc+ 

lineages to villus SMs cells was comparable at the induction-collection interval of P0i-P9c (87±4% 

vs. 87±3.4%), the Tnc+ lineage contribution at later induction times was higher than that of the 

Pdgfra+ lineage contribution (57±5.7% vs. 6.3±3.6% at P18i-P27c). This difference suggests that 

Tnc+ myofibroblast-like precursors persist in the mature intestine as a renewable pool of adult SM 

stem/progenitor cells. Collectively, we conclude that villus SM cells develop from Tnc+ 

myofibroblast-like precursors that arise from the Pdgfra+ lineage (Fig. 3H). 

 

NOTCH3-DLL4 is necessary for the assembly of villus SM cells alongside lacteals  

Villus SM cells arise in parallel with the formation of lacteals (E18.5) to generate the muscular-

lacteal complex (24). Despite its essential function in fat absorption, the mechanisms that govern 

the assembly of these adjacent cells remain unknown. As part of our effort to understand the 

molecular nature of the muscular-lacteal interaction, we noted that the juxtracrine (contact-

dependent) signaling receptor Notch3 was strongly enriched in Tnc+ myofibroblasts and villus SM 
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cells (Fig. 4A). In further support of active NOTCH signaling within the muscularis mucosa, we 

found additional components of this pathway such as Notch1, Jagged1, and Hey2 (Fig. 4A) (56). 

While most studies focus on the actions of NOTCH signaling in the endothelium, Notch3 is the 

predominant NOTCH receptor responsible for vascular SM maturation and is the causal gene for 

the hereditary vascular dementia CADASIL, characterized by degeneration of SM cells (57–59). 

In our 2D scatter plots, Notch3 levels were correlated with Acta2 and Myh11 expression, consistent 

with NOTCH signaling activity along the myofibroblast-to-villus SM trajectory (Fig. 4B). 

Through immunofluorescence at E18.5 and P9, we confirmed NOTCH3 protein expression in 

SMAlow star cells and in SMAhigh mature SM fibers (Fig. 4C). We also validated protein expression 

of Hairy/enhancer-of-split related with YRPW motif protein 2 (HEY2, Fig. 4A and S5A) and 

Melanoma cell adhesion molecule (MCAM, Fig. 4A and Fig. S5B) whose activities are also 

associated with a vascular SM phenotype (60–62).  

NOTCH is a short-range signaling pathway that occurs between membrane-bound 

receptors and ligands expressed on adjacent cells. Of interest, the Notch ligand Delta-like 4 (DLL4) 

is highly expressed in tip cells of sprouting lacteals where it directs filopodia-mediated lacteal 

survival and regeneration (14). We validated DLL4 expression in the perinatal lacteal tip cells 

using the lymphatic endothelial cell marker LYVE1 (63) and Prox1-GFP lymphatic reporter mice 

(64) (Fig. 4D and Fig. S5C) and hypothesized that contact-dependent NOTCH3-DLL4 signaling 

is necessary for the assembly of the muscular-lacteal complex. To test this, we deleted Notch3 or 

Dll4 from villus SM, or lymphatic endothelial cells, respectively (65, 66). Deleting Notch3 at P0 

(with Pdgfra-CreERT2) (Fig. 4, E and F) or in the embryonic gut mesenchyme (Fig S5D) (with 

Hoxb6-Cre) (67) resulted in a significant reduction in the height of villus SM fibers at P9 (Fig. 

S5E and Fig. S6, A and B). A similar reduction in the length of SM fibers was observed when 
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Dll4 was removed from lacteals (P0, with Prox1-CreERT2) (68) (Fig. 4F and Fig. S6C). Muscle 

fibers were not extended beyond their adjacent lacteal tip in 28% of the villi upon Notch3 deletion 

at P0 (Fig. 4, E and G), in 37.3% using Hoxb6-cre (Fig. S5D), and in 26.7% when Dll4 was 

deleted from lacteals (Fig. 4G). This was statistically significant when compared to control mice 

where most muscle fibers (> 96%) extended beyond lacteals (Fig. 4G and Fig. S5D). Notch3 

deletion from the musculature had no effect on lacteal length (Fig. S6, D and E), but Dll4 deletion 

from lacteals reduced lacteal length (≤ 20% villus length) with 17.3% of the mutant villi 

developing without lacteals (Fig. S6F), consistent with prior findings (14). Finally, deletion of 

either Notch3 or Dll4 resulted in a 40-50% reduction in the number of lacteal filopodia (Fig. S6, 

G, H, and I) (14). Together, these results indicate that NOTCH3-DLL4 signaling governs the 

assembly of villus SM fibers alongside their adjacent lacteals (Fig. 4H). 

 

Discussion 

Intestinal villi are the fundamental units of nutrient absorption and transport that constantly 

regenerate to withstand the hostile conditions of the digestive tract. Villus SM fibers drive villus 

movement and contractility to propel lipid drainage through the lymphatic lacteals (2, 4, 5). Unlike 

other cell types of the intestine, such as the epithelium, the mesenchyme lacks gene expression 

data and genetic tools and has prevented us from understanding the mechanisms that pattern 

intestinal SM during development and regeneration. To address this gap in knowledge, we created 

a time-resolved transcriptomic atlas of mouse intestinal development capturing the diversity of 

intestinal cell lineages at key embryonic and postnatal stages. From these data we reconstructed 

the trajectory of mesenchymal differentiation that produces the musculature of the gut wall and 

villus stroma. 
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Muscle cell contractile activity and their eventual breakdown belies the constant muscle 

renewal within organs, a function performed by adult stem cells. Satellite cells are one well-studied 

example that maintain skeletal muscle homeostasis (69), but similar mechanisms driving assembly 

and maintenance of intestinal SM remained undefined. Ultrastructural and genetic studies have 

detected distinct mesenchymal cell morphologies surrounding villus SM fibers (24, 70–72), and 

this villus mesenchyme has crucial roles in the zonation, maintenance, and renewal of the intestinal 

epithelium (22, 30, 34, 43, 47, 53, 70, 73, 74). However, the role of the mesenchyme in villus SM 

maintenance and renewal had not been explored. Our current findings suggest that villus SM cells 

differentiate from PDGFRα+ fibroblasts in the villus. By inducing lineage tracing in multiple 

pulse-chase intervals in embryonic and juvenile mice, we found that villus mesenchymal 

fibroblasts undergo a myofibroblast-like transition during differentiation towards contractile villus 

SM. In both Pdgfra+ and Tnc+ cell lineage tracing, tdTomato contribution to SM fibers was 

greater in the P0i-P9c interval compared to the P9i-P18c and P18i-P27c intervals (Fig. 3, C and 

G). These rates likely reflect villus SM assembly starting at birth (in the P0i-P9c interval) and 

shifting toward regenerative turnover by the next two induction intervals (P9i-P18c and P18i-

P27c). In the adult mouse intestine, villus mesenchymal cells are non-uniformly distributed along 

the crypt-villus axis where PDGFRαhigh cells are concentrated closer to the villus crypt and are less 

frequent along the rest of the villus (34). TNC expression has been reported to be specific to 

fibroblasts in the villus subepithelial layer but absent in the crypt (14, 53). We interpret this to 

mean that in the highly regenerative villus, a majority of the adult subepithelial fibroblasts are 

committed as TNC+ myofibroblast-like cells, ready for villus SM fiber renewal. Hence, 

therapeutic targeting of myofibroblast intermediates may prove to be a viable strategy for 

enhancing the repair of intestinal SM.  
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Villus SM cells assemble as axial fibers, closely associated with the lacteal during perinatal 

development, and their interactions are critical for absorbing dietary lipids (2, 5). Villus SM cells 

are a major source of VEGFC, the critical lymphangiogenic growth factor necessary for lacteal 

maintenance and lipid absorption (12). Genetic mutations in the embryonic mesoderm can disrupt 

the structure of both the villus SM and their adjacent lacteals (24). However, the reciprocal 

mechanisms guiding villus SM assembly alongside lacteals have not been described. Our work 

uncovers a specific upregulation of NOTCH3 signaling and a vascular SM-like gene expression 

signature in villus SM. DLL4 expression in lacteal tip cells is necessary for adult lacteal 

regeneration and proper lipid transport (14) - hence, NOTCH3 expression in the villus SM 

suggested contact-dependent signaling within the muscular-lacteal complex. We found that the 

villus muscular-lacteal complex of juvenile mice failed to properly assemble when Notch3 was 

removed from their mesenchymal cells or when Dll4 was removed from their lymphatic 

endothelium. Whereas loss of Dll4 resulted in a reduction in the length of both the lacteals and the 

villus SM, Notch3 loss in the mesenchyme affected only the villus SM length. We also observed 

a reduction in the percentage of lacteals that possessed tip cell filopodia upon the loss of either 

Notch3 or Dll4. These findings uncover a previously unknown role for NOTCH3-DLL4 signaling 

in the morphogenesis of the muscular-lacteal complex and function in fat absorption. NOTCH3 

signaling regulates the maturation of vascular SM cells in visceral organ arteries and cell-

autonomously controls the differentiation of the DLL4+ arterial endothelial cells (57, 58, 62, 75, 

75–77). When we removed Notch3 from the mesenchymal cells, we also observed a loss of 

vascular SM coverage on the major blood vessels of the gut dorsal mesentery (Fig. S6J), 

suggesting that Notch3 is a global regulator of gut vascular SM. Moreover, these data suggest that 

during the de novo generation of the mucosal musculature, the myofibroblast-like transition of 
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local fibroblasts generates the villus SM in phenotypic continuity with the vascular SM of the 

mesenteric blood vessels. Thus, mammalian lacteals may have co-opted the use of DLL4+ 

expression in their tip cells to enable muscular-lacteal coupling and assembly. Collectively, our 

findings reveal the molecular and cellular mechanism of villus SM morphogenesis and renewal, 

and serve as a framework for understanding the developmental specification, organization, and 

renewal of intestinal mesenchyme.   
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Main figure legends 

 

Figure 1: A time-resolved single-cell transcriptomic atlas of mouse intestinal development. 

(A) Cartoon depicting the distinct patterning of smooth muscles (SMs) in the gut wall and the 

villus. The villus contains a fat absorptive complex of lymphatic lacteals and their associated SMs, 

which drains dietary lipids into the systemic circulation. (B) Experimental workflow and analysis 

for single-cell RNA-sequencing (scRNA-seq) at 5 embryonic and postnatal stages (E12.5, E14.5, 

E16.5, E18.5, P1.5). (C) Uniform manifold approximation and projection (UMAP) plot of 37,277 

single-cell transcriptomes from mouse intestine at 5 stages, clustered by gene expression and 

colored by cell type labels. Partition-based graph abstraction (PAGA) map overlaid on UMAP 

with circles representing cell types and edges representing global relationships between cell types. 

(D) UMAP plot showing mouse developmental stage of origin and transcriptomic velocity for the 

intestinal scRNA-seq data. (E) Cell type labels segregated based on intestinal cell lineages and 

UMAP plots showing the expression of selected clusters and cell type gene markers. Dotted lines 

on UMAP plots encircle transcriptomes with expression. The bar plot in the top panel shows the 

proportion of cells from cell types in gut musculature lineage across developmental stages. 
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Figure 2: Reconstructing the developmental trajectories and transcriptional signatures of 

intestinal musculature. (A) UMAP plot of 7,519 single-cell transcriptomes from the developing 

small intestinal musculature at E12.5, E14.5, E16.5, and E18.5 and P1.5, clustered by gene 

expression and colored by cell type labels. The cartoon highlights the relative regions of assembly 

of the muscularis externa and the muscularis mucosa within the developing small intestine. PAGA 

map overlaid on UMAP with circles representing cell types and edges representing global 

relationships between cell types. (B) Boxes colored by cell type labels and UMAP plots showing 

the expression of selected gene markers (in bold) in the gut musculature scRNA-seq data. (C) 

UMAP plots showing mouse development stages for the small intestinal musculature scRNA-seq 

data. (D) Dendrogram showing hierarchical clustering of mesenchymal cell types in developing 

gut musculature. (E) Immunofluorescent staining of tissue sections for FOXP2 (nuclear) and SMA 

(cytoplasmic). FOXP2 expression colocalizes with nuclei of gut wall muscles but not SM in the 

proximal midgut (E14.5) and jejunum (E18.5). (F) Immunofluorescent staining of tissue sections 

for PDGFRɑ (on cell membrane) and SMA (cytoplasmic). PDGFRɑ expression was observed in 

the mesenchymal cells between the endoderm and inner SMA+ SM layer in the proximal midgut 

at E14.5 and jejunal villus subepithelial mesenchyme at P9. PDGFRɑ was not expressed in 

SMAhigh villus SM at P9. e - endoderm, m - gut tube mesenchyme, gw - gut wall, asterisk (*) - star 

cell, arrow - spindle-shaped villus SM cell, VSMs - vascular SMs. (G) Induction of lineage tracing 

in Pdgfra+ cells of pregnant mouse dams at E16.5 results in tdTomato reporter (intracellular) 

labeling of SMAlow star cells (yellow asterisks) in the villus of the mouse pup at E18.5. The yellow 

box shows a magnified inset of a tdTomato+ SMAlow star cell.  R26R - Rosa26 reporter. All scale 

bars = 50μm.  
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Figure 3: Pdgfra+ villus fibroblast-like cells undergo a Tnc+ myofibroblast-like transition to 

form villus SMs. (A) Schematic for Pdgfra+ and Tnc+ lineage tracing in 3 induction-collection 

intervals of P0i-P9c, P9i-P18c, and P18i-P27c. (B) Pdgfra+ lineage tracing in induction-collection 

intervals P0i-P9c and P9i-P18c; wholemount immunostaining of SMA on jejunal villi. Boxes 

(orange and blue) show the region magnified in the inset with a single 1μm section along the 

whole-mount z stack. Yellow arrows point to SMA+ fibers with tdTomato expression. (C) 

Pdgfra+ lineage tracing contributions to SM fibers in induction-collection intervals P0i-P9c, P9i-

P18c, and P18i-P27c. Comparisons by one-way ANOVA followed by Tukey’s multiple 

comparisons test (presented as mean ± SEM). (D) Scatter plots showing co-expression of Tnc with 

Pdgfra, Acta2 and Myh11 in the cell types of the developing muscularis mucosa. (E) 

Immunofluorescent staining of TNC and SMA on jejunal villi at E18.5 and P9. TNC expression 

(intra/extra cellular) colocalizes with the SMAlow star cells but not the SMAhigh villus SMs. Yellow 

boxes show the region magnified in the inset. In the P9 insets, yellow asterisks (*) mark SMA+ 

TNC+ star cells whereas the yellow arrow marks a spindle-shaped SM cell. (F) Tnc+ lineage 

tracing in induction-collection intervals P0i-P9c and P9i-P18c; wholemount immunostaining of 

SMA on jejunal villi. Boxes (orange and blue) show the region magnified in the inset with a single 

1μm section along the whole-mount z stack. Yellow arrows point to SMA+ fibers with tdTomato 

expression. (G) Tnc+ lineage tracing contributions to SM fibers in induction-collection intervals 

P0i-P9c, P9i-P18c, and P18i-P27c. Comparisons by one-way ANOVA followed by Tukey’s 

multiple comparisons test (presented as mean ± SEM). (H) Proposed model for myofibroblast-like 

transition of villus fibroblasts to generate and renew SM in the small intestine. Transitionary cells 

fall along the continuum of gene expression of SMA (Acta2), MYH11, PDGFRα, and TNC. R26R 

- Rosa26 reporter. All scale bars = 50μm. 
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Figure 4: Loss of NOTCH3-DLL4 signaling perturbs villus SM assembly along the lymphatic 

lacteal. (A) UMAP plots showing the expression of Notch signaling regulators and effectors 

upregulated in the villus SM. (B) Scatter plots showing co-expression of Notch3 with SM markers 

Acta2 and Myh11 in the cell types of the developing muscularis mucosa. (C) Immunofluorescent 

staining of jejunal villi tissue sections at E18.5 and P9 for NOTCH3 and SMA. NOTCH3 

expression (on cell membrane) colocalizes with the SMAlow star cells and SMAhigh villus SMs 

(SMA - cytoplasmic). Yellow boxes show the region magnified in the inset. (D) 

Immunofluorescent staining of jejunal villi tissue sections at E18.5 for DLL4 (on cell membrane) 

and LYVE1 (on cell membrane). The Cyan arrow shows the colocalization of DLL4 and LYVE1 

in the lacteal tip cell. (E) Representative Notch3 loss phenotype showing loss of villus SM length 

and filopodia. (F) Wholemount immunofluorescence of SMA and lymphatic marker LYVE1 on 

villi from the proximal jejunum upon inducing knockout of Notch3 gene using the Pdgfra 

CreERT2 driver (top panel) and Dll4 gene knockout using Prox1 CreERT2 (bottom panel). (G) 

Binned quantification of the percentage of villi with given ratios of lacteal and villus SM lengths 

upon Notch3 gene knockout using Pdgfra CreERT2 and Dll4 iKO using Prox1 CreERT2. 

Compared using two-way ANOVA followed by Šídák's multiple comparisons test (presented as 

mean ± SEM). (H) Proposed model of NOTCH3-DLL4 function in the postnatal structural 

assembly of the muscular-lacteal complex, as seen at P9. iKO - inducibly knocked out. All scale 

bars = 50μm. 
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