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Summary

Wnt and Rspondin (RSPO) signaling drives proliferation, and bone morphogenetic protein 

inhibitors (BMPi) impede differentiation, of intestinal stem cells (ISCs). Here we identify the 

mouse ISC niche as a complex, multi-layered structure that encompasses distinct mesenchymal 

and smooth muscle populations. In young and adult mice, diverse sub-cryptal cells provide 

redundant ISC-supportive factors; few of these are restricted to single cell types. Niche 

functions refine during postnatal crypt morphogenesis, in part to oppose dense aggregation 

of differentiation-promoting BMP+ sub-epithelial myofibroblasts at crypt-villus junctions. 

Muscularis mucosae, a specialized muscle layer, first appears during this period and supplements 

neighboring RSPO and BMPi sources. Components of this developing niche are conserved in 

human fetuses. In vivo ablation of mouse postnatal smooth muscle raises BMP signaling activity, 

potently limiting a pre-weaning burst of crypt fission. Thus, distinct and progressively specialized 

mesenchymal cells together create the milieu required to propagate crypts during rapid organ 

growth and to sustain adult ISCs.
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eTOC blurb

A mesenchymal niche sustains intestinal stem cells and McCarthy et al. describe the layered 

anatomy, molecular properties, overlapping functions, and postnatal maturation of this supportive 

sub-epithelial tissue. Cells and secreted factors that constitute the complex niche in young mice 

correspond to those identified in the mid-gestation human fetus.
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Introduction

Lgr5+ intestinal stem cells (ISCs) at the base of adult small intestine (SI) crypts1 replicate in 

response to Wnt/RSPO2 and differentiate in response to bone morphogenetic protein (BMP) 

signals.3 Accordingly, the crypt base is a zone of high Wnt/RSPO and low BMP activity, 

the same conditions that favor ISC expansion ex vivo.4 Sub-epithelial mesenchyme is the 

principal source of these signals.5–7 At birth, the mouse SI lacks crypts. Over the ensuing 

~2 weeks,8,9 crypts progressively form and lengthen,10 sequestering ISCs at the bottom 

alongside Paneth cells, and undergoing fission to expand epithelial mass.11–14 Crypt size,15 

bifurcation,11,13 monoclonality,16 and Paneth cell numbers17 increase in the third week of 

life. The 3 weeks of substantial epithelial and ISC expansion between birth and weaning are 

likely associated with appearance of a stable ISC niche in the adjacent mesenchyme.

This mesenchyme, historically regarded as a collection of ‘myofibroblasts’ and smooth 

muscle (SM),18 has come into focus through identification of overlapping CD34+Gp38+ 

and PDGFRA+ cell sources of crucial niche factors.19–22 PDGFRAhi cells abutting the 

epithelium resemble telocytes, diverse cells with a distinctive morphology found in many 

organs;23,24 they are proposed as a key source of canonical Wnt ligands.25 However, 

careful review of their properties26,27 indicates that these are the same cells as intestinal 

sub-epithelial myofibroblasts (ISEMFs) long described in the literature.28,29 Because 

telocytes lack defined molecular or functional uniformity across tissues, here we use the 
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ISEMF nomenclature, a longstanding and descriptive convention. In contrast, sub-cryptal 

PDGFRAlo cells that co-express Grem1 (a BMP inhibitor, BMPi) and Rspo3 support ISC 

expansion ex vivo with no added trophic factors; they are therefore called “trophocytes.”30 

PDGFRA− smooth muscle (Acta2+Myh11+) and other PDGFRAlo cells in the trophocyte 

vicinity also express Grem1 or other trophic factors31,32 but anatomic expression domains 

are unresolved. Mouse villus morphogenesis has been studied in detail33,34 and fetal cell 

types were recently catalogued in mouse colon35 and human SI36–39 but it is unclear which 

cells contribute niche activity or how the ISC niche arises in concert with crypts.

Here we identify SM contributions toward the ISC niche in young and adult mice and 

show that distinct SM populations substitute in part for selected trophic factors in ex vivo 
ISC cultures. The niche matures in parallel with postnatal murine crypts, coincident with 

increasing ISEMF density at the villus base. Niche elements positioned to counteract the 

resulting concentrated BMP source include the muscularis mucosae (MM) and previously 

uncharacterized cells in the superficial muscularis propria (MP). MM is molecularly distinct 

from contiguous lamina propria SM, expresses high Rspo3 and Grem2, arises de novo 
from resident stromal cells, and delimits a distinct anatomic compartment for trophocytes. 

Human MM cells (called “myofibroblasts” in recent studies) express a similar repertoire 

of trophic factors at an analogous developmental stage. In vivo ablation of mouse SM 

during the pre-weaning peak in crypt fission augments local BMP activity and markedly 

attenuates crypt fission. Trophocytes provide the most potent RSPO ligand, RSPO2. Thus, a 

partially redundant, evolutionarily conserved, and multi-layer ISC niche develops step-wise, 

as distinct mesenchymal cells express overlapping trophic factors at defined distances from 

ISCs at the crypt base.

Results

Activity and formation of the isthmus ISEMF shelf, a potent BMP source

As BMPs drive cell differentiation and their inhibition promotes ISC self-renewal,3,40 

phospho-SMAD1/5/9 (pSMAD, a marker of BMP signaling), is restricted to adult mouse 

villi and absent in crypt cells.41 The presumed function of ISEMFs as a potent BMP 

source30,35 has not been tested. We cultured adult mouse duodenal crypts in media 

containing recombinant (r) epidermal growth factor (EGF), rRSPO1, and the BMPi rNOG 

(ENR medium). After organoids had established, we replaced rNOG with various factors or 

with cells isolated by flow cytometry from PdgfraH2B-eGFP mice, where PDGFRAhi ISEMFs 

express high GFP30,42 (Figure 1A, Table S1). Without exogenous cells or in the presence 

of GFP− (PDGFRA−) cells, organoids enlarged into budding structures, while exposure to 

GFPhi ISEMFs or to rBMPs arrested organoid growth (Figure 1B). In these structures, ISCs 

occupy protruding buds.4 Organoids that survived ISEMF co-culture retracted those buds 

(Figure S1A) and exposure to BMPi rNOG or rGREM1 restored budding forms (Figures 

1A and S1A). Proliferative ISCs in organoid buds take up the S-phase marker 5-ethynyl-2’-

deoxyuridine (EdU) and this uptake was reduced in ISEMF co-cultures (Figures 1B and 

S1B). Furthermore, organoids co-cultured with ISEMFs reduced expression of ISC marker 

genes and increased expression of BMP target genes and differentiation markers (Figure 

1C). Thus, ISEMF-derived BMPs tilt the balance from ISC self-renewal to differentiation; 

McCarthy et al. Page 3

Dev Cell. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subtle morphologic differences between organoids exposed to rBMPs or ISEMFs may 

reflect disparate BMP levels or additional ISEMF products, e.g., non-canonical Wnts.

Before crypt formation, newborn mouse ISCs reside in inter-villus troughs9,43 and the 

organoids they generate differ from adult ISCs.44 A watershed period between P10 and 

P16 is marked by crypt deepening, emergence of adult ISC properties, and extensive crypt 

fission.10–15 PDGFRAhi precursors to ISEMFs constitute the leading edges of new villi 

during fetal life33,45 (Figure S1C) and to ask when adult levels of BMP signaling emerge, 

we tracked postnatal ISEMF distribution and epithelial pSMAD expression. Through the 

first week of life, high ISEMF density was evident only at villus tops, with negligible 

aggregation at the villus base at postnatal day (P) 1 (Figure 2A). Quantified relative to the 

villus trunk, isthmus aggregation increased progressively through P21 (Figure 2A–B). In 

line with these findings, epithelial pSMAD at P1 and P5 was confined to the top halves of 

emerging and enlarging villi, becoming steadily more pronounced at villus bottoms by P14 

(Figures 2C and S1D; pSMAD signal is generally stronger in the stroma). ISEMFs express 

Bmp5 even at birth (Figure S1E) and organoids co-cultured with P14 ISEMFs did not thrive 

(Figure S1F), indicating that ISEMFs are functional by then. Epithelial expression of the 

BMP-responsive gene Id1 also increased by P21 (Figure S1G). As mouse46 and chick47 

intestinal villus cells are responsive to BMP signaling and express BMP receptors 1a and 

2 in embryos and neonates, respectively, new villus responsiveness is an unlikely basis for 

the cryptward shift in BMP signaling. We suggest, rather, that it reflects increased ISEMF 

density at the crypt-villus junction (isthmus, Figure 2D).

To ask if CD81+PDGFRAlo trophocytes, a significant BMPi source in adult mice,19,20,22,30 

are active in that period, we cultured SI crypts with trophocytes isolated from P14 or 

adult PdgfraH2B-eGFP mice (Figure S2A). In contrast to adult cells, P14 trophocytes did 

not support organoid growth from adult or P14 crypts in the absence of extrinsic factors 

(Figure 2E). Fluorescence and bright-field microscopy confirmed that P14 trophocytes were 

viable in co-culture and they showed modest activity in the presence of rEGF plus low 

levels of rBMPi or rRSPO that did not alone support organoid growth (Figure S2B). Lower 

trophocyte Grem1 expression at P14 than in adults (Figure S2C) may explain this limited 

ISC support or other stromal cells may provide niche activity prior to weaning and possibly 

beyond.

Delineation of a multi-component sub-cryptal signaling center

To identify such cells, we extracted SI mesenchyme at various times between P1 and 

P14 for single-cell (sc) RNA-seq. We profiled >61,000 cells, encompassing unfractionated 

wild-type mesenchyme and GFP+ cells from PdgfraH2B-eGFP mice (Figure S2D). After 

excluding replicating cells, leukocytes, and Peyer’s patch-associated follicular cells,48 

>51,000 informative cells from all stages included all known adult populations (Figures 3A 

and S2D–E). One PDGFRA+ population marked by Gata6 and low Wt1 expression likely 

represents mesothelium-like cavity fibroblasts.49 Notably, dual Grem1 and Rspo3 expression 

was evident not only in trophocytes but also in diverse Myh11hiActa2hi smooth muscle 

populations (Figure 3B).
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Intestinal SM includes lamina propria-associated myocytes (LPM) in villus stalks, 

muscularis mucosae (MM) beneath crypts, and the external muscularis propria (MP), which 

contains inner circumferential and outer longitudinal layers (Figure 3B, note: pericytes also 

express high Acta2 and Myh11). Graph-based clustering revealed molecular distinctions 

among these anatomically defined populations (Figure 3C), with several BMPi and Rspo 

factors prominent among differentially expressed genes (Table S2). One population that 

clustered near MP expresses low levels of classic SM markers Acta2, Myh11, and Actg2 
(Figure 3C). It overlaps transcriptionally with interstitial cells of Cajal (ICC)50 and with 

MP but is distinct from either and it uniquely expresses two BMPi, Nog and Chrdl1 
(Figures 3B–D and S2F; Table S2). In situ hybridization (ISH) of P14 SI localized these 

Nog+Chrdl1+ cells to the superficial MP surface, closest to crypts and distinct from deeper 

Pcp4hi circumferential or Osr1+ longitudinal MP (Figures 3D and S3A–C). Nog expression 

was previously noted in fetal circumferential MP;33,51 our findings in postnatal mice place 

this BMPi-expressing cell type in the vicinity of crypt base ISCs.

Although sub-cryptal MM is physically contiguous with villus LPM, the two SM 

populations are molecularly distinct (Figure 3C). Both MM and LPM express Hhip, as 

we verified by ISH (Figure S3D), but whereas other muscle cells express Grem1 and 

LPM lacks any BMPi, the MM uniquely expresses high Grem2 (Figures 3E and S3D–E; 

Table S2). Combined ISH for Nog and Grem2 distinguished Grem2+ MM from Nog+ 

cells (Figure S3F, note: Grem2+ cells deep in the MP are likely ICCs). Altogether, this 

previously unappreciated sub-cryptal SM cell and BMPi diversity reveals that, in addition to 

trophocytes, postnatal ISCs abut a milieu, including MM and superficial MP, that is rich in 

key trophic factors (Figure 3F).

Next we examined the adult sub-epithelium, where MM and MP are anatomically distinct 

(Figure S4A) and a myenteric plexus containing ETV1+ ICCs and PDGFRAhi interstitial 

cells (PRAICs) lies between longitudinal and circumferential MP.52,53 To better resolve 

these layers, we generated Etv1Cre(ER-T2);R26RTdTom;PdgfraH2B-eGFP mice (Table S1), 

where tdTomato marks axons projecting from ETV1+ ICCs54 and GFP marks PDGFRAhi 

(ISEMFs and PRAICs) and PDGFRAlo cells. Axonal tdTomato+ projections intercalate 

between circumferential and longitudinal MP, as expected, and demarcate a 1- to 2-cell layer 

positioned between circumferential MP and PDGFRAlo trophocytes (Figure 4A). Laminin 

immunostaining combined with Grem1 ISH (which marks various SM populations – Figure 

3F) indicated that this thin layer houses Nog+Chdl1+ superficial MP and that PDGFRAlo 

trophocytes lie between it and MM (Figure 4B). ISH for Grem1, Grem2, and Rspo3 revealed 

the same arrangement of BMPi-expressing smooth muscle in Laminin-stained adult colon 

(Figure S4B) and that SI and colonic trophocytes consistently localize between MM and 

Nog+Chdl1+ superficial MP (Figure S4C–D). In turn, Grem2hi MM lies directly beneath 

Olfm4hi ISCs at the crypt base (Figure S4E). Thus, in addition to trophocytes, diverse cell 

types likely contribute to adult ISC niche activity from a layered signaling hub (Figure 4B).

Conserved mesenchymal composition in fetal mice and humans

Human crypt morphogenesis occurs in utero and the fetal human gut resembles the adult 

organ by post coitus week (PCW) 24, after villi first appear at PCW 8–9 and crypts at 
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PCW 11–12 (Figure 4C).55–57 To study relations between human and mouse mesenchymal 

populations, we integrated our mouse SI survey from P1 to P14 with a dataset of human ileal 

cells isolated from 8 to 22 PCW.36 We assigned non-immune (PTPRC-), non-proliferating 

(KI67-), and non-epithelial (EPCAM-) cell clusters using established mouse (our study) 

and human36–39 molecular markers (Figure 4C). Cells identified in both species included 

muscularis propria, LPM and MM (classified together), trophocytes, CD81−Pdgfralo stroma, 

and ISEMFs; in the human study, the latter four cell types are designated, respectively, as 

“myofibroblasts” and S3, S1, and S2 “fibroblasts,” while follicular reticular cells (FRC) 

found in Peyer’s patches48 are called S4 (Figures 4C and S4F). Most cell types from both 

species clustered together (Figure 4D). Nog+ superficial mouse MP was not represented in 

the human fetal cell isolates, where S3 fibroblasts (corresponding to trophocytes) were more 

heterogenous than in mice, including a subpopulation of S3 “progenitors.” Unsupervised 

metaneighbor analysis, which quantifies the degree of molecular identity between cell 

types,58 confirmed high inter-species concordance (Figure 4E).

As in young mice, fetal human sub-cryptal cells express most ISC-trophic factors, with 

subtle differences. Human cells express little GREM1, NOG or CHRDL1, the three BMPi 

that dominate in sub-cryptal mouse cells; instead GREM2 and Follistatin (FST) are the 

dominant BMPi (Figure 4F). In contrast to high RSPO3 levels in mouse cells, the dominant 

counterpart in human fetal“myofibroblasts” and trophocytes is RSPO2 and mesothelium 

expresses more trophic factors in human embryos than in young mice (Figure 4F). In the 

absence of discrete cells matching mouse superficial MP (Figure 4D), fetal human ICCs 

express BMPi and RSPO genes (Figure 4F), while cells classified as circumferential MP 

and “myofibroblasts” express low levels of Nog and Chrdl1 (Figure S4G). Like mouse 

ISEMFs, fetal human S2 cells robustly express BMP genes, especially BMP4 and BMP5. 

Other factors pertinent to niche functions include secreted Wnt antagonists in multiple cell 

types (Figures 4C and S4H). Canonical WNT2B levels are high in human myofibroblasts 

(corresponding to mouse MM) and various cells express non-canonical WNT4 and WNT5A 
(Figure S4H). Thus, cell types and their molecular signatures are highly conserved in 

developing mouse and human SI mesenchyme, with subtle differences in expression of 

orthologous trophic factor genes.

The adult mouse niche represents a culmination of dynamic postnatal gene activity and de 
novo MM genesis

Trophic factor levels increase in diverse mouse sub-cryptal cells from birth to P14 (Figure 

S5A), thereby likely increasing ISC support. Additionally, our scRNA isolations recovered 

many more MM and LPM cells at P14 than earlier (Figure S5B), mirroring “myofibroblast” 

appearance after PCW 14 in human development (Figure S5C).36,37,39 Indeed, ACTA2 

immunostaining revealed sparse MM in newborn mice, with a modest increase from P5 to 

P10; a continuous MM structure was present only by P14 (Figure 5A–B). Whereas adult 

smooth muscle lacks Pdgfra (or GFP in PdgfraH2B-eGFP mice),30 large fractions of MM and 

LPM cells carried GFP+ nuclei at P10 and P14 (Figures 5C and S5D). Moreover, in our 

temporal scRNA survey, the 8,030 Pdgfra+ (GFP+) cells from PdgfraH2B-eGFP mice included 

distinct pools of Acta2+Myh11+ cells corresponding to Hhip+ LPM and Grem2+Rspo3+ MM 

(Figures 5D and S5E). Together, these findings suggest that MM and LPM derive from 
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resident PDGFRA+ precursors, retaining H2B-eGFP (which is stable59) for some duration. 

To test this hypothesis, we crossed PdgfraCre(ER-T2),60 and R26RL-S-L-TdTom mice,61 (Table 

S1) and induced Cre activity soon after compound heterozygotes were born (P0). The 

following day (P1), both PDGFRAlo stroma and PDGFRAhi ISEMFs were marked with 

TdTom (Figure S5F), indicating that the label could be followed from these cells into their 

derivatives. At P10, both MM and LPM expressed TdTom (Figures 5E and S5F). Thus, 

resident PDGFRAhi or PDGFRAlo stromal cells generate MM and LPM de novo, with MM 

arising almost exclusively after birth (Figure 5F).

To determine if adult MM retains key products expressed at P14, we generated 

Myh11Cre(ER-T2);PdgfraH2B-eGFP;R26RTdTom mice, where SM cells label red and 

PDGFRA+ cells are green (Figure S6A and Table S1). After excluding the MP, 

scRNA analysis of TdTom+GFP− cells from the SI yielded few Grem2+ MM cells; 

nevertheless, integration with previous data from MP-depleted adult SI mesenchyme30 

revealed Grem2+Rspo3+ MM distinct from LPM (Figure S6B–C). Similarly, MP-depleted 

TdTom+GFP− cells from adult colon, where MM is thicker than in the SI (Figure S6D), 

identified a distinct Grem1+Grem2+Rspo3+ population corresponding to MM, separate from 

abundant Hhip+ LPM (Figure S6D). Thus, mouse MM sustains expression of ISC-trophic 

factors into adulthood.

Smooth muscle requirements for ISC support in vivo

Wide, duplicative expression of niche factors in distinctive sub-cryptal cells suggests 

their likely joint and redundant contributions to an ISC signaling center. Ablation of 

adult Grem1+ cells triggers epithelial BMP activity and rapid ISC attrition,30 but because 

many mesenchymal cells express Grem1 (Figure 3F), this finding does not implicate 

a defined single niche component. To isolate SM contributions to the ISC niche in 
vivo, we generated Myh11Cre-ER(T2);R26RL-S-L-DTA;PdgfraH2B-eGFP mice (Myh11;DTA, 

Table S1 – note: Cre activity in Myh11Cre-ER(T2);R26RL-S-L-tDtomato mice mirrors ACTA2 

immunostaining, Figure S7A). Adult Myh11;DTA mice became moribund within 2 days of 

tamoxifen (TAM) exposure, likely owing to global SM attrition and precluding assessment 

of niche functions. However, administering TAM at P14, by when the MM is well formed, 

allowed us to follow animals for 1 week. Weight loss and proportionally reduced SI length 

indicated muscle attrition (Figure S7B). MM was substantially depleted at P16 and P21 

(Figure 6A), circumferential MP was modestly reduced at P21 (Figure S7C), PDGFRAhi 

ISEMFs were preserved, and PDGFRAlo cells were slightly reduced (Figure 7D), likely 

reflecting loss of PDGFRA+ smooth muscle precursors. Thus, SM ablation was incomplete, 

as reported with R26RDTA and other Cre drivers62 or because TAM activity is limited 

in intestinal sub-epithelium63. Nevertheless, MM appeared especially vulnerable and TAM-

treated Myh11;DTA pups were informative with respect to SM functions in the pre-weaning 

ISC niche.

Crypt cell proliferation, which occurs largely in transit amplifying cells, was intact (Figure 

S7E) but crypt fission, which peaks in the 3rd week of mouse life,15 was significantly 

attenuated by P21 and starting as early as P16 (Figures 6B and S7F). ISC markers Olfm4 
and Axin2 were also reduced at P21 (Figure 6C). Crypts with pSMAD+ cells were increased 

McCarthy et al. Page 7

Dev Cell. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



~5-fold (Figure 6D), pointing to BMPi deficiency as a basis for these defects. Thus, SM 

deficiency compromises ISC function, at least in part from unopposed BMP signaling.

Complementary ISC support from SM and trophocytes

Myh11;DTA mice implicate smooth muscle –but not a discrete cell type– in ISC support 

and because the above findings do not address the relative contributions of trophocytes 

and smooth muscle, we assessed smooth muscle niche activity in vitro. A lack of selective 

surface markers precludes purification of MM or Nog+Chdl1+ cells by flow cytometry. 

Therefore, first we cultured unfractionated P14 or adult MP with P14 or adult SI crypts. 

Neither young nor adult whole MP substituted for ENR medium in supporting organoid 

formation; however, in the presence of low doses of rEGF and rRSPO1 that were alone 

insufficient for organoid growth, MP co-cultures consistently generated organoids (Figures 

7A and S7G). Thus, although MP shows low potency by itself in this assay, it supports 

organoids when RSPO levels are limiting.

Second, noting that MM is a significant source of Grem2, we found that rGREM2 supported 

organoid growth at least as potently as rGREM1 (Figure 7B); thus, MM is also well 

suited to complement trophocyte activity. Indeed, MM isolated as a membrane from adult 

PdgfraH2B-eGFP colon supported organoid growth from adult SI crypts in the absence of 

additional factors (Figure S7H). Because this effect could reflect trophocyte contamination, 

we digested the intact membrane, sorted GFP− (MM) from GFP+ (trophocyte) cells by flow 

cytometry (Figure 7C), and verified that GFP+ cells are CD81+ trophocytes (Figure S7I). 

Cell yields allowed us to co-culture only 10,000 cells from each fraction with crypts in 

small Matrigel droplets, with little flexibility in factor supplementation; nevertheless, the 

trophocyte fraction promoted organoid growth in the absence of soluble factors. MM was 

inert by itself, but in the presence of small amounts of rEGF and rRSPO1, which approached 

trophocyte activity in this assay, its activity consistently exceeded that of trophocytes alone 

(Figure 7C). Thus, MP and MM each reveal intrinsic and complementary niche activity 

when factor levels are sub-optimal. Organoid growth in the absence of rNOG implicates 

sub-cryptal SM as a functional source of BMPi.

Finally, because adult trophocytes alone support ISCs robustly in vitro30 (see Figs. 2E and 

7C), these cells must harbor some distinctive activity not limited to BMPi. Several cell types 

express Rspo3 and serosal cells express Rspo1 (Rspo4 is absent from any cell type), but 

only trophocytes express Rspo2 (Figures 3F and 4F), a finding we verified by ISH (Figure 

7D). RSPO3 is superior to RSPO1 in sustaining organoids20 and ISC attrition in vivo 
requires both RSPO2 and RSPO3 antibodies,64 but RSPO2 activity has not been examined 

in isolation. We found that adult mouse SI crypts required 10 ng/mL murine rRSPO3 to 

generate organoids at top efficiency and 2.5 ng/mL was ineffective, while 1 ng/mL rRSPO2 

achieved near-peak efficiency (Figure 7E). Human RSPO2, the dominant homolog in fetal 

myofibroblasts (Figure 4F), is also more active than RSPO1 or RSPO3 in supporting mouse 

organoids (Figure S7J). Thus, redundant BMPi coupled with unique expression of RSPO2 

may explain why trophocytes can support organoid growth alone.
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Discussion

Immature ISC precursors located in inter-villus epithelium first generate shallow troughs, 

which deepen into the earliest crypts and, before mouse weaning, undergo extensive fission 

to expand crypt and epithelial mass.9,10,15,16,43 Classical11,13,15,17 and recent10 studies 

highlight the P10-P15 interval as a watershed, when crypts and ISCs acquire adult forms. 

The present study integrates mesenchymal scRNA profiles with high-resolution microscopy 

and functional assessment of the emerging ISC niche during this watershed period. 

Mesenchymal niche cells and their products are substantively similar between postnatal 

(P1 to P14) mice and fetal (PCW 12 to PCW 22) humans. In both species, each putative 

niche component expresses at least one BMPi and one RSPO gene, but mouse and human 

SM cells and trophocytes differ in expression of some orthologs; RSPO2, for example, 

is restricted to mouse trophocytes and to human myofibroblasts that correspond to mouse 

MM.39 These similarities and differences reinforce our conclusion that the functional ISC 

niche is a finely layered structure consisting of distinct cell populations that are strategically 

positioned near the crypt base and elaborate multiple, partially redundant trophic factors.

Our findings add developmental and fine spatial context to prior work showing that BMPi 

drive ISC properties,41,65–67 that BMP signaling restrains ISC pool size3 and crypt fission,68 

and that human colonic mucosa is polarized for BMP and BMPi expression.21 ISEMF 

aggregation at the villus base coincides with BMP signaling in adjacent epithelium and, 

likely to counter that effect, sub-epithelial niche elements develop in parallel. MM, a 

sub-cryptal niche component not previously well appreciated, differs from contiguous and 

perpendicular LPM fibers in expressing Rspo3 and BMPi, and arises after birth from 

resident PDGFRAhi or PDGFRAlo cells. RNA levels of various trophic factors also increase 

after birth in trophocytes and in Acta2loMyh11lo cells that uniquely express the BMPi Nog 
and Chrdl1. The latter cells reside between circumferential MP fibers and trophocytes, and 

share transcriptional similarities with ICC and smooth muscle, but are distinct from all 

these cell types. Apparent absence of a matching population in human fetal cell isolates 

may reflect a species difference in niche cell composition, their attrition during the isolation 

protocol or, most likely, their bioinformatic clustering with smooth muscle or ICCs. Of 

note, ICCs arise from the resident mesenchyme69,70 and some authors suggest that ICC and 

selected SM cells derive from a common Kit+ precursor.71 The sum of these observations 

lends motivation to investigate the relationship and ontogeny of ICCs and Nog+Chrdl1+ 

superficial MP.

The layered niche of mouse RSPO- and BMPi-expressing cells achieves adult form and 

function between birth and weaning. Given that P14 trophocytes fail to support organoids 

without added BMPi, other cells with overlapping expression of trophic factors may first 

help drive postnatal crypt expansion and, subsequently, contribute toward lifelong ISC 

support. De novo emergence of MM may, for example, counteract concomitant ISEMF 

aggregation and enhanced BMP signaling at the villus base in the third week of mouse 

life. Our findings collectively imply that niche cell populations are redundant with one 

another and that some may be dispensable in resting tissue. However, trophocytes do support 

organoid growth in the absence of any recombinant factor or other non-epithelial cells and 

their unique expression of Rspo2, the most potent RSPO, likely accounts for some portion 
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of this robust activity. In the future, molecular markers that allow better cell fractionation 

and precise in vivo perturbation will complete the emerging understanding of individual 

niche elements at rest and under conditions of high ISC attrition or stress, such as infectious 

enteritis and inflammatory bowel disease. The cell types and molecular markers identified in 

this study will aid in those endeavors.

Limitations of the study

Establishing the specific contribution and requirement of niche components is challenging 

because few surface markers allow isolation of a pure cell population and available Cre-

driver mouse strains typically target multiple cell types. For example, previous ablation of 

Grem1+ cells affected ISCs profoundly30 but it is uncertain if that effect reflects loss of 

trophocytes, SM, or both. In the present study, depletion of Myh11+ cells also elicited ISC 

dysfunction, as reflected in markedly reduced crypt fission. However, Myh11Cre marks all 

SM, ablation was unavoidably incomplete, and our findings in Myh11Cre;DTA mice could 

reflect indirect effects of SM loss on other niche cells rather than direct consequences 

on ISCs. Our delineation of niche functions in crypt co-cultures mitigates some of these 

limitations, revealing that MM and MP independently provide BMPi but likely insufficient 

RSPO for organoid growth. These in vitro findings must be interpreted cautiously, as gene 

expression and cell behaviors likely drift in culture.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Ramesh Shivdasani 

(ramesh_shivdasani@dfci.harvard.edu).

Materials availability—This study did not generate new unique reagents/materials.

Data and Code Availability—Data are deposited in the Gene Expression Omnibus 

(GSE184158). No new software was developed for this study. Any additional information 

required to reanalyze the data reported in this work paper is available from the Lead Contact 

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals.—PdgfraH2B-eGFP (Jackson Laboratories (JAX) strain 007669)42, 

Rosa26RLSL-TdTomato (JAX strain 007909), Myh11Cre(ER-T2) (JAX strain 019079), 

PdgfraCre(ER-T2) (JAX strain 032770), Etv1Cre(ER-T2) (JAX strain 013048) and 

Rosa26RLSL-DTA (JAX strain 009669) mouse lines were purchased from Jackson 

Laboratories (Table S1). Adult mice were more than 8 weeks of age at the time of 

treatments or cell isolations. Animals were housed in a specific pathogen-free barrier 

facility, maintained on a 12-hour light/dark cycle, and had ad libitum access to standard 

chow and water. All experiments used mice of both sexes and littermates as controls. All 

animal procedures and experiments were approved and monitored by the Animal Care and 

Use Committee at the Dana-Farber Cancer Institute.
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METHOD DETAILS

Mouse treatments.—Postnatal PdgfraCre(ER-T2);R26RLSL-TdTom and 

Myh11Cre(ERT2);Rosa26 LSL-DTA mice received 1 dose of 4-OH tamoxifen (Sigma-

Aldrich, 1 mg per 25 g body weight) by gastric gavage at P1 or intra-peritoneal (IP) injection 

at P14. Myh11Cre(ER-T2);R26RLSL-TdTom;PdgfraH2B-eGFP adults received 4-OH tamoxifen (1 

mg) by IP injection on 2 consecutive days to allow recombination at LoxP sites and were 

harvested at the indicated times, usually 5 days later. BrDU (10 μg/g body weight) was 

administered by IP injection 1 h before euthanasia. Postnatal mice were harvested at the time 

points indicated in the figure legends.

Immunohistochemistry and quantitation.—Whole-mount tissue 

immunohistochemistry was performed as described.30,76 Briefly, proximal small intestines 

were harvested, pinned onto agarose plates, and fixed overnight in 4% paraformaldehyde 

(PFA); in this and all subsequent steps, the tissue was rocked gently. After rinsing in 

phosphate-buffered saline (PBS), the tissue was placed in 10%, then 20% sucrose over 

the course of 1 day, followed by blocking buffer (PBS containing 0.125% bovine serum 

albumin, 0.003% Triton X-100, 0.05% donkey serum, and 0.0005% NaN3) for 6 h and 

overnight in blocking buffer containing 4′,6-diamidino-2-phenylindole (DAPI). Tissue was 

rinsed with PBS, cut into 1-mm fragments, placed on glass slides with spacers (Grace 

Bio-Labs, 654002), and cleared using FocusClear (CelExplorer Labs, FC-101) for 30 min, 

before applying VectaShield mounting medium (Vector Laboratories) and a coverslip. To 

generate representative and comprehensive anatomic resolution, images were taken from at 

least 3 independent animals.

Proximal SI epithelial immunochemistry was performed as described.10 Fresh tissue was 

incubated in 5 mM EDTA in Hank’s Balanced Salt Solution (HBSS) at room temperature, 

rocked gently for 5 min, and washed briefly in PBS before separating the epithelium 

gently from underlying mesenchyme. Tissue was fixed in 4% PFA at 4oC overnight, 

with subsequent PBS washing and incubation with DAPI to stain nuclei and Phalloidin 

(Invitrogen, A12381) to visualize F-actin. Crypt bifurcation was quantified in 3D-rendered 

images of whole-mount phalloidin stained intestines, reported as a fraction of >100 intact 

crypts.

Routine immunohistochemistry was performed on tissues fixed as described above and 

placed in OCT compound (Tissue-Tek, 4583). 7 μm sections were prepared using a Leica 

CM3050 cryostat. The following antibodies (Ab, all at 1:1000 dilution unless indicated) 

were used: Laminin (Sigma, L9393); GFP (Abcam, ab6662); CD31 (BD Biosciences, 

557355); bromodeoxyuridine (BrDU, Life Technologies, B23151); Alpha-smooth muscle 

actin (ACTA2; Abcam, ab5694); PDGFRA (R&D Systems, AF1062, 1:100); and Alexa 

Fluor-conjugated secondary goat anti-rat, goat anti-rabbit, or donkey anti-goat IgG 

(Invitrogen, A11081, A21071, A11058). Signals were amplified using biotin/streptavidin 

HRP-conjugated secondary Ab (Jackson Immuno, 111–065-003 and 016–030-084) and 

detected using Tyramide Signal Amplification Plus kit (Akoya Biosciences, NEL744001KT, 

1:100). Images were taken using a Leica SP5X laser scanning confocal microscope and 

further processed using ImageJ Fiji software.75
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pSMAD1/5/9 was immunostained as described77. Briefly, antigens were retrieved by boiling 

slides in citrate buffer (pH 6.0) for 1 min and pSMAD1/5 Ab (Cell Signaling, 41D10) 

was added overnight at 4oC. pSMAD1/5+ crypts were quantified on images acquired 

and processed as above. Epithelial compartments were delineated with respect to LAM 

Ab-stained basement membrane, and quantified by representing the lowest and highest 5 

villus epithelial cells (10 cells per villus) as the fraction of pSMAD1/5+ cells in >25 villi per 

sample (Figure 2C) or crypts carrying ≥1 pSMAD1/5+ cell as a fraction of >80 crypts per 

sample (Figure 6D). To quantify PdgfraH2B-eGFP ISEMFs, 25 μm sections were co-stained 

with LAM Ab to demarcate the epithelium. Mesenchymal GFPhi cells abutting the bottom 5 

villus epithelial cells were counted and are reported with respect to GFPhi cells abutting the 

next 5 epithelial cells along the villus trunk (Figure 2B). More than 25 villi were counted per 

sample.

To quantify SM populations (Figures 6A and S7C), ACTA2+ cells in the MM and in 

the circular and longitudinal layers of the MP were counted per length of proximal 

SI examined (average 5 mm/sample). Co-labeled ACTA2+Pdgfralo cells are reported 

as a ratio of the total number of ACTA2+ MM and LPM (Figures 5C and S5D). 

PdgfraCre(ER-T2);Rosa26DTA intestines exposed to TAM at P0 were harvested at P10 

and stained with ACTA2 Ab to quantify various SM compartments. For quantitation of 

Pdgfralo cells in Myh11Cre;PdgfraH2B-eGFP;DTA experiments (Figure S7D), cells found in 

the submucosa, between crypts and MP, are reported as numbers/length of intestine (>4mm/

sample). BrdU+ cells/crypt are reported as numbers per crypt (≥25 crypts/sample).

In situ RNA hybridization and quantitation.—mRNAs were localized by the 

RNAscope (Advanced Cell Diagnostics) method78 on intestines collected from at least 3 

different animals per treatment. Probe sets were designed by Advanced Cell Diagnostics 

for Id1, Bmp5, Chrdl1, Grem1, Grem2, Hhip, Noggin, Olfm4, Axin2, Osr1, Pcp4, Rspo1, 

Rspo2, and Rspo3. After hybridization according to the manufacturer’s protocols, tissue 

sections were washed for 5 min in PBS containing 0.1% Tween-20, blocked for 1 h at room 

temperature in PBS containing 5% normal goat serum, and exposed overnight at 4oC to 

Laminin (Sigma, L9393, 1:1,000) or GFP (Abcam, ab6556, 1:100) Ab. After multiple 5-min 

washes in PBS and 90-min incubation with AlexaFluor-conjugated secondary Ab as above 

(Invitrogen) at room temperature, DAPI was applied and slides were mounted according to 

the RNAscope protocol. Images were taken using a Leica SP5X laser scanning confocal 

or a Leica Thunder Imager microscope and processed using ImageJ Fiji software.75 For 

quantitation in SM layers delineated by laminin (Figure S3B and S3E, 2 samples), each cell 

with at least 1 fluorescent ISH dot was counted as one and reported as a fraction of all 

SM cells present in the respective sub-compartment. Every cell with at least one Olfm4+ or 

Axin2+ ISH dot was reported per crypt (Figure 6C, >40 crypts per sample).

Schematic illustrations—were generated with BioRender.

Mesenchymal cell isolation and flow cytometry.—Mesenchymal cells were isolated 

from the pooled proximal halves of the small intestine from 3–6 wildtype or PdgfraH2B-eGFP 

pups. Timepoints harvested from wildtype tissue include P1, P4, P5, P9, and P14, and 

from GFP+ isolated PdgfraH2B-eGFP tissue include P2, P5, and P14. After manual stripping 
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of external muscles (MP) and serosa, whole adult Myh11Cre(ER-T2);R26RL-L-TdTom; 
PdgfraH2B-eGFP SI or colon was processed as described.30 Epithelium was denuded by 

shaking the tissue for 20 min at 37oC in pre-warmed HBSS (Life Technologies) containing 

10 mM EDTA. The remaining tissue was rinsed with HBSS, minced using a scalpel, and 

digested with gentle rocking for 1 h at 37oC in 3 mg/mL collagenase II (Worthington, 

LS004176) diluted in HBSS containing 5% fetal bovine serum (FBS). Extracted cells were 

centrifuged at 300 g for 5 min, washed with FACS buffer (PBS containing 0.1% BSA), 

and leukocytes were depleted in ACK Lysis buffer (Gibco) for 3 min. Washed cells were 

suspended in FACS buffer and, to deplete epithelial and immune populations, stained with 

conjugated EPCAM (BioLegends, 118214, 1:100) and CD45 (eBiosciences, 17–0451-82, 

1:100) Ab for 20 min at 4°C. Cells were sorted on a FACSAria IIII flow cytometer, with 

gating against DAPI (BD Pharmingen) to identify live cells. Graphs of isolated cell fractions 

were generated using FlowJo software v10.

scRNA-seq library preparation, sequencing, alignment, quality control, and 
data analysis.—5,000 to 10,000 cells isolated by flow cytometry were loaded onto 

a Chromium Controller (10X Genomics), followed by library preparation according to 

the manufacturer’s recommendations (Single Cell 3’ V3 assay) and sequencing on a 

HiSeq4000 instrument (Illumina). Libraries were de-multiplexed, aligned to the mm10 

mouse transcriptome, and unique molecular identifiers (UMIs) were counted using Cell 

Ranger (10X Genomics) v3.1.1. Data were analyzed using the Seurat package v4.0.3 in 

R.73 Cells with ≥1,000 and ≤ 4,000 detected genes, >2,500 and <15,000 total transcripts, 

and <10% mitochondrial transcripts were retained. Merged datasets utilized the “merge” 

function and data were normalized and log-transformed using the “SCTransform” function 

in Seurat, regressing out mitochondrial read fractions and other confounding variables. 

Datasets integrated after normalization used the “integrate” function in Seurat. Differential 

markers were identified in clusters using the “FindAllMarkers” function in Seurat, with 

parameters: min.pct 0.25 and logfc.threshold 0.25. To identify cell types in each collection, 

the data were queried for known mesenchymal cell-specific genes.30,79 UMAP plots for 

gene expression were generated using the “FeaturePlot” function.

For merged datasets (Figures 3A and S2D), the top 15 principal components were 

selected using the “FindNeighbors” function, followed by identifying clusters using the 

“FindClusters” (resolution: 2) function in Seurat. The “RunUMAP” function was used 

to reduce the top 15 principal components using the “uwot” method. Based on marker 

expression, clusters were merged to compile 20 mesenchymal cell populations; among these, 

we removed Mki67+ (proliferating), Ptprc+ (leukocytes), and Ccl19+ (follicle reticular, FRC) 

cells (Figure S2D) to generate the final merged dataset (Figure 3A). To generate correlation 

heatmaps (Figure 3C) and gene lists (Table S2), we separated SM and ICC cell types 

using the “FindAllMarkers” function in Seurat and plotted the top 10 and top 50 marker 

genes for each. Genes differentially expressed between P14 and P1/P2 (Figure S5A) were 

identified for each cell type using the “FindMarkers” function and dot plots depicting log2 

fold-differences were generated using code based on the “DotPlot” function within the 

ggplot2 package in R. Integrated analysis (Figure S6C) included published adult scRNA-seq 

data30 (Gene Expression Omnibus, GSE130681).
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Mouse-human cell comparisons.—We compared fetal human terminal Ileum data 

(Fawkner-Corbett et al, 2020) with our mouse data (Figure 3A). To integrate scRNA-seq 

data from the two species, we first used biomaRt74 to convert mouse gene names to 

their human orthologs (keeping only the ~15,000 genes with one-to-one mapping), then 

integrated datasets using the canonical correlation analysis-based workflow implemented 

in Seurat v4.80 Human cell annotations were generated by using marker genes specified 

in Table S1 of the Fawkner-Corbett study. Cross-species comparisons within and between 

cell types were performed using MetaNeighbor,58 which constructs a cell-cell correlation 

network based on expression of highly variable genes and computes an AUROC metric to 

characterize the similarity between groups of cells. Quantitation of myofibroblasts across 

human fetal development (Figure S5C) was generated from analysis of small intestinal 

mesenchymal data from GutAtlas.com.37

In vitro co-cultures, imaging, quantitation, and analysis.—Unfractionated 

mesenchyme extracted from P14 or adult PdgfraH2B-eGFP mice was plated on non-

pyrogenic, gas plasma surface-treated polystyrene tissue culture plates (Falcon) in 

Dulbecco’s Modified Eagle and F12 media (Gibco, 12634–010) supplemented with 

penicillin, streptomycin, Glutamax, HEPES buffer, and 10% FBS (Basal media + FBS, 

see Ref. 30 for extraction methods, Figure S2A). Using forceps, we carefully peeled off SI 

muscularis propria (MP), and in the colon, the muscularis mucosae from PdgfraH2B-eGFP 

mice. SM was disaggregated for 10 min in HBSS containing 5%FBS and 3 mg/mL 

collagenase II, then plated as described above. The medium was replaced 24 h after plating; 

2 to 3 days later, cells were removed using 0.25% Trypsin/EDTA (Corning), washed in 

FACS buffer, and GFPhi (ISEMFs), CD81+Pdgfralo (trophocytes), CD81−Pdgfralo stroma, 

and GFP− cell fractions were harvested by flow cytometry (Figure S2A) as described 

previously30 as unfractionated mesenchyme (Figure 1A) or SM populations (Figure 7C). MP 

was disaggregated using 0.25% trypsin/EDTA for 5 min, washed with PBS/0.1%BSA, and 

placed directly into co-cultures with isolated crypts.

For organoid co-cultures (Figures 1A and S1F), crypts were plated for 2 to 3 days in 

complete basal media supplemented with N2, B27 and N-acetylcysteine as described,81 

EGF (Thermo Fisher, 50 ng/mL), RSPO1 (10% culture supernatant from 293T-HA-RspoI-Fc 

cells), and rNOG (Peprotech, 100 ng/mL), then removed from Matrigel in Cell Recovery 

Solution (Corning) for 10 min at 4°C and recovered by centrifugation at 200 g for 15 

min. 50–100 crypts were replated in 20 μl Matrigel drops in 24-well tissue culture plates, 

together with 2×104 mesenchymal cells harvested, cultured, and purified as described above. 

Complete Basal Media was replaced containing EGF, RSPO1 (10% culture supernatant 

from 293T-HA-RspoI-Fc cells), and rNOG, rGREM1 (Thermo Fisher, 100 ng/ml), or BMP2 

(Peprotech #120–02, 50 ng/mL) and BMP7 (R&D#5666-BP, 50 ng/mL). Bright field and 

fluorescent organoid images were captured using an Olympus CKX53 or Nikon Eclipse T/2 

microscope, respectively. Organoid features were scored from 3 or 4 experiments with 2 

or 3 technical replicates per group per experiment. RNA from co-cultured organoids after 

48 hrs (Fig2) or from FACS-sorted mesenchymal populations prior to co-culture (Figure 

S2C) was harvested and qRT-PCR was performed on 3 or 4 replicates from each treatment 

group; mRNA expression values are represented relative to Gapdh (2−ΔCT) and relative to 
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organoids cultured without additional cells. To quantify EdU uptake (Figure 1B), organoids 

were treated with 10 μM EdU working solution and harvested 2 h later, followed by EdU 

immunohistochemistry as described (Invitrogen #C10640). Organoids were imaged using 

a Leica Thunder Imager and scored based on appearance of EdU+ aggregates or clusters 

found in budding regions of organoids (n=3–5 replicates per group, >20 organoids scored 

per replicate).

For culture experiments with BMPi (Figure 7B), ~100 isolated crypts were plated 

in Matrigel drops in media containing a sub-optimal concentration of RSPO1 (0.5% 

culture supernatant from 293T-HA-Rspo1-Fc cells), EGF (50 ng/mL), and the indicated 

concentrations of rNOG, rGREM1, or rGREM2 (R&D#2069-PR). For culture experiments 

with RSPOs (Figures 7E and S7J), ~100 isolated crypts were plated in Matrigel drops in 

basal condition media containing rNOG (100 ng/mL), EGF (50 ng/mL), and the indicated 

concentrations of mRSPO2, mRSPO3 (R&D, 6946-RS and 4120-RS), hRSPO1, hRSPO2, 

or hRSPO3 (R&D, 4645-RS, 3266-RS, and 3500-RS). Organoid structures were counted 

with a Nikon Eclipse TS100 microscope 5 days after plating. Three biological replicates are 

reported per condition, each including 3 technical replicates. Figure S7H was compiled as a 

composite using Microsoft 365 ProPlus Office PowerPoint.

Quantification and statistical analysis.—Statistical analyses were performed in Prism 

software package v7.03 (GraphPad). Replicate numbers, statistical methods, and P values 

are given in the respective figure legends. No sample size estimations and no blinding were 

performed.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The mouse intestinal stem cell niche matures considerably between birth and 

weaning.

• ISEMFs induce epithelial differentiation and concentrate at crypt tops over 

that time.

• Diverse sub-cryptal smooth muscle cells provide BMP inhibitors and other 

niche factors.

• Young mice share nearly all niche cell populations with the developing human 

fetus.
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Figure 1. ISEMFs promote epithelial differentiation in vitro.
A) Two- to 3-day old established organoids cultured with recombinant (r) RSPO1, EGF, and 

indicated cell types from PdgfraH2B-eGFP mouse SI. The diagram depicts ISEMFs (green) 

and trophocytes (red) as BMP and BMPi sources, respectively. Representative organoids are 

shown 48 h later (scale bar 100 μm). Co-cultures without cells or with GFP− (PDGFRA−) 

cells produced budding structures, whereas crypts co-cultured with ISEMFs or rBMPs 

retracted their buds, a process that reversed in the presence of BMPi rNOG or rGREM1. 

The graph represents fractions of budding (white), unbranched (non-budding, grey), fully 

spheroidal (stippled), and non-viable (black) organoids after co-culture with the indicated 

cells or factors. Statistics for budding fractions were determined by one-way ANOVA 

followed by Dunnett’s posttest. *p <0.05, ****p <0.0001 (n=3–10 independent organoid 

cultures as indicated above each bar).

B) Representative images of organoid EdU uptake and quantitation (percent EdU+ organoids 

per condition). Cell replication is markedly reduced in organoids co-cultured with ISEMFs 

or rBMPs. White arrowheads: organoid buds with EdU+ cells, green arrowheads: live GFPhi 

ISEMFs, additional examples in Figure S1B. Scale bar 50 μm. Statistics, reported relative 

to crypt cultures without added cells, were determined by one-way ANOVA followed by 

Tukey’s multiple comparisons test. ****P <0.0001, ns: not significant.

C) qRT-PCR analysis of organoids after 48 h co-culture (n=3 or 4 biological replicates). 

BMP- or ISEMF-exposed organoids reduced expression of ISC markers and increased 

markers of BMP activation and epithelial differentiation. Transcript levels are represented 

relative to control crypt cultures with no added cells. Statistical comparisons use one-way 

ANOVA followed by Dunnett’s posttest. ****P <0.0001, ***P <0.001, **P <0.01, *P <0.05.
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See also Figure S1.
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Figure 2. Postnatal epithelial BMP signaling coincides with isthmus ISEMF aggregation and 
young trophocytes provide limited support for organoid growth.
A-B) In PdgfraH2B-eGFP mice, GFPhi ISEMFs present on established and emerging 

(arrowhead) villi on postnatal day (P) 1 concentrate over the next 3 weeks at the crypt-villus 

isthmus shelf (white brackets). From representative images of proximal SI at the indicated 

ages (A, scale bars 50 μm) we quantified GFPhi ISEMF cell numbers (B) at the isthmus 

(white brackets, 5 lowest villus epithelial cells) in relation to villus trunks (red brackets, next 

5 cells toward the villus tip); graph displays data from >25 villi/sample (n=3 animals at each 

age). Statistical differences are reported relative to P1 after two-way ANOVA followed by 

Tukey’s multiple comparisons test. ns: not significant, *P <0.0001.

C) Representative pSMAD1/5/9 (magenta) immunostaining (green: LAMININ/basement 

membrane, blue: DAPI) in mouse proximal SI on indicated postnatal days. cr, crypts; scale 

bars 50 μm; boxed regions are magnified in adjoining images; grey scale and extended 

images are shown in Figure S1D. pSMAD+ epithelial cell nuclei (filled arrowheads; 
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pSMAD− cells indicated by empty arrowheads) are present at villus tops from birth, 

while pSMAD+ cells at villus bottoms increase over the ensuing 2 weeks. Graph displays 

pSMAD+ epithelial cell fractions at the bottoms (blue dots) and tops (grey dots) of >25 

villi/sample (n=3 mice at each age). Statistical differences are reported relative to P1 villus 

bottoms after two-way ANOVA followed by Tukey’s multiple comparisons test. ns: not 

significant, *P <0.0001.

D) Increased epithelial pSMAD1/5 coincides with increasing isthmus ISEMF density.

E) PDGFRAlo mesenchymal cells include trophocytes (CD81+, red) and CD81− stromal 

cells (CD81−PRAlo, purple). Co-cultures of P14 (left graph) or adult (right graph) SI crypts 

with isolated adult (black) or P14 (blue) mesenchymal cells in factor-free medium. In 

contrast to adult trophocytes, which support robust organoid growth, P14 trophocytes are 

inactive. Graph depicts organoids per sample relative to control wells (- cells + EGF, NOG, 

and RSPO1 (ENR); 94.5 ±46.8 P14 organoids/well; 64.5 ±20.03 adult organoids/well; n=6 

each). Statistical significance determined by Student’s t-test at **P <0.01, ***P <0.001 

(n=3–6 biological replicates).

See also Figure S1.
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Figure 3. Diverse postnatal intestinal smooth muscle cell populations.
A) Uniform manifold approximation and projection (UMAP) of combined scRNA-seq 

data from whole mesenchyme and GFP+ cells from PdgfraH2B-eGFP mice, representing 

51,084 non-lymphoid (Ptprc-) cells from P1/P2, P4/P5, P9, and P14. ISEMFs, intestinal 

subepithelial myofibroblasts; LECs, lymphatic endothelial cells; BECs, blood endothelial 

cells.

B) Overlay of aggregate trophic factor levels (Grem1 and Rspo3, red) on the global UMAP, 

showing high dual expression in distinct populations, including trophocytes. Aggregate 

smooth muscle marker expression (Myh11+Acta2, red) on the UMAP plot identifies distinct 

populations of smooth muscle corresponding to muscularis mucosae (MM), muscularis 

propria (MP), and pericytes. Interstitial cells of Cajal (ICC) form a distinct cluster (yellow 

arrow). Right: ACTA2-immunostained P14 proximal SI highlights key anatomic structures: 
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LPM (dashed red outline), MM (dotted blue outline), MP (dashed green outline), and the 

epithelium (white dashed outline).

Scale bar 50 μm.

C) Top genes that discriminate each indicated smooth muscle population. MP segregates 

into Nog+Chrdl1+ superficial cells and the classic circumferential and longitudinal 

subpopulations. Gene names are listed in Table S2. Violin plots below show that superficial 

MP expresses markedly lower levels of genes for contractile proteins.

D) Relative expression of ICC markers and BMPi genes in each smooth muscle 

compartment and in ICCs. Superficial MP expresses high levels of Nog and Chrdl1, 

projected below onto the dashed green box within the UMAP plot from Fig. 3B. Images 

show RNAscope in situ hybridization (ISH) with the indicated probes (left: magenta dots, 

right: greyscale, green arrowheads: positive cells, green immunostain: LAMININ). Scale 

bar 50 μm. The findings place Nog+Chdl+ cells in the superficial MP, above the zone of 

circumferential fibers.

E) RNAscope ISH for Grem2 at P14 showing strong expression in MM (blue arrowheads) 

and lower levels in MP (dashed green outline). Top, 2-color fluorescence; bottom, Grem2 
ISH in grey. Scale bar 50 μm.

F) Average expression of selected BMPi and Rspo genes across all cell types represented in 

the postnatal mesenchymal scRNA survey. Factors that support ISCs are largely restricted 

to sub-cryptal cell populations. Right: schematic representation of anatomic locations of 

smooth muscle populations and superficial (Sup.) Nog+Chrdl1+ MP cells.

See also Figures S2 and S3.
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Figure 4: A sub-cryptal signaling hub in adult mouse mesenchyme and conserved mesenchymal 
populations in postnatal mouse and fetal human SI.
A) Representative whole-mount image from Etv1Cre(ER-T2);R26RTdTom;PdgfraH2B-eGFP 

adult mouse ileum, highlighting the space beneath crypts (dashed white outlines) 

demarcated by axonal projections (red) from Etv1+ interstitial cells of Cajal (ICCs). Pdgfralo 

trophocytes lie between sub-cryptal MM (unstained) and Nog+Chrdl1+ superficial MP (also 

unstained; neural projections separate these cells from circumferential smooth muscle). 

GFPhi nuclei far from peri-cryptal ISEMFs are PDGFRA+ interstitial cells72, distinct from 

Etv1Cre-labeled TdTom+ projections ICCs.

Scale bar 50 μm.

B) Composite Grem1 ISH overlaid on LAMININ-stained PdgfraH2B-eGFP adult mouse 

duodenum (sections 10 μm apart), showing high Grem1 levels in MM (arrowhead) and 

superficial MP (between brackets; red: PDGFRA Ab stain; green: PdgfraH2B-eGFP nuclei; 
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blue: DAPI). The sub-cryptal signaling center encompasses muscularis mucosae (MM), 

trophocytes, and Nog+Chrdl1+ superficial MP.

C) Developmental timing of major intestinal morphogenetic events and UMAP from 

integrated analysis of postnatal mouse scRNA-seq datasets (blue, Figure 3A) with 42,598 

fetal human terminal ileal cells (red) from PCW 8 to PCW 2236. Table on right (continued 

in Figure S4F) shows relative expression of molecular markers in cells as annotated in each 

species. Anatomic positions of cells are illustrated on the right. FRC, follicle reticular cell; 

MFs, myofibroblasts; BECs, blood endothelial cells; LECs, lymphatic endothelial cells; MP, 

muscularis propria; ISEMF, intestinal subepithelial myofibroblast.

D) UMAP plot from (C) separated by species, revealing heterogeneity of the human S3 pool 

(trophocytes and their progenitors) and a seeming lack of human Nog+Chdl1+ superficial 

MP.

E) Correlations between human fetal and mouse postnatal mesenchymal cell populations, 

depicted with reference to area under the receiver operating characteristic (AUROC) scores.

F) Relative scRNA expression of the indicated BMPi and RSPO genes across mouse 

postnatal and human fetal mesenchymal cell types.

See also Figures S4 and S5.
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Figure 5. The MM arises postnatally from native PDGFRA+ precursor cells.
A) Representative ACTA2 immunostaining of proximal PdgfraH2B-eGFP SI at P1, P5, and 

P10. Boxed areas are magnified in the respective insets. While some LPM is present at P1 

(arrow), MM arises between P5 and P10 (arrowheads). Scale bar 50 μm..

B) Graph depicting MM cells per mm of tissue at the indicated ages. Statistical differences 

with respect to P1 were determined by one-way ANOVA followed by Dunnett’s multiple 

comparisons test. **p <0.0001, *p <0.05, n=3 animals at each age..

C) GFP+ nuclei are evident in LPM (arrow) and MM (arrowheads) in PdgfraH2B-eGFP 

proximal SI at P14. Areas outlined with white dashes are shown to the right (for MP) or 

below (for MM) with GFP signals only in greyscale. Scale bar 50 μm..

D) Aggregate Acta2 and Myh11 expression (red) overlaid on a composite UMAP plot 

of GFP+ cells isolated from PdgfraH2B-eGFP mice at P14. Complementing the images in 

(C), the isolation shows that PDGFRA+ cells at P14 include a substantial smooth muscle 
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fraction. Inset: Grem2 expression projected on the cells boxed in the composite UMAP plot 

distinguishes Grem2+ MM from Grem2- LPM..

E) PdgfraCre(ER-T2);R26RTdTom pups were treated with tamoxifen (TAM) at P0 and their 

intestines were examined with ACTA2 immunostaining at P10, when MM (arrowheads) 

showed lineage tracing (green) from Pdgfra+ precursors present at birth. Signals are merged 

in the left and separated in the right images. Scale bar 50 μm. tdtomato+ MM and LPM cell 

fractions are shown (n: number of cells counted) from >4 mm of proximal SI in each of 3 

independent animals..

F) Thus, PDGFRA+ cells present at birth subsequently give rise to MM and LPM smooth 

muscle cells..

See also Figures S5 and S6.
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Figure 6. BMP-associated crypt attrition in mice with intestinal SM deficiency.
A) Intestines harvested at P16 and P21 from Myh11Cre(ER-T2);R26RDTA mice treated with 

TAM at P14 show reduced ACTA2-stained MM. Representative images at P21 are shown 

and boxed areas are magnified in the insets, where arrowheads point to the MM in the 

control (Cre− DTA+) specimen and dashed white lines mark the superficial MP border; cr: 

crypts. Scale bar 50 μm. Right: MM cells quantified from >4 mm tissue in each of 3 or 4 

independent animals. Statistical significance was determined using unpaired Student’s t-test. 

**p <0.01, ***p <0.001.

B) F-actin (phalloidin)- stained epithelial whole-mount images showing considerably fewer 

bifid crypts (arrowheads) in Myh11Cre(ER-T2);R26RDTA compared to control pups treated 

with TAM at P14 and examined at P16 (Figure S7A) and P21. Right: Bifid crypts quantified 

from >100 crypts in each of 3–6 mice from each age. Statistical significance was determined 

using unpaired Student’s t-test. *p <0.05, ***p <0.001.
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C) Crypt base cells expressing RNA for ISC markers Olfm4 (RNAscope ISH signal in 

magenta) and Axin2 (green) are decreased in TAM-treated Myh11;DTA animals at P21. n=4 

mice per condition, >40 crypts per sample, statistics by unpaired Student’s t-test. *p <0.05, 

***p <0.001.

D) Increased pSMAD1/5/9 immunostaining (arrowheads in bottom right image) in TAM-

treated Myh11Cre(ER-T2);R26RDTA crypts, which lack pSMAD1/5/9 in controls (see also 

Figure 1A). Boxed areas are magnified in the two right images. pSMAD+ crypts were 

quantified in >80 crypts from 3 mice for each condition; statistical significance was 

determined using unpaired Student’s t-test. **p <0.01.

See also Figure S7.
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Figure 7. Adult MM and MP complement trophocyte activity in vitro by substituting for BMPi.
A) Adult SI crypts did not generate organoids when co-cultured with unfractionated P14 

or adult MP (arrowheads) alone but did so when sub-optimal concentrations of rEGF and 

rRSPO were added to the co-cultures. In the graph, organoids are represented relative to the 

numbers generated in ENR medium (no added cells, 66 ±10.4 organoids, n=3). Significance 

determined by Student’s t-test, ****p <0.0001. -GF, no recombinant trophic factors.

B) Organoids arising from SI crypts after 5 days of culture in a sub-optimal concentration 

of rRSPO1 (see Methods) and 50 ng/mL or 100 ng/mL of rNOG, rGREM1, and rGREM2, 

which are roughly equipotent in this assay. n=3 biological replicates. One-way ANOVA with 

Dunnett’s test shows significance of all conditions to at least p<0.01 compared to control 

cultures with no added BMPi.

C) After MP removal, MM stripped from PdgfraH2B-eGFP colon retained GFP+ trophocytes 

on the undersurface (green arrowheads in inset) and flow cytometry separated GFP+ 
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trophocytes from GFP− MM (see Figure S7G–H). Scale bars 50 μm. Right: In adult SI 

crypt co-cultures, the GFP+ trophocytes supported organoid growth without added factors, 

while GFP− MM provided support only in the presence of rEGF and rRSPO1 (ER medium). 

Significance assessed with respect to ENR-only controls (no cells, 31.7 ±5.5 organoids/well, 

n=5) using Student’s t-test. ***p <0.001, ****p <0.0001.

D) Top: Rspo2 ISH (green) and LAMININ immunostaining (red) in adult SI. Dashed lines 

demarcate the MM above and MP below. Trophocytes lie between these layers and express 

Rspo2; a greyscale version of the Rspo2 signal is shown below the color image without 

LAM; cr: crypts. Bottom: Rspo1 (red) ISH confirms high expression in the serosa as 

indicated by scRNA-seq (see Figure 3F). Dashed line: superficial MP, scale bars 50 μm.

E) Crypts cultured with as little as 1 ng/mL recombinant murine (m) RSPO2 form organoids 

with an efficiency that requires at least 10 ng/mL mRSPO3. Scale bar 50 μm. Graph 

depicts organoid-forming efficiency at 5 days relative to 100 ng/ml rRSPO3 (107.3 ±19.6 

organoids/well, n=3). Statistical comparisons by one-way ANOVA followed by Tukey’s 

posttest, ****P <0.0001.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD31 BD Pharmingen 557355; RRID: AB_396660

pSMAD1/5/9 Cell Signaling 41D10; RRID:AB_491015

Laminin Sigma L9393; RRID: AB_477163

PDGFRA R&D Systems AF1062; RRID: AB_2236897

Alpha-smooth muscle actin (ACTA2) Abcam 5694; RRID: AB_2223021

CD81 Invitrogen 13–0811-81; RRID: AB 466514

GFP Abcam 6556/6662; RRIDs: AB 305564 and AB 305635

Lysozyme Dako A0099; RRID: AB_2341230

CD45 eBiosciences 17–0451-82; RRID:AB 469392

EPCAM BioLegend 118214; RRID:AB 1134102

Chemicals, Peptides, and Recombinant Proteins

0.25%Trypsin-EDTA Gibco 25200–056

Collagenase II Worthington LS004176

RSPONDIN3 (HUMAN) R&D Systems 3500-RS

RSPONDIN2 (HUMAN) R&D Systems 3266-RS

RSPONDIN3 R&D Systems 4120-RS

RSPONDIN2 R&D Systems 6946-RS

GREM2 R&D Systems 2069-PR

BMP2 Peprotech 120–02

BMP7 R&D Systems 5666-BP

NOGGIN Peprotech 120–10C

RSPONDIN1 (HUMAN) R&D Systems 4645-RS

EGF ThermoFisher PHG0311

GREMLIN1 ThermoFisher 956GR050

Matrigel Corning 356231

Diphtheria toxin Enzo Life Sciences BML-G135–0001

4-OH Tamoxifen Sigma T5648

DMEM/F12 tissue culture medium Gibco 12634–010

Fetal bovine serum Corning 35–010-CV

Penicillin/Streptomycin Life Technologies 15140163

Glutamax Gibco 35050–661

N-2 Supplement (100X) Life Technologies 17502001

B-27 Supplement (50X) Life Technologies 17504001

NICOTINAMIDE Sigma 72340

N-Acetylcysteine Sigma A9165

Normal goat serum Cell Signaling 5425S
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REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI BD Pharmingen 5649097

Dulbecco-s modified Eagle medium (DMEM) Corning 17–205-CV

Hanks’ balanced salt solution (HBSS, 10X) Gibco 14065–056

Phosphate buffered saline (PBS, 10X) Corning 46–013-CM

AlexaFluor goat 546 anti-rat IgG Invitrogen A11081

AlexaFluor goat 633 anti-rabbit IgG Invitrogen A21071

AlexaFluor 594 donkey anti-goat IgG Invitrogen A11058

OCT compound Tissue-Tek 4583

Biotin Invitrogen 17–4317-82

Bovine serum albumin Sigma A9647

Paraformaldehyde EMS 15714-S

Picric acid Fluka 80456

FocusClear CElExplorer FC-101

Triton-X 100 Sigma T8787

Sodium azide Sigma S2002

HEPES Sigma H3375

VectaShield mounting medium Vector Laboratories H-1000

5-bromo-2-deoxyuridine Life Technologies B23151

Power SYBR Thermofisher 4367659

Phalloidin Invitrogen A12381

Critical Commercial Assays

RNAscope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics (ACD) 323100

Single Cell 3’ V3.1 assay 10X Genomics PN-1000147

Deposited Data

Raw and analyzed data This paper; Table S2 GEO: GSE184158

Mouse reference genome Mm10, GRCm38 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

Adult mesenchymal RNA datasets McCarthy, et al.30 GEO: GSE130681

Experimental Models: Organisms/Strains

Mouse: PdgfraH2BeGFP Jackson Laboratory 007669

Mouse: ROSA26LSL-TdTomato Jackson Laboratory 007909

Mouse: Myh11Cre(ER-T2) Jackson Laboratory 019079

Mouse: Etv1Cre(ER-T2) Jackson Laboratory 013048

Mouse: PdgfraCre(ER-T2> Jackson Laboratory 032770

Mouse: ROSA26L-S-L-DTA Jackson Laboratory 009669

Oligonucleotides

Grem1 probes Advanced Cell Diagnostics (ACD) 314741

Grem2 probes ACD 473981

Hhip probes ACD 448441

Noggin probes ACD 467391
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REAGENT or RESOURCE SOURCE IDENTIFIER

Olfm4 probes ACD 311831

Osr1 probes ACD 496281

Axin2 probes ACD 400331

Rspo3 probes ACD 483781

Rspo2 probes ACD 402008

Rspo1 probes ACD 479591

Id1 probes ACD 312221

Bmp5 probes ACD 401241

Pcp4 probes ACD 402311

Id1 GAGGCGGCATGTGTTCCA CTGGAGGCTGAAAGGTGGAG

Id2 AAAAACAGCCTGTCGGACCA GGTGATGCAGGCTGACGATA

Vil1 GGGATCCCTTCAAGTGGAGTA TGGTATTGGCAGT GAAAA CG

Alpi CAGCCCTTTCCAATTTCACTG AGGACATCGCCACTCAACTC

Lgr5 CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA

Cd81 ACACCTTCTACGTGGGCATC TGCTTCACATCCTTGGCGAT

Bmp5 TAGATGTGGGCTGGCTTGTC ACCTCGCTTGCCTTGAAGAA

Grem1 CTGGAGACCCAGAGTACCGT CGGTGCGATTCATTCTGTCAC

Rspo3 ATGTGGCTTCAAAAGGGGGA TGGGGTCTCAATGCTGGACT

Olfm4 CAGCCACTTTCCAATTTCACTG GCTGGACATACTCCTTCACCTTA

Software and Algorithms

GraphPad Prism v9.0.2 GraphPad

R R https://cran.r-proiect.org/bin/windows/

Seurat package v4.1 Butler et al.73 https://github.com/satiialab/seurat

Cell Ranger v3.1.1 10X Genomics https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/
installation

BioMart v2.38.0 Durinck et al.74 https://github.com/grimbough/biomaRt

MetaNeighbor Crow et al.58 https://github.com/maggiecrow/MetaNeighbor

ImageJ Fiji Schindelin et al.75 https://imagei.net/Fiii/

Biorender BioRender.com

FlowJo Software v10 FlowJo

Other

ACD HybEZ II Hybridization System ACD 321710

10X Genomics Controller 10X Genomics

EdU labeling kit Invitrogen C10640

Slide spacers Grace Bio-Labs 654002
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