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The primitive gut tube of mammals initially forms as a simple cylinder con-
sisting of the endoderm-derived, pseudostratified epithelium and the

mesoderm-derived surrounding mesenchyme. During mid-gestation, a

dramatic transformation occurs in which the epithelium is both restructured
into its final cuboidal form and simultaneously folded and refolded to create
intestinal villi and intervillus regions. Here, we show that the mesenchymal

winged helix transcription factor Foxll, itself induced by epithelial hedgehog
signaling, controls villification by activating BMP and PDGFRa and the planar

cell polarity factor Fat4 in epithelial-adjacent telocyte progenitors either
directly or indirectly. In the absence of Foxl1-dependent mesenchymal sig-
naling, villus formation and the separation of epithelial cells into mitotic
intervillus and postmitotic villus are delayed, and the differentiation of
secretory progenitors temporarily blocked. Thus, FoxIl orchestrates key
events during the epithelial transition of the fetal mammalian gut.

The surface area of the human small intestine measures about 30 m?,
or the size of half a badminton court'. This large area is required to
enable effective digestion and absorption of nutrients. Villification, or
the formation of intestinal villi that project into the gut lumen, is the
major factor responsible for this increase in surface area (compared to
a flat epithelium by close to 100-fold)'. Remarkably, while villi are a
feature of the small intestine in both mammals and birds, they arise by
divergent morphogenetic mechanisms. Villus formation in birds is
dependent on the sequential formation of first inner circular, then
longitudinal, and finally muscularis mucosa muscles, which coincide
with the appearance of epithelial ridges, zigzags, and villi,
respectively’ . In contrast, mammalian villus formation can proceed in
the absence of tensile forces generated by intestinal muscles; rather, it
is dependent on PDGFRa (platelet-derived growth factor receptor
alpha)/BMP (bone morphogenetic protein) positive mesenchymal cell
clusters’, which themselves are induced by epithelial hedgehog
signaling®’.

While initially epithelial progenitors are spread uniformly along
the gut tube, as villi form, stem cells become restricted to intervillus
regions driven by reciprocal signaling between the epithelium and
underlying mesenchyme®’. Sonic hedgehog (Shh) signals become
locally concentrated through epithelial folding, which has been
proposed to involve intraepithelial compressive forces from round-
ing of mitotic cells®. Locally confined Shh signals induce the afore-
mentioned BMP-expressing villus clusters in the mesenchyme? The
critical role of BMP signaling in villus cluster formation was estab-
lished by explant cultures of presumptive small intestine from 13.5
dpc (days post conception) embryos treated with localized sources
of BMP or the pan-BMP inhibitor dorsomorphin’. More recently, it
was demonstrated that the symmetry of the primitive gut tube is
broken by mesenchymal tissue fluidization enabled by matrix
metalloproteases, which initiate epithelial folding at the interface
between PDGFRa"&" and PDGFRa™" mesenchyme®. In this model,
increased surface tension in the PDGFRa™€" tissue provides the
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driving force to establish mesenchymal villus clusters described
previously>”",

At the onset of villification, also termed ‘epithelial transition’, the
endoderm-derived epithelium forms a simple tube of pseudostratified
cells with a layer thickness of ~50 um. This pseudostratified epithelium,
characterized by cell cycle-dependent interkinetic nuclear migration’,
then changes to a columnar epithelium coincident with villus forma-
tion. Of note, adult Lgr5-positive intestinal stem/progenitor cells sur-
prisingly have their origin in both nascent intervillus and villus regions,
as the fetal epithelium undergoes massive remodeling and fission,
which relocates epithelial cells from the non-proliferative pre-villus
zone into the proliferative intervillus regions".

As introduced above, the induction of villus formation and the
formation of villus clusters in the underlying mesenchyme are
dependent on epithelial to mesenchymal hedgehog signaling. Thus,
both Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) are expressed
in the epithelium, while the hedgehog receptors (Ptchl and Ptch2) as
well as the downstream transcription factor Glil are expressed in the
mesenchyme'”, Because the two epithelial hedgehog proteins are
partially redundant, Madison and colleagues used the pan-hedgehog
inhibitor Hhip to demonstrate that suppression of hedgehog signaling
impaired villus formation, partially due to decreased BMP expression
in the underlying mesenchyme'*.

The winged helix transcription factor FoxIl (formerly termed
Fkhe) is expressed in the first one to two cell layers of the mesenchyme
juxtaposed to the epithelium before villus formation, originally shown
by mRNA in situ hybridization” and recently confirmed by immuno-
fluorescence staining'. In addition, mice null for FoxlI exhibit delayed
villus formation and a defect in the inhibition of epithelial proliferation
in nascent villi, suggesting FoxI1 is an important transcription factor
controlling mesenchymal to epithelial signaling®. A link to epithelial
hedgehog signaling was subsequently established via identification of
functionally relevant binding sites for the hedgehog-dependent Gli
transcription factors within an evolutionarily ultra-conserved enhan-
cer at the FoxlI locus"”. Furthermore, Foxl1 expression was induced in
fetal gut mesenchyme explants treated with Shh, while its mRNA levels
were reduced in mice deficient for the hedgehog dependent tran-
scription factors Gli2 and Gli3". Taken together, these findings suggest
that FoxI1 is a critical mediator of epithelial to mesenchymal crosstalk
during villus formation. Here, we set out to determine the molecular
targets and pathways controlled by FoxI1 during intestinal villification.

Results

Our study comprised histological, ultrastructural, immunostaining,
and molecular analyses during various stages of fetal intestinal devel-
opment at the proximal, middle, and distal areas of the developing
small intestine, as outlined in Fig. 1A. Note that overall intestinal length
is reduced in the 15.5 dpc Fox!1 null fetus (Fig. 1B), while the overall size
of the fetus is not changed (data not shown). Inmunostaining con-
firmed the absence of any FoxIl protein in the Fox{I null fetus, as
expected (Fig. S1A). Histological analysis of the small intestine showed
that while villus formation is progressing as expected in the anterior
half of the small intestine in wild type fetuses at 15.5 dpc, this process is
lagging in Fox!1 deficient mice (Fig. 1C, D). The delay in villus formation
is evident throughout the small intestine, though at 15.5 dpc it is most
pronounced in the proximal and middle portions of the tissue,
reflecting the anterior to posterior wave of villus formation (Fig. S1B).
Even two days later, at 17.5 dpc, villification is abnormal in mutant mice
(Fig. 1E, F), a phenotype that persists at 18.5 dpc (Figs. 1G, H; S2A). In
order to investigate this phenotype in three dimensions, we performed
scanning electron microscopy. As shown in Fig. 1I-N, in control mice,
villification occurs through the formation of regularly spaced short
invaginations into the gut lumen, which by 18.5 dpc have progressed to
form elongated villi. This process is altered by loss of Foxl1, with
absence of the regularly spaced nascent villi and the presence of

occasional long epithelial ridges at 15.5 dpc (yellow arrow in Fig. 1)),
which persist until late gestation (Fig. 1L, N, red arrow; see also
Fig. S3A). Abnormal epithelial ridges in the Fox(I null gut were further
confirmed by immunostaining of small intestinal sections, which
showed flat stretches of epithelial cells with the presence of Olfm4-
positive cell clusters, which likely represent late induction of new
proliferative intervillus regions (Fig. S3B). The presence of epithelial
ridges instead of villi are reminiscent of the phenotype seen in small
intestinal explants treated with the pan-BMP inhibitor dorsomorphin'®,
a connection we explore further below. By postnatal day 5, villus for-
mation has mostly normalized in the mutant mice, with the occasional
abnormally formed villus remaining (Figs. S2B, S4).

Fetal gut telocytes progenitors exist in two subpopulations
The inclusion of tdTomato in the recently developed Fox/I mutant
allele employed here™® enabled us to follow the fate and determine the
molecular properties of Foxl1-positive cells embryos heterozygous and
homozygous for this Fox(I null allele. Of note, the Foxi1 phenotype is
recessive, as Fox!1 heterozygous mice are indistinguishable from wild
type controls™", We performed scRNAseq on the proximal half of
the small intestine of 15.5 dpc FoxII¢®To™* fetuses (Fig. 2A, B). As
shown in the UMAP analysis in Fig. 2C and D, FoxI1" cells segregate into
two closely related cell clusters, which we termed ‘telocyte progenitors
1and 2'. Alist of marker genes for all cell populations shown in Fig. 2C is
given in Supplementary Data 1. To investigate potential pseudo-
temporal relationships between the telocyte progenitor 2 and pro-
genitor 1 populations, we performed RNA velocity analysis®. This
approach estimates the future transcriptional state of individual cells
by leveraging the ratio of spliced to unspliced transcripts, thereby
inferring likely trajectories of transcriptional change (see “Methods”
for details). This analysis suggests that telocyte 2 progenitors are
precursors to both telocyte 1 progenitors as well as other, Fox/I-
negative mesenchymal progenitor populations (Fig. 2E). Further sup-
port for this notion comes from analysis of the proliferation genes
Top2a, Birc5, Mki67 and Pcna, which are all expressed at higher levels in
telocyte 2 progenitors (Fig. S5).

Telocyte progenitors 1 express high levels of Pdgfra and multiple
Bmp mRNAs (Fig. 2F), and thus most likely correspond to ‘villus
cluster cells’, i.e. the PDGFRa-positive cells important in villus for-
mation originally identified by Karlsson and colleagues’. By exclu-
sion, the telocyte progenitor 2 population likely represents FoxI1*
cells directly adjacent to the intervillus epithelium. Interestingly, we
identified Glp2r, encoding the GLP-2 receptor, as another gene pre-
dominantly expressed in telocyte progenitor 1 cells, and confirmed
the localization of the Glp2r mRNA to villus cluster cells by RNAscope
analysis (Fig. 2G-I). An additional telocyte progenitor 1 marker is the
Zinc-finger transcription factor Spalt like transcription factor 1
(Sall1), which is part of the NuRD transcriptional repressor complex
(Fig. 2J-L). Sall1/FoxI1 double positive cells can be seen to also mark a
cluster of cells that appears to be in the process of initiating a new
villus (Fig. 2L). Importantly, this single cell analysis clearly shows that
FoxI1* cells are distinct from myofibroblasts, interstitial cells of Cajal,
and pericytes, identified by the expression of Acta2™¢/Myhl11™/
Des™d/Tagln™9, Etvl'/Kit'/Acta®, and Cspg4'/Pdgfrb’/Abcc9* or
Abcc9'/Ndufa412’, respectively (Fig. 2C). Key marker genes used to
identify the various cell clusters are highlighted in Figs. S6 and S7.
Major hallmarks of the telocyte progenitor 1 and 2 populations are
summarized in the graphic shown in Fig. 2M.

Expression of PDGFRa in telocyte progenitors is dependent

on FoxI1

Next, we analyzed the expression profile of the fetal small intestine of
FoxlI null (Fox{]CreERwdTom/CreERwdTom) e and compared them to those of
heterozygous fetuses. The number of cells in each cluster by genotype
is given in Supplementary Data 2, and the complete list of differentially
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Fig. 1| Intestinal villification is dependent on the winged helix transcription
factor FoxI1. A Overview of experimental design. B Anatomy of the gastrointestinal
tract of control and FoxlI null fetuses at 15.5 dpc. C-H Hematoxylin and eosin-
stained small intestine from control (C, E, G) or Fox{I null (D, F, H) fetuses at the
developmental stages indicated. The yellow arrow in D indicates lack of invagina-
tion, and the red arrow in F marks persistent epithelial ridges. I-N Scanning elec-
tron micrographs of small intestine from control (I, K, M) or Fox!I null (J, L, N)
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fetuses at the developmental stages indicated. In all panels, larger magnification
images shown on the right correspond to the areas outlined on the left. Magnifi-
cation is indicated by scale bars. For histological and scanning electron microscopy
analyses, 3-5 embryos per genotype at each developmental stage were examined,
and representative images are shown. Panel A Created in BioRender. Kaestner, K.
(2026) https://BioRender.com/20knsx9.

expressed genes is contained in Supplementary Data 3. Note that in the
Foxll null fetuses, the cis-regulatory elements CreER-tdTomato
expression are still active, enabling us to visualize FoxlI telocyte pro-
genitors, which are still localized to the mesodermal cell layer that is
directly juxtaposed to the developing epithelium. Loss of FoxlI does
not significantly affect telocyte progenitor number (Fig. 3A). The
UMAP plots shown in Figs. 3B and S8 clearly demonstrate that the

telocyte progenitor 1 population is shifted in the Fox!/I null intestine
reflecting its altered expression profile; however, all cell types
are present in all fetuses analyzed (Figure S8). Two of the telocyte
progenitor 1 marker genes mentioned above, Glp2r and Salll, are FoxlI-
dependent, either directly or indirectly (Fig. S9A-D). As mentioned
above, among the markers of the telocyte progenitor 1 cells is
PDGFRa. The scRNAseq data shown in Fig. 3C, D as well as the
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immunofluorescence staining presented in Fig. 3E demonstrate that
PDGFRa expression is reduced in FoxlI-deficient telocyte 1 progeni-
tors. Further support for a critical role for FoxIl as either direct or
indirect upstream regulator of Pdgfra comes from whole-mount
immunofluorescence staining (Fig. 3F), which shows the localization
of PDGFRa"e" cells to villus cluster cells and their absence in Fox!I null
fetuses. The full three-dimensional view of PDGFRa expression is

I11/FoxI1-tdTomato ¢

™

M

FoxI1-tdTomato

Telocxte prog-1
(FoxI1*/Pdgfra ﬂh/samh'ﬂ"lelpzr )
Sall1

visualized by the supplementary videos 1 and 2. To determine if Pdgfra
is a direct target of Foxll, we performed Cut-and-Run assays on telo-
cytes from 15.5 dpc fetal gut. However, we found no FoxIl binding
event within 10 kb of the Pdgfra promoter (data not shown), suggest-
ing that regulation might be indirect. Because villus formation is
delayed but not completely blocked in Fox{I null mice, we hypothe-
sized that PDGFRa"e" villus clusters might reappear at later stages of

Nature Communications | (2026)17:3122


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69791-5

Fig. 2 | Fetal FOXL1-positive telocyte progenitors partition into villus cluster
and intervillus populations. A Foxl1-positive cells labeled by tdTomato expres-
sion reorganize during the epithelial transition, when the pseudostratified epithe-
lium (E14.5) is converted to a simple cuboidal epithelium (E16.5). Epithelial cells are
labeled with E-cadherin in green, FoxI1-positive cells by tdTomato in red.

B Experimental outline for single cell RNAseq study. The proximal half of the E15.5
small intestine was used for the analysis. C UMAP plot of scRNAseq data identifies
more than a dozen cell types. Foxl1-positive cells are labeled as telocyte progenitors
1 and 2 D UMAP plot showing that FoxI1 transcripts are confined to the telocyte
progenitor clusters. E RNA velocity analysis suggests that telocyte progenitor 2
cells (yellow) give rise to both telocyte progenitor 1 cells as well as two FoxI1
negative mesenchymal cell populations. F UMAP plot of mRNA expression Pdgfra
and several BMP genes in the two telocyte progenitor populations. G UMAP plot of
mRNA abundance for Glp2r, encoding the receptor for the intestinotrophic hor-
mone GLP-2. H Violin plot showing the enrichment of Glp2r transcripts in the
telocyte progenitor 1 population. I RNAscope analysis of fetal mouse intestine from

E15.5 fetuses localizes Glp2r transcripts (green) and Fox/I mRNA (purple). J UMAP
plot of mRNA abundance for Salll, encoding the spalt like transcription factor 1, a
zinc finger transcriptional repressor. K Violin plot showing the enrichment of Salll
transcripts in the telocyte progenitor 1 population. L Immunofluorescence staining
of anterior small intestine from E15.5 fetuses with antibodies specific to Salll (green)
and FoxI1 (red) show localized expression in villus tip telocytes, as well as in a newly
forming villus cluster. DAPI (blue) was used to visualize nuclei. M Model of relative
positioning and prominent marker genes of telocyte progenitors 1 and 2 during
intestinal villification. For imaging analyses (A, I, and L), 3-5 embryos per genotype
at the indicated developmental stage were examined, and representative images
are shown. Single-cell RNA sequencing was performed using small intestines from
three embryos per genotype (E15.5), all collected from the same litter to ensure
matched developmental stages and to minimize batch variability. Panel B Created
in BioRender. Kaestner, K. (2026) https://BioRender.com/wnlyvi4Created in BioR-
ender. Kaestner, K. (2026) https://BioRender.com/utcwlbv.

gestation. This is indeed the case, as shown by immunofluorescence
staining of E18.5 embryos for PDGFRa (Fig. S10), suggesting the pos-
sibility that other transcription factors can activate the Pdgfra gene at
later stages of development.

FoxI1 is required for activation of multiple Bmp genes in telocyte
progenitor cells
Next, we focused on BMP proteins, as BMP signaling from the meso-
derm to the epithelium is critical for villus cluster formation'™.
Telocyte-produced BMPs enriched in villus cluster cells signal to the
adjacent endoderm to inhibit WNT signaling and limit proliferation
(Fig. 4A). High expression of several BMP genes was present particu-
larly in villus cluster telocyte-progenitor 1 cells (Fig. 4B). In the case of
BMP4, expression also extends to FoxlI-negative mesenchymal pro-
genitor cells; however, its levels are clearly reduced specifically in
FoxlI-deficient telocytes (Fig. 4B). Transcript levels of Bmp2, Bmp3,
Bmp4, Bmp5 and Bmpé6 were all significantly reduced in the Fox(1 null
telocyte progenitor 1 population (Fig. 4B). To determine if BMP sig-
naling to the epithelium is impaired by this reduction in telocyte BMP
expression, we performed immunostaining for phosphorylated
SMAD1/5 (Fig. 4C). Nuclear pSMAD1/5 is clearly detectable in epithelial
cells in the villus tip, but not intervillus regions in control embryos. In
contrast, most epithelial cells in Fox!I null mice are devoid of signal,
confirming a reduction of active BMP signaling to the epithelium.
When analyzing the pSMAD1/5 staining, we also noted signal in nuclei
of mesenchymal cells within the invaginating villi, with most of them
negative for Foxll-tdTomato. These findings are expected given the
previous report demonstrating that BMP-driven villus cluster forma-
tion occurs even in the absence of epithelial BMP receptors and thus
has to rely on BMP signaling within the mesenchymal compartment™,
Loss of mesenchymal BMP signals is expected to result in de-
inhibition of WNT signaling in the epithelium overlying villus cluster
telocytes®. Indeed, we found expression of the WNT target gene Sox9
expanded from the developing intervillus regions to nascent villi in the
Foxl1 null fetal intestine (Fig. 4D). Likewise, epithelial proliferation was
not confined to the nascent intervillus regions but extended to the
villus epithelium in mutant mice (Fig. 4D). This likely reflects the
developmental delay in these mice, as prior to villus demarcation, all
epithelial cells are proliferative. Of note, at later stages of develop-
ment, both the Sox9-positive epithelial domain as well as the pro-
liferative zone normalize in Fox!I null mice, consistent with the overall
normalization of the histological phenotype documented above
(Fig. S11).

FoxI1 contributes to regulation of planar cell polarity genes

Patterning of the developing gut epithelium is temporarily perturbed
in the absence of Foxl1, and the hyperproliferation of the epithelium
due to lack of BMP signaling documented above regionally causes

epithelial cells to be more than 100 um distal to the underlying stroma
(Figs. 5A, SI2A). A subset of the luminal-most epithelial cells undergoes
apoptosis as indicated by cleaved caspase 3 staining (Fig. 5A) as well as
the TUNEL assay (Fig. S12B). It was shown previously that after mitosis
of epithelial cells, one daughter cell inherits the connection to the
basement membrane from the mother cell, while the other daughter
cell has to develop a new basal filopodium, a process that is dependent
on Wnt5a**. When this does not occur, the ‘connection-less’ epithelial
cells undergo apoptosis.

Recently, planar cell polarity (PCP) genes were identified among
mesenchymal Gli targets in the fetal gut, and it was further demon-
strated that the GLI2 target gene Fat4 is required for villus develop-
ment during the epithelial transition”. Rao-Bhatia and colleagues had
found that the villification defects in mice with mutations in the PCP
gene Fat4 were preceded by a reduction in the number of epithelial T-
folds, characteristic invaginations of the epithelium that form the
boundaries of developing villi and that can be visualized by staining
with the apical membrane marker Ezrin®. In order to evaluate if loss of
FoxlI delays epithelial remodeling, we stained small intestinal sections
from fetuses at developmental stages spanning villification (13.5 to 15.5
dpc; Fig. S12C) for Ezrin to identify T-folds and PDGFR« to label villus
cluster cells. As shown in Fig. 5C, the number of T-folds is reduced in
the FoxlI-deficient intestine of 14.5 dpc embryos, coinciding with the
loss of PDGFRa expression in telocyte progenitors. Next, we employed
staining for F-actin to assess the orientation of stromal cells in the
developing intestine. As shown in Fig. 5D, while mesenchymal cells in
the control fetal gut reorient their major axis to be parallel to the
invaginating villi, this process fails to occur in Fox!I null mice, sup-
porting the notion of impaired planar cell polarity in stromal cells.

When analyzing expression of PCP genes using our scRNAseq
data, we found that expression of Fat4 was significantly reduced in
Foxl1 null telocyte progenitor 1 cells, while that of the PCP genes Vangl1
and 2 was not affected (Fig. 5SE). We also found Fat4 mRNA to be more
abundant in smooth muscle cells; the significance of this observation is
unknown (Fig. SE). Using our Cut and Run data, we found FoxI1 binding
in the promoter of Fat4, suggesting a direct regulatory relation-
ship (Fig. 5F).

Loss of FoxI1 impacts epithelial gene expression profiles

As shown above, Foxl1 deficiency transiently impacts the patterning of
the overlying epithelium, with many presumptive villus tip epithelial
cells remaining in the cell cycle (Fig. 4D). We had also noted a shift in
the UMAP pattern of epithelial cells between control and FoxI1 null
cells in 15.5 dpc embryos (green box in Fig. 3B). To address this issue
further, we re-clustered the epithelial cells from control mice only via
UMAP. Fig. 6A shows that fetal gut epithelial cells of control embryos
partition into two major groups, which we identified as ‘secretory
progenitors’ and ‘undifferentiated epithelial cells’ based on their
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expression profiles. The heatmap in Fig. 6B shows the 225 most dif-
ferentially expressed genes between these two clusters (false dis-
covery rate <10%; absolute fold-change >2), while Fig. 6C indicates
selected markers genes for each cell type. Fetal secretory progenitors
are characterized by high mRNA levels for transcription factors Kif4,
Spdef, and Sox4, known to be critical for secretory cell
differentiation®**%, Undifferentiated epithelial cells, in contrast, exhibit

strong expression of Sox9 (which marks them as proliferating inter-
villus cells as seen in Fig. 4D) as well as markers of the absorptive
enterocyte lineage (Alpi, the gene for intestinal alkaline phosphatase,
Fabpl, encoding fatty acid binding protein 1, Apoa4, encoding Apoli-
poprotein A4 which is important in intestinal cholesterol absorption,
and Siciéal, encoding the monocarboxylic acid transporter for
lactate).
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Fig. 3 | Villus cluster PDGFRax expression is FoxI1 dependent. A Telocytes labeled
by tdTomato expression driven by the FoxlI cis-regulatory elements (red) are
retained in Fox!I null mice. Epithelial cells are labeled by E-cadherin (green).
Quantification of the density of tdTomato-positive cells in mice heterozygous
(control) or homozygous (FoxI1) for the FoxI1-tdTomato allele as either number of
telocytes per linear distance or as proportion of submucosal cells. N =3 embryonic
day 15.5 embryos per genotype. Data are presented as mean +/- standard deviation.
Statistical significance was assessed using an unpaired two-tailed t-test with Welch’s
correction. ns, p = 0.2305 (upper panel); ns, p = 0.2452 (lower panel). B UMAP plot
of scRNAseq data comparing control and Fox!I null fetal gut shows dramatic shifts
in both telocyte progenitor (blue box) as well as in epithelial cells (green box).
Single cells are color-coded by genotype. Three embryos per genotype, all from the

same litter, were used. C UMAP plot showing Pdgfra expression in control and Fox{1
null telocyte progenitors. D Violin plot of Pdgfra expression in control and Foxl1
null telocyte progenitors. Cells identified as smooth muscle cells are shown for
comparison. Statistical significance was assessed using a two-sided Wilcoxon rank-
sum test. Smooth muscle cell: ns, p = 0.77; Telocyte prog-1: *** p <2 x107%; Telo-
cyte prog-2: ns, p = 0.71. E Immunofluorescence labeling confirms dramatic
reduction in PDGFRa expression (red) in the absence of Foxl1. The apical mem-
brane of epithelial cells is stained for Ezrin (green). F Maximum intensity projection
of anterior small intestine stained in whole mount with an antibody to Pdgfra (red),
and counterstained with DAPI (blue) to label nuclei. For imaging analyses (E, F), 3-5
embryos per genotype at the indicated developmental stages were examined, and
representative images are shown.

Next, we added epithelial cells from Fox{1 null embryos to the
UMAP plot and found that they are largely confined to the undif-
ferentiated epithelial cell cluster (Fig. 6D). When we quantified the
proportion of cells in each cluster, we found a striking loss of
secretory progenitor cells in Fox!1 null embryos (Fig. 6E). Finally, we
performed gene set enrichment analysis to search for pathways that
are differentially regulated in epithelial cells in the absence of telo-
cyte Foxll. As shown in Fig. 6F, the response to BMP signaling,
negative regulation of epithelial proliferation, and establishment of
planar cell polarity were all strongly enriched among the genes more
highly expressed in the control gut epithelium, confirming that loss
of telocyte Fox!I has a major, if transient, impact on the development
of the fetal intestinal epithelium at this time-point. Finally, we con-
firmed these findings by immunofluorescent staining for markers of
the secretory cell lineage. Antibody staining to detect AGR2 (Anterior
gradient protein 2 homolog), a protein disulfide isomerase required
for the formation of mixed disulfides in intestinal mucins (Fig. 6G, I),
and its substrate MUC2 (Mucin2), the major mucin of intestinal
goblet cells (Fig. 6H,)), demonstrated that both are expressed in the
embryonic day 15.5 control intestine in secretory cell progenitors.
However, the proportion of AGR2+ and MUC2+ cells is significantly
reduced in the Fox{I null gut, confirming the findings from our single
cell RNAseq analysis. The fact that the percentage of secretory cells
labeled by MUC2 and AGR2 immunofluorescence staining is smaller
than the percentage of secretory progenitors identified by RNAseq
(compare Fig. 6H, J-E) is likely because the protein markers only
detect the most mature secretory lineage cells, while RNAseq, using
hundreds of transcript measurements, can assign lineage even to
very immature secretory progenitors. Of note, this defect in secre-
tory lineage specification in the Fox/I null gut is only transitory, as by
embryonic day 18.5 the frequency of AGR2 and MUC2 positive cells
has normalized (Fig. S13).

Discussion

Villus formation is an essential and fascinating process in vertebrate
gut development and depends on reciprocal epithelial-to-
mesenchymal crosstalk. Epithelial hedgehog proteins are among
the earliest signals emanating from the endoderm during organo-
genesis of the gut. Consequently, inhibition of hedgehog signaling
with neutralizing antibodies or ablation of either Shh (sonic hedge-
hog) or Ihh (Indian hedgehog) causes impairment of gut develop-
ment and villus formation?*°. Hedgehog proteins signal via their
receptor Ptchl (patched 1), expressed exclusively in the gut meso-
derm, to stabilize the DNA-binding transcription factors Gli2 and
Gli3. In 2006, computational analysis of evolutionarily conserved
enhancers led to the identification of an ultra-conserved putative
enhancer located between the neighboring FoxI1 and FoxfI genes®.
Previously, we identified seven Gli binding sites in this genomic
region, some conserved from Fugu to human, and showed through in
vitro and in vivo studies that both Foxll and Foxfl are Gli target
genes”. Here, we demonstrate that Foxll-expressing telocyte pro-
genitors are partitioned into two major subpopulations with distinct

gene expression profiles: telocyte progenitors 1 and 2 correspond to
telocytes in villus clusters and those adjacent to developing inter-
villus regions, respectively. Cells we describe as “Telocyte progenitor
1” population have also been reported as PDGFRa"&" cells, and as
shown above, PDGFRa expression is severely reduced in the absence
of FoxlI (See Fig. 3C-F), indicative of a delay in the formation of villus
clusters. Maimets and colleagues recently reported that PDGFRoe"
cells express genes that promote a WNT signaling gradient. Inhibi-
tion of WNT signaling during fetal life using a Porcupine inhibitor led
to a massive reduction in villus formation®, as expected from the
absolute requirement of telocyte Wnt for adult intestinal stem cell
function®.

Villification is significantly delayed in the absence of Foxl1, and
abnormal proliferation persists in epithelial cells in the presumptive
developing villi at 15.5 dpc, a developmental time-point when the
anterior small intestine is already separating into intervillus regions
and nascent villi. We attribute this to the loss of BMP signaling as
multiple Bmp genes exhibit reduced expression in the absence of
Fox!I and a delay in villus cluster formation. BMP signaling had been
established by Walton and colleagues as key factor of villus
formation”'°. Of note, the defect is only temporary, and other
transcription factors, currently unknown, compensate for Foxll
loss. One attractive candidate is the closely linked FoxfI gene, which
like FoxlI is induced by hedgehog signaling from the epithelium".
Interestingly, heterozygous loss of Foxfl causes defects in
mesenchymal to epithelial signaling reminiscent of the phenotype
of Foxll null mice*. Because of the close linkage (-50kb) of
the two genes, a mouse null for both cannot be generated through
intercrossing, and the analysis of Foxl1/Foxfl deficient telocytes
will require the derivation of new conditional mouse
models. Of note, loss of the telocyte transcription factor Foxl1 has a
transient secondary impact on the overlying epithelium, with a
delay in secretory progenitor cell differentiation and temporary
retention of proliferating epithelial cells overlying villus
cluster cells.

Recently, planar cell polarity genes were identified among the
mesenchymal Gli2 targets in the fetal gut, and it was demonstrated that
the Gli2 target Fat4 is required for villus development during the epi-
thelial transition®. The model of villification proposed by Rao-Bhatia
and colleagues states that activation of Gli2 in telocyte progenitors
opposite to the hedgehog-secreting epithelium is sufficient to activate
Fat4 and other planar cell polarity genes directly”. Our data indicate
that induction of Fat4 in telocyte progenitors depends not only on GLI
proteins but also on winged helix transcription factors. We document
by scRNAseq analysis of the proximal small intestine of 15.5 dpc fetuses
that expression of planar cell polarity genes including Fat4 is enriched
in FoxI1+ telocyte progenitor 1 cells and reduced significantly in the
absence of FoxlI (Fig. 5E). Therefore, we propose a coherent feed-
forward loop for the regulation of stromal planar cell polarity genes, in
which Gli2 activates both Fox!/I and Fat4 (and related targets), while
Foxll also activates Fat4 expression in epithelium-adjacent
stromal cells.
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In conclusion, we have shown that the deletion of the winged helix
transcription factor Foxll, expressed in endoderm-adjacent meso-
dermal telocyte progenitors, transiently delays the epithelial transition
and ordered villus formation via the regulation of BMP, PDGFRq, and
PCP signaling molecules.
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Materials and methods

Mice

All animal procedures were approved by Institutional Animal Care and
Use Committee of the Office of Animal Welfare at the University of
Pennsylvania and conducted under protocol 804436. The mice used in
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Fig. 4 | Loss of BMP expression and abnormal epithelial proliferation in the
FoxI1-deficient fetal small intestine. A Model for partitioning of small intestinal
epithelial cells into postmitotic villus cells and proliferating intervillus cells
through BMP signals emanating from villus cluster cells. Modified after Shyer and
colleagues’. B Expression of multiple Bmp genes is reduced in telocyte progenitor
1 cells in the absence of FoxI1. UMAP and violin plots for telocyte progenitors 1
and 2 as well as smooth muscle cells or Mesenchymal progenitor-1 for compar-
ison. Statistical significance was assessed using a two-sided Wilcoxon rank-sum
test. Smooth muscle cells (Control vs FoxI1 null): Bmp2, *, p=0.047; Bmp3, ns,
p=0.140; Bmp4, ns, p=0.382; BmpS, ns, p=0.66; Bmpé6, ns, p=0.147. Telocyte
prog-1 (Control vs Foxll null): Bmp2, ***, p <2 x 107%; Bmp3, **, p=9.2 x 107
Bmp4, ****, p <2 x 107'%; Bmps5, ***, p <2 x 107'%; Bmpé, **, p=0.0017; Bmp?7, ns,
p=0.65. Telocyte prog-2 (Control vs FoxIl1 null): Bmp2, ns, p=0.312; Bmp3, ns,

p=0.886; Bmp4, *, p=0.024; BmpS$, ns, p=0.52; Bmpé, ns, p=0.703; Bmp7, ns,
p=0.17.* p<0.05; *, p<0.01; **, p<0.001; ***, p<0.0001. C Determination of
BMP signaling pathway activation by immunofluorescence staining for phos-
phorylated Smad1/5 (p-Smadl/5), downstream mediators of BMP receptor acti-
vation, in the fetal gut (E15.5). Shown are both single optical sections as well as
z-stack projections without the DAPI counterstain to better visualize the p-Smadl/
5 signal. D Immunofluorescence staining of the 15.5 dpc anterior small intestine
from control and Fox!1 null mice for the WNT target gene Sox9 (green), the
proliferation marker Ki67 (red), and epithelial E-cadherin (white). Nuclei were
counterstained with DAPI (blue). For imaging analyses (C, D), 3-5 embryos per
genotype at the indicated developmental stages were examined, and repre-
sentative images are shown.

this study were individually housed in ventilated cages and provided
with controlled temperature, humidity, a 12 h light-dark cycle, a stan-
dard rodent chow diet, and constant access to water. C57BL/6 wild-
type mice were obtained from Jackson Laboratory (Stock number:
000664). The Foxl1CreERT2-tdTomato gene replacement allele was
described previously™.

For embryonic studies, embryonic day 0.5 (0.5 dpc) was defined
as noon on the day when the copulatory plug was observed. Since
homozygotes of the Foxl1ICreERT2-tdTomato gene replacement allele
are viable and fertile in adulthood, the FoxlI null embryos were gen-
erated by either crossing two heterozygotes or crossing one homo-
zygote with a heterozygote. Single cells for the Cut & Run experiment
were isolated from dissected embryonic small intestines at 15.5 dpc,
which were obtained by crossing FoxliICreERT2-tdTomato hetero-
zygous mice with C57BL/6 wild-type mice. Embryonic data were col-
lected from developmental stages before (13.5 dpc), during (14.5 dpc),
and after (15.5-18.5 dpc) the onset of villification in the developing
small intestines. Due to the indistinguishable sex of the embryos and
the absence of reported sex differences in villus morphogenesis, mice
of both sexes were included in all experimental procedures. Therefore,
random assignment of mice from either sex was conducted within
each experimental group.

Tissue isolation and sectioning

Mouse small intestinal samples from different stages were carefully
dissected. All samples used for histological sectioning and subsequent
staining were taken from the anterior small intestine, from the sto-
mach to the duodenal flexure, unless noted otherwise. For paraffin
sections, samples were fixed overnight at 4 °C in 4% paraformaldehyde
in PBS buffer (Invitrogen), washed three times with PBS before dehy-
dration in a graded ethanol series and paraffin embedding. Tissues
were sectioned at 5 pm thickness by the Molecular Pathology and
Imaging Core of the UPenn Center for Molecular Studies in Digestive
and Liver Diseases. For frozen sections, samples were incubated
overnight in 30% sucrose in PBS buffer after overnight fixation at 4 °C
in 4% paraformaldehyde in PBS buffer (Invitrogen) until the intestinal
tissues had settled at the bottom of the tube, and were embedded in
OCT for quick freezing and storage at -80 °C. OCT-embedded samples
were sectioned at 10 um using a cryostat (Cryostar NX50, Thermo-
Fisher Scientific), dried for 10 minutes at room temperature, and then
stored at -80 °C.

Scanning electron microscopy

The scanning electron microscope (SEM) experiments were conducted
by the microscopy core facility of the UPenn Department of Cell and
Developmental Biology. After dissection, the presumptive duodenal
sections of 15.5 and 18.5 dpc fetuses and postnatal day 5 newborns
were washed three times with 50 mM Na-cacodylate buffer and fixed
overnight using a solution consisting of 2.5% glutaraldehyde in 50 mM
Na-cacodylate buffer at a pH of 7.3. Subsequently, samples were
dehydrated using a graded series of ethanol, gradually reaching 100%

ethanol over a span of 1.5 h. After dehydration, samples were incubated
for 20 min in a solution containing 50% HMDS (Sigma-Aldrich) in
ethanol, followed by three changes of 100% HMDS. After air-drying
overnight, samples were mounted on stubs and coated with a layer of
gold palladium using the sputter coating technique®. Finally, we
observed and photographed the specimens utilizing a Quanta 250 FEG
scanning electron microscope manufactured by FEI (Hillsboro, OR,
USA) with a 10 kV accelerating voltage.

Histology, immunofluorescence and TUNEL staining

Paraffin sections were deparaffinized and rehydrated using xylene and
descending ethanol gradients. For H&E staining, tissues were stained
with Harris” Hematoxylin and alcoholic Eosin Y. For IF staining, paraffin
sections were subjected to pressure cooker antigen retrieval with Tris/
EDTA buffer (Abcam, ab93684). For the frozen slices, OCT was directly
removed in sterile water. The slices were then incubated with primary
antibodies overnight at 4°C after blocking with blocking buffer
(Abcam, ab126587) for 1 h at room temperature and then with appro-
priate secondary antibodies at room temperature in the dark for 1 h.

The following antibodies were used: goat anti-PDGFR alpha 1: 200
(R&D Systems, AF1062), mouse anti-EZRIN 1:1000 (Sigma-Aldrich,
E8897), rat anti-E-Cadherin antibody [DECMA-1] 1: 200 (Abcam,
abl1512), goat anti-E-cadherin 1: 200 (R&D systems, AF-648), rabbit
anti-Sox9 1: 200 (Abcam, ab185966), rabbit anti-Ki67 1: 200 (Abcam,
ab16667), RFP antibody 1: 500 (Rockland, 600-401-379), Anterior
gradient protein homolog 2 1: 200 (Abcam, ab209224), Muc2 1: 200
(Abcam, ab272692), Phospho-Smad1/5 1: 50 (Cell Signaling Technol-
ogy, 9516), Alexa Fluor 488 Phalloidin 1: 400 (Thermo Fisher Scientific,
A12379), Sal-like protein 11: 200 (Abcam, ab41974), Cleaved Caspase-3
1: 200 (Cell Signaling Technology), and Alexa Fluor 488-,594- and 647-
conjugated secondary antibodies, obtained from Life Technologies.
Subsequently, slides were stained with DAPI (Sigma-Aldrich, D9542) to
label nuclei. For F-actin staining, tissues were frozen-sectioned, treated
with PBS followed by PBST (1:1000 Triton X-100 in PBS), followed by
1h of staining with Alexa Fluor 488-conjugated Phalloidin diluted
1:1000 into the blocking buffer at room temperature. Slides were
imaged using a Leica Stellaris 5 confocal microscope.

For the detection of Foxll protein, paraffin-embedded sections
were deparaffinized in xylene and rehydrated through graded ethanol
to PBS. Antigen retrieval was performed in Tris-EDTA buffer (pH 9.0)
using a pressure cooker, followed by cooling and washing in PBS.
Sections were permeabilized in PBST (PBS containing 0.1-0.2% Triton
X-100) for 10-15min and washed three times with PBS. Endogenous
peroxidase was quenched with 3% H,0, for 10-15 min, followed by PBS
washes. Sections were blocked with blocking buffer (Abcam,
ab126587) for 1 hour at room temperature.

Primary antibody against FoxIl (guinea pig®’;) was applied at
1:1500 dilution and incubated overnight at 4 °C. The antibody was
detected using a biotinylated goat anti-guinea pig secondary antibody,
followed by signal amplification using the biotin-avidin system (Vector
Labs, SP-2001) and tyramide-based amplification (PerkinElmer,
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NEL700AO0O1KT) according to the manufacturer’s instructions. Sec-
tions were then incubated with fluorescent labels, including SA-Cy5
(1:300), for 2-3h at room temperature in the dark. Nuclei were
counterstained with DAPI, and slides were mounted with antifade
medium for imaging.

Apoptotic cells in frozen tissue sections were detected using the
In Situ Cell Death Detection Kit, TMR red (Roche, 12156792910)
according to the manufacturer’s instructions. Sections were pre-
treated with Proteinase K for 15 min at room temperature, incubated
with the TUNEL reaction mixture for 1 h at 37 °C in the dark, counter-
stained with DAPI, and mounted with anti-fade medium before ima-
ging by fluorescence microscopy.

Single-cell capturing and cDNA library construction

Timed embryos were obtained by crossing homozygous male mice
with heterozygous female mice. The small intestine was obtained
through dissection, and the anterior half collected for processing.
Additionally, the tail of each embryo was collected for genomic DNA
extraction using the KAPA Mouse Genotyping Kit HotStart (Kapa Bio-
systems, KK7352). Subsequently, genotyping was performed to dis-
tinguish between heterozygotes and homozygotes.

Intestinal tissue was digested with collagenase type Il and DNase |
dissolved in ‘Dispase in DMEM/F-12" (Stemcell, 07923) to prepare a
single-cell suspension and then FACS sorted in phosphate-buffered
saline with 0.5% BSA to enrich for live cells (MoFlo Astrios Sorter). Cell
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Fig. 5 | FoxI1 is required for full activation of the planar cell polarity gene Fat4
in small intestinal telocyte progenitors. A Small intestinal epithelial structure of
the fetal small intestine in 15.5 dpc fetuses shows cuboidal organization of a single-
cell layer epithelium. In FoxI null mice, epithelial organization is disrupted, and the
epithelium is partially multilayered, with frequent apoptotic cells, as visualized by
cleaved caspase 3 immunostaining (green). The continued presence of telocytes is
evidenced by FoxI1-tdTomato staining (red). DAPI (blue) was employed to visualize
nuclei, and E-cadherin (white) to label epithelial cells. B Staining with the apical
membrane marker Ezrin was used to identify T-folds, the sites of emerging villi, in
the fetal (14.5 dpc) small intestine. C Quantification of T-fold number per linear
distance of the small intestine. Data are presented as mean +/- standard deviation.
P=0.0007 by two-tailed unpaired t-test, n =4 embryos per genotype. D Staining of
the fetal (15.5 dpc) small intestine with F-actin was employed to determine the
orientation of the dominant cellular axis in the mesenchyme of the developing

intestine. E UMAP and violin plots of expression of planar cell polarity genes Fat4,
Vangll, and Vangl2 in control and Foxl1-deficient telocyte progenitors. Smooth
muscle cells are shown for comparison. Statistical significance was assessed using a
two-sided Wilcoxon rank-sum test. Smooth muscle cells (Control vs FoxI1 null):
Fat4, **, p=1.5 x 10~; Vangll, ns, p = 0.684; Vangl2, ns, p = 0.156. Telocyte pro-
genitor 1 (Control vs FoxI1 null): Fat4, ****, p= 6.6 x 107; Vangll, ns, p=0.061;
Vangl2, ns, p = 0.056. Telocyte progenitor 2 (Control vs FoxI1 null): Fat4, ns,
p=0.91; Vangll, ns, p=0.872; Vangl2, ns, p=0.921. *, p< 0.05; **, p < 0.0L; ***,
p<0.00L ***, p <0.0001. F Cut-and-Run analysis using and anti-FoxI1 antibody and
FACS enriched fetal (15.5 dpc) telocyte progenitors shows binding of FoxI1 at the
Fat4 promoter. For imaging analyses (A, B, and D), 3-5 embryos per genotype at the
indicated developmental stages were examined, and representative images are
shown. Cut&Run shown in (F) was performed using pooled telocyte progenitors
isolated from E15.5 embryos.

number and viability were determined using a Countess Il Automated
Cell Counter from Life Technologies after staining with Trypan blue.
Single-cell suspensions were diluted to the appropriate concentration
and loaded on a 10x Genomics Chromium Single Cell Controller with a
target of 5000 cells per sample. Single-cell library preparation was
completed using the 10x Genomics Chromium Single Cell 3’ Library &
Gel Bead Kit v2 following the manufacturer’s protocol. Quality and
quantity of the cDNA libraries were assessed using an Agilent 2100
Bioanalyzer and Invitrogen Qubit Fluorometer. Finally, the libraries
were sequenced on an lllumina Novaseq 6000 instrument. The single-
cell RNA-seq data generated in this study have been deposited in GEO
under accession number GSE302290.

Single-cell analysis workflow

Single-cell RNA sequencing (scRNAseq) libraries were prepared using
the 10x Genomics Chromium platform and sequenced on a NovaSeq
6000 system with 150bp paired-end reads. Each library was
sequenced to a minimum depth of 361 million raw paired reads to
ensure sufficient coverage for downstream analyses. Adapter trim-
ming and read preprocessing were performed using Cutadapt®, fol-
lowing the standard 10x Genomics configuration of 28 bp (cell barcode
and unique molecular identifier [UMI]) and 90 bp (transcript read). For
consistency, only the first 361 million raw paired reads for each sample
were used for subsequent analyses. Trimmed reads were aligned to the
mouse reference genome (mmlO release) using the Cell Ranger pipe-
line (v7.0.0)*® with the -include-introns false parameter to exclude
intronic reads. Gene-level expression matrices were generated for each
sample.

To reduce technical noise and potential confounders, several
stringent filtering steps were applied. Genes located on sex chromo-
somes (chrX and chrY) were excluded to minimize sex-specific
expression effects. Ambient RNA contamination was estimated and
removed using SoupX*. Low-quality cells and potential doublets were
filtered out by retaining only cells with total RNA counts (nCount_RNA)
between 4,096 and 65,536. Cells with high mitochondrial gene
expression (>10% of total RNA counts) were also excluded as indicators
of cell stress or death.

Filtered expression matrices were integrated using the Seurat R
package (v4.3.0)*. Integration features were identified using Selec-
tintegrationFeatures and PrepSCTIntegration, and integration anchors
were determined with FindIntegrationAnchors. The datasets were then
merged using IntegrateData to correct for batch effects. Dimension-
ality reduction was conducted via principal component analysis (PCA).
Clustering was performed using Uniform Manifold Approximation and
Projection (UMAP) based on the top 20 principal components (as
determined by elbow plots), followed by cluster identification with
FindClusters (resolution = 0.5, method = ‘igraph’). Cell type identities
were assigned using scSorter* with a manually curated list of canonical

marker genes. Assignments were refined by visual inspection of mar-
ker gene expression across clusters.

Cluster-specific differential gene expression analysis was per-
formed using the FindMarkers function in Seurat with the Wilcoxon
rank-sum test (test.use = “wilcox”). Expression levels of selected mar-
ker genes across telocyte progenitor cell clusters and smooth muscle
cell clusters were visualized using violin plots. Statistical comparisons
were performed using the stat_compare_means function from the
rstatix R package*’, applying Wilcoxon rank-sum tests for significance
testing.

For RNA velocity analysis, spliced and unspliced reads were
counted using Velocyto (version 0.17.17)*> based on the CellRanger
output files. RNA velocity was then calculated with scVelo (version
0.3.3)*? using the stochastic model for gene-specific velocity estima-
tion. Neighborhood graphs were computed using principal compo-
nents derived from the integrated Seurat pipeline described above,
and velocities were projected onto the same UMAP embedding to
visualize predicted transitions between cell states. To better highlight
the transcriptional dynamics within the telocyte progenitor compart-
ment, velocity calculations were recomputed on selected clusters.

After QC filtering, the full dataset contained 8120 control and
7548 FoxI1-null cells. We also performed gene-expression analyses on
selected combinations of mesenchymal clusters. The numbers of cells
included in these clusters were as follows: Telocyte progenitor 1 (918
control, 502 mutant), Telocyte progenitor 2 (468 control, 478 mutant),
Mesenchymal progenitor 1 (642 control, 827 mutant), Mesenchymal
progenitor 2 (440 control, 302 mutant), and Smooth muscle (1293
control, 1375 mutant; combining Smooth muscle-1 and Smooth mus-
cle-2). The specific cluster combinations analyzed are indicated in the
corresponding figure panels. The analysis workflow used here is
available via Zenodo (https://zenodo.org/records/17713171).

Cut & run and DNA product sequencing

Timed embryos were obtained by crossing FoxlI heterozygous male
mice with C57BL/6 female mice. The entire length of the small intestine
was digested with collagenase type Il and DNase I dissolved in ‘Dispase
in DMEM/F-12’ (Stemcell, 07923) to reach the single-cell state. Subse-
quently, the cells were sorted in phosphate-buffered saline with 0.5%
BSA to enrich for tdTomato-positive cells using FACS (MoFlo Astrios
Sorter).

Isolated tdTomato-positive telocytes from the embryonic small
intestines at 15.5 dpc were subjected to CUT&RUN experiments.
CUT&RUN experiments were performed using the CUT&RUN Assay Kit
(EpiCypher, Catalog No. 14-1048) following the manufacturer’s
instructions using 40,000 telocyte progenitors. Anti-FoxIl, H3K4me3
positive control and rabbit IgG negative control antibodies (13-0042k)
were used in these experiments. Purified CUT&RUN DNA products
were subjected to the CUT&RUN Library Prep Kit (EpiCypher, 14-1002)
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for library construction, and the libraries sequenced on an Illumina
HiSeq X Ten instrument.

Single-molecule RNA fluorescent in situ hybridization

Proximal small intestinal sections from the Fox!/I null mice and con-
trols from the same litter were fixed and gradient dehydrated fol-
lowing the methods described above. To perform the single-
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molecule RNA fluorescence in situ hybridization (smFISH), we
employed the RNAScope Multiplex Fluorescent Reagent Kit v2
(323270) from Advanced Cell Diagnostics following the manu-
facturer’s recommendations. smFISH imaging was performed using a
confocal Leica Stellaris 5 microscope. The following RNAscope
probes were obtained from Advanced Cell Diagnostics: Fox/1 (C3)
and Glp2r (C1).
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Fig. 6 | FoxI1-dependent telocyte signals impact epithelial gene expression in
the fetal gut. A UMAP plot of control epithelial cells from E15.5 embryos. The cells
partition into two major clusters of secretory progenitors (red) and undiffer-

entiated epithelial cells (blue). B Heatmap of the 255 genes differentially expressed
between secretory progenitors and undifferentiated epithelial cells. Each row

represents a gene, each column a cell. C Expression of key marker genes in secre-
tory progenitors and undifferentiated epithelial cells. D UMAP plot of control

(green) and FoxlI null (orange) epithelial cells. E Proportion of secretory progeni-
tors and undifferentiated epithelial cells in control and Fox{I null embryos. F Gene
set enrichment analysis (GSEA) identifies critical pathways normally active in fetal
small intestinal epithelial cells as FoxI1 dependent. G Staining of the fetal (15.5 dpc)

small intestine with an antibody specific to Agr2 (Anterior gradient protein 2
homolog), a marker of the secretory lineage. H Staining of the fetal (15.5 dpc) small
intestine with an antibody specific to Muc2 (Mucin 2), a marker of the goblet cell
lineage. I Quantification of the proportion of Agr2-positive epithelial cells of all
epithelial cells (DAPI/E-cadherin double positive) in the 15.5.dpc anterior small
intestine. N =3 embryos per genotype, p < 0.0001 by two-tailed unpaired t-test with
Welch'’s correction. J Quantification of the proportion of Muc2-positive epithelial
cells of all epithelial cells (DAPI/E-cadherin double positive) in the 15.5. dpc anterior
small intestine. N =3 embryos per genotype. Data are presented as mean +/-
standard deviation. p = 0.0002 by two-tailed unpaired t-test with Welch'’s
correction.

Whole-mount immunostaining

Fetal small intestine segments were fixed in 4% PFA at 4 °C overnight,
then rehydrated in PBS. Tissues were permeabilized and blocked in 1x
blocking buffer (ab126587) for 24 h at 4 °C. Tissues were incubated
with the primary antibody (anti-Pdgfra, R&D Systems, AF1062) in the
same buffer for 48 h, followed by overnight washes in PBS containing
0.5% Triton X-100. Secondary antibodies were applied for 48 h, fol-
lowed by overnight washes with 0.5% Triton X-100. Nuclei were
counterstained with DAPI where indicated. Tissues were then dehy-
drated in methanol and cleared in a 1:2 mixture of benzyl alcohol and
benzyl benzoate (BABB) through a series of brief exchanges. Cleared
samples were mounted in Fast Wells (FW20 or 25 x 25 mm, Grace
Biolabs) and imaged by z-stack confocal microscopy (Leica Stellaris 5).

Statistical analysis

For comparisons between two groups (WT vs. FoxI1 null), we used a
two-tailed unpaired t-test with Welch’s correction using GraphPad
Prism 10. Data are presented as mean+SEM unless otherwise indi-
cated. Expression levels of selected marker genes across specific cell
clusters were visualized using violin plots. Statistical comparisons were
performed using the stat compare_means function from the rstatix R
package*’, applying Wilcoxon rank-sum tests for significance testing.

Data availability

The single-cell RNA sequencing datasets generated in this study are
available in the NCBI Gene Expression Omnibus (GEO) under accession
number GSE302290. A source data file is provided. All other relevant
data supporting the findings of this study are available from the cor-
responding author upon request. Source data are provided with
this paper.
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