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SUMMARY

Enteroendocrine cells (EECs) differentiate and mature to form functionally distinct populations upon migra-
tion along the intestinal crypt-villus axis, but how niche signals affect this process is poorly understood. Here,
we identify expression of Glial cell line-derived neurotrophic factor (GDNF) in the intestinal subepithelial
myofibroblasts (SEMFs), while the GDNF receptor RET was expressed in a subset of EECs, suggesting
GDNF-mediated regulation. Indeed, GDNF-RET signaling induced increased expression of EEC genes
including Tph1, encoding for the rate-limiting enzyme for 5-hydroxytryptamine (5-HT, serotonin) biosyn-
thesis, and increased the frequency of 5-HT+ enterochromaffin cells (ECs) in mouse organoid culture exper-
iments and in vivo. Moreover, expression of the 5-HT receptor Hir4 was enriched in Lgr5+ intestinal stem cells
(ISCs) and 5-HT reduced the ISC clonogenicity. In summary, our results show that GDNF-RET signaling
regulate EEC differentiation, and suggest 5-HT as a potential niche factor regulating Lgr5+ ISC activity,

with potential implications in intestinal regeneration.

INTRODUCTION

Intestinal epithelium undergoes constant and rapid turnover
mandating a precise control of differentiation and stemness in
strictly defined topological units. Accordingly, intestinal stem cells
(ISCs) are situated in the epithelial crypt compartment adjacent to
muscularis mucosa, while epithelial cell differentiation occurs dur-
ing the migration of the cells toward the tips of the villi." The crypt
base ISCs are marked by the expression of Lgr5 and have the ca-
pacity to generate all differentiated cell types of the intestinal
epithelium in vitro and in vivo.?>® Of the differentiated intestinal
epithelial cell (IEC) types, enteroendocrine cells (EECs) represent
only about 1% and are scattered among the epithelium, but
together form the body’s largest endocrine organ with major func-
tions in the regulation of digestion and whole-body metabolism.*
Indeed, EEC-derived hormones and their receptors are under
active investigation since they control e.g., food intake, gut
motility, and mucosal immunity, thus representing potent drug tar-

gets for metabolic diseases, such as diabetes and obesity.>° At
least 20 different peptides and other signaling molecules are
derived from EECs.” EECs include multiple subclasses with differ-
ential frequencies along the proximal-distal and crypt-villus
axes.®° One subclass, enterochromaffin cells (EC), secrete
5-hydroxytryptamine (5-HT, serotonin) and are marked by the
expression of tryptophan hydroxylase 1 (Tph1), the rate-limiting
enzyme for 5-HT production. The young ECs in the crypt region
are enriched for tachykinin (Tac7) expression, while secretin
(Sct) -expressing ECs are more frequent in the villus, demon-
strating hormone switching during maturation.'® L-cells express
peptide YY (Pyy) and glucagon-like peptide (Glp1, encoded by
Gcg) in the crypt area and maturate into cholecystokinin (Cck)
and Pyy-expressing I-cells and further into neurotensin (Nts) and
Pyy-expressing N-cells.®'® The other EEC subclasses include
K-cells expressing glucagon-like insulinotropic peptide (Gip),
D-cells expressing somatostatin (Sst), and X-cells expressing
ghrelin (Ghrl).
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The maturation of intestinal epithelium is largely regulated by
extrinsic cues from spatially distinct fibroblast populations
secreting different growth factors along the crypt-villus axis.'"
The most well-known differentiation signals, the bone morpho-
genic protein (BMP) ligands, are expressed in the crypt top fibro-
blasts,'? also known as Pdgfra™®" fibroblasts,'® subepithelial
myofibroblasts (SEMFs)'* or telocytes, and marked by the
expression of Fox/1.">'® Recent investigations have revealed
that each EEC can produce several hormones and change their
hormone expression patterns during the migration from the crypt
to the villus,'® and the cell-intrinsic mechanisms affecting EEC
maturation have been characterized.'”'® Of the extrinsic sig-
nals, the differentiation-promoting BMP ligands also promote
EEC maturation,'® but it’s not clear if specific signaling cues
from the tissue microenvironment affect only EECs. Neurotro-
phic factors (NTFs) are growth factors regulating the proliferation
and differentiation of neuronal cells, and NTFs also have impor-
tant non-neuronal roles including in the gastrointestinal tract.?®
Since EECs share features with neurons,”’ NTFs could represent
candidate molecules shaping their maturation. Currently, the role
of NTFs in regulating EECs remains uninvestigated.

Glial cell line-derived neurotrophic factor (GDNF) signals
through rearranged during transcription (RET) tyrosine kinase
receptor, and GDNF-RET signaling are essential for the develop-
ment of the enteric nervous system and kidneys.?” In the adult
intestine, RET is expressed in enteric neurons® as well as in
intestinal innate lymphoid cells where it is involved in gut
defense.?* In addition, scattered expression of RET has been pre-
viously identified in intestinal epithelium where it was suggested to
promote epithelial maturation through Wnt signaling.”® Interest-
ingly, a recent study demonstrated functional importance for
RET in the intestinal epithelium, but not in the enteric neurons, in
regulation of the gut motility.”® The RET ligand GDNF is expressed
in the developing mesenchyme where it regulates the migration
and maturation of enteric neurons.?” Expression of GDNF has
also been reported in intestinal glia®*?*° and in the smooth mus-
cle.®® However, antibody-based endogenous GDNF detection
has triggered debate in the field over their specificity, and most
antibodies used for research are not GDNF KO tissue verified.
Thus, it remains to be established in which cells GDNF is ex-
pressed and what its biological role is in the adult gut.

With the capacity to monitor intestinal contents through
nutrient receptors, EECs can relay luminal information to a
wide variety of target cells through hormonal and paracrine inter-
actions.” Importantly, IECs express receptors for EEC-derived
neurotransmitters and hormones, enabling EECs to regulate
nutrient uptake.®' 8 The Lgr5+ ISCs are also known to be regu-
lated via EEC-derived signals,®**° but the complete picture of
the regulation is not clear. For example, it is unknown whether
5-HT, derived from ECs, directly regulates ISC behavior.

In this study, we address the role of GDNF-RET signaling in the
maturation of EECs. Using bulk and single-cell RNA sequencing
(scRNA-seq) analysis, mouse intestinal organoid culture, and
in vivo models, we show that GDNF derived from Pdgfra™o"
SEMFs regulates the differentiation of EECs including ECs. Our
results uncover a stromal-epithelial crosstalk mechanism gov-
erning intestinal epithelial maturation specifically in EECs and
identify 5-HT as a potential niche factor affecting ISC activity.

2 iScience 27, 111246, December 20, 2024

iScience

RESULTS

Pdgfra™®" intestinal fibroblasts express GDNF

We hypothesized that NTFs from intestinal fibroblasts could
impact EEC differentiation. To address this, we first investigated
the expression patterns of a panel of NTFs in a bulk RNA-seq
dataset of mouse intestinal epithelial and mesenchymal popula-
tions."® Interestingly, we identified the expression of Gdnf in the
Foxl1-expressing fibroblasts (Figure S1), suggesting a potential
role in the regulation of the intestinal epithelium. Analysis of
scRNA-seq data from mouse intestinal fibroblasts'® confirmed
expression of Gdnf mRNA in the Pdgfra™®" SEMF cluster also
expressing Fox/1, Bmp5, and Wnt4,">*" while it was absent in
the stemness-supporting fibroblast populations expressing
Cd34, Grem1, and Cd81'>"34243 (Figure 1A). To investigate
Gdnf expression across mesenchymal cells, we also explored
a dataset comprising non-fibroblast mesenchymal cells from
mouse colon.** Similarly to the intestine, Gdnf was expressed
in the Pdgfra™", Bmp+ SEMF cluster and was absent in
the Pdgfra®" clusters. Gdnf expression was also noted in
smooth muscle cells and glia, confirming previous reports®’*°
(Figure 1B). To verify the expression site in vivo, we crossed
Gdnf-CrefF™2 knock-in mice*® to R26R-LSL-tdTomato reporter
mice*” and induced recombination with tamoxifen, allowing
tracing of GDNF-expressing cells. In accordance with the
scRNA-seq data, TdTomato+ cells indicating Gdnf expression
were noted in the inner smooth muscle layer, and in PDGFRA-
positive fibroblasts adjacent to the epithelium, clustering
predominantly at the crypt-villus junction (Figure 1C). These
data demonstrate that GDNF is expressed in SEMFs, predomi-
nantly in the area separating the stem and progenitor cell-con-
taining crypts from the differentiated cells in the villi.

RET is expressed in EECs including late EEC progenitors

Since GDNF was expressed in SEMFs clustered in the crypt-villus
junction in the intestinal epithelium, we next analyzed IECs for
expression of the GDNF receptor RET. Analysis of intestinal tissues
of Ret®*"* knock-in mice*® revealed scattered E-cadherin-
expressing EGFP+ cells, confirming RET expression in rare |IECs
(Figure 2A). In a mouse IEC scRNA-seq dataset,’® Ret expression
was noted in Chromogranin A (ChgA) -expressing cells suggesting
expression in EECs (Figures 2B and 2C). To get further insight into
the identity of RET+ intestinal epithelial cells, we sorted EGFP+ and
EGFP- cells from intestinal epithelium isolated from RetZ¢7* mice
and performed bulk RNA sequencing (Figure 2D). The analysis of
differentially expressed genes revealed strong enrichment of
EEC-related genes in the EGFP+ cells (Figure 2E), and gene set
enrichment analysis (GSEA) against IEC types confirmed specific
enrichment of the EECs gene set (Figure 2F). Accordingly,
EGFP-expressing cells also expressed CHGA in intestinal tissue
sections (Figure 2G). The GDNF family receptor alpha 1 (GFRA1),
the co-receptor required for GDNF-RET signaling, can be derived
from RET-expressing cells (signaling in cis) or act as a soluble co-
receptor and be produced by other adjacent cells (signaling in
trans).°° Gfral expression was enriched in RET-EGFP+ IECs
(Figure 2H) as well as in CHGA+ IECs (Figure 21),°" indicating an
EEC-derived expression. In addition, mesenchymal Gfral mRNA
expression was noted in glial cells (Figure 1B), consistently with



iScience

A

scRNAseq of murine small intestinal fibroblasts

¢ CellP’ress

OPEN ACCESS

Figure 1. GDNF is expressed in the

Pdgfra"'®" subepithelial myofibroblasts
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previous observations.>”* Thus, the GFRA1 co-receptor is ex-
pressed in RET+ EECs, and soluble GFRA1 may be also available
from adjacent mucosal glia. As a variety of different EEC-related
transcripts were identified in RET+ cells (Figure 2E), indicating a
possible progenitor identity, we next compared the transcriptional
similarity of RET+ cells to different EEC progenitor stages. The
transcriptional signatures along different stages of EEC develop-
ment have been carefully documented using a dual fluorochrome
reporter revealing the time after induction of the EEC-specific tran-
scription factor Neurog3.>® RET+ cells showed the highest similar-
ity with intermediate/late and late EEC progenitor signatures and
were negatively enriched for early progenitor signature (Figure 2J),
suggesting RET-signaling could regulate the fate decisions and
maturation of EEC progenitors.

GDNF induces EEC gene expression in intestinal
organoids via RET

To address the functional relevance of GDNF-RET signaling in
the intestinal epithelium, we cultured mouse intestinal epithelial
organoids in the standard ENR media® or ENR supplemented
with recombinant GDNF and GFRA1 and analyzed the GDNF-
induced transcriptional changes using RNA-seq (Figure 3A).
Interestingly, we observed a significant enrichment for EEC

upregulation of Tac1, Tph1, Pyy, and Cck
expression, suggesting that GDNF-RET
signaling enhances the differentiation of
ECs and L/I/N cell lineages (Figures 3C
and 3D). Our results agreed with the ECs
and L/I/N lineage cell marker genes
showing the most significant enrichment
in sorted Ret-EGFP+ cells (Figure 3E),
and with a recent report indicating RET
expression in ECs and L-cells.”® Further-
more, we investigated a scRNA-seq data-
set of different mouse EEC subsets® and verified high RET
expression in one of the two EC populations, as well as in
L/I/N-cells. Interestingly, in this dataset, RET was expressed
also in X-cells (Figure S2). Importantly, GDNF promoted the
EEC differentiation through the RET receptor, since GDNF treat-
ment failed to increase the EEC marker expression in Ret knock-
out (KO) organoids (Figures S3 and 3F). The increase in Wnt
signaling activity, previously attributed to RET activity in the in-
testinal epithelium,25'56 was not seen in our assays (Figure S4)
consistently with the known function of WNT signaling promoting
stemness, not differentiation, of ISCs.

To investigate the possible correlation of GDNF expression
levels with EEC signatures in human tissue, we analyzed the
healthy colon transcriptomes derived from the Cancer Genome
Atlas (TCGA) cohort®” and compared the correlation of GDNF
expression to human intestinal epithelium cell-type specific sig-
natures.”® Indeed, all cell types with a significant positive corre-
lation with GDNF levels (M/X-cells, ECs, K-cells, and L-cells),
represented EECs (Figure 4A). Consistently, analysis of a human
scRNA-seq dataset of colon mesenchyme®® revealed that simi-
larly to mice (Figures 1A and 1B), GDNF was expressed in human
PDGFRA™" FOXL1+, and BMP5+ cells representing SEMFs
(Figure 4B). Analysis of the intestinal epithelial cells from human
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Figure 2. GDNF receptor RET is expressed
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EEC Atlas®® revealed RET expression in human ECs, L/I/N-cells,
and X-cells (Figure 4C), suggesting that the GDNF-RET pathway
is involved in EEC differentiation also in humans. In summary, our
results suggest that GDNF-RET signaling regulates the differen-
tiation of some EEC subsets, including ECs and the L/I/N lineage,
in both mice and humans.

GDNF-RET signaling increases the density of 5-HT+ ECs

To further validate our transcriptomic analysis suggesting that
GDNF-RET signaling regulates EC and L/I/N cell lineages, we
stained 5-HT (a marker of EC) and PYY (a marker of L-cells) in
the mouse intestinal organoids. Immunofluorescent staining
of organoids derived from Retf®* mice showed colocaliza-
tion of EGFP with both 5-HT and PYY, confirming the expres-
sion of RET in EC and L-cell lineages (Figure 5A; Figure S5A).
Interestingly, we observed that GDNF treatment significantly
increased the number of 5-HT+ cells in a RET-dependent mat-
ter (Figures 5B and 5C) in organoid culture. Organoid culture
experiments also showed a trend toward increased PYY+
cell number in response to GDNF treatment (Figure S5B),
and a further analysis demonstrated a RET-dependent effect
(Figure S5C). This indicates that the elevated expression of
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(H) mRNA expression of Ret and Gfra1 expression in
IINTERMEDIATE/LATE
BT VEDIATE sorted Ret-EGFP+ vs. non-EGFP IECs (this study).
LY ANTERMEDIATE Fold change to non-EGFP cells is shown.
(I) MRNA expression of Ret and Gfra1 expression in
sorted Chga-EGFP+ vs. non-EGFP IECs®' (GEO:
GSE98794). FPKM, fragments per kilobase of tran-
script per million mapped reads.
(J) GSEA analysis of sorted Ret-EGFP+ cell tran-
scriptome against signatures identified in different
phases of EEC maturation®® (GEO: GSE113561).

Tph1 and Pyy in the intestinal organoids is associated with
an increased number of 5-HT+ ECs and PYY+ L-cells. Next,
we wanted to address whether GDNF could affect the number
of 5-HT+ and PYY+ cells in vivo. For this we crossed Gdnf"
mice with the Fox/7-Cre allele, specifically targeting GNDF
expression in the intestinal subepithelial fibroblasts®'—° allow-
ing enteric nervous system development and postnatal sur-
vival. Expression of Gdnf mRNA was reduced by approxi-
mately 50% in FoxI1-Cre;Gdnf"/"* intestines as compared
to Gdnf™x |ittermates, suggesting that roughly half of the
adult intestinal Gdnf expression is derived from Fox/71-ex-
pressing cells (Figure 5D). Consistently with the organoid cul-
ture experiments, the 5-HT+ ECs were significantly reduced in
both the duodenum and ileum of Fox/1-Cre;Gdnf'*/"°* mice
compared to the littermate controls (Figure 5E). PYY+ cells
were slightly reduced in the duodenum while not altered in
the ileum (Figure S5D). Notably, previous data indicates that
ECs are regulated in a sex-dependent manner.®*°® Further-
more, gastrointestinal motility has been shown to be regulated
by epithelial RET in male mice.?® In our cohort, more robust
GDNF-mediated regulation of EECs was observed in females
(Figures S6A and S6B), suggesting possible sex-dependent
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Figure 3. GDNF promotes EEC identity in in-
testinal organoids via RET

(A) Outline of the RNA-seq experiment.

(B) GSEA of the GDNF-induced transcriptome
against the EEC signature gene set.”®

(C) Schematic illustration of EEC lineage differenti-
ation, including markers for each subtype.

(D) Relative expression levels of indicated EEC
markers in GDNF-treated organoids compared to
control. Colored bars indicate adjusted p value <0.1;
bar color refers to a representation of the EEC line-
ages asin C.

(E) Relative expression levels of indicated EEC

markers in sorted Ret-EGFP+ cells compared to
non-EGFP intestinal epithelial cells, bar colors as in
D indicate adjusted p value <0.1.

(F) Relative expression level of indicated genes in
s control and Ret knock-out (KO) organoids with or
without GDNF treatment. N = 3 repeats per treat-
ment (*p < 0.05, one-way ANOVA with Tukey’s post

hoc test). Mean and standard deviation are shown.
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effects in the EEC differentiation that should be validated in
larger cohorts. There were no differences in the bodyweight,
total epithelial area, intestine length, villus height, crypt depth
or the overall structure of the enteric nervous system between
the mouse genotypes (Figure S7). In summary, these results
indicate that GDNF-RET signaling regulates the density of
ECs in the intestine.

Interestingly, increased GDNF levels and 5-HT+ cell frequency
have been previously connected to intestinal inflamma-
tion.>565:7 We noted that the inflammation-inducing agent lipo-
polysaccharide (LPS) induced increased Gdnf expression in
cultured primary intestinal fibroblasts (Figure S8). This suggests,
that inflammation-induced increase of GDNF in SEMFs may be
associated with the increased levels of 5-HT observed in inflam-
matory conditions.>®:67-5°

5-HT affects the clonogenicity of Lgr5+ ISCs through
HTR4

EECs are known to exert their functions through both hormonal
and paracrine effects, and ablation of EECs affects the prolifera-
tion and function of ISCs.”® Few EEC-derived factors such as
Glp-2 and Nts in mammals®®“*° as well as tachykinin and neuro-
peptide Bursicon in flies,”""? are known to regulate ISC activity.
Interestingly, neuronal 5-HT has been connected to increased
ISC activity via indirect mechanisms,”®” but the direct regula-
tion of Lgr5+ ISCs by 5-HT has not been reported. Here, we
set out to investigate if 5-HT from GDNF-RET-regulated ECs im-
pacts intestinal epithelial dynamics through stem cell regulation.
First, we analyzed the expression patterns of all fourteen 5-HT
receptors in previously published datasets of sorted Lgr5+
ISCs”®~"" and found an ISC-enriched expression of the 5-HT re-
ceptor 4 (Htr4) (Figure 6A; Figures S9A and S9B). We confirmed

consistent with previous reports showing
colocalization of Htr4 and Lgr5 in the intes-
tinal and gastric mucosa.”®’® Different
serotonergic receptors are expressed in all tissues across cell
types, complicating functional experiments addressing the
direct 5-HT-induced effects in a certain cell type using in vivo
models. Thus, we addressed the role of 5-HT in regulating
Lgr5+ ISC activity by measuring the ability of isolated single
Lgr5+ ISCs to form intestinal organoids. Intriguingly, the orga-
noid-forming capacity of Lgr5+ ISCs was significantly reduced
upon 5-HT treatment, without affecting the size of organoids
(Figures 6C and S9C), and a similar result was observed when
the ISCs were treated with the HTR4 agonist Tegaserod
(Figure 6D). In addition, the potential of 5-HT to reduce the
Lgr5+ ISC clonogenicity was reversed in the experiments where
5-HT was added in combination with the HTR4 antagonist
GR113808 (Figure 6E). These results suggest that 5-HT
regulates the clonogenicity of the Lgr5+ ISCs through HTR4.

DISCUSSION

EEC differentiation has been shown to be promoted by activa-
tion of BMP signaling, inhibition of RhoA signaling, or by com-
bined inhibition of EGFR/WNT/Notch receptors.'®%#! Howev-
er, subepithelial niche-derived growth factors with specific
activity toward EECs have not been described. Furthermore,
EECs are a heterogeneous class of cells with at least 5 distinct
lineages,® and it is not known if specific signals from microen-
vironment impact EEC differentiation. Since EECs share fea-
tures with neurons,”’ we were interested to study the role of
NTFs in regulating EEC differentiation. We show that GDNF-
RET signaling regulates the differentiation of EECs, especially
toward the 5-HT-producing ECs. Thus, we describe a postnatal
function for intestinal GDNF, which is mostly known for its
crucial role in promoting the migration and maturation of enteric
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Figure 4. GDNF mRNA levels correlate with
EEC signatures in the human colon

(A) Left image: Dot plot depicting Spearman cor-
relation coefficient between GDNF RNA expression
and enrichment score for indicated intestinal
epithelial cell types®® from healthy colon samples
(n=51) from the Cancer Genome Atlas.”” Red dots:
significant positive correlation; blue dots: signifi-
cant negative correlation (p < 0.01). Right image:
close-up of enterochromaffin cell (TAC1+) enrich-
ment score between GDNF RNA expression from
51 healthy colon samples.

(B) UMAP and feature plots of PDGFRA, FOXL1,
and GDNF in human colon mesenchyme scRNA-
seq dataset® (GEO: GSE114374).

(C) UMAP and dot plots of indicated genes in hu-
man IECs®® (GEO: GSE146799).
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other NTFs.®? Interestingly, a recent study
addressed the etiology of Hirschprung’s
disease by deleting RET in intestinal neu-
rons and IECs. The study revealed that
RET co-localized with 5-HT and PYY in
the intestinal epithelium, consistently with
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neurons during development.?” Interestingly, GDNF was previ-
ously shown to promote development of pancreatic beta-
cells,®” suggesting a wider role in endocrine cell regulation,
consistently with expression of RET in different endocrine cell
populations.?>#* The transcriptome of RET+ IECs showed
overlap with late EEC progenitors and subsets of mature
EECs, suggesting that GDNF-RET signaling is not important
in the early EEC differentiation unlike in the development of
enteric nerves®®® but rather play a role in the fine-tuning of
EEC populations. EEC differentiation has also been shown to
be regulated through microbiome-derived short-chain fatty
acids,®”®® suggesting microbiome as an important contributor
to EEC differentiation processes, especially in the microbe-
rich colon. The possible complementary effects of microbial
products and GDNF signaling would be an interesting avenue
for future investigation.

Our organoid culture experiments showed that GDNF treat-
ment robustly increased the expression of L/I/N lineage peptide
transcripts, especially Pyy (Figure 3D). However, the PYY+ cell
number was only marginally affected by GDNF treatment in the
organoids and the SEMF-specific GDNF deletion in vivo
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our results.”® Moreover, epithelium-spe-
cific loss of RET was associated with
enhanced amounts of postprandial circu-
lating PYY and increased intestinal transit
time in male mice, suggesting a causal role for epithelial RET in
Hirschprung’s disease.’® Our observation that GDNF-RET
signaling increases Pyy transcription, coupled with the
previous finding that the absence of RET results in increased
circulating PYY, suggests a developmental role for RET in EEC
development and a complex regulatory mechanism of PYY
production and release involving the GDNF-RET pathway. Inter-
estingly, our results suggest a more robust role for GDNF-RET
signaling to EEC differentiation in females as compared to males,
and it would be interesting to investigate the sex-specific effects
further using larger mouse cohorts.

GDNF-RET signaling induced the expression of Tph1 and
increased the 5-HT+ EC density in the intestinal epithelium,
indicating an important function in regulating EC development.
Interestingly, and consistent with our findings, intraperitoneal
injection of recombinant GDNF was previously shown to in-
crease the number of ECs in murine colon.® 5-HT is released
from ECs after mechanical or chemical stimuli and signals to
enteric neurons to activate peristaltic reflexes.” In addition,
5-HT can be distributed systemically via circulation, where it
is stored mostly in platelets, or act in a paracrine fashion

FABP2
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B Figure 5. GDNF regulates the frequency of
5-HT+ cells enterochromaffin cells in vitro and in vivo

d (A) Immunofluorescence staining of EGFP (RET)
and 5-HT in Ret®® " mouse intestinal organoids.
Zoom-in represents an example of co-localization.
Scale bar: 50 um.
(B) Quantification of 5-HT+ cells in GDNF-treated
organoids derived from WT male mice as
compared to control organoids (Day 4). Relative
fold change normalized to organoid size is shown,
n = 46 control organoids and n = 48 GDNF-treated
organoids were counted from 3 independent or-
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affecting adjacent cells. 5-HT regulates target cells via the 14
different 5-HT receptors expressed across different cell types
to e.g., coordinate inflammatory processes.’’ Surprisingly,
Htr4 was the most highly expressed 5-HT receptor and signif-
icantly enriched in the Lgr5+ IECs, indicating possible direct
regulation of IECs by 5-HT. Previously, the effects of neuronal
and epithelial 5-HT on intestinal epithelium growth have been
studied using KO mice for Tph1 (essential for 5-HT biosynthesis
in ECs) or Tph2 (essential for 5-HT biosynthesis in neurons).
Interestingly, Tph2 KO mice displayed reduced proliferation in
the intestinal epithelium, suggesting a stimulatory function for
neuronal 5-HT.”®"#92 However, the neuronal 5-HT did not act
directly on epithelial cells, but drove proliferation via activation
of cholinergic neurons” and enteric macrophages.’* Recently,
colorectal cancer stem cells were suggested to be directly
regulated by neuronal 5-HT via HTR1B/D/F.°® Our finding that
5-HT reduces the clonogenicity of wild-type Lgr5+ISCs via
HTR4 implies that 5-HT could also play a direct role in the ho-
meostatic regulation of intestinal epithelium. Using organoids
as tools to address intestinal epithelial growth allows assess-
ment of IEC without potential confounding effects from other

G G
50um .

IS

ganoid cultures. Mean and standard deviation are
shown. Asterisks indicate statistical significance
(*p < 0.05, two-tailed unpaired t test).

(C) Representative images and quantification of
5HT + cells on control and RetKO organoids with
or without GDNF treatment. Control n = 40,
Control+GDNF n = 53, RetKO control n = 38,
RetKO+GDNF n = 43. (*p < 0.05, one-way ANOVA
with Tukey’s post hoc test). Mean and standard
deviation are shown. Scale bar: 50 um.

(D) Gdnf mRNA expression in intestinal tissues of
Gdnf™/f°% (Ctrl, n = 7) and FoxI1-Cre;Gdnfox/fox
(KO, n = 7) mice. Mean and standard deviation are
shown. Asterisks indicate statistical significance
(*p < 0.05, two-tailed unpaired t test).

(E) Representative images and quantification of
5-HT positive cells in duodenum and ileum of
control and KO mice. 5-HT positive cells in duo-
denum counted from at least 111 20x images
derived from at least six individual mice. Duo-
denum: control, n = 148 images from n = 7
mice; KO, n = 111 images from n = 6 mice,
p value=<0.0001. lleum: 5-HT positive cells in ileum
counted from at least 147 30x images control,
n = 147 images; KO, n = 172 images fromn =7
mice, p value=<0.0001. Red line in the graph in-
dicates the mean value and dashed lines indicate
standard deviation. Asterisks indicate statistical
significance (“p < 0.05, two-tailed unpaired t test).
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cell types expressing 5-HT receptors. However, this system
does not consider the cellular origin of the 5-HT. Interestingly,
deletion of Tph1, resulting in a lack of EEC-derived 5-HT,
was previously shown to be associated with increased crypt
depth and villus height, suggesting potential negative regulation
of ISCs by EEC-derived 5-HT.”® This would be consistent
with the regulation of ISCs being a result of epithelial 5-HT. In
the future, it would be interesting to combine Tph1 and Tph2
KO alleles with intestinal epithelium-specific Htr4 KO to inves-
tigate the in vivo relevance of IEC-specific 5-HT in IECs via
HTR4. Also, further investigation is needed to determine if
inflammation-induced upregulation of the GDNF levels in
SEMFs is sufficient to control physiological levels of 5-HT and
ISC clonogenicity.

5-HT signaling induces gut inflammation by elevating levels of
proinflammatory factors® and recruiting innate immune cells,
such as neutrophil intravasation.®® Consistently, inhibition of
TPH1 in mice ameliorated gut inflammation.”® We noted an
increased GDNF expression in LPS-treated primary intestinal
fibroblasts, and similar effects were previously established for
enteric glia®® and macrophages.”” This suggests that
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Figure 6. 5-HT reduces Lgr5+ ISC clonoge-
nicity via HTR4

(A) Expression levels of all 5-HT receptors in RNA-
seq data from Lgr5+ and Lgr5- IECs’™® (GEO:
GSEQ99457). FPKM; Fragments Per Kilobase of
transcript per Million mapped reads.

(B) Relative expression of Lgr5 and Htr4 mRNAs
in sorted Lgr5-EGFP+ and Lgr5-EGFP- IECs
measured using gPCR. Each dot represents an
individual mouse (n = 3), (*p < 0.05, two-tailed un-
paired t test). Mean and standard deviation are
shown.

(C) Outline of the experiment (left), representative
images (middle), and quantification of control and
5-HT-treated organoids (right). A representative of
n = 4 experiments is shown; at least 3 technical
replicates were analyzed per experiment. Asterisks
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inflammation-induced increase of GDNF expression in the intes-
tinal mucosa could be linked to alterations in EEC maturation.
For example, increased 5-HT-mediated suppression of Lgr5+
ISC activity could be physiologically relevant in early inflamma-
tory steps of regeneration, where ISC activity is temporarily
suppressed.®

In summary, our results identify GDNF-RET-axis as a stroma-
epithelium crosstalk pathway regulating intestinal EECs,
complementing the existing body of literature describing fibro-
blast-derived niche factors impacting IEC stemness and
maturation.'?1%15:42:43.63 e also report that 5-HT reduces the
clonogenicity of Lgr5+ ISCs, opening a potential new avenue
for investigating ISC biology.

Limitations of the study

Limitations of this study include the reliance on mouse models
and organoids to demonstrate the impact of GDNF-RET
signaling on EC differentiation. The extrapolation of these find-
ings to human tissues is based on correlative gene expression
patterns and has not been experimentally validated in human in-
testinal organoids. Additionally, the biological significance of the
observed reduction in Lgr5+ISC clonogenicity by 5-HT is not fully
understood. While it is possible that this mechanism may
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Ctrl  5-HT 5-HT

indicate statistical significance (*p < 0.05, one-way
ANOVA with Tukey’s post hoc test). Mean and
standard deviation are shown. Scale bars: 200 pm.
(D) Outline of the experiment (left), representative
images (middle), and quantification of Tegaserod-
treated (1 pM) organoid formation compared to
control organoids (*p < 0.05, two-tailed unpaired
t-test), n = 3 experiments with 3 replicate wells.
Mean and standard deviation are shown. Scale
bars: 200 pm.

(E) Representative images of single Lgr5+ cells
grown for 6 days in indicated conditions. GR,
GR113808 (1 uM), 5-HT (2 uM). Quantification of
the organoid formation was done using the orga-
noid classifier tool Tellu.? n = 3 experiments with 3
replicate wells, except GR+5HT 1uM condition with
n = 2 independent experiments. Asterisks indicate
statistical significance (*p < 0.05, one-way ANOVA
with Tukey’s post hoc test). Mean and standard
deviation are shown. Scale bars: 200 um.
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contribute to the temporary quiescence of Lgr5+ISC during
regeneration, its in vivo relevance remains uncertain. Further-
more, the relationship between GDNF levels and the extent of
5-HT release from ECs has yet to be elucidated. The primary
cell experiments were performed using cells derived from both
male and female mice and were not analyzed separately, there-
fore we cannot address the influence of sex in primary cell
cultures.
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Data of bulk RNA-Seq This Paper GSE259326
scRNA-seq data of murine small McCarthy et al.’® GSE130681
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scRNA-seq data of murine colonic Roulis et al.** GSE142431
mesenchymal cells

scRNA-seq data of murine small Haber et al.*° GSE92332
intestinal epithelial cells

scRNA-seq data of murine EECs Gehart et al.>® GSE113561
scRNA-seq data of human colon mesenchyme Kinchen et al.>® GSE114374
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Experimental models: Cell lines
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Experimental models: Organisms/strains
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The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:029847
RRID:IMSR_JAX:008875
RRID:IMSR_JAX:017738
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RRID:IMSR_JAX:007914
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Guide RNA against Ret Eurofins Genomics N/A
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See Table S1 for all gPCR primers Eurofins Genomics N/A
Recombinant DNA
LentiCRISPRv2 plasmid Addgene RRID:Addgene_52961
Software and algorithms
ImageJ Schindelin et al.”” https://imagej.net/software/fiji/
R project The R project for https://www.r-project.org/
Statistical Computing
Seurat v4 pipeline Hao et al.’® https://satijalab.org/seurat/articles/get_started.html

GSEA v4 software Subramanian et al.’”" https://www.gsea-msigdb.org/gsea/

index.jsp

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Mouse alleles and origins: Ret-EGFP (Strain No: 029847),*® Lgr5-EGFP-IRES-Creff™ (Strain No: 008875),°> FoxI1-Cre
(Strain No: 017738)°" Gdnf™ (Strain No: 014097),%2 Gdnf-Cref"™ (Strain No: 024948),*® and R26R-LSL-tdTomato (Strain No:
007914)*” were purchased from Jackson laboratories. Mice were maintained in C57BL/6J (Stain No: 000664) background except
for Fox/1-Cre and Gdnf-Creff7? whose background was mixed as detailed in the mouse strain overview form the Jackson
Laboratory.

Animals were housed and taken care of at the University of Helsinki Laboratory Animal Center according to national and in-
ternational legislation and guidelines (licenses: ESAVI/8804/2020; ESAVI/3816/2023; KEK-23-006) approved by the Finnish
Regional State Administrative Agency. Mice had free access to food and water. Mice were housed in individually ventilated
cages containing 2—-4 mice per cage, except in rare cases where single housing was needed. Mice were housed in a specific
pathogen-free facility. Sex of the mice used for each experiment is detailed in figure legends and/or in the more detailed
methods below. All experiments were performed on adult mice (2-10 months of age). Age-matched littermate controls were
used in all the experiments.

For counting PYY+ and 5-HT+ cells from the intestinal tissue, a cohort of Fox/7-Cre;Gdn
(Gdnf™1X) \was generated.

For tracing GDNF-expressing cells, Gdnf-Cref?"2;R26R-LSL-tdTomato mice were used. Recombination in Gdnf-Cref7™? mice
was induced using intraperitoneal injection of 100 mg/kg Tamoxifen (Sigma-Aldrich, T2859) in corn oil (Sigma-Aldrich, C8267) for
5 consecutive days. Mice were euthanized 10 days after the last tamoxifen injection.

fox/f1oX mice, and littermate controls

Human cell line

HEK293FT cell line from ATCC (CRL-1573) is human kidney cells derived from female embryo. Cells were seeded in DMEM, 10% FBS
and 1% L-glutamate at 37°C in 5% CO.. The cells were tested for mycoplasma contamination (Mycoplasmacheck Eurofins,
49167719) but not authenticated for this study.
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Primary intestinal fibroblast culture

Primary intestinal fibroblasts were isolated from wild-type C57BL/6J mice as detailed below in “primary intestinal fibroblasts cul-
ture” -section and cultured in fibroblast growth medium (DMEM containing 20% fetal bovine serum, 1% penicillin-streptomycin,
and 1% L-glutamine) at 37°C in 5% CO.,. Lipopolysaccharide (LPS) (L4516, Sigma-Aldrich) was used at 1000 ng/mL. The media
was changed every 2-3 days.

Primary intestinal organoid culture

Intestinal crypts were isolated from wild-type C57BL/6J mice as detailed below in the “isolation of intestinal crypts” -section. Both
male and female mice were used. The age of the mice from which primary cells were collected ranged from 2 to 10 months. Organoids
were cultured in organoid culture media composed of Advanced Dulbecco’s modified Eagle medium (DMEM):F12 (12634010, Gibco)
supplemented with 1M HEPES pH 7.4 (H0887, Sigma-Aldrich), 1x GlutaMAX (35050061, Gibco), 1x penicillin-streptomycin (P4333,
Sigma-Aldrich), 1x N-2 supplement (17502048, Gibco) and 1x B-27 supplement (17504044, Gibco). The crypts in the basal medium
were mixed in a 1:3 ratio with Matrigel (356231, Corning) before plating 20uL domes to 48-well plates. The domes were overlaid with
ENR medium, composed of organoid growth media supplemented with EGF (Gibco, PMG8041; 50 ng/mL), NOGGIN (Peprotech,
250-38; 100 ng/mL), R-Spondin 1 (R&D Systems 3474-RS; 250 ng/mL) and N-acetyl-L-cysteine (A9165, Sigma-Aldrich; 1uM).
Y-27632 (Y0503, Sigma-Aldrich; 10uM) was added in the first 2-3 days to initiate growth. When indicated, GDNF (P-103-100, Icosa-
gen)and GFRA1 (P-120-100, Icosagen) at 100 ng/mL; except for bulk RNA-seq experiment at 500 ng/mL, were added to the organoid
growth media. The media was changed every 2-3 days. Organoids were grown at 37°C in 5% CO..

Lgr5+ single cell culture

Lgr5+ single cells were isolated from Lgr5-EGFP-IRES-Cref7 mice (Strain No: 008875)° as detailed below in “isolation and culture
of single Lgr5-EGFP cells” -section. Single cells were mixed with Matrigel (356231, Corning) in a 1:3 ratio and cultured with the same
ENR media as organoids, except that the media included 1 pg/mL RSPO1 (3474-RS, R&D Systems) and 2.5 uM CHIR99021
(SML1046, Sigma) for the first 2-3 days. Serotonin hydrochloride (3547, Tocris), Tegaserod maleate (SML1504, Sigma), and
GR113808 (G5918, Sigma) were used for the serotonin experiments. Serotonin was diluted in water, Tegaserod maleate, and
GR113808 in DMSO and used as described in the figure legends. The media was changed every 2-3 days. Single cells were grown
at 37°C in 5% CO..

METHOD DETAILS

Isolation of intestinal crypts

Intestinal organoids were cultured with a modified version of a previously published protocol.2 The small intestine was removed,
flushed with ice-cold PBS, and opened longitudinally. After removal of extensive mucus, the intestine was cut into 2-3mm fragments
that were placed in a 50mL tube with PBS on ice and shaken gently. The tissue fragments were let to settle to the bottom and the
supernatant was replaced by 20mL of 10mM EDTA in PBS. The tube was placed on ice horizontally and shaken gently for 1h
45min and the buffer was changed three times during the first 46min. To detach the crypts, the tube was shaken vigorously for
15s, and the detached crypts were filtered through a 70um cell strainer and collected by centrifugation (200g for 2min). The pellet
was washed with ice-cold PBS and collected as above. The crypts were resuspended in ENR media and mixed with Matrigel before
plating (see above).

Isolation and culture of single Lgr5-EGFP cells

Intestinal crypts from Lgr5-EGFP-IRES-Cref7"? mice were collected as detailed above. The crypts were dissociated to single cells
using 1 mg/mL DNase 1 (10104159001, Roche) in TrypLE Express (12605-010, Thermo Fisher Scientific) for 3 min in +37°C water
bath followed by trituration through a 1 mL pipet on ice for 12 times. The dissociated cells were suspended into 5 mL of organoid
growth media (see above) containing 10 uM Y-27632 and 1 uM n-acetylcysteine, filtered through a 40 pm strainer and spun down
at 200 x g for 5 min. The pellet was resuspended in the same media as before with the addition of 1% bovine serum albumin
(P6154-100GR, Biotop) and filtered again through a cell-strainer cap into a 5 mL tube (352235, Corning). 1 mM of EDTA was added
to prevent cells from clumping. EGFP+ cells were sorted with a Sony SH800z cell sorter. The gate was set using crypt cells isolated
from control (non-EGFP expressing) mice. After the sorting, cells were spun down 200 X g for 5 min and 400 x g for 1 min and plated
to Matrigel (354234, Corning) domes (8 ul each) containing 5000 EGFP+ cells each as described above. Quantification for Figures 6E
and S9C was done from 4 x images using an unbiased organoid counting tool.*°

Isolation and sequencing of single Ret-EGFP+ cells

Single cells were isolated from crypts of Ret-EGFP mice as described above and sorted with the Sony SH800z cell sorter using an
age-matched littermate control to set the gate for EGFP+ cells. The RNA sequencing method from RNAlater preserved cells was de-
signed based on the Drop-seq protocol described in.'% Briefly, a total of 1000 cells per sample (1-2 samples/mouse, totaln =5 + 5
samples from n = 3 male mice) were sorted directly on a 96-well plate into 40uL of RNAlater (AM7021, Ambion). The cells in RNAlater
were mixed with 40uL lysis buffer (3% Triton X-100, 100 mM DTT, RNAse inhibitor, H20). Indexing Oligobeads (15uL) were added to
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the cell lysis mix and after 5 min incubation the beads were collected with a magnet and washed 2 times with 6 x Saline-sodium cit-
rate (SSC) (Invitrogen, 15557044) and once with 1x Maxima RT Buffer (Thermo Fisher, EP0743). Bead mixture was combined with
reverse transcriptase (RT) mix (1 x Maxima RT buffer, Maxima H- RTase (Thermo Fisher, EP0743), RiboLock RNase inhibitor (Thermo
Fisher, EO0382), 10 mM dNTPs (Thermo Fisher, R0193) and 50 uM Template Switch Oligo (5M Betaine Solution 15825238)). Samples
were incubated for 30 min at 22°C and 90 min at 52°C. After the incubation, beads were washed with TE-SDS and TE-Tween.
cDNA was amplified by PCR according to the protocol described in Macosko et al.’® The PCR products were pooled together in
sets containing different Indexing Oligos and purified with Agencourt AMPure XP Beads (Beckman Coulter, A63881) according to
the manufacturer’s instructions. The 3’-end cDNA fragments were prepared for sequencing using the Nextera XT tagmentation
reaction (lllumina, FC-131-1096). The reaction was performed according to the manufacturer’s instructions, except for the
P5 SMART primer that was used instead of the S5xx Nextera primer. Each set of samples that were pooled after the PCR reaction
was tagmented with a different Nextera N7xx index (lllumina, FC-131-1001). Subsequently, the samples were PCR amplified and
purified twice using Agencourt AMPure Beads. The libraries were sequenced on an lllumina NextSeq 500, with a custom primer pro-
ducing read 1 of 21 bp and read 2 of 62 bp. Sequencing was performed at the Biomedicum Functional Genomics Unit of the Helsinki
Institute of Life Science and Biocenter Finland at the University of Helsinki, Finland. The data is available at Gene Expression Omnibus
database (GSE259326).

Isolation of primary intestinal fibroblasts

Primary intestinal fibroblasts were isolated from male and female mice using a modified version of a previously published protoco
The whole small intestine was washed with PBS, opened longitudinally, and cut into 1-2cm fragments. Tissue fragments were
incubated in PBS containing 5 mM EDTA and 1 mM DTT for 20min and placed horizontally in a rotating incubator at 37°C and
250rpm. The EDTA solution was removed by washing the tissue pieces three times with ice-cold PBS by vigorously shaking for
15 s by hand, followed by foam removal and replacement of PBS between shakes. After the washes, the pieces were placed in
PBS and minced thoroughly with a scalpel. The tissue pieces were placed in a collagenase digestion solution (2% fetal bovine serum
in PBS with collagenase type Il and IV; Gibco, 17101015; 17104019) and rotated at 250rpm horizontally for 20 min at 37°C. Cold fibro-
blast growth medium (DMEM containing 20% fetal bovine serum, 1% penicillin-streptomycin, and 1% L-glutamine) was added to
stop the collagenase activity. Single cells were released from the digestion suspension by trituration, and the cells were pelleted
by centrifugation for 10 min at 300 g and resuspended in 37°C growth medium. The suspension was plated on a Petri dish and cells
were allowed to attach for 1h at 37°C, after which the plate was washed three times with PBS to remove debris and unattached
cells, and fresh medium was added to the culture. For in vitro experiments, approximately 150,000 primary fibroblasts were plated
on six-well plates and allowed to attach overnight before starting the treatments indicated in the text. For each biological replicate, at
least two technical replicates per treatment were included. Lipopolysaccharide (LPS) (L4516, Sigma-Aldrich) was used at
1000 ng/mL.

|.43

Staining of intestinal organoids

Organoids were grown in 8 chamber slides (354108, Corning) and fixed with 4% paraformaldehyde in PBS for 1 h in RT. After washing
with PBS, the organoids were permeabilized with 0.5% Triton-X-PBS for 30 min in RT and blocked with 10% of normal goat serum in
0.25% Triton-X-PBS for 60 min. Primary antibodies anti-GFP (ab290, Abcam, 1:500), Pyy (bs-2265r, Bioss, 1:100), serotonin
(ab66047, Abcam, 1:500) were diluted in the blocking buffer and incubated for an hour in RT and washed once with 0.25%
X-100-PBS followed by three PBS washes. The nuclei were stained with 10 ng/mL of Hoechst in PBS (33342, Thermo Fisher) for
5 min and the slides were mounted with Immu-Mount (9990402, Fisher Scientific). The secondary antibody controls were included
for all experiments (Figure S10A).

Quantification of 5-HT+ and PYY+ cells in organoids

Mouse intestinal organoids from male mice were cultured as described above ENR media with or without GDNF and GFRA1
(100 ng/mL) for two days followed by culture in basal media or basal media supplemented with 100 ng/mL GDNF and GFRA1 for
another two days. Organoids were fixed and stained as described above. Counting of the 5-HT+ and PYY+ cells per organoid
was done using a Zeiss Axio Imager M2 microscope. The area of each organoid was measured with ImagedJ and the number of pos-
itive cells was normalized to the organoid area in pixels. The relative fold change of 5-HT+ and PYY+ cells per organoid to the average
of control organoids is shown.

Gene editing using CRISPR-Cas9

The gRNA targeting mouse Ret locus was designed using Benchling Software. (5’ CAATCTTGCGGCTGTCACGGS' targeting exon 14)
and cloned into LentiCRISPRV2 plasmid (Addgene #52961, a gift from Feng Zhang) as described.®*"'°* For lentivirus production,
6 million HEK293FT cells were seeded and transfected after 24 h with the LentiCRISPRV2-Retg1 construct together with the pLp
A8,9 packaging plasmid and VSVG envelope plasmid using lipofectamine 2000 transfection reagent (Invitrogen, 11668019) and
Opti-MEM reduced serum medium (Gibco, 31985-047). Viruses were collected after 48 h, filtered through a 0.22 um filter, and stored
at —80°C until use. Intestinal crypts from wild-type male mouse were isolated as described above and lentiviral transduction was
performed as reported’ % with small modifications. Briefly, after the crypt isolation, the crypts were plated in 20-uL domes containing
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75% Matrigel (356231; Corning) and 25% organoid growth media with ENR. The domes were overlaid with ENR media, which was
changed every second day. To enrich for stem cells, the growth medium was supplemented with 3 uM CHIR99021 (SML1046; Sigma)
and 1 uM valproic acid (PHR1061; Sigma) (ENR-CV medium).'°® The enrichment was continued for 5 days, with the medium changed
every second day. The organoids were harvested by incubating them in an organoid harvesting medium on ice for 30 min and disso-
ciated into single cells in TrypLE Express (12605010; Thermo Fisher) containing 10% DNase1 (1014159001; Roche) for 1 min at 37°C,
followed by trituration on ice. The dissociated cells were suspended in ENR-CV medium supplemented with 10 uM Y27632 and
8 ng/mL polybrene. The suspension was combined with an equal volume of lentivirus and spinoculated at 600g for 1 h, followed
by a 4-h incubation at 37°C, collected and washed with phosphate-buffered saline (PBS), and plated in Matrigel, as above. The trans-
duced organoids were selected with 1 pg/mL puromycin (A1113803, Gibco) for 10 days (until 2 rounds of control organoids were
dead) and the surviving organoids were expanded in ENR-CV media. The organoids were passaged by harvesting as above and
by trituration with a 200-pL pipette tip before embedding into Matrigel. The success of Ret targeting was verified using quantitative
PCR and Sanger sequencing, and quantified with Inference of CRISPR Edits (ICE) software (Synthego).

Tissue preparation and staining

Small intestinal and colon tissues were collected, washed with PBS, and fixed in 4% paraformaldehyde (PFA) at +4°C for 24 h. During
the fixation, PFA was replaced once. The intestines were embedded in paraffin as Swiss rolls with Sakura Tissue-Tek VIP 5 jr. tissue
processing system. 5 um thick sections were cut and deparaffinized, and antigen retrieval was performed using 1x Dako antigen
retrieval solution either pH 6 or pH 9 (S1699 & S2367, Agilent) in +95°C for 20 min followed by 30 min in room temperature (RT). Block-
ing was performed using TNB blocking buffer (0.1M TRIS-HCI, 0.15M NaCl pH 7.5, 0.5% TSA Blocking Reagent (FP1012,
PerkinElmer)) for 30 min in RT. Primary antibodies anti-GFP (ab290, Abcam, 1:500 dilution) and anti-Pdgfra (AF1062, R&D systems,
1:100 dilution), Anti-RFP (600-401-379, Rockland, 1:400), ChgA (ab45179, Abcam, 1:200), PYY (bs-2265r, Bioss, 1:100), 5-HT
(@ab66047, Abcam, 1:500), E-cadherin (U3254, Sigma, 1:100) were incubated overnight at +4°C. Secondary antibodies (Alexa Fluor
488 donkey anti-rabbit (A21206) and Alexa Fluor 594 donkey anti-goat (A11058)) were incubated in blocking buffer (1:500 dilution) for
1 hin RT and washed 3 x 5 min in 0.1% TBS-Tween. The nuclei were stained with 10 pg/mL Hoechst 33324 (62249, Thermo Fisher
Scientific) in PBS for 3 min. Slides were rinsed with TBS and water before mounting with Immu-Mount (9990402, Fisher Scientific).
The secondary antibody controls were included for all experiments (Figure S10B).

Immunohistochemistry for enteric nerves

The small intestine comprising proximal duodenum and distal ileum were fixed in 4% PFA at 4°C for 8 h. Longitudinal muscle/myen-
teric plexus preparations (LMMP) from proximal duodenum and distal ileum were used for immunohistochemical analysis. The
LMMPs were peeled off from fixed tissue under a dissection microscope. The LMMPs were washed three times for 20 min per
wash to discard residual PFA. LMMPs were permeabilized with 0.2% Triton X-100 (Thermo Fisher Scientific) in PBS for 2 h at RT.
Then, the LMMPs were blocked in blocking buffer (5% normal donkey serum (Abcam), 5% BSA (Thermo Fisher Scientific), 0.2%
Triton X-) followed by incubation with rabbit anti-beta Ill tubulin (Tuj1, 1:1000, Abcam ab18207) diluted in blocking buffer overnight
at 4°C. After washing three times in PBS (20 min per wash), the LMMPs were incubated for 2 h at RT with donkey anti-rabbit Alexa 488
(1:500, Abcam, Ab150065) diluted in blocking buffer. Finally, the LMMPs were washed three times in PBS (20 min per wash), and a
coverslip was placed on the positively charged slide (Thermo Fischer Scientific, Menzel-Glaser Superfrost plus) using mounting me-
dia (Thermo Fischer Scientific, Shandon Immu-Mount). Slides were imaged with a Zeiss Axio Imager (Oberkochen, Germany)
microscope.

Imaging and image analysis

Imaging was performed with a Leica TCS SP8 CARS Confocal microscope and with Zeiss Axio Imager M2 microscopes and
scanned using a 3DHISTECH Pannoramic 250 FLASH Il digital slide scanner. Manual counting of PYY+ and 5-HT+ cells from the
intestinal tissue was done from scanned images using CaseViewer. The number of positive cells in a field of view was counted.
For quantification, 20x magnification was used for the duodenum and 30x magnification for the ileum. Data scoring and analysis
were performed blinded to the genotype of the mice. Total epithelial area was measured using Imaged by adjusting the threshold
to cover the whole epithelia for each image. Villus height and crypt depth was measured manually with Imaged. Tuj1+ area counts
(%) were performed with Imaged. Images were turned into binary images and the area covered by Tuj1+ fibers were quantified using
the Analyze Particles function.

Quantitative PCR

RNA from organoids and primary fibroblasts was isolated using the Nucleospin RNA Plus isolation kit (740984.250 Macherey-Nagel)
according to the manufacturer’s recommendations. Complementary DNA was produced with TagMan reverse transcription kit
(N8080234, Thermo Fisher Scientific) according to the protocol except that the final concentration of MgCl was 5 mM and the final
concentration of MultiScribe reverse transcriptase was 1 U/uL. Reverse transcription reaction was done with 2720 Thermal Cycler
(Applied Biosystems). gPRC was performed with KAPA SYBR FAST gPCR Master Mix Universal reagent (KK4617, KAPA
Biosystems). All primers were diluted in nuclease-free water to a final concentration of 500 nM with a reaction volume of 16 pL.
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Samples were run with StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Actb was used as the internal control. The
relative fold change was calculated using the delta-delta C+ method."®” List of used primers is in Table S1.

Correlation of GDNF mRNA levels with EEC signatures in the human colon

Raw RNA-sequencing read counts for the healthy intestinal samples from the Cancer Genome Atlas colon cancer cohort
(TCGA-COAD) were uploaded through the Genomic Data Commons (GDC) data portal.>” To estimate the per sample enrichment
score for different intestinal epithelial cell types, gene set variation analysis (GSVA) was performed for individual samples (n = 51)
using the unfiltered table of raw read counts as an input.'°® Gene sets for human intestinal epithelial cell types were previously
defined.*® The Spearman-correlation coefficients and statistical significance between GDNF RNA expression (logCPM) and cell
type enrichment scores were calculated using the R-package cor.test. GDNF gene itself was not included in any of the epithelial
gene sets. The entire dataset included 51 samples and all of them were allocated to the experiment.

RNA sequencing and analysis

GDNF-treated organoids were harvested from two female mice (experiment 1 and 2) and one male mouse (experiment 3, P2_meta-
data file at Gene Expression Omnibus database GSE259326). The 3' RNA sequencing was performed by the Biomedicum Functional
Genomics Unit at the Helsinki Institute of Life Science and Biocenter Finland at the University of Helsinki. The 3' RNAseq is based on
the Dropseq method for single-cell sequencing'® and involves priming mRNA with an oligo dT primer containing a 12 bp barcode
and an 8 bp UMI sequence which can be used to remove PCR duplicates during data analysis. Single-stranded cDNA is then con-
verted into double-stranded cDNA using the template switch effect and the double-stranded cDNA product is PCR amplified with
another set of primers (SMART PCR primer). Samples were pooled and PCR sequencing pools were generated with Nextera i7
primers and the Dropseq P5 primer. Sequencing was performed on the NextSeq High Output 75 cycle flow cell on the NextSeq
500. Quality library metrics were assessed using multigc tool.'”? The fastq files were aligned to the mouse reference genome
(GRCmM38) using STAR-aligner (v2.7.8a)."'® Samples were demultiplexed and a count matrix of unique molecular identifier (UMI)
counts was created using the CreateDGEMatrix command from the suite of tools BRB-seqToolsvi1.4 (https://github.com/
DeplanckelLab/BRB-seqTools). R2 aligned BAM and R1 fastq files were used as input. The R1 read had a length of 21 nucleotides:
12 nucleotide sample barcodes, 8 nucleotide UMI, and one extra nucleotide. Differential expression analysis was performed with the
Deseq2 package''' following the Deseq2 pipeline (http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/
DESeq2.html). In the DESeqgDataSetFromMatrix function, the design matrix included experiment and treatment for cultured organo-
ids and GFP for sorted single cells. Data were pre-filtered to keep only rows that have at least 5 read counts. All the samples in the
results table with BaseMean value less than 1 were excluded as well as samples without any p-adjusted (padj) value. padj value of
<0.1 was used for significant genes. Data transformation and visualization were done using variance stabilizing transformations.''?
Computational resources for all the data processing were provided by CSC - IT Center for Science, Finland. Raw fastq files, barcode
sample information as well as processed UMI count matrix are available at Gene Expression Omnibus database GSE259326.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed using the Hallmark dataset,'* intestinal epithelial cell type markers gene
sets*® and EEC progenitor gene sets.’® The analyses were conducted using the GSEA v4 software.'®' Normalized enrichment scores
(NES) and false discovery rates (FDR g-value) are displayed.

101,113

scRNA-seq data analysis

scRNA-Seq data of murine small intestinal fibroblasts'® (GSE130681, sample GSM3747599), colonic mesenchymal cells**
(GSE142431, samples GSM4227211-GSM4227215) and small intestinal epithelial cells*® (GSE92332) were acquired from the
Gene Expression Omnibus and re-analyzed in R using the Seurat v4 pipeline.’°° Genes detected in fewer than three cells were initially
filtered out as were cells that expressed less than 200 genes. Further prefiltering was done by using the following quality control met-
rics to exclude possible doublets and cells expressing high levels of mitochondrial or ribosomal RNA. For GSE130681: cells contain-
ing more than 10% mitochondrial or 25% ribosomal counts were filtered out. Cells with fewer than 500 or more than 3000 unique
feature counts (nFeature) and cells with fewer than 1000 or more than 8000 unique molecules detected (nCount) were filtered out.
For GSE142431: cells containing more than 20% mitochondrial or 30% ribosomal counts, cells with fewer than 250 or more than
1500 nFeature counts, and cells with fewer than 250 or more than 4000 nCount detections were filtered out. For GSE92332: cells
containing more than 20% ribosomal counts, cells with fewer than 500 or more than 2700 nFeature counts, and cells with fewer
than 200 or more than 11000 nCount detections were filtered out. The data were normalized (SCTransform), integrated, and clustered
following the Seurat v4 integration pipeline for SCTransformed data (https://satijalab.org/seurat/archive/v4.3/integration_
introduction). Major cell populations were identified by cross-referencing cluster-specific gene expression with established marker
genes of different cell types.

ScRNA-seq data analysis of murine EECs

The data®® (GSE113561) were acquired from the Gene Expression Omnibus and re-analyzed in R using the Seurat v4 pipeline.’®
From raw data, only the sorted cells in 96-well and 384-well plates were used for analysis. Prefiltering was done to each plate
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separately to exclude possible doublets as well as cells expressing high levels of mitochondrial or ribosomal RNA. Genes detected in
fewer than three cells were initially filtered out as were cells that expressed less than 200 genes. Further prefiltering was done using
the following quality control metrics: cells containing more than 15% mitochondrial or 20% ribosomal counts, cells with fewer than
200 or more than 10000 unique feature counts, and cells with fewer than 500 or more than 50000 unique molecules detected were
filtered out. All the ERCC spike-in genes were filtered out from the data as in the original publication. Each plate was normalized
(SCTransform) and mitochondrial genes were regressed out using vars.to.regress command in the normalization. Separate plates
were integrated with k.weight = 72 and clustered following the Seurat v4 integration pipeline for SCTransformed data (https://
satijalab.org/seurat/archive/v4.3/integration_introduction). Cells with >6 Kcnqlot1 and Rn45s indicating clustering artifacts were
excluded from the analysis as was a cluster with high Lgr5 expression indicating a stem cell population. A cluster with high expression
of mitochondrial genes was excluded from the final analysis. Major cell populations were identified by cross-referencing cluster-spe-
cific gene expression with established marker genes of different cell types.

Analysis of scRNA-Seq data of human cells

The data from human colon mesenchyme®® (GSE114374, samples GSM3140593 and GSM3140594) and human intestinal organo-
ids'® (GSE146799) were acquired from the Gene Expression Omnibus and re-analyzed in R using the Seurat v4 pipeline.'°° Genes
detected in fewer than three cells were initially filtered out as were cells that expressed less than 200 genes. Further prefiltering was
done by using the following quality control metrics to exclude possible doublets and cells of bad quality. For GSE114374: cells con-
taining more than 2.5% mitochondrial or 15% ribosomal counts were filtered out. Cells with fewer than 500 or more than 3000 unique
feature counts (nFeature) and cells with fewer than 1500 or more than 3500 unique molecules detected (nCount) were filtered out. For
GSE146799: cells containing more than 35% or less than 1% mitochondrial or more than 20% ribosomal counts were filtered out. In
addition, cells with fewer than 2000 or more than 7000 nFeature counts, and cells with fewer than 500 or more than 50000 nCount
detections were filtered out. The data were normalized (SCTransform) while regressing out mitochondrial and ribosomal gene
expression and clustered following the Seurat v4 pipeline for SCTransformed data (https://satijalab.org/seurat/archive/v4.3/
integration_introduction). Major cell populations were identified by cross-referencing cluster-specific gene expression with estab-
lished marker genes of different cell types.

QUANTIFICATION AND STATISTICAL ANALYSIS
The graphs were drawn, and statistical analyses were performed using the Prism 9 software. Non-paired T-test and ONE-WAY
ANOVA were used as statistical tests as detailed in the figure legends. The statistical details of the experiment can be found in figure

legends or in the method section. Asterisks denote statistical significance (p < 0.05 unless otherwise specified). Mean and standard
deviation are shown in bar plots.
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