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ABSTRACT

Microfold (M) cells reside in the intestinal epithe-
lium of Peyer’s patches (PP). Their unique ability to
take up and transport antigens from the intestinal lu-
men to the underlying lymphoid tissue is key in the
regulation of the gut-associated immune response.
Here, we applied a multi-omics approach to inves-
tigate the molecular mechanisms that drive M cell
differentiation in mouse small intestinal organoids.
We generated a comprehensive profile of chromatin
accessibility changes and transcription factor dy-
namics during in vitro M cell differentiation, allow-
ing us to uncover numerous cell type-specific reg-
ulatory elements and associated transcription fac-
tors. By using single-cell RNA sequencing, we iden-
tified an enterocyte and M cell precursor popula-
tion. We used our newly developed computational
tool SCEPIA to link precursor cell-specific gene ex-
pression to transcription factor motif activity in cis-
regulatory elements, uncovering high expression of
and motif activity for the transcription factor ONE-
CUT2. Subsequent in vitro and in vivo perturba-
tion experiments revealed that ONECUT2 acts down-
stream of the RANK/RANKL signalling axis to sup-
port enterocyte differentiation, thereby restricting
M cell lineage specification. This study sheds new
light on the mechanism regulating cell fate balance
in the PP, and it provides a powerful blueprint for

investigation of cell fate switches in the intestinal
epithelium.
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INTRODUCTION

The Peyer’s patches (PP) are focal points within the small
intestine, constituted by an organized lymphoid follicle and
an overlying follicle-associated epithelium (FAE) (1,2). The
FAE is a one-cell-thick layer composed mainly of entero-
cytes and specialized epithelial cells called microfold or M
cells (1). M cells are important for enteral uptake and trans-
port of various commensal and pathogenic microorganisms
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across the epithelial cell layer and to the subepithelial dome
(3-6), where immune cells take on a defensive or tolerogenic
response (1,7). Like all other cell lineages in the small intes-
tine, M cells derive from intestinal stem cells (ISC) residing
in the bottom of the intestinal crypts (8). However, only a
small percentage of ISC commit to the M cell lineage, mak-
ing M cells one of the least abundant cell types in the small
intestine (9,10). The polarization of M cells to PP and their
low abundance reflect tightly regulated mechanisms restrict-
ing the commitment of progenitor cells into M cells, but it
is precisely the low number of M cells that makes it difficult
to study these mechanisms in vivo.

Intestinal organoids or ‘miniguts’ are in vitro models
capable of self-organizing into epithelial structures that
molecularly, phenotypically and functionally resemble in
vivo intestinal tissue (9,11). Minor modifications of the in-
testinal organoid culture medium can generate cell type-
enriched organoids that can be used to decipher the molec-
ular mechanisms that drive ISC fate (12,13). The recep-
tor activator of nuclear factor kB (RANK) and its ligand
(RANKL) were originally described for their key role in
the induction of M cell differentiation (14,15). The addi-
tion of recombinant RANKL to the conventional intesti-
nal organoid culture medium induces the differentiation of
functional M cells in vitro (8), allowing the study of the fun-
damental signalling regulating M cell lineage specification.

In this study, we used a multi-omics framework on
RANKL-treated mouse small intestinal organoids to de-
fine the gene-regulatory mechanisms underlying M cell
differentiation. Changes in the morphology of organoids
upon RANKL treatment were correlated to differences in
protein levels, gene expression, histone modification and
chromatin accessibility. By integrating bulk and single-cell
RNA-sequencing data we were able to untangle complex
gene-regulatory networks contributing to the M cell lin-
eage specification in the intestine. Our findings led to the
identification of an enterocyte and M cell precursor cluster,
where the one cut domain family member 2 (ONECUT2)
promotes enterocyte cell differentiation by inducing tran-
scriptional activation of Hnf4g in a RANKL-signalling de-
pendent manner, which in turns restricts differentiation of
M cells in organoids and in the mouse small intestine.

MATERIALS AND METHODS
In vivo CSRM617 experiments

For the mouse experiments, all experimental protocols and
procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Cedars-Sinai Medical
Center and the Comparative Medicine Department. All rel-
evant ethical regulations, standards, and norms were rigor-
ously adhered to. Both male and female C57BL/6 mice (5
weeks old) were purchased from Charles River. After ar-
riving, the mice were quarantined for one week prior to
the study. Four treatment groups were designed for the in
vivo experiments with the ONECUT?2 inhibitor CSRM617
(Supplementary Figure S3D). Each treatment group con-
tained three male and three female C57BL/6 mice of 6—
6.5 weeks of age. Briefly, six mice received 50 mgkg~!
CSRM617 (Cedars Sinai Medical Center) for 7 days and
six mice for 14 days. A recovery group consisted of six mice

treated with 50mgkg~!' CSRM617 (Cedars Sinai Medi-
cal Center) for 7 days followed by 7 days treatment with
phosphate buffered saline (PBS) and 0.2% dimethyl sul-
foxide (DMSO, Sigma-Aldrich). Lastly, a control group
treated with PBS and 0.2% DMSO for 7 days was included.
All treatments were performed by intraperitoneal injection.
Body weight was tracked 3 times per week. For ELISA ex-
periments, faecal samples were collected 30 min before sac-
rifice of the mice. A total of 100 mg of mice faeces were
dissolved in 1 ml of 1x PBS with 1% protease inhibitors
(Thermo Scientific) and vortexed for 15 min at 4°C. Su-
pernatant was isolated after centrifugation at 12,000 x g
for 10 min and stored at —80°C until IgA measurements.
The small intestines of three mice per treatment group (one
female and two males) were gently rinsed twice with 1x
PBS and collected in individual tubes containing 1.2 ml of
RNAlater Stabilization Solution (Invitrogen), and frozen
at —80°C until being processed for RNA isolation. The
small intestines from the remaining three mice of each treat-
ment group (two female and one male) were collected to
prepare separate formalin-fixed paraffin-embedded tissue
blocks following the ‘swiss roll’ method (16).

Culture of mouse small intestinal organoids

The mouse small intestinal organoids used in the current
study were generated by isolating LGRS + adult stem cells
from the gut of a female Lgr5STPPTR/* mouse and cultur-
ing them in a well-defined semi-solid culture medium sup-
plemented with essential growth factors (11). The female
Lgr5GFPPTR/* mouse was generated by replacing the first
coding exon of Lgr5 with a cassette containing the cod-
ing sequence for the enhanced green fluorescent protein
(EGFP) linked in frame to the human diphtheria toxin re-
ceptor (DTR) gene cDNA (17).

Small intestinal organoids derived from a female
Lgr5OTPPTR/* mouse (17) were cultured as described
previously (11). Briefly, organoids were grown embedded
in a mix of 90% ice-cold RGF BME Type 2 PathClear
(Cultrex, R&D Systems) and 10% Dulbecco’s modified
Eagle’s Medium/Ham’s F12 (Gibco), in a humidified
atmosphere at 37°C and 5% CO,. For maintenance and
control conditions organoids grew in ENR medium
which contained advanced Dulbecco’s modified Eagle’s
medium/F12 (Gibco) supplemented with 1x Penicillin—
Streptomycin (Gibco), 10 mM HEPES (Gibco), and 1x
GlutaMAX Supplement (Gibco), 1x B27 (Gibco), 1.25
mM N-acetylcysteine (Sigma Aldrich), 50 ng/ml mEGF
(Gibco), 10% final volume NOGGIN conditioned medium,
5% final volume R-SPONDINI1 conditioned medium. For
maintenance, organoids were split by mechanical dissoci-
ation using a Pasteur pipette every 5 days and the culture
medium was refreshed every other day (11). For microfold
(M) cell enrichment, organoids were cultured in ENR
supplemented with 3 wM CHIR99021 (Axon) and 1.5 mM
valproic acid (Sigma) for three days, followed by one day
in ENR medium. Afterwards, treatment with 100 ng/ml
of recombinant mouse TRANCE (RANKL) (BioLegend)
was done for 6 or 9 days, alone or in combination with 40
pM CSRM617 Hydrochloride (Sigma-Aldrich). For EN
experiments, RANKL was added to EN medium described



previously (12). ENR medium alone or in combination
with 40 puM CSRM617 were used as controls. Medium was
refreshed every 3 days.

Bulk RNA-sequencing sample preparation

After treatment, organoids from three independent differ-
entiation experiments were harvested using Organoid Har-
vesting Solution (Cultrex) according to manufacturer’s pro-
tocol. Pellets were snap frozen and stored at —80°C until
being processed for RNA isolation using the RNeasy RNA
extraction kit (Qiagen) with Dnasel treatment using R Nase-
Free DNase (Qiagen). Total RNA (1 pg per replicate) was
used for library preparations using the KAPA RiboErase
Kit (HMR) (Roche) following manufacturer’s protocol. A
fragmentation step was carried out for 6.5 min at 94°C and
7 uM NextFlex DNA barcodes (PerkinElmer) were used
for adapter ligation. Libraries were amplified using 6 am-
plification cycles. Library concentration was measured us-
ing the dsDNA Fluorescence Quantification Assays (DeN-
ovix), and library size was determined using the BioAna-
lyzer High Sensitivity DNA Kit (Agilent Technologies) in
a BioAnalyzer instrument (Agilent). Sequencing was per-
formed using an Illumina NextSeq 500, and 42-bp paired-
end reads were generated.

Bulk ATAC-sequencing sample preparation

After harvesting of organoids from three independent dif-
ferentiation experiments, pellets were cryopreserved in Re-
covery Cell Culture Freezing Medium (Gibco) at —80°C
until being processed for ATAC-sequencing (ATAC-seq).
ATAC-seq libraries were prepared following an adapted
protocol from Buenrostro et al. and Corces et al. (18,19).
In brief, 50 000 cells per replicate were lysed in 50 pl of
ice-cold ATAC Resuspension Buffer (RSB) containing 0.1%
IGEPAL (Sigma), 0.1% Tween-20 (Sigma) and 0.01% Digi-
tonin (Sigma) for 3 min on ice. Lysates were resuspended
with 1 ml of cold ATAC-RSB containing 0.1% Tween-20
(Sigma) and nuclei were pelleted by centrifugation at 500
ref for 10 min at 4°C in a fixed angle centrifuge. Nuclei
were tagmented for 6 min at 37°C with in-house made Tn5
enzyme while shaking at 650 rpm. The tagmentation reac-
tion was stopped with stop buffer (44 mM EDTA, 131 mM
Nac(l, 0.3% SDS, and 600 pwg/ml proteinase K as final con-
centration). Genomic DNA was purified using 2x AMPure
XP beads (Beckman Coulter) and subsequently amplified
by PCR using KAPA HiFi Hotstart Ready Mix and Nex-
tera Index Kit (Illumina) primers. Lastly, a reverse-phase
0.65x AMPure XP beads (Beckman Coulter) DNA purifi-
cation step was done, followed by 1.5x AMPure XP beads
(Beckman Coulter) purification. Library concentration was
measured using the dsDNA Fluorescence Quantification
Assays (DeNovix), and library size was determined using
the BioAnalyzer High Sensitivity DNA Kit (Agilent Tech-
nologies). DNA libraries were sequenced with an Illumina
NextSeq 500 at a read length of 38 bp.

ChIPmentation sample preparation

Following harvesting, organoids were crosslinked with 1%
formaldehyde in 1 x PBS shaking at 650 rpm for 10 min at
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room temperature, and glycine (125 mM final concentra-
tion) was added to quench the reaction. After a washing
step with 1x ice-cold PBS, cell pellets were snap frozen and
stored at —80°C until being processed for ChIPmentation.
A total of 250 000 cells per replicate were lysed in a buffer
containing 20 mM HEPES pH 7.6, 1% SDS, 1x Protease
Inhibitor Cocktails (Roche). Chromatin was sheared using
the medium setting of the Biorupter Pico (Diagenode) with
6 cycles (20 s on/30 s off) to achieve fragments between
200 and 600 bp. Samples were then spun at 13 000 rpm
for 5 min at room temperature and supernatant containing
fragmented chromatin was used for ChIPmentation as de-
scribed by Schmidl ef al. (20) with the modifications pub-
lished in Lindeboom ef al. (12). Briefly, before starting the
immunoprecipitation, we saved 1% of the input material of
either control or RANKL-treated organoids and stored it
at 4°C until further processing (tagmentation). Then, chro-
matin of each replicate was incubated with 1 pg of an-
tibody against H3K27ac (Diagenode, C15410196, RRID:
AB_2637079) or 1 pg of antibody against ONECUT?2 (Pro-
teintech, 21916-1-AP, AB_2848180) in dilution buffer (1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8, 167 mM
NaCl, 1x Protease Inhibitor Cocktail (Roche)), rotating
overnight at 4°C. Antibody-bound chromatin was purified
using protein A and protein G Dynabeads (Invitrogen) fol-
lowed by two washing steps with increasing concentration
of NaCl and one washing step with TE buffer as described
before (12). Tagmentation of immunoprecipitated and in-
put chromatin was performed with in-house generated 7n5
enzyme for 10 min at 37°C while shaking at 550 rpm, fol-
lowed by washing steps with decreasing amounts of NaCl
and soap (12). Lastly, samples were de-crosslinked with 20
g of proteinase K (Sigma) in elution buffer (0.5% SDS, 300
mM NaCl, 5mM EDTA, 10 mM Tris pH 8) for 1 h at 55°C
and 1000 rpm shaking followed by an overnight incubation
at 65°C and 1000 rpm shaking. The eluted, tagmented chro-
matin was treated with 10 pg proteinase K (Sigma) for 1
additional hour at 55°C and purified using 2x AMPure XP
beads (Beckman Coulter). The generated libraries were am-
plified using the KAPA HiFi Hotstart Ready Mix and Nex-
tera Index Kit 1 (i7) and 2 (i5) primers (Illumina). Ampli-
fied libraries were purified using a 0.65x AMPure XP beads
(Beckman Coulter) followed by a 1.8 x AMPure XP beads
(Beckman Coulter) purification. Library concentration was
measured using the dsDNA Fluorescence Quantification
Assays (DeNovix), and library size was determined using
the BioAnalyzer High Sensitivity DNA Kit (Agilent Tech-
nologies). DNA libraries were sequenced with an Illumina
NextSeq 500, and 38-bp paired-end reads were generated.

Single-cell RNA-sequencing sample preparation

After harvesting, organoids were dissociated using TrypLE
(Gibco). Viable single cells were sorted in 384-well PCR
plates (Bio-Rad) using the Becton Dickinson Aria (BD
Biosciences) sorter with a 100 wm nozzle, based on for-
ward and side scatter gating. Prior to sorting, plates were
primed with oligos (5°-3’) containing the T7 promoter, a
5" Illumina adapter, unique molecular identifiers (UMIs),
a unique cell barcode and the oligo-(dT)N for tagging of
individual mRNA molecules within each cell (21). Immedi-
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ately after sorting, plates were centrifuged for 2 min at 1200
x g and 4°C and stored at —80°C until library preparation.
Libraries were prepared using a modified CEL-Seq2 pro-
tocol (22). In brief, a micro-dispenser machine Nanodrop
IT (BioNex) was used to dispend in each well the ERCC
spike-in control RNAs (1:50 000, Invitrogen), reagents used
for the reverse transcription (RT) reaction such as Super-
script II (Invitrogen) and RNasein Plus (Promega), and for
the second strand synthesis such as Escherichia coli DNA
polymerase and E. coli DNA ligase (New England Bio-
labs). Second strand synthesis was done in the presence of
E. coli RNase H (Invitrogen). Double stranded cDNA from
each well was pooled together and purified with AMPure
XP beads (Beckman Coulter). In vitro transcription was
performed overnight according to the Ambion MegaScript
IVT kit protocol (Invitrogen), followed by an exonuclease
digestion step with EXOI/rSAP-IT (Applied Biosystems).
The amplified RNA was later fragmented and cleaned up
using AMPure XP beads (Beckman Coulter). Samples were
then subjected to library RT using random octamers (21)
and to cDNA amplification thereafter using the Phusion
High-Fidelity DNA Polymerase (New England Biolabs). A
forward primer sequence against the 5’ Illumina adapter
(21) and a reverse primer sequence against the octamers
overhang incorporated during RT were added to the ampli-
fication mix. The reverse primer contained an Illumina 3’
adapter sequence and an index sequence to uniquely iden-
tify each library (NextFlex DNA barcodes, PerkinElmer).
Libraries were purified and quantified using the dsDNA
Fluorescence Quantification Assays (DeNovix) and frag-
ment sizes were assessed with the BioAnalyzer High Sen-
sitivity DNA Kit (Agilent Technologies). The libraries were
sequenced on an Illumina NextSeq 500, and 63-bp paired-
end reads were generated.

Bulk RNA-sequencing analysis

Paired-end reads were aligned to the mouse mm10 genome
using the STAR RNAseq-aligner v2.7.9a (23), with —
sjdbOverhang set to 100. Mapped reads were counted with
HTSeq-count v0.13.5 (24) and the following settings: -r pos
—s reverse —t exon. Normalization and log,-transformation
of data was done using the DESeq2 package v1.34.0 (25).
Genes with an adjusted P-value <0.05 were considered sta-
tistically significant. Expression heatmaps were created with
ComplexHeatmap v2.10.0 (26).

Bulk ATAC-sequencing analysis

Preprocessing of reads was done automatically with atac-
seq workflow from the seq2science pipeline v.0.3.1 (27).
In short, reads were trimmed using fastp v0.20.1 (28) and
aligned to the mouse mm10 genome using bwa-mem v0.7.17
(29). Mitochondrial reads, multipmapper reads, mapped
reads below a minimum mapping quality of 20 or reads in-
side the ENCODE blacklist (30) were filtered out. Reads
were shifted +4 bp/—5 bp on the positive/negative strand
to account for the 7n5 inserting bias. Duplicate reads
were removed with picard MarkDuplicates v2.21.2 (‘Picard
Toolkit’ 2019, Broad Institute GitHub repository https:
/Ibroadinstitute.github.io/picard/). Peaks were called using

macs2 v2.2.7 (31), with the settings —shift -100 —extsize 200
—nomodel —keep-dup 1 —buffer-size 10 000 in BAM mode.
Being paired-end reads, the option macs2_keep_mates was
set to true.

ChIPmentation analysis

ChIPmentation sequencing reads were processed with the
chip-seq workflow from seq2science v.0.3.1 and v.0.7.2 (27),
for histone mark and Onecut2 ChIPmentation experiments,
respecitvely, taking the 1% input samples of either control
or RANKL-treated organoids as background for peak call-
ing. The workflow of preprocessing, alignment, deduplica-
tion and quality filtering was similar to the workflow de-
scribed for the ATAC-seq analysis, but without shifting se-
quencing reads in alignment or during peak calling.

For the ONECUT2 ChIPmentation, we used Diffbind
(32) (v.3.4.11) to identify differentially bound genomic loci
between RANKL- and control-treated organoids. For visu-
alization of the results, we used deeptools (33) to show the
ChIPmentation and DNA accessibility signal at shared and
RANKL-specific sites as heatmaps or average plots. Genes
assigned with GREAT (34) to the top 250 peaks based on
the fold change of RANKL over control were used to gen-
erate a ONECUT2 ChIP gene set.

Lastly, HNF4G ChIPmentation samples from mouse
small intestinal organoids grown in EN medium and control
were obtained from GSE114113 (12) and processed with the
chip-seq workflow from seq2science (v.0.7.2), without input
controls for peak calling. We used GREAT (34) to assign
each peak to the nearest gene and subsequently defined a
EN-specific HNF4G target gene set by selecting genes near
peaks from EN-cultured organoids that were not present in
the control-samples, and subsequently selecting the top 250
peaks based on the fold change of the peak over background
to generate an HNF4G ChIP gene set.

Integration and analysis of bulk sequencing data

ATAC-seq peaks generated for each replicate by
seq2science, for both control and RANKL-treated
conditions, were combined in one peak file using the
combine_peaks function from the package GimmeMotifs
v0.16.0 (35) with the window parameter (-w 4000) (gen-
erating roughly 60 000 accessible sites). ChIPmentation
alignments, corresponding to the H3k27ac signal, were
quantified at these regions using the coverage_table function
from GimmeMotifs v0.16.0 (35) with a window of 2 kb.
Differential H3k27ac signal (padj < 0.05) was defined with
the DESeq2 package v1.34.0 (25) and used as input for
the tool gimme maelstrom to detect differential motifs,
without filtering out redundant motifs. A z-score cut-off
of >1.64 and <—1.64 was used to define enriched motifs
in either control or RANKL-treated conditions. Motifs
were matched to transcription factors with the gimme
motif2factors conversion table provided by GimmeMotifs
(35). Only motifs for which the corresponding transcription
factor was differentially expressed (Paqj < 0.05) in the bulk
RNA-seq data were included for visualization in an integra-
tive heatmap, which was generated with ComplexHeatmap
v2.10.0 (26).
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Gene-regulatory network analysis with ANANSE

The ananse binding command line tool from ANANSE
v0.3.0 (36) was used to predict treatment-specific tran-
scription factors binding profiles, using the ATAC-seq and
ChIPmentation outputs from seq2science. Enhancer re-
gions were specified with the combined peak summit file
containing identified ATAC-seq peaks from both RANKL-
treated and control conditions. The function ananse net-
work was run to infer treatment-specific gene-regulatory
networks. For this, binding profiles from ananse bind-
ing, gene-level transcript-per-million (TPM) data for each
condition and the mml0 as the genome assembly were
used. The mm10 genome assembly was downloaded from
UCSC using genomepy v0.9.1 (37). To obtain a gene-level
TPM file, reads in the RNA-seq FASTQ files (.fastq) were
quantified using the command line tool Kallisto v0.46.2
(38). The prebuild Kallisto index constructed from the
Ensemble reference mouse transcriptome GRCm38 was
downloaded from https://github.com/pachterlab/kallisto-
transcriptome-indices/releases and used. Using tximport
v1.14.2 (39) the expression of all isoforms corresponding
the same gene was summed up and identifiers were changed
to gene-level. Lastly, the ananse influence function was used
to generate a differential gene-regulatory network, based on
the difference in the interaction score calculated per factor
between RANKL treatment and control conditions. Num-
ber of top edges used to define the differential network was
set to 500.00 (-1 500-000).

Analysis of single-cell RNA-sequencing data

Raw FASTQ files were demultiplexed, aligned and anno-
tated to the mouse GRCm38 genome indexed with se-
quences from the ERCC ExFold RNA Spike-In Mixes (in-
vitrogen), and counted using the kallistolbustools wrap-
per kb_phython v0.26.3 (38,40). Pre-processing and qual-
ity control was performed using the Scater package v1.10.1
(41). To exclude low-quality cells from further analysis, any
cell with <500 detected features, <1000 total transcripts,
>40% mitochondrial transcripts or >20% ERCC tran-
scripts were removed from the datasets. Normalization, nat-
ural log-transformation, scaling (with ‘nCount’ and ‘nFea-
ture’ as variables to regress), and clustering analysis were
performed using Seurat v3.1.5 (42). We determined the 2000
highly variable genes using the variance stabilizing transfor-
mation (VST) method. Dimensionality reduction was per-
formed by principal component analysis (PCA), and was
followed by Louvain clustering using the FindNeighbors
function with the top 30 principal components (PCs) and
the FindClusters function with a resolution set to 1.6 for
the RANKL treatment dataset (21 099 genes across 6636
cells), and the top 20 PCs and a resolution of 1.5 for the
dataset of RANKL and CSRM617 combined treatment
(9257 genes across 1903 cells). Data was projected in a two-
dimensional space using the Uniform Manifold Approxi-
mation and Projection (UMAP) method. Label transfer-
ring from clusters 6, 12 and 17 from the RANKL treatment
dataset (21 099 genes in 820 cells) to clusters 3, 9, 10 and
12 from the dataset of RANKL and CSRM617 combined
treatment (9257 genes in 427 cells) was done using the Seu-
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rat FindTransfer Anchors function using the RANKL treat-
ment dataset selected clusters as a reference.

Trajectory inference

RNA velocity estimation was done using velocyto.R v.0.6
(43). The raw counts corresponding to spliced and unspliced
RNA forms for each gene, generated by the kallistolbustools
wrapper and stored as separate assays in the Seurat object,
were used by velocyto.R to create an RNA velocity map.
The RNA velocity map was then projected as a grid with
arrows onto the UMAP space that was generated by Seurat
with the function show.velocity.on.embedding. cor.

For the pseudotime analysis, raw counts of cells from
the Seurat clusters 6, 12 and 17 from the RANKL treat-
ment dataset that passed the Scater quality assessment
were processed with the R package Monocle3 v1.0.0 (44)
with default settings. The preprocess_cds function of Mon-
ocle3 normalized by log and scaled the data. The func-
tion also calculated a low-dimensional space used as in-
put for dimensionality reduction with a UMAP. With the
learn_graph function, Monocle3 used a principal graph-
embedding procedure based on the SimplePPT algorithm
(45,46) to represent on the UMAP the possible paths cells
can take as they develop. The pseudotime was calculated
across these paths by setting the furthest away cells from
cluster 17 as time zero. Lastly, we used graph_test, a func-
tion based on the Moran’s statistical test (47) to define
the pseudotime-dependent genes and the find_gene_modules
function to group these genes into modules based on their
co-expression across clusters.

Motif activity prediction with SCEPIA

Using SCEPIA v0.5.1 (https://doi.org/10.5281/zenodo.
4892888) a list of transcription factors of interest was es-
tablished by predicting transcription factor motif activities
based on the single-cell RNA-seq data. The normalized
and scaled spliced RNA counts and associated annotation
generated with Seurat (v3), including highly variable genes
and clustering, were exported to an AnnData object in
Python v3.9.6. First, H3K27ac profiles were assigned to
the single cells using a H3K27Ac reference database. The
ENCODE H3K27Ac ChIP-seq database of 121 human
cell lines and tissues included in SCEPIA was used as a
reference (48,49). The regulatory potential, a summarized,
distance-weighted measure of H3K27ac within 100 kb
of the gene transcription start site, was calculated for
every gene, according to Xu et al (36) similar to Wang
et al. (50). Using the top 2000 highly variable genes from
the scRNA-seq data, cells were matched to H3K27Ac
profiles using Ridge regression with the normalized and
scaled gene expression level as the response variable and
the H3K27Ac regulatory potential as the explanatory
variable. The output of this regression was a matrix with
per single cell a coefficient for each cell type (single cell
x cell type matrix). Only the top 50 scoring cell types
(ordered by the mean absolute coefficient over the clusters)
were kept and from these the top 10 000 highest variable
enhancers, based on the genome-wide H3K27Ac data,
were selected for motif activity analysis using the Bayesian
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https://doi.org/10.5281/zenodo.4892888
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Ridge method with GimmeMotifs v0.16.1 (35) resulting in
a motif x cell type matrix. The predicted motif coefficients
(‘motif activity’) for each H3K27Ac reference cell type
were combined into single cell motif activities using a dot
product of the single cell x cell type matrix and the motif
x cell type matrix. Pearson correlations between single
cell motif activity and the single cell expression levels of
the transcription factors binding the motifs, based on
the default database of GimmeMotifs, were calculated,
followed by 100,000 random permutations to determine
a permutation-based P-value. The permutation-based
p-value was combined with the p-value of the correlation
using Fisher’s method and corrected for multiple testing
using the Benjamini-Hochberg correction. From the list of
transcription factor-motif combinations, the hits with the
highest positive correlation coefficients and an FDR < 0.1
were selected. The gimme logo tool from GimmeMotifs
(35) was used to generate motif logos.

Gene-regulatory network analysis with pySCENIC

Raw counts from the Seurat object were used as in-
put for pySCENIC v0.11.0 (51). First, gene-regulatory
networks between transcription factors and putative
target genes were inferred with the grnboost2 func-
tion from the Arboreto package v0.1.6 (52) part of
pySCENIC, using a mouse transcription factor database
available from the TFCat portal through pySCENIC.
The c¢tx command kept only transcription factor mo-
tifs within 10 kb from the target transcription start site
(TSS) and pruned indirect targets from dataset based
on cis-regulatory cues. For this, the motifs database
motifs-v9-nr.mgi-m0.001-00.0, the cis-target databases
mm10__refseq-r80__500bp_up_and_100bp_down _tss.mcOnr
and mm10__refseq-r80__10kb_up_and_down_tss.mcInr
were used. As a default option, only transcriptional regu-
latory units (regulons) with a positive correlation between
the expression of a transcription factor and its targets were
used for further analysis. The area under the curve (AUC)
scores (regulon activity) were calculated for every cell using
the aucell function with default options and later averaged
per Seurat cluster. Data was visualized using gplots v3.1.1
(53).

Gene-set enrichment analysis

Gene-set enrichment analysis (GSEA) was performed using
the fgsea package v1.19.3 (54). Mouse in vivo intestinal cell-
type gene sets were extracted from (9) by selecting the top
250 differentially expressed genes with an FDR (Q, max)
<0.05 and a mean natural-log fold change >0.5. To create
the ONECUTI1-, ONETCUT2- and ONECUT3-specific
signatures, RNA-seq data from (55) was downloaded us-
ing the download-fastq workflow from seq2science and re-
analyzed with DESeq?2 package v1.34.0 (25). Top 250 dif-
ferentially expressed genes (P,qj < 0.05), unique for each
overexpression condition and with a log; fold change >0.5
over control were used to create the gene sets. Lastly, genes
with a P,q; <0.05 and a mean natural-log fold change >0.5
were used to create the cluster 12 gene set from the RANKL
treatment single-cell dataset. For all experiments, ranked

files with log, fold change expression values (Paqgj < 1) were
subjected to GSEA.

Real-time semi-quantitative RT-qPCR

Mice small intestines were washed with 1X PBS to remove
excess of RNAlater (Invitrogen) and 15-20 mg of tissue
were lysed with 1 ml of TRIzol (Ambion) and incubated
overnight at —20°C. At the next day, tissue was homog-
enized using RNAse-free pestles, 14G (1.6 mm) and 21G
(0.8 mm) needles. Lysates were centrifuged for 5 min at 12
000 x g and 4°C. Supernatant was processed for RNA iso-
lation following TRIzol manufacturer’s instructions. After
this, a total of 30 g of isolated total RNA per replicate
was purified with the Quick-RNA Microprep Kit (Zymo
research) and 1 pg of purified RNA was used for cDNA
synthesis using the iScript cDNA Synthesis Kit (Bio-Rad).
Real-time PCR analysis was performed using the iQ SYBR
Green Supermix (Bio-Rad) in a CFX96 Real-Time system
(Bio-Rad). Crossing-point (Cp) values were determined by
the CFX Manager software version 3.0 (Bio-Rad). Expres-
sion levels of Gapdh were used for normalization. Relative
gene expression levels were calculated according to Pfaffl
et al. (56). Primers for RT-qPCR can be found in Supple-
mentary Table S8.

Flow-cytometry analysis

After harvesting, organoids were dissociated using TrypLE
(Gibco). Organoid cells were counted using the Muse Cell
Analyzer (Merck) and a total of 100,000 viable cells per
well and in triplicates per treatment were seeded in conic v
bottom 96-well plates (greiner bio-one). After washing with
1% PBA bufter (1% Bovine serum albumin (Sigma) in 1x
PBS), cells were incubated with rat anti-mouse GP2 anti-
body (MBL International Corporation, D278-5, RRID:AB
11160946) in a 1:10 dilution in 100 wl of 1% PBA buffer
per well. Incubation was done for 30 min at 4°C and was
followed by three washing steps with 1% PBA buffer. All
washing steps were done by centrifugation of 3 min at 200
x g and 4°C. Cells were lastly fixed with 1% formaldehyde
for 20 min at room temperature and in dark. After removal
of the formaldehyde solution and one washing step, cells
were resuspended in 1% PBA before being analyzed in the
MACSQuant Analyzer 10 (Miltenyi Biotec). FITC signal
(LGR5™ cells) and PE signal (GP2" cells) were detected in
cell population selected based on forward and side scatter
gating, and pseudocolor density plots were generated using
FlowJo v10 (BD Biosciences).

Enzyme-linked immunoassay (ELISA)

Measurement of secretory IgA (SIgA) in mouse faeces
samples after treatment with the ONECUT?2 inhibitor
CSRM617 Hydrochloride (Sigma-Aldrich) or PBS control
was done using the SIgA Mouse Uncoated ELISA kit (In-
vitrogen) following manufacturer’s instructions. Faecal su-
pernatants were diluted to a final assay concentration of 10
ng/ml. A solution of 2N H2SO4 was used to stop the reac-
tion and the concentration of SIgA was deduced from the
standard curve made with the IgA standards provided by
the kit.


https://scicrunch.org/resolver/RRID:AB

Live imaging and immunohistochemistry

Whole-mount immunofluorescence staining of organoids
was performed in conical bottom polystyrene 12 ml tubes
(Greiner). Briefly, after harvesting of organoids, these were
transferred to the round-bottom 15 ml tubes pre-coated
with 1% PBA. Two washing steps with ice-cold 1x PBS
were carried out by gently resuspending the organoids and
letting them sit at the bottom of the tubes before discard-
ing supernatant. Organoids were then fixed in 4% formalde-
hyde for 15 min followed by two washing steps with ice-cold
1 x PBS. Permeabilization of organoids was done with 0.5%
Triton in 1x PBS for 30 min. This was followed by two
washing steps and a quenching step with 20 mM Glycine
in 1x PBS for 30 min. Unspecific signal was then blocked
with 1% PBA for 30 min. Three washing steps with 1%
PBA were done before overnight incubation with primary
antibodies rat anti-GP2 (MBL International Corporation,
D278-3, RRID:AB_10598188), diluted 1:100 in blocking
solution. To prevent organoids from sitting at the bottom
of the tube, incubation was carried out in a shaker at 45
rpm. Organoids were then washed three times with 1 x PBS
and incubated with Alexa Fluor 647 Goat anti-Rat IgG sec-
ondary antibody (Invitrogen, A-21247, RRID:AB_141778)
diluted 1:400 in blocking solution, for 1.5 h in a shaker at
45 rpm and covered from light. Antibodies were washed out
three times with 1x PBS. Staining with methanolic phal-
loidin (Thermo Fisher Scientific) diluted in blocking solu-
tion was performed for 20 min and followed by three wash-
ing steps. Finally, nuclear counterstaining with Hoechst (50
pg/ml, brand) was done for 20 min. Organoids were washed
three times more and mounted on 22 mm-diameter glass
bottom dishes (WillCo Wells) with Ibidi mounting medium
(Ibidi). For live microscopy, EDU labelling was performed
using the Click-iT EdU Imaging Kits (Invitrogen) and fol-
lowing manufacturer’s protocol on organoids embedded in
single BME domes, seeded on 8-well chamber slides (Ibidi).

Formalin-fixed paraffin-embedded mice small intestines
were sectioned 4 pm-thick and mounted on Superfrost Plus
slides (Thermo Fisher Scientific). Deparaffination was per-
formed overnight at 37°C and re-hydration steps were fol-
lowed by heat-induced epitope retrieval with boiling sodium
citrate (pH9) for 10 min. Blocking of endogenous per-
odixase activity was done with 1% H;O, for 15 min and
was followed by blocking of unspecific binding with 2%
PBA for 1 h. GP2 or SPIB primary antibodies (1:100)
were incubated overnight in 1% PBA. For detection of
GP2 protein, sections were incubated for 30 min with bi-
otinylated Rabbit IgG anti-rat (H + L) secondary anti-
body (Vector Laboratories, BA-4001, RRID:AB_10015300)
1:200 in 1% PBA and 30 min with an ABC mix solu-
tion from the VECTASTAIN Elite ABC Reagent kit (Vec-
tor Laboratories, PK-6101, RRID:AB_2336820). To reveal
the reaction, sections were incubated with Bright DAB
solution (Immunologic) for 5 min followed by 10-s nu-
clear counterstaining with Hematoxylin, dehydration and
mounting with Permount mounting media (Fisher Chem-
ical). Overnight incubation with sheep anti-SPIB anti-
body (R&D Systems, AF7204, RRID:AB_10995033) di-
luted 1:100 in blocking solution was followed by a 1-hour
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incubation with Alexa Fluor 568 Donkey anti-Sheep IgG
(H + L) secondary antibody (Invitrogen, A-21099, RRID:
AB_2535753) diluted 1:400 in blocking solution. Slides
were mounted with Fluoromount-G with DAPI mounting
medium (Invitrogen). Except for first antibody incubations,
all steps for immunohistochemistry were done at room
temperature.

Image analysis

Live-cell and three-dimensional images were captured with
a Leica TCS SP8 microscope (Leica). For live imaging the
organoids were held at 37°C. Organoids were imaged in
XYZ mode using an HCX PL APO 63x /1.2 water immer-
sion objective. Post-acquisition analysis of fluorescence sig-
nal was performed manually using ImageJ version 1.53c
(57). Bright-field and fluorescence imaging of mouse tissue
sections was carried out in the Axio Observer 7 microscope
with Sample Finder Al (Zeiss) using a 20x /0.8 objective.

Brightfield images of organoids were fed to ImageJ and
processed using the OrgM macro to measure circularity (58)
defined by the formula 4 (area/perimeter?). For analysis
thresholding mode was enable and watershed mode was dis-
abled. Circularity was plotted for each treatment.

Statistical analysis

Statistical difference in organoid circularity obtained by
Imagel, fluorescence signal detected by Flow cytometry,
quantification of immunohistochemistry analysis, relative
expression obtained by RT-qPCR or fluorescence signal
corresponding to IgA levels were calculated using an un-
paired ¢ test in the Prism software version 5.03 (GraphPad).
Bars graphs represent the mean + SEM. The n numbers
are provided in figure legends or in the Materials and meth-
ods section corresponding to each technique. A P-value of
<0.05 was considered statistically significant and P <0.05
was represented by one star (*), P <0.01 was represented
by two stars (**) and P <0.001 was represented by three
stars (¥*%),

RESULTS

Generation of M cell-enriched mouse small intestinal
organoids

In vivo, RANKL is expressed by MAdCAM-1~ mesenchy-
mal cells beneath the FAE, functioning as M cell inducers
by directly interacting with RANK-expressing progenitor
epithelial cells (59,60). To mimic this mechanism in vitro,
organoid culture medium was supplemented with recombi-
nant RANKL for 6 days. Upon treatment, organoids ac-
quired a cyst-like phenotype with wide, expanded villi re-
gions and expression of glycoprotein 2 (GP2) in the apical
membrane of a few cells (Figures 1A and B). GP2 is an en-
docytic receptor for microorganisms and a marker for ma-
ture M cells (9,61). Our mouse small intestinal organoids
carry a GFP reporter cassette at the locus of the leucine-
rich repeat G-protein-coupled receptor (Lgr5) gene (17), a
marker for ISC (62), which allowed us to visualize LGR5*


https://scicrunch.org/resolver/RRID:AB_10598188
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Figure 1. Generation of M cell-enriched mouse small intestinal organoids. (A) Brightfield images of control and M cell-enriched (RANKL-treated)
organoids, next to graphical representation of their cell type composition. Microscope magnification is depicted. Graph shows the quantification of
organoid circularity (AU, arbitrary units) and mean = SEM. Control n = 50 and RANKL 7n = 51. Unpaired t test P < 0.001 is represented by (***).
(B) Nucleus (Hoechst), F-actin (Phalloidin) and GP2 staining and detection of LGRS signal in control and RANKL-treated organoids. Microscope mag-
nification is depicted. On the right, a zoom in image from the RANKL condition is displayed. (C) Representative density plots depict fluorescent intensities
in the FITC (LGRS5) and PE (GP2) channels, detected by flow cytometry. The percentage for each gate population is described. Bar graph represents the
mean £+ SEM of the fold change from at least five differentiation experiments. (D) Heatmap showing the relative change in mRNA expression upon
RANKL treatment compared to control. Known markers of M cells and other intestinal cell lineages are displayed. Rows show Z scores of normalized,
logy-transformed values from significantly changing genes (P,qg; < 0.05). (E) Gene-set enrichment analysis showing in vivo gene signatures of mouse small
intestine cell lineages from Haber et al. (9) enriched in RANKL-treated organoids compared to control organoids (dark grey). Normalized enrichment
score (NES) and padj values are described. Signatures enriched in control compared to RANKL condition (light grey) have a negative NES. (F) Gene-set
enrichment analysis showing gene ontology (GO) terms significantly enriched (P,qg; < 0.05) in control (light grey) and RANKL-treated organoids (dark

grey).

ISC in our organoid cultures. Concomitant to the increase
in GP2 signal, RANKL treatment led to a reduction of
LGRS expression when compared to control organoids
growing in conventional organoid culture medium (Figure
1B). To evaluate the efficiency of M cell enrichment, flow-
cytometry analysis was performed. In control conditions,
the number of ISC and M cells was roughly 20% and <0.1%,
respectively (Figure 1C). Treatment with RANKL achieved
an average 4x increase in the number of M cells consistent
with what is found in vivo (9,63) and an almost 50x decrease
of ISCs (Figure 1C).

In line with these findings, other known markers of M
cells such as Anxa5, Ccl20, Pglyrpl, Marcksll, Ccl6, Gp2,
Tnfaip2, Rac2 and Ccl9 (9,61,64) were significantly upreg-
ulated in the RANKL conditions at a transcriptome level,
while markers of ISC and other intestinal cell types showed

opposite dynamics (Figure 1D). To evaluate whether our in
vitro model recapitulated in vivo tissue, whole-transcriptome
changes induced upon RANKL-treatment were compared
to cell type-specific intestinal signatures generated from a
recently published single-cell survey of the mouse small in-
testine (9). The M cell and the Tuft cell gene signatures were
significantly enriched under RANKL conditions, while the
Paneth cell, ISC and Goblet cell signatures were enriched
in control conditions (Figure 1E). In addition, the M cell-
enriched organoids were significantly enriched for genes in-
volved in immune cell regulation but depleted in those as-
sociated with cell cycle and DNA replication (Figure 1F),
reflecting the physiological role of M cells. Together, these
findings support the use of our in vitro model for the study
of intestinal M cell differentiation with the potential of gen-
erating data of in vivo relevance.



RANKL-induced transcriptional regulation

To investigate the molecular drivers of M cell differentia-
tion, we focussed our next analyses on transcription fac-
tors. A prerequisite for transcription factor-mediated ac-
tivity is an accessible chromatin, which is characterized by
the presence of the H3K27ac modification, which marks
active enhancers and, to a lesser extent, active promot-
ers (65). We used ATAC-sequencing and ChIPmentation
to profile chromatin accessibility and the H3K27ac modi-
fication in the control and RANKL-treated organoid cul-
tures. A total of 55 055 accessible sites were detected in
the RANKL and control sequencing datasets, which were
used to identify genomic locations that undergo a signif-
icant change in H3K27ac levels between both conditions.
At these sites, we identified motifs of 93 and 123 differen-
tially expressed transcription factors (Pag; < 0.05) enriched
in the RANKL and control conditions, respectively (Fig-
ure 2A). Among those enriched in RANKL conditions we
found Relb, Spib and Sox8, known drivers of M cell differ-
entiation (66-68), which further supports an active regula-
tory role for these 216 differentially expressed transcription
factors (Figure 2A).

To obtain cell type-specific transcriptional regulation
profiles across time, single-cell RNA-sequencing analysis
was performed in RANKL-treated organoids harvested at
different time points during treatment. In total, 6636 cells
were grouped into 20 clusters, which expressed markers
from the absorptive or secretory lineages, or markers dis-
tinctive of ISC and daughter transit-amplifying cells (TA)
(Figure 2B, Supplementary Figure S1A and Supplementary
Table S1). Time seemed to separate cell clusters into two
main partitions (Figure 2C). One partition, with cells gen-
erated within the first five days of treatment, included cells
expressing absorptive lineage makers (cluster 12, 13 and 17)
and clusters expressing /d3, a marker for TA cells (cluster
2, 3, 7 and 10). Cluster 12 expressed known M cell mark-
ers such as Anxa5, Pglyrpl, Ccl9, Serpinbla, Rac2 and Spib
(Supplementary Figure S2A and Supplementary Table S1).
The second time partition was constituted by cells originat-
ing from day 6 to day 9 (experimental end point), marked
by the recovery of Lgr5 expression and an increase in the
number of secretory cells in clusters 8, 15 and 19 (Figure 2C
and Supplementary Figure S2B). Mki67, a marker of cell
proliferation, seemed to be evenly distributed between cells
from both partitions. In agreement with this, EQU labelling
on RANKL-treated organoids showed that day 3 M cell-
enriched organoids displayed a high number of LGRS,
proliferative cells (EdU-labelled), whereas day 6 organoids
had proliferative and LGR5* cells solely at crypt bottoms
(Supplementary Figure S2C).

This time-resolved single-cell transcriptome data was
suitable for RNA velocity calculations (43), an analysis in
which spliced and unspliced RNA abundance is used to in-
fer a ‘direction of change’ and predict the future state for
each cell in a two-dimensional space. With the aim of un-
ravelling the mechanisms driving M cell differentiation, we
further narrowed analyses to cell clusters generated within
the first five days of RANKL treatment. RNA velocity re-
sults suggested that day 0 Lgr5*/Mki67* cells (cluster 14)
generated Lgr5~/ Mki67* cells characterised by high Cenb2
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expression (cluster 3) and that these cells turned in time into
non-proliferative Id3* cells (i.e. cluster 2) (Figure 2D and
Supplementary Table S1). This process resembled the gen-
eration of TA cells from ISC observed in vivo (69). Interest-
ingly, a subset of cluster 17 cells, originated on day 1 from
day 0 cluster 13, was shown as a precursor of two cell pop-
ulations, the Anxa5* M cells (cluster 12), and a second cell
population of cluster 17 that expressed Pglyrp2, a marker of
FAE enterocytes (70) (Figure 2D and Supplementary Table
S1). In agreement with these findings, clusters originating
from cluster 13 (hereafter referred to as group of interest 1
or GOI1) displayed transcriptional regulatory units or ‘reg-
ulons’ (71) for the transcription factors NFKB2, RELB,
SPIB and SOXS, well-established drivers of M cell differ-
entiation, and regulons for HNF4G, ZBTB7B, RXRA and
RARA, regulators of the absorptive lineage (12,13,72) (Fig-
ure 2E). In contrast, the group of interest 2 (GOI2) which
originated from cluster 14 presented regulons of transcrip-
tion factors previously associated with cell cycle control and
crypt-villus maintenance such as MYC, E2F1 and E2F3
(73), and TEAD2, TEAD4 and SOX9 which regulate TA
expansion (74,75). A total of 358 regulons supported the
identity of cells from GOI1 and GOI2, from which a mo-
tif for 56 of these transcription factors was found within
an accessible genomic region and significantly enriched by
H3K27ac upon RANKL treatment (P,q; < 0.05) based on
our bulk integrative analysis (Figure 2E, highlighted in red).
Collectively, our bulk and single-cell sequencing data de-
fined the transcriptional and cellular responses to RANKL
treatment in our organoid model and allowed the identi-
fication of a proposed M cell precursor cell population in
cluster 17.

ONECUT?2 signalling in M cell precursor cell population

To predict transcription factor motif activity from single cell
RNA-sequencing data, we designed a novel computational
tool called SCEPIA (Single Cell Epigenome-based Infer-
ence of Activity) (76). By using computationally inferred
epigenomes of single cells, SCEPIA can identify transcrip-
tion factors that determine cellular states. In total, 81 tran-
scription factors showed substantial motif activity within
our single cell dataset. Among these, we found transcrip-
tion factors known for their function in different intestinal
cell types (9) like Pax4 and Neurog3 in cells of Enteroen-
docrine cell identity (cluster 15), Runx! in Tuft cells (clus-
ter 19), or Spib in M cells (cluster 12) (Supplementary Table
S2). From the transcription factors highly expressed within
GOI1 (cluster 6, 12, 13 and 17) Hnf4g, KIf5, Onecut? and
Tcf712 were the top four with the highest positive correla-
tion between transcript expression and motif activity (Fig-
ure 3A and Supplementary Table S2). The hepatocyte nu-
clear factor 4 gamma (HNF4G) is a key driver of entero-
cyte cell differentiation (12,72). The kriippel-like factor 5
(KLF5) is a zinc-finger transcription factor expressed in
both ISC and TA cells (77-79) while the one cut domain
family member 2 (ONECUT?2) transcription factor is de-
creased in LGR5* ISC (80). The transcription factor 7-like
2 (TCF7L2) is a known downstream effector of the WNT
pathway, expressed along the entire crypt-villus axis (81).
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Figure 2. RANKL-induced transcriptional regulation. (A) Heatmap displaying enrichment of transcription factor motifs detected at accessible genomic lo-
cations (ATAC-sequencing data) that display significant dynamics of histone modification H3K27ac (ChIPmentation data, P,gj < 0.05) between RANKL-
treated and control organoids. Only motifs of transcription factors differentially expressed (padj < 0.05) between RANKL-treated and control organoids
from the bulk RNA-sequencing data in Figure 1D are included. Rows show z scores of motif enrichment with a cut-off of >1.64 and «-1.64. (B) UMAP
embedding of single cell transcriptome from RANKL-treated organoids. Each dot represents a single cell. Cell colours represent cluster identity. Next,
highlighted on black the partitions corresponding to cell populations expressing markers of the absorptive or secretory lineages, or markers of intestinal
stem cells (ISC) and transit-amplifying (TA) cells. (C) UMAP embedding overlay showing the harvesting time points during differentiation. Next, normal-
ized and natural log-transformed expression of 1d3, Lgr5 and Mki67. (D) Velocity projections on UMAP embedding coloured as in (B). Below, normalized
and natural log-transformed expression of top markers from cluster 17 (Pglyrp2) and cluster 12 (4nxa5). Velocity projections are shown. (E) Heatmap
showing row z scores of regulon activity (area under the curve scores) averaged per each cell population as analysed by pySCENIC. On red, regulons of

transcription factors for which an active motif was found in (A). Group of interest 1 (GOI1) and 2 (GOI2) are shown.
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Figure 3. ONECUT?2 signalling in M cell precursor cluster. (A) On the left, UMAP embedding overlay showing three partitions, group of interest 1 (GOI1),
2 (GOI2) and 3 (GOI3). On the right, top four transcription factors expressed within GOI1, with the highest positive correlation between transcript
factor expression and motif activity. The logos for the motif of HNF4G (GM.5.0.Nuclear_receptor.0068), KLF5 (GM.5.0.C2H2_ZF.0006), ONECUT2
(GM.5.0.CUT_Homeodomain.0005) and TCF7L2 (GM.5.0.Mixed.0092) are displayed. (B) ONECUT2 ChIPmentation signal and DNA accessibility
(from ATAC sequencing) at shared or RANKL-specific ONECUT?2 binding sites. From ChIPmentation, heatmap shows one representative replicate for
each condition as well as input signal for RANKL and control samples. (C) Gene-regulatory network of Onecut2 drivers predicted by ANANSE. Interaction
scores (arbitrary cut-off >0.83) are depicted. (D) Trajectory plot overlaid with cluster identity of individual cells from RANKUL-treated clusters in GOI1.
Three major branches are shown along the plot. On the right, same trajectory plot with cells ordered along a pseudotime. Below, log;o expression values
of Onecut2 and top genes from each branching point are shown. (E) Co-regulated modules of differentially expressed genes by cells from RANKL-treated
clusters in GOII. The transcription factors predicted by ANANSE as Onecut2 drivers and ONECUT?2 targets, that are differentially expressed (Pygj < 0.05)
by cells from RANKL-treated clusters within GOI1 and defined as pseudotime-dependent genes are highlighted.

All four transcription factors have been shown to be essen-
tial for proper differentiation of the embryonic intestinal
epithelium (77,82-85), but their role in the modulation of
gene expression during M cell differentiation was thus far
unknown.

To define the context for HNF4G-, KLF5-, ONECUT2-
and TCF7L2-mediated transcriptional regulation, a differ-
ential gene-regulatory network was built using ANANSE
(36). Different to our integrative approach, ANANSE takes
into account the transcription factor target gene expres-
sion in addition to transcription factor expression itself and
H3K27ac and chromatin accessibility profiles to build a
differential gene-regulatory network in RANKL over con-
trol conditions. A total of 15371 genes (369 drivers and
15002 target genes) constituted the gene-regulatory net-
works for HNF4G, KLF5, ONECUT2 and TCF7L2 (Sup-
plementary Table S3). Interestingly, upon RANKL treat-

ment, ANANSE identified ONECUT2-binding motifs en-
riched in active regulatory elements of both 7¢f712 and KIf5
(Supplementary Table S3), proposing ONECUT2 as an
upstream regulator of TCF7L2 and KLF5-mediated tran-
scriptional activity.

ONECUT?2 forms part of the cut homeobox family of
transcription factors and in mammals this family also in-
cludes ONECUT1 and ONECUT3 proteins (86-88). These
three proteins have been shown to have a unique as well as
an overlapping transcriptional output (55). To determine
whether the enrichment for the ONECUT2-binding mo-
tifs determined by SCEPIA and ANANSE was specific for
the ONECUT?2 transcription factor, we performed a gene-
set enrichment analysis (GSEA) with signatures unique for
each cut homeobox protein. Only the ONECUT2 gene
signature was shown to be significantly enriched upon
RANKL treatment (Supplementary Figure S2D). Leading-



1288 Nucleic Acids Research, 2023, Vol. 51, No. 3

edge (highly enriched) genes from the ONECUT2-specific
signature encode proteins associated with the epithelial
membrane, as well as transport and metabolism (Supple-
mentary Table S4), in line with previous reports about the
ONECUT?2 signalling in the mouse small intestine (83).

We then performed ChIPmentation using a ONECUT2-
specific antibody. We identified 1008 ONECUT2 binding
sites that were shared among conditions and 7261 ONE-
CUT2 binding sites specific to the RANKL condition
(FDR < 0.05) (Figure 3B and Supplementary Figure S2E).
Only 7 ONECUT?2 binding sites were specific to control
conditions (Supplementary Table S5). Consistent with its
role in transcription regulation, ONECUT2 peaks were
found mostly in accessible genomic regions as determined
by ATAC sequencing (Figure 3B and Supplementary Fig-
ure S2E). Upon RANKL treatment, ONECUT?2 was found
significantly bound (FDR < 0.05) to chromatin regions
upstream of 4370 genes, which included 7Tc¢f712, KIf5 and
Hnf4g and 167/364 ANANSE-predicted ONECUT?2 target
genes (Supplementary Table S5). This result places ONE-
CUT?2 as a master regulator in the GOIl. ANANSE also
identified motifs for 21 transcription factors within One-
cut2 enhancer regions, among which those for RELB and
NFKB2 binding, the latter having the highest predicted
interaction score (Figure 3C). Consistently, Onecut2 was
found part of the regulon of RELB (Supplementary Ta-
ble S6). Heterodimer formation between RELB and the
NFKB2 p52 subunit is known to be required for transcrip-
tional activation of Spib and Sox8 (64), proposing the in-
volvement of the RELB-p52 dimer in the regulation of One-
cut2 expression.

To observe the process of M cell lineage commitment in
more detail, we performed an unsupervised trajectory anal-
ysis in the RANK L-treated cell populations from the GOI1.
Single cells were ordered based on transcriptome expression
and plotted as a function of pseudotime (44). This analy-
sis confirmed the results obtained by RNA velocity, where
a subset of cells from cluster 17 was shown as progenitor
cells in the GOII1 (Figure 3D). The analysis also showed
that KIf5, Spib and Hnf4g, which characterized cluster 6,
12 and the second subset of cells from cluster 17, respec-
tively, are transcription factors expressed in a pseudotime-
dependent manner (Figure 3D). We next investigated how
other genes from the Onecut2 regulatory network organized
along the differentiation trajectories. For this, we included
the ONECUT?2 targets determined by ChIPmentation and
ANANSE-predicted Onecut2 drivers, and only transcrip-
tion factors that were differentially expressed (Pag; < 0.05)
within RANKL-treated cells of the GOII. Including One-
cut2, the expression of 26 transcription factors was found
to be pseudotime-dependent (Supplementary Table S7). To
illustrate their contribution to each pseudotime branch, co-
expressed genes were further grouped into modules that co-
regulate across the cell clusters (Figure 3E and Supplemen-
tary Table S7). Spib, Nfe2ll and Pparg were assigned to
modules of genes expressed at high levels in cluster 12, while
Kif5, 1d2, KIf10, Bhlhe40, Nr3cl, Pten and Isx were part
of modules of genes highly expressed in cluster 6. Creb312,
Creb3I3, Hnf4g and other genes belonging to the ONE-
CUT?2 transcriptional output were assigned to cluster 17
modules. Remarkably, Nfkb2, Relb and Onecut2 shared the

same expression module (Figure 3E and Supplementary Ta-
ble S7), with genes in common upregulated in cluster 17,
supporting the proposed regulatory mechanism of Onecut2
expression by the RELB/p52 axis. Collectively, these analy-
ses showed that precursor cells within cluster 17 give rise to
cluster 12 and a second cell population of cluster 17 which
based on their transcriptome profile correspond to an M
cell and an enterocyte cell population, respectively, and pro-
posed ONECUT?2 as an upstream regulator of this process.

ONECUT?2 restricts M cell lineage specification

To investigate the functional consequences of the ONE-
CUT?2 protein on M cell differentiation, organoid cultures
were treated with the ONECUT?2 inhibitor CSRM617. This
compound was designed to specifically bind to the ONE-
CUT2 homeodomain (HOX), thereby inhibiting DNA
binding and ONECUT2-mediated transcriptional activa-
tion (89). CSRM617 alone had little, if any, effect on the
morphology of organoids when compared to control con-
ditions (Figure 4A). In contrast, addition of CSRM617
to RANKL medium greatly affected the phenotype previ-
ously observed with RANKL treatment, resulting in small-
lumen organoids with angular crypts (Figure 4A). Consis-
tent with the observed phenotype, CSRM617 alone did not
affect much the transcriptome profile, compared to control
conditions (Supplementary Figure S3A). Co-treatment of
RANKL and CSRM617 compared to RANKL alone led
to a significant downregulation (padj < 0.05) of 4317 genes,
which included 1150 ONECUT?2 target genes determined
by ChIPmentation (Figure 4B). Together, these results in-
dicate that ONECUT?2 signalling in mouse small intestinal
organoids is RANKL-dependent.

Given the fact that Onecut2 was shown as a master reg-
ulator of GOII1, we hypothesized that inhibition of ONE-
CUT?2 genomic functions would have a negative effect on M
cell differentiation. Strikingly, however, co-treatment with
CSRM617 and RANKL resulted in an increase in the num-
ber of GP2* cells (Figure 4C). Effectively, co-treatment with
CSRM617 resulted in a significant enrichment of the over-
all M cell signature from our single-cell dataset (Figure 4D).
These results indicated that ONECUT?2 exerts an inhibitory
effect in RANKL-induced M cell differentiation in vitro.

We next assessed the transcriptome profile of RANKL-
treated cell populations from GOI1 in single cells from
organoids co-treated with RANKL and CSRM617 (Sup-
plementary Figure S3B). The transcriptome profile of clus-
ter 17 cells was almost completely lost in the co-treatment
single-cell dataset (Figure 4E), possibly reflecting an ab-
solute induction toward the M cell lineage and support-
ing the role of ONECUT?2 in the maintenance of clus-
ter 17. The co-treatment also resulted in the loss of 147
regulons that were previously identified in RANKL-alone
conditions, 48 of them corresponded to ONECUT?2 tar-
get genes determined by ChIPmentation (Supplementary
Figure S3C, highlighted on red). The lost regulons also in-
cluded transcription factors characteristic of GOI2, a group
of cell clusters largely composed by Mki67*/Lgr5~ prolif-
erative cells (Figures 2C and E, and Supplementary Figures
S2C and S3C). This is in agreement with the loss of the
cystic phenotype that was observed in organoids subjected
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Figure 4. ONECUT?2 restricts M cell lineage specification in vitro. (A) Bright-field images of control organoids or those treated with RANKL, ONECUT2
inhibitor CSRM617 or a combination of both. Microscope magnification is depicted. Below, organoid circularity quantification graph (AU, arbitrary
units) and mean = SEM. Control n = 40, CSRM617 n = 35, RANKL n = 33 and RANKL + CSRM617 n = 70. (B) Heatmap showing the relative
mRNA expression of transcripts upon co-treatment with RANKL and CSRM617, compared to RANKL alone. Rows show z scores of normalized,
logy-transformed values from significantly changing genes (P,qgj < 0.05). (C) Bar graph representing the mean & SEM of at least four differentiation
experiments. Below, density plots depicting fluorescent intensities in FITC (LGRS) and PE (GP2) channels, determined by flow cytometry. Percentage
of gated populations is described. (D) Gene-set enrichment analysis (GSEA) showing RANKL-treated cluster 12-specific gene signature, enriched in
organoids treated as in (A), compared to control. Dotplot graph shows normalized enrichment score (NES, colour) and FDR (size). (E) Label transferring
from RANKL-treated cell clusters within GOI1 to cells co-treated with RANKL and CSRM617. Bar graph (right) shows the fold change (FC) number of
cells with RANKL clusters’ identity (RANKL + CSRM617 over RANKL). (F) GSEA showing the HNF4G- and ONECUT-ChIP signatures, enriched in
organoids growing in EN medium, compared to control medium. NES and padj values are described. (G) Relative mRNA expression of Onecut2, Hnf4g,
KIf5 and KIf6 detected in organoids growing on EN medium alone or with RANKL. (H) Ratio of LGR5" or GP2" cell numbers in organoids growing on
EN medium alone or with RANKL or regular RANKL medium over control, determined by flow cytometry. Bar graph representing the mean + SEM
of three differentiation experiments. For (A), (C), (G) and (H), unpaired ¢ test P <0.05 is represented by (¥), P <0.01 by (**) and P <0.001 by (***). (I)
RANK/RANKL signalling is essential to maintain a proper balance between M cell and enterocyte cell differentiation.
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to co-treatment with RANKL and CSRM617 (Figure 4A)
and stresses a switch in cellular programs, from a balanced
proliferative/differentiated state to an overdriven differen-
tiation program.

The induction of M cell differentiation observed upon
ONECUT?2 inhibition was accompanied by a reduction in
the number of enterocyte cluster 17 cells. Because entero-
cytes and M cells derive from the same precursor cell pop-
ulation, we wondered whether the induction of enterocyte
cell differentiation would then reduce M cell numbers. In
a previous study, we established the culture medium condi-
tions for the enrichment of enterocytes in mouse small in-
testinal organoids, the so-called EN medium (12). Interest-
ingly, the HNF4G but not ONECUT?2 signature was found
significantly upregulated in EN conditions (Figure 4F). Re-
markably, the addition of RANKL to EN medium upregu-
lated the levels of Onecut2, Hnf4g, and ONECUT?2 targets
KIf5 and KIf6 (Figures 4G), and markedly lowered the num-
ber of M cells compared to regular RANKL medium (Fig-
ure 4H). These experiments demonstrated that the ONE-
CUT?2 induction of enterocyte differentiation and inhibi-
tion on M cell lineage specification in vitro is dependent on
the RANK/RANKL signalling axis (Figure 4I).

ONECUT?2 limits M cell number in peyer’s patches

To investigate the physiological relevance of our findings
in vivo, mice were treated with CSRM617 as described in
Supplementary Figure S3D. Because RANKL is naturally
highly expressed within the PP of the small intestine (59,60),
we assessed the protein expression of M cell markers in this
tissue. Reassuringly, treatment with CSRM617 significantly
increased the number of SPIB* and GP2* cells in the PP,
compared to control treatment (Figure SA). In control mice
sections, in line with previous reports (90), nuclear SPIB
was observed mostly in cells from the FAE crypts while
GP2 signal was detected in cells at the top of the PP dome
(Figure 5A). Interestingly, in CSRM617 conditions SPIB*
cells were found localized in both the FAE crypts and the
PP domes. This displacement is possibly caused by the in-
crease in the number of SPIB* cells (Figure 5A). Consis-
tently, treatment induced an upregulation of M cell mark-
ers Spib, Gp2 and Tnfaip2 in the small intestine tissue, all of
which increased in time (Figure 5B). While the expression of
the transcription factor and M cell driver Spib was signifi-
cantly downregulated immediately after termination of the
treatment, mature M cell markers Gp2 and Tnfaip2 (9) re-
mained expressed at levels higher than in control conditions
even after a week of recovery from treatment, likely reflect-
ing the turnover of M cells (Figure 5B). Treatment achieved
downregulation of ONECUT?2-targeted genes KIf5, KIf6,
Hoxb8, Foxn3 and Tfcp2ll, similar to the effect observed
in organoids (Figure 5C). ONECUT?2 inhibition also led to
a reduction in the levels of Hnf4g (Figure 5C) but did not af-
fect the transcript levels of markers from other cell types in
the small intestine such as Dclkl (Tuft), Defa24 (Paneth) or
Reg4 (Enteroendocrine) (Supplementary Figure S3E), reit-
erating on the RANKL-dependent role of ONECUT2 to
cells of the absorptive lineage.

The organized lymphoid follicles underlying the PP are
the main source of secretory IgA (SIgA) (7), the body’s first

line of defence in response to toxins and bacterial and vi-
ral infections (91). The unique ability of M cells to take up
and transport antigens from the intestinal lumen to the un-
derlying lymphoid tissue is the first step in the production
of SIgA by IgA* B cells (92,93). Changes in the levels of
SIgA directly reflect variations in M cell numbers and their
transcytosis and antigen-presenting capabilities (15,93-95).
ELISA experiments for targeted detection of mouse IgA in
faecal samples of mice treated with CSRM617 showed a
time-dependent increase in the levels of SIgA, when com-
pared to control samples (Figure 5SD). SIgA levels dropped
again a week after receiving control treatment (Figure 5D),
consistent with the expression levels of M cell markers dis-
cussed above. SIgA levels also correlated with the expres-
sion of Ccr9 and Irgh7, markers of IgA™ B cells (96) (Fig-
ure 5E). The weight of mice treated with CSRM617 was
comparable to that of littermate controls and no differ-
ence was observed between genders (Supplementary Figure
S3F). Based on these observations, we conclude that ONE-
CUT?2 restricts the M cell number in the PP, indirectly reg-
ulating B cell functions and SIgA production.

DISCUSSION

In this study, we used multiple omics platforms and diverse
computational tools to define the molecular landscape of M
cell-enriched mouse small intestinal organoids in an unbi-
ased, comprehensive manner. By combining the strengths
of bulk sequencing methods (e.g. small input material, se-
quencing depth) and single-cell approaches (e.g. character-
isation of small populations, trajectory inference tools) to
generate time-resolved data, we untangled complex gene-
regulatory networks that contribute to the M cell lineage
specification.

Our integrative approach revealed that ONECUT?2 acts
as a negative regulator of M cell differentiation in vitro
and in vivo, by supporting enterocyte differentiation in a
RANKL-dependent manner. Under RANKL conditions,
blockage of ONECUT2-mediated transcriptional activity
led to an increase in the number of M cells (Spib*, Anxa5*,
Rac2*) and a decrease in the enterocytes cell population
(Hnf4g*, Pglyrp2*, Alpi*). A low M cell number has been
proposed to be needed for the maintenance of proper in-
testinal barrier function and to prevent an over-reactive im-
mune response (97), and regulating ONECUT?2 expression
could be one of the mechanisms ensuring this balance. The
elevated expression of IgA™ B cell markers and high levels of
intestinal SIgA we observed in vivo upon ONECUT?2 inhi-
bition supports this hypothesis. Moreover, the expression of
KIf5, a transcription factor predicted to be target of ONE-
CUT?2 has been shown to protect mice against murine col-
itis by activating the JAK-STAT signalling pathway (98).
On the other hand, too low M cell numbers also compro-
mise the mucosal immune response. The density of mature
M cells in the FAE of aged mice is significantly lower than in
young mice (99). Consequently, aged mice PP are deficient
in their ability to promote transcytosis of luminal antigen
particles across the FAE and to recruit B cells to subepithe-
lial domes (99). Based on its capacity to induce M cell differ-
entiation, CSRM617 could be used to revert the age-related
decline in mucosal immune response.
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Figure 5. ONECUT?2 regulates M cell number and mucosal immunity in vivo. (A) Immunohistochemistry analysis for GP2 and SPIB protein expression
in Peyer’s patches of small intestine sections from mice treated with PBS control or CSRM617 for 14 days. Nuclear counterstaining with hematoxylin
(bright field) or DAPI (fluorescence) is shown. Scale bars are annotated. Dotted rectangles show amplified areas. Yellow arrow heads show GP2* cells
and red arrow heads mark autofluorescence signal. Quantification of SPIB* cells from n = 6 Peyer’s patches sections from mice treated as in (A). (B)
RT-qPCR analysis showing relative mRNA expression of M cell markers Spib, Gp2 and Tnfaip2 in small intestine sections from mice treated as described
in Supplementary Figure S3D. Unpaired ¢ test P <0.05 is represented by (*) and P <0.01 by (**). (C) Relative mRNA expression of ONECUT2-targeted
genes KIf5, Kif6, Hoxb8, Foxn3, Tfcp2ll and Hnf4g detected in tissue described in (B). Unpaired 7 test P <0.05 is represented by (*), P <0.01 by (**) and
P <0.001 by (***). (D) Secretory IgA (SIgA) levels in faecal samples from mice treated as described in (B). Unpaired ¢ test P <0.05 is represented by (*).
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Since their discovery in 1974 (100), there have been many
questions regarding the mechanisms supporting and re-
stricting M cell differentiation in the small intestine (101).
The establishment of the key role that RANK/RANKL sig-
nalling plays in M cell differentiation has allowed the devel-
opment of in vitro and in vivo models that have helped us an-
swering some of these questions. The RANKL-dependent
ONECUT?2 signalling we described provide the first insight
into the mechanisms that negatively regulate M cell differ-
entiation in the small intestine. Single-cell RNA sequenc-
ing analysis in RANKL-treated small intestinal organoids
showed us that at a transcriptome level M cells share a lot of
similarities with enterocytes, similarities that separate these
two cell types from cells of the secretory lineage. This is
consistent with the transcriptome profiles observed in the
FAE of the mouse small intestine (9) and supports the com-
monly accepted theory that enterocytes and M cells have a
common precursor. Our study represents the first piece of
evidence showing that upon RANKL stimulation both cell
types originate from a common progenitor cell population.

Onecut2 was one of the transcription factors with the
highest expression and motif activity in the cell popula-
tion precursor for M cells and enterocytes. Expression of
Onecut2 was correlated with that of Nfkb2 and Relb, tran-
scription factors responsible for transcriptional activation
of Spib and Sox8 (64) and which expression in the small in-
testine are restricted to follicle-associated crypts (102). Mo-
tifs for both NFKB2 and RELB were found within Onecut2
enhancers, supporting a potential role for RELB-p52 dimer
in the transcriptional regulation of Onecut?2.

We have created a new computational tool we named
SCEPIA (76) and validated it for its capacity to predict
transcription factor motif activity from single cell RNA-
sequencing data, to identify those transcription factors, like
ONECUT?2, that are determinant of cellular states. Like-
wise, we have generated several resource datasets that can be
used to perform different analyses, for instance, to uncover
additional regulatory axes underlying RANKL signalling,
or as reference datasets of the chromatin remodelling and
transcriptional responses to ONECUT2-transcription fac-
tor activity. In human and mouse, ONECUT?2 is highly ex-
pressed in the liver, pancreas, small intestine and the ner-
vous system. In addition, ONECUT?2 expression is signifi-
cantly associated with poor clinical outcome in diverse type
of cancers such as prostate, breast, gastric, colon, clear cell
renal, brain, and lung cancer (89). The systemic adminis-
tration of the ONECUT2 inhibitor CSRM617 in mice, de-
scribed in this study, generated tissue resources that can be
used to study the many diverse roles of the ONECUT2 in
different tissues and in the context of health and disease.

Limitations of study

Mouse small intestinal organoids are a powerful and ver-
satile in vitro model, which resembles the in vivo intesti-
nal epithelium at a cellular, molecular and functional level,
thereby facilitating the study of complex biological pro-
cesses such as stem cell renewal and cell differentiation.
Though organoids typically consist of several distinct ep-
ithelial cell types, these cultures lack other non-epithelial

cells (i.e. stromal, mesenchymal or immune cells), which
represent a source of factors that can be important for the
cellular maturation and/or differentiation of epithelial cells.
For M cells, beside MAdCAM-1~— mesenchymal cells, which
express RANKL, lympho-epithelial cell interactions such
as those with B cells have been shown to play a role in the
induction of M cell differentiation (103,104). In addition, it
has been shown that M cell differentiation can be induced
in response to external stimuli such as a pathogen infec-
tion (102) but incorporating all these factors in a culture
with organoids can be challenging. Thus, it remains to be
answered whether pathogen-induced signalling would over-
rule inhibitory M cell differentiation signals such as those
mediated by ONECUT?2, uncovered in this study.

CONCLUSIONS

In this study, we have shown that the ONECUT2 tran-
scription factor acts downstream of RANK/RANKL sig-
nalling to orchestrate enterocyte and M cell lineage specifi-
cation in vitro and in vivo. Our perturbation studies demon-
strated that ONECUT?2 in fact restricts M cell differentia-
tion within the FAE which has an impact in mucosal im-
munity as the levels of SIgA, the body’s first line immune
defence, is a direct consequence of M cell function.

While the focus of this study resulted in the discovery of
a transcription factor as a regulator of intestinal enterocyte
and M cell differentiation, the computational workflows de-
scribed here can serve as an outline for future endeavours
aimed at deciphering gene expression regulation of stem cell
fate and differentiation in the intestine and other multicel-
lular tissues. Over the last years, different computational
tools have been designed to model complex gene-regulatory
networks and to facilitate the integration of multiple data
types (i.e. transcriptome, genome) of different resolutions
(i.e. bulk, single-cell). Though each tool is informative on
its own, we found that the integration of all these was es-
sential for the elaboration of the conclusions presented in
this study.
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