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expressed in the RNAseq data, the interaction is possible.
Furthermore, to filter for the interactions of prime interest,
only nodes which were differentially expressed and their asso-
ciated interactors were included in the regulatory networks.

Cluster analysis

Clusters of highly interconnected regions within the PCeE and
GCeE regulatory networks were identified using the MCODE
plugin within Cytoscape.37,121 Default settings were applied:
degree cutoff = 2, haircut = true, node score cutoff = 0.2, k-core = 2
and max depth = 100. Clusters were visualised in Cytoscape.

The nodes of each cluster were tested for functional enrich-
ment (hypergeometric model, q value r 0.05) based on Reactome
annotations using the ReactomePA R package38,107–109 following
conversion from mouse to human identifiers using Inparanoid
(v8).110,111 Cases where the number of nodes associated with a
pathway o5 were considered not significant regardless of the
q value. The top 5 significant Reactome pathways associated with
each cluster were visualised using a heatplot generated in
R (Fig. 3B). More than 5 pathways were visualised, where multiple
Reactome pathways had equal q values.

Master regulator analysis

To identify potential master regulators of the Paneth cell and
the goblet cell types, the upstream regulators of cell type
specific markers (from ref. 12) were investigated. To do this,
all markers were mapped to the relevant networks then subnet-
works were extracted consisting of markers and their regulators
(Table S7, ESI†).

Regulatory rewiring analysis

To calculate rewiring scores for regulators, sub-networks were
extracted (from the PCeE and GCeE regulatory networks)
containing just the regulator of interest and its downstream
targets. For each regulator of interest, the subnetworks
from the PCeE and GCeE networks were compared using the
Cytoscape app DyNet.121,122 The degree corrected Dn score was
extracted for each regulator and used to quantify rewiring of the
regulator’s downstream targets between the PCeE and GCeE
regulatory networks. Functional analysis was carried out on the
targets of the top five most rewired regulators. For each
regulator, the targets were classified based on whether they
are present in only the PCeE network, only the GCeE network or
in both networks. Each group of targets was tested for func-
tional enrichment (hypergeometric model, q value r 0.1) based
on Reactome and KEGG annotations using the ReactomePA R
package38,107–109 following conversion from mouse to human
identifiers using Inparanoid (v8).110,111

IBD and drug target associated genes

Genes associated with UC and CD based on single nucleotide
polymorphisms were obtained from two studies.67,68 Additionally,
the top 100 differentially expressed genes were obtained from
goblet cell analysis of inflamed UC vs. healthy human colonic
tissue from ref. 13. Genes were converted to Mouse Ensembl
identifiers using Inparanoid (v8) and bioDBnet db2db.110–112

Additionally, to enable hypergeometric significant testing with
the universal network as the background, only UC and CD
genes present in the universal network are included in the
analyses. eQTL datasets for CD were retrieved from ref. 69 while
the list of targets related to drug-interactions was downloaded
from ref. 123.

Quantification and statistical analysis

Statistical parameters including the exact value of n and
statistical significance are reported in the figures and figure
legends. n represents the number of enteroid biological
replicates generated. Where relevant, data is judged to be
statistically significant when Bonferroni corrected p value
r0.01. Genes with absolute log2 fold change of Z|1| and false
discovery rate r0.05 were considered to be differentially
expressed. Based on principal component analysis of transcript
expression, one biological replicate from the Paneth cell
enriched enteroids was identified as an outlier and removed
(Fig. S3, ESI†). Where stated, the hypergeometric distribution
model was used to calculate significance using R.

Data and software availability

Small and stranded RNA-seq data has been deposited in the
European Nucleotide Archive (ENA) with accession numbers
PRJEB32354 and PRJEB32366 respectively. Scripts to analyse the
differentially expressed genes are available on GitHub: https://
github.com/korcsmarosgroup/organoid_regulatory_networks.
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