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Fig. S1. Expression and BMP-dependency of EEC hormones and proteases

(A) UMAP showing clustering of different EEC populations derived from organoid cultures based
on previously performed single-cell RNA-sequencing (1).

(B) Feature map showing normalized transcript levels of selected markers on dataset from (A).

(C) Overlay of brightfield and fluorescent image from PCSK1mNeon grganoids in culture. PCSK1-
neon positive cells are strongly increased upon differentiation.

(D) Graphs depicting hormone expression revealed by bulk RNA-sequencing of EEC-
differentiated organoids in the presence and absence of BMPs.

(E) NPW and ID1 expression plotted from a previously published single cell RNA-sequencing
atlas of the gut epithelium (2). Cells expressing the highest levels of NPW (an artificial cut-off of 4
transcripts indicated by red line) are ID1-positive.

(F) Fluorescent in situ hybridization (RNAscope) showing low expression of PCSK2 in GCG- and
NTS-expressing cells in the human small intestinal epithelium.

(G) gPCR analysis on sorted NTS-producing cells in the presence and absence of BMP. BMP
stimulates the production of PCSK2. Expression was undetectable in absence of BMP (N.D: non-
detectable). Experiment was performed n=2 independent experiments, and Ct values are
average of technical replicate. Data is depicted as ACt compared to GAPDH.
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Fig. S2. Biobank of protease mutant organoids

(A) Brightfield images of expanding and differentiated organoids harboring different protease
mutations. Scale bars are 500 ym.

(B) Zoom-in brightfield image of PCSK1/PCSK2 double mutant organoids. Scale bar is 125 ym.
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Fig. S3. Extracted MS1 isotopic distributions for glucagon peptide in BMP-treated samples

MS1 isotopic distributions are extracted from raw files based on manual inspection using Skyline.
The precursor ion (m/z = 871.1612, z = 4) as well as isotopes M+1 to M+4 are plotted. Retention
time, similarity to the theoretical ion isotopic distribution (idotp) and low mass error are taken into

consideration to determine the ion’s presence or absence.
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Fig. S4. Annotated MS2 spectra for glucagon measured by PRM-MS

Measured MS2 spectrum of the glucagon peptide acquired at a 240k resolution. Only the
precursor peak, b-ions and y-ions are used to visualize the spectrum using a 10ppm cut-off. The
spectrum shows almost complete fragment annotation of the glucagon peptide with 26 out of 28
fragmented bonds found. Only the highest intensity peaks are labeled in the MS2 spectrum.
Spectrum quality was visually assessed and statistically validated using a g-value calculated
using a target-decoy strategy, which confirmed glucagon peptide identification.
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Fig. S5. LC-MS/MS traces of glucagon and active GLP-1 peptides as measured by PRM-MS
in BMP-treated and -untreated bulk wildtype organoids

(A) MS1 and MS2 traces for bioactive glucagon, GLP-1 (7-37) and amidated GLP-1 (7-36) as
measured by PRM-MS in BMP-treated and BMP-untreated bulk wildtype organoids. The
precursor ion (m/z = 871.1612, z = 4) as well as isotopes M+1 to M+4 are displayed for MS1, and



all matching transitions are displayed for MS2. Mass error, in parts per million (ppm), and
retention time are shown on top of the peaks.

(B) The GLP-1:glucagon ratio of peak area is displayed for BMP-treated and BMP-untreated bulk
wildtype organoids. The total peak area for GLP-1 is calculated by averaging GLP-1 (7-37) and
GLP-1 (7-36)a areas.
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Fig. S6. Extracellular substrate specificity of EEC exopeptidases

(A) Significantly changing hormone-derived peptides in response to CPE knockout (CPE*) when
compared to wildtype organoids. Bulk and a clonal wildtype line and two CPE clones were
included. Three technical replicates were measured for all samples.

(B) Sequence logo of the C-termini of peptides accumulating in response to CPE knockout (CPE"
-enriched) extracellularly, and peptides accumulating in wildtype (wt-enriched) extracellularly.
Lysine (K) and arginine (R) are highlighted in red.

(C) Pie chart indicating the substrate repertoire of peptides accumulating in CPE knockouts
extracellularly.

(D) Significantly changing hormone-derived peptides in response to DPP4 knockout (DPP4-)
when compared to wildtype organoids. Bulk and a clonal wildtype line and two DPP4--clones
were included. Three technical replicates were measured for all samples.

(E) Sequence logo of the C-termini of peptides accumulating in response to DPP4 knockout
(DPP4+-enriched) extracellularly, and peptides accumulating in wildtype (wt-enriched)
extracellularly. Lysine (K) and arginine (R) are highlighted in red.

(F) Pie chart indicating the substrate repertoire of peptides accumulating in DPP4 knockouts
extracellularly.
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Fig. S7. Raw abundance profiles and statistical significance of prohormones and their
derived peptides.

(A) Related to Figure 3A. Raw, log2 transformed, LC-MS/MS abundance profiles of the diverse
prohormones measured in the intracellular peptidome of wildtype (wt) and mutant organoids.
Concentration of measured peptides was higher in the parental, non-clonal organoid (‘Bulk’)
compared to clonal lines due to higher differentiation efficiency. Samples where the prohormone
was not detected (n.d.) are displayed in gray. BMP-untreated (-) is shown in blue and BMP-
treated (+) is shown in red. The Student's T-test p-values for relevant comparisons are displayed
on the table underneath for each prohormone. For comparisons with less than 2 measurements,
p-values are not calculated and a “-” is shown.

(B) Related to Figure 3B. Raw, log2 transformed, LC-MS/MS abundance profiles of the bioactive
peptides derived from proglucagon. For amidated peptides, an “a” is annotated after the peptide
name. Samples where the peptide was not detected (n.d.) are displayed in gray. BMP-untreated
() is shown in blue and BMP-treated (+) is shown in red. The Student's T-test p-values for
relevant comparisons are displayed on the table underneath for each peptide. For comparisons

with less than 2 measurements, p-values are not calculated and a “-” is shown.

11



A Genetically engineered EEC-enriched organoid models
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Fig. S8. Genetically engineered organoids to model prohormone processing

(A) Overview of genetically engineered protease mutants generated in this study. Organoids
were cultured with or without BMP. Intracellular peptides were collected and analyzed by mass
spectrometry. Comparison of measured peptides across conditions allows for precise mapping of
BMP- and protease targets simultaneously over multiple prohormones.

(B) Model on proglucagon processing in the intestinal epithelium. L-cells downregulate
Preproglucagon messenger along the crypt-villus axis, under influence of non-epithelial signals
including BMPs. Additionally, BMP can stimulate increased processing of Proglucagon
prohormone to glucagon instead of GLP-1.
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Table 1 Overview of protease mutant organoids
All clones included are homozygous frameshift mutations, or homozygous base edits without off-
target. For PCSK2-R430W, only one correctly edited heterozygous clone was generated.

Gene Clone number Allele 1 Allele 2
CpPB1 8 Minl13 Minl13
11 Plus 1 Plus 5
15 Minl Minl16
CPE 4 Minl7 Minl7
8 Min8 Minl16
11 Minl Minl
12 Plus 1 Min 1
DPP4 1 Plus 1 Plus 1
2 Plus 1 Plus 1
3 Plus 1 Plus 1
4 Plus 1 Plus 1
5 Plus 1 Min2
6 Plus 1 Plus 1
7 Plus 1 Plus 1
8 Plus 1 Plus 1
9 Plus 1 Plus 1
10 Plus 1 Plus 1
11 Plus 1 Plus 1
12 Plus 1 Plus 1
PCSKI1N 1 Min 51
2 Plus 1
5 Plus 1
PCSK1 1 Min 2 Min 2
3 Min 23 Min 23
5 Min 14 Min 14
7 Plus 13 Min 14
PCSK2 1 Plus 1 Plus 2
9 Plus 1 Plus 1
11 Plus 1 Min 23
15 Plus 1 Plus 1
PCSK2 (in PCSK1 clone 1) 2 Plus 1 Min 17
7 Min 1 Plus 1
11 Plus 1 Min 16
PCSK1 S357G 3 S357G S357G
9 S357G S357G
PCSK2 R430W 15 R430W WT
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Table 2 Oligos used in this study

Genotyping primers
*Indicates if PCR primer was used as sequencing primer

PCSK1KO_FW_PCR* ACATCCGCCTGTGGTTTAGAG
PCSK1KO_REV_PCR CAAAAGGCGTTGTAGCTGAGTG
PCSK2KO_FW_PCR cagggagggtttcctgCAAT
PCSK2KO_REV_PCR* GGCCATCATGCCCAGTATCT
PCSKINKO_FW_PCR ACGGACGCTGACAAACTCTT
PCSKINKO_REV_PCR GGTAAGCAGGCTTCCCAGTT
PCSKINKO_SEQ TTCCCCCACCTCATTTTCCC
CBP1KO_FW_PCR GAGGTTTGGGCTGTGGAAGA
CPB1KO_REV_PCR GGTAAATAGCGCGTCCCTCA
CPB1KO_SEQ CTCTGGAGCAGCTGAAGGTC
CPEKO_FW_PCR CTGACACTCATTCAGCCGGG
CPEKO_REV_PCR ccaccagtcccaccctct

CPEKO_SEQ CCTTACCAGGCTCATGGACG
PCSK1_S357G_FW_PCR CACACATGTAGTCGTTGGGGA
PCSK1_S357G_REV_PCR TTAGGGGAGACAGGGGAAGG
PCSK1_S357G_SEQ TGCCAGCCTTTCAAGTGAGT
PCSK2_R430W_FW_PCR TACAAGAGGTCTGTGTCCTGAGTAA
PCSK2_R430W_REV_PCR CAGCAGAGGGACCACTACCC
PCSK2_R430W_SEQ TCACCCTGCCTTTTGCCC

qPCR primers

GCG Forward ACATTGCCAAACGTCACGATG
GCG Reverse TCTGCGGCCAAGTTCTTCAA
NTS Forward TGCTTTAGATGGCTTTAGCTTGG
NTS Reverse TTCCTGGATTAACTCCCAGTGT
PCSK1 Forward CTGGATGGCATTGTGACGGAT
PCSK1 Reverse GCCCCAGCTTGCACTGTAAA
PCSK2 Forward GGGAAAGGTGTTACCATTGGAA
PCSK2 Reverse CCAGTCATCTGTGTACCGAGG
CPB1 Forward CCAGCACGACCCAGATTGAC
CPB1 Reverse AACCCGGCTATCAAACTGAGC
GAPDH Forward GGAGCGAGATCCCTCCAAAAT
GAPDH Reverse GGCTGTTGTCATACTTCTCATGG

14



Table 3 PRM inclusion list

Name Compound m/z z
Oxyntomodulin HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA (light) 742.2011
GLP-1(1-36a)  HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGR[-0.984016] (light) 822.8079
GLP-1(7-36a) HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR[-0.984016] (light) 824.9229
GLP-1(1-37) HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG (light) 834.409
GLP-1(7-37) HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG (light) 839.4243
GRPP RSLQDTEEKSRSFSASQADPLSDPDQMNED (light) 846.6287
Glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT (light) 871.1612
GLP-2 HADGSFSDEMNTILDNLAARDFINWLIQTKITD (light) 941.9611

Dataset S1 Normalized transcript count of control and BMP-treated, EEC-differentiated
organoids.

Dataset S2 Differentially expressed genes between BMP-treated and -untreated EEC-
differentiated organoids.

Dataset S3 Hormone-derived peptides accumulating or decreasing in CPE-/-, CPB1-/- and
DPP4-/- organoids when compared to wildtypes
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