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In brief

Mutational signatures of a panel of
environmental carcinogens were
determined in organoids derived from five
different human tissues through duplex
sequencing. Similarities with several
signatures in human tumors were
observed and the approach provides a
basis for further investigating the
environmental origins of human cancer.
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SUMMARY

Environmental exposures play a pivotal role in carcinogenesis, yet their molecular imprints in human tis-
sues remain incompletely understood. Here, we present an extensive catalog of mutational signatures
induced by a panel of environmental carcinogens using human tissue-derived organoids coupled with
high-fidelity duplex sequencing (NanoSeq). This unique combination enables direct detection of mutations
without clonal expansion and reveals consistent carcinogen-specific signatures across multiple organ
types (i.e., colon, stomach, liver, kidney, and pancreas). We identify mutational signatures for agents
such as benzo[alpyrene, aflatoxin B, aristolochic acid I, and alkylating agents, some of which show strong
concordance with known tumor signatures (e.g., SBS4, SBS11, SBS22, and SBS24) and previous experi-
mentally-derived signatures. Our findings validate organoid models as physiologically relevant platforms
for chemical mutagenesis and provide a foundational resource for decoding the environmental origins of
human cancer.

INTRODUCTION passengers at sites in the genome that do not result in

any phenotypic change, but which, nevertheless, can collec-

With the advent of massively parallel (whole genome) DNA
sequencing, it has become clear that human tumors possess
thousands of mutations that have accumulated during their
evolution and growth. The Pan-Cancer Analysis of Whole
Genomes (PCAWG) Consortium of the International Cancer
Genome Consortium (ICGC) and The Cancer Genome Atlas
(TCGA) have characterized more than 85 million mutations
in around 23,000 human tumors from multiple cancer types.’
Some of these mutations are drivers occurring in key genes
involved in oncogenic processes, while many others are
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tively give clues to the processes that have caused
them. These may be the consequence of endogenous pro-
cesses, such as errors in DNA replication and defects in
DNA repair, or they may be caused by exposure to endog-
enous or exogenous mutagens.”™ Using various algorithms,
mutational events have been extracted from the raw
sequencing data that reveal specific patterns, termed muta-
tional signatures.®

The Catalogue of Somatic Mutations in Cancer (COSMIC)®
and the Signal database’ currently describe signatures for four
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different mutation classes: single base substitutions (SBSs), pre-
sented in 96 contexts by considering the mutated base and the
bases immediately 5’ and 3’; double base substitutions (DBSs),
for which there are 78 strand-agnostic types; signatures
comprising insertions and deletions (indels), categorized into
83 subclasses; and copy-number (CN) variation signatures,
incorporating loss-of-heterozygosity status, total CN state, and
segment length.

Of the 67 COSMIC SBS signatures from human cancer,
around one-third are attributed to endogenous processes,
another one-third are attributed to exogenous influences,
and the remaining one-third are currently of unknown etiology.
Similarly, of the 19 extracted DBS signatures, four are attrib-
uted to endogenous processes, four to environmental agents,
and 11 have unidentified origins. Of the 23 indel signatures, six
are attributed to endogenous processes, four to exogenous
agents, and the remaining nine are of unknown etiology.®

Itis important to generate mutational signatures in experimental
systems to verify the assignments of signatures observed in hu-
man tumors and to investigate the origins of the many signatures
not yet identified.>® Signatures derived from systems that include
C. elegans nematodes, S. cerevisiae yeast, mammalian primary
cells, and immortalized cell lines* are also found in the
COSMIC® and Signal” databases. We have previously treated
mouse embryo fibroblasts® and human induced pluripotent
stem cells (hiPSCs)® with environmental carcinogens and chemo-
therapeutic agents and have had some success in replicating
COSMIC cancer signatures. We have now sought to use more
physiologically relevant cell culture systems by using human tis-
sue organoids.'® These three-dimensional structures can be
derived from normal tissues and retain some of the architecture
and functions of the organs from which they are derived, thereby
affording the opportunity to observe the effects of carcinogens in
both their target and non-target organs. Organoids enable long-
term propagation of normal cells in culture, making them an
attractive model system to examine mutational signatures in hu-
man cells experimentally.

In the present study, we determined the mutational signa-
tures of four environmental carcinogens, aristolochic acid |
(AAl), benzolalpyrene (BaP), 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine (PhIP), and aflatoxin B4 (AFB4) in organoids
derived from five different human tissues, namely stomach, co-
lon, kidney, pancreas, and liver tissues. We investigated an
additional 13 environmental carcinogens in two gastric orga-
noid lines. These additional carcinogens can damage DNA in
different ways and all but one were formerly tested in
hiPSCs; some of these agents induced mutational signatures
in hiPSCs (e.g., ethylnitrosourea [ENU] and potassium bromate
[KBrOgz]) and some did not (e.g., acetaldehyde and o-toluidine
[o-TOL)).° Only methylazoxymethanol acetate (MAM) was
not previously tested. Previously, we used whole genome
sequencing to determine carcinogen-induced signatures in
cell-based models, which required subcloning after treatment
to identify mutations.”° Here, we have bypassed this restriction
by utilizing NanoSeq,"’ an error-corrected next-generation
sequencing (ecNGS) method, enabling the detection of muta-
tions in nonclonal samples and facilitating the extraction of
mutational signatures more rapidly and efficiently than hitherto.
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RESULTS

Organoid growth and treatment

Characterization of organoid models

To examine the mutational signatures of carcinogens in normal
human cells, we used organoids derived from several different
tissues that are susceptible to carcinogenesis: stomach, colon,
kidney, pancreas, and liver (Figure 1A). Organoids from these tis-
sues have been shown to contain a self-renewing stem cell pop-
ulation as well as tissue-specific cell types, as characterized pre-
viously (Table S1). Two donor lines each for stomach, colon, and
kidney and one donor line each for pancreas and liver were
included in the study. We confirmed that each organoid model
was karyotypically normal using multiplex fluorescence in situ
hybridization (M-FISH) (Table S5; Figure S1), except for the kid-
ney line JD021, which carried a small translocation (1;9) in 1 out
of 20 cells, and the colon line SC311, which exhibited tetraploidy
in 1 out of 50 cells.

Organoid treatment for mutagenesis

To standardize the treatment regimen for mutation induction,
two concentrations of each carcinogen of interest were selected
for each organoid model, one close to the ICsg and one close to
the 1C;s, where possible (Figure 1B). Organoids were also
treated with a range of solvent controls that matched the condi-
tions used in the carcinogen treatments (including 0.1%-1%
DMSO, 0.5 mM acetic acid, 2% ultrapure water, and culture me-
dia alone). Organoids were treated with carcinogens or solvent
controls for up to 48 h and then expanded for 7-10 days to allow
mutation fixation prior to NanoSeq (Figure 1D).

Mutagenesis by four carcinogens in different tissue
organoids

To assess and compare mutagenesis in the eight different orga-
noid models, we treated them with four well-studied environ-
mental carcinogens: AAl; BaP; PhIP or its reactive metabolite
N-hydroxy-2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(N-OH-PhIP); and AFB, (Figure 1B).

Cytotoxicity of carcinogens across the organoid models
To identify suitable concentrations for mutagenesis, organoid
cell viability was measured after carcinogen treatment (Figure
S2A; Table S6). Each of these chemicals requires metabolic acti-
vation to reactive intermediates that form promutagenic DNA ad-
ducts. These adducts can be cytotoxic if, for example, they block
DNA replication or transcription or generate strand breaks during
DNA repair.

Sensitivity to AAl and AFB; varied widely between tissue
types. Colon was the most sensitive to both AAI and AFB, (AAI
ICs0 = 0.2-0.3 pM; AFB4 IC5¢ = 0.7-2.9 pM), while kidney was
the least sensitive (AAl ICsq = 147.7-148.0 pM; AFB4 ICsq =
55.8-64.7 pM). Kidney was also the least sensitive to BaP treat-
ment (BaP 1C5o > 50.0 pM). When gastric and colon organoids
were treated with PhIP (up to 250 uM), limited toxicity was
observed (48%-85% viability at 250 uM). We, therefore, tested
PhIP again (in gastric and colon organoids only) with rat liver
S9 mix. The addition of S9 mix increased the toxicity of PhIP
(gastric ICsg = 18.7-54.3 pM; colon ICsg = 12.9 uM) and led to
a concomitant induction of DNA damage response markers
(phospho-CHK2, phospho-p53, yH2A.X, and p21), suggesting
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A
[Tissue [Donor Line |Age (years) [Gender
. D88 76 Male
/ [Stomach/ Gastric
4 D95 69 Male
g [Sigmoid colon SC311 i Male
Il
9 SC351 11 Female
. D021 3 Female
Kidney; cortex
) X JD050 4 Female
normal tissue-derived n - | 5 |
organoids ancreas; ductal 39 58 Male
Liver; ductal, undifferentiated |D4 44 Female
B For mutation induction: [uM]
Group Carcinogen Gastric D88 | Gastric D95 | Colon SC311 | Colon SC351 |Kidney JD021|Kidney JD050| Liver D4 [Pancreas D39
Mycotoxin IAflatoxin B1 (AFB1) 375,75 6.25,12.5 1.25,25 0.5,1 125,25 125,25 15, 20 225,45
Phytochemical Aristolochic acid | (AAI) 3.13,6.25 25,375 0.25,1 0.25,0.5 50, 100 50, 100 50, 75 50,75
Polycyclicaromatic |5\ oo\ rene (BaP) 25,50 12.5,25 12.5,25 12.5,20 25,50 125,25 | 25,50 | 6.25,12.5
hydrocarbon
Hetercyclic aromatic [ Ydroxyamino-1-methyl-6-
L mine i/metabolite) phenyl-imidazo(4,5-b)pyridine 15,17.5 3.75,5 20, 30 15, 20 5,6 3.75,5 N/S 25,5
N-OH-PhIP)
Hetercyclic aromatic R-Amino-1-methyl-6-phenyl-
L mine midazo(4,5-b)pyridine (PhiP) N/S 250.00 187.5, 250 187.5, 250 N/S N/S N/S N/S
;;’;;CVC"C aromatic byip g9 375,50 | 17520 | 125,50 125,50 NS NS NS NS
c For mutation induction: [uM] D i ici
M Carcinogen treatment Assess cytotoxicity
IGroup IAgent Gastric D88 | Gastric D95 i:’
Alkylating agent [1,2-Dimethylhydrazine (12DMH) 20000.00 10000, 20000 ¢ —} § :
z a
Alkylating agent 12DMH +S9 15000, 17500 | 12500, 15000 i,
-S9 mix: 48 h LM S T A A
Alkylating agent Ethylnitrosourea (ENU) 2500, 2750 | 1500, 2000 +S9 mix: 6-24 h
JAlkylating agent Methylazoxymethanol acetate (MAM) 750, 1000 250, 375
. [1-Methyl-3-nitro-1-nitrosoguanidine Treatment resulting in Treatment resulting in
IAlkylating agent MNNG) 50, 150, 200 | 37.5, 50, 100 40-60% viability <75% viability
Hetlerocycllc aromatic 2-{\mmo:3,8-d|methyl-|m|dazo[4,5-f] 400, 500 300, 400
lamine quinoxaline (MelQx)
etorocyclicaromatic. hyeiqx +s9 400,500 | 400, 500 Recover and expand
Other (Epoxide) Propylene oxide (PO) 40000, 6000040000, 60000 N 7/ for 7-10 days
Other (Epoxide) [Styrene oxide (SO) 500, 1000 500, 1000
Other (Aldehyde) Acetaldehyde (ACE) 25000, 5000050000, 75000 ¢Detect genome-wide mutations
Other (Epoxide meta- Ly 1o mide (GLY) 1500, 2000 | 1250, 1500
bolite from acrylamide)
Other (Chlorination Mutagen X; 3-Chloro-4-(dichloro- 350 200
disinfection byproduct) jmethyl)-5-hydroxy-5H-furan-2-one (MX)
Other (Chlorination
disinfection byproduct) X+89 300, 350 300, 350 NanoSeq
Other (Aromatic amine)o-Toluidine HCI (o-TOL) 10000 7500, 10000
Other (Aromatic amine)jo-TOL +S9 7500, 10000 | 7500, 10000 Determine mutation profiles
Other (Oxidising agent) Potassium bromate (KBrO3) 3000, 4000 | 2000, 3000
Other (Oxidising agent) |Potassium chromate (K2CrO,) 20,30 15, 20 Remove
L . background
For mutation induction: [uM] .-.l-- 9 ’
Group Agent Colon SC311|Colon SC351|  Mutation profile Mutation profile Mutational signature
Alkylating agent 12DMH +S9 1800, 3000 1800, 3000 in controls in treated Sample of treatment
(background)
IAlkylating agent IAM 375, 500 375, 500

Figure 1. Summary of the organoid models and carcinogens assessed and the experimental workflow

(A) Information on the human tissue organoid models.

(B) Carcinogens tested in gastric, colon, kidney, pancreas, and liver organoids and the concentrations used to assess mutagenesis.

(C) Additional carcinogens tested in gastric or colon organoids and the concentrations used to assess mutagenesis.

(D) The experimental workflow. Organoid models were treated with carcinogens for 48 h without (—) S9 mix or 6-24 h with (+) S9 mix to assess cytotoxicity and
determine effective concentrations. To induce mutations, organoids were treated with carcinogens at concentrations inducing 40%-60% or >75% cytotoxicity
and then expanded for 7-10 days. DNA from carcinogen-treated or solvent control-treated organoids was sequenced by NanoSeq. Mutational signatures of
carcinogens were extracted after background mutation subtraction using ExpSigFinder. Genome sequencer icon: Bioicons DBCLS https://togotv.dbcls.jp/en/
pics.html, licensed under CC-BY 4.0; digestive system icons by Servier https://smart.servier.com/, licensed under CC-BY 3.0; and organoid culture icons by
Marcel Tisch https://twitter.com/MarcelTisch licensed under CCO.
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Figure 2. Background mutation burden and mutational signatures present in control samples of organoids derived from gastric, colon,

kidney, pancreas, and liver tissues

(A) SBS, DBS, and indel burdens of control samples treated with solvents and/or rat liver S9 mix at equivalent concentrations to those used for carcinogen
treatments. Points show the estimated number of mutations per genome, calculated by correcting raw SBS, DBS, or indel calls for total duplex sequencing
coverage, colored according to solvent control treatment. Boxes indicate medians and 95% confidence intervals for each organoid model. Median values are

summarized in the table on the left.

(B) SBS background signatures were estimated by aggregating SBS reads from all control samples of each organoid model.
(C) The DBS background spectrum is aggregated from control samples of all organoid lines.
(D) Indel background signatures were estimated by aggregating indels from all untreated control samples of each organoid model.

that S9 was able to activate PhIP (Figure S2B). To bypass the
need for metabolic activation, gastric, colon, kidney, and
pancreas organoids were treated with N-OH-PhIP, the reactive
intermediate of PhIP, which was cytotoxic to all tissue types. Kid-
ney, pancreas, and one gastric line (D95) were the most sensitive
to N-OH-PhIP (ICsq = 3.7-6.9 pM).

Overall, while we observed similar levels of cytotoxicity be-
tween the two different colon and kidney organoid donor lines
following carcinogen treatment, the two gastric donor lines
generally responded differently to each other; gastric donor
D88 was less sensitive to the carcinogens than gastric donor
D95 (e.g., AFB1: D95 IC5¢ = 7.8 pM vs. D88 ICsg = 52.5 pM),
except for AAl where the reverse was observed (i.e., AAl: D95
ICs0 =21.9 uM vs. D88 IC5o = 2.5 pM).

Mutations in control cultures

To establish the background mutational burden and spectra in
each model, we examined SBS, DBS, and indels in DNA from
solvent control-treated organoids (Figure 2A; Table S7). In total,
we produced 66 control samples (gastric D88 = 18, gastric D95 =
20, colon SC311 =7, colon SC351 =7, kidney JD021 = 4, kidney
JDO050 = 3, pancreas D39 = 4, and liver D4 = 3). The median num-
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ber of SBS/genome in the control samples varied 4-fold between
the organoid models, ranging from 264 in kidney JD050 to 1078
in gastric D88. Very few DBS were found in the controls of any
organoid model (median burden from 0.68 to 5.3 DBS/genome).
Median control indel burdens varied about 2-fold, from 49.9 in-
del/genome in kidney JD050 to 107.7 indel/genome in colon
SC351. SBS, DBS, and indel burdens in control samples showed
a moderate positive correlation (SBS-DBS: 0.56, SBS-indel:
0.59, and DBS-indel: 0.47; p < 0.001, Pearson’s product moment
correlation) (Figure S3).

SBS and indel signatures of background mutagenesis were
estimated for each organoid model using the mean duplex
coverage-corrected SBS or indel mutation catalogs of all control
samples for each model, similar to our previous work®
(Figures 2B and 2D). Due to very low DBS burdens in control
samples, the spectra for individual organoid models were not
informative for estimation of background DBS signatures. DBS
were, therefore, aggregated across all control organoid samples
to compile a background spectrum (Figure 2C).

The background SBS and indel mutation profiles between
different models were compared by calculating pairwise cosine
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similarities (cossim) (Figure S3). The SBS control profiles of most
of the organoid lines were highly similar (cossim = 0.83-0.97),
consisting mostly of C>A, C>T, and T>C mutations (throughout
this article, we have followed the convention of stating mutations
with reference to the pyrimidine bases, C and T; however, it
should be noted that for many of the agents described, covalent
modification occurs to the purine bases, G and A, from which
mutations result). However, the colon organoid line SC351 was
less similar to the other lines (cossim = 0.69-0.83) due to a
greater proportion of C>T mutations. The background indel sig-
natures from the gastric, colon, pancreas, and liver organoid
lines showed high-to-very-high similarity (cossim = 0.83-0.94),
consisting predominantly of 1-bp T insertions and deletions at
>6-bp homopolymer sequences, while the kidney lines JD021
and JD050 were less similar to the other organoids (cossim =
0.71-0.81).

Due to the polyclonal nature of each organoid sample, the
background signatures extracted from control samples following
NanoSeq reflect mutations accrued during a human donor’s life-
time in addition to mutations that arose during organoid culture.
To investigate sources of background mutagenesis, a subset of
reference signatures from COSMIC were fitted to the control
sample mutation catalogs (see STAR Methods and
Figure S4)."° We found that the background SBS signatures
were composed of COSMIC signatures SBS1, SBS5, SBS18,
and SBS40 (Figure S4A). SBS1 is a clock-like signature associ-
ated with spontaneous deamination of 5-methylcytosine.'?
SBS5 and SBS40 are also considered clock-like, but their origins
are unknown.® SBS18, reportedly caused by reactive oxygen
species (ROS), has been observed previously in cultured cells.*°
The background indel signatures (IDs) were predominantly
composed of COSMIC ID1, ID2, ID3, and ID5 (Figure S4B). ID1
and ID2 are clock-like signatures associated with DNA slippage
during replication, ID3 is associated with tobacco smoking', and
the etiology of ID5 is unknown, although it also shows clock-like
accumulation with age.’

Mutation burden and putative mutational signature
analysis of four carcinogens across the organoid models
To assess carcinogen-induced mutagenesis in the organoids,
we first determined the mutational burden of SBS, DBS, and in-
dels in DNA from treated samples (Figure 3A; Table S8). Samples
with mutation calls lower than our set thresholds of 100 for SBS
and 20 for DBS and indels were excluded (Table S11; also see
data and code availability). In terms of SBS burden, AAlI was
the most mutagenic agent in this sample set (mutagenicity index
[MI]: 4.1-54.1), inducing 1,226-34,231 SBS/genome. Interest-
ingly, the colon organoid models accumulated many more AAI-
induced mutations than the kidney models, despite the kidney
being a target organ of AAl; the relationship between mutation
burden and dose or organoid model is explored in greater detail
later. BaP was also highly mutagenic to each organoid model
(6,335-16,579 SBS/genome; MI: 10.5-42.3), followed by AFB;
(1,133-4,892 SBS/genome; MI: 3.0-11.3), N-OH-PhIP (1,091-
3,886 SBS/genome; MI: 3.0-7.9), and PhIP+S9 (252-2,327
SBS/genome; MI: 1.3-4.3). For DBS, only AAIl (34-145 DBS/
genome, with three samples excluded due to insufficient DBS)
and BaP (27-122 DBS/genome) induced enough mutations for
signature analysis. We also observed a significantly increased in-
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del burden in all organoid lines treated with AAI (55-498 indels/
genome, MI: 2.2-7.3; one sample excluded), BaP (188-833 in-
dels/genome, MI 4.1-17.1), N-OH-PhIP (52-290 indels/genome,
MI: 2.0-4.7), and PhIP+S9 (50-109 indels/genome, MI: 1.5-2.5).
AFB, induced a significant increase in indels in five models (28—
113 indels/genome, MI: 1.6-3.2), while the indel burden induced
by PhIP without S9 was significant only in one sample from the
colon model SC351 (38 indels/genome, Ml 1.4).

Putative signatures were then extracted from the treated sam-
ples that harbored mutation burdens significantly higher than
controls, and signatures that did not show a significant differ-
ence to the respective background signature (or random noise,
in the case of DBS) were excluded (Table S11; also see data
and code availability). We thus identified putative SBS signatures
in all organoid models treated with AAI, BaP, PhIP+S9, N-OH-
PhIP, and AFB+, as well as DBS signatures for AAI (13/16 sam-
ples) and BaP (14/15 samples) and indel signatures for AAl (15/
16 samples), BaP (15/15 samples), PhIP+S9 (8/8 samples), and
N-OH-PhIP (14/14 samples) (refer to “Putative Signatures” files
at Zenodo: https://doi.org/10.5281/zenodo.15911686). The re-
maining putative signatures were inspected for similarities be-
tween samples treated with the same carcinogen (Figures S6
and S7). Samples that exhibited poor similarity to other samples
from the same treatment group (i.e., did not share cossim >0.8
with at least one other sample) were excluded from final signa-
tures (Table S11).

Although mutagenesis for each carcinogen differed quantita-
tively across the models, the SBS signatures were highly similar
in each tissue type and donor line, as shown by cosine similarity-
based clustering (AAl: cossim = 0.95-0.99, AFB;: cossim = 0.93-
0.99, BaP: cossim >0.99, N-OH-PhIP: cossim = 0.96-0.99, and
PhIP+S9: cossim = 0.78-0.99 for 7/8 samples [Figure S7A]). Ex-
tracted DBS signatures were also highly similar in the samples
treated with AAI (cossim = 0.66-0.92) or BaP (cossim = 0.68-
0.98), as were the putative indel signatures for AAl (cossim =
0.69-0.98), BaP (cossim = 0.90-0.99), and N-OH-PhIP (cossim =
0.65-0.98, excluding one outlier: D88 + N-OH-PhIP [15 pM]). For
PhIP+S9 treatment, only samples from gastric organoids
harbored comparable indel signatures (cossim = 0.80-0.92 for
4/8 samples). Compound-associated mutations from all concor-
dant samples treated with each individual carcinogen were
thereafter combined to generate our final, refined signatures
described in the following sections (Figure 3B; Table S11).
Final mutational signatures of AAI, BaP, activated PhIP,
and AFB, in organoids
AAl undergoes metabolic activation to N-hydroxyaristolactam I,
which forms DNA adducts, mainly 7-(deoxyadenosin-N°-yl)-aris-
tolactam I."® Such modifications on adenine tend to mispair with
adenine when DNA replicates, resulting in A>T (or T>A) transver-
sions. Treatment of organoids with the phytochemical AAl, found
in the Aristolochia species used in traditional herbal medicine,
generated the expected SBS signature of T>A mutations, with
a dominant sequence context of GTC. A DBS signature for AAI
composed of several peaks (including TC>AA, TG>AT, TT>AA,
and TA>AT/CT/GT) and an indel signature predominantly con-
sisting of 1-bp deletions of T or C were also detected.

BaP, a polycyclic aromatic hydrocarbon found in urban air, to-
bacco smoke, and cooked food, requires metabolic activation
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Figure 3. Mutational signatures of AAl, BaP, PhIP, and AFB, in human tissue organoids

(A) Genome-wide burdens of SBS, DBS, and indels in eight organoid models treated with AAl, BaP, PhIP, PhIP+S9, N-OH-PhIP, or AFB;. Asterisks indicate a
significant increase in mutation burden in one or more treated samples compared to the controls. Colored points show the estimated number of mutations per
genome for each sample, calculated by correcting raw mutation calls according to total duplex sequencing coverage. Error bars in black show 95% confidence
intervals of individual sample burdens for all samples. Full data on mutation burdens for all samples are given in Table S8.

(B) Final mutational signatures of SBS, DBS, or indels present in carcinogen-treated organoids. Final signatures were extracted from a weighted mean of the

concordant, per-sample putative signatures of each treatment group.

by cytochrome P450 (CYP) 1A1, CYP1B1, and epoxide hydro-
lase to exert its genotoxicity.'* The ultimate reactive species
BaP-7,8-diol-9,10-epoxide (BPDE) forms bulky DNA adducts
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preferentially at the N2 position of guanines.’® Bulky adducts
formed on guanine tend to mispair mainly with adenine during
DNA replication, resulting predominantly in G>T (or C>A)
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transversion mutations. All organoid models tested here were
able to activate BaP, unlike in previous studies (e.g., hiPSCs®)
where activation by S9 mix was required. The SBS signature
for BaP in the organoids featured mainly mutations at guanines,
predominantly C>A transversions at CC dinucleotides, in various
contexts. BaP also generated a DBS signature consisting mostly
of CC>AA, with some TG>AT/CT mutations, and an indel signa-
ture consisting mostly of 1-bp C deletions but with some 1-bp T
deletions or insertions.

PhIP, a carcinogenic heterocyclic aromatic amine produced
during the grilling of meat and fish, was not toxic or mutagenic
to the organoids on its own. As PhIP undergoes metabolic acti-
vation to create the reactive intermediate N-OH-PhIP,'® which
forms adducts principally at C8 of guanine, these organoid cul-
tures likely do not express sufficiently the required metabolic en-
zymes (e.g., CYP1A2). However, treatment with the reactive
metabolite N-OH-PhIP, or with PhIP and rat liver S9 mix, was
cytotoxic and mutagenic to the organoids. Interestingly, the
SBS signatures of PhIP+S9 and N-OH-PhIP (collectively referred
to as “activated PhIP”) were similar to that of BaP (cossim =
0.94-0.96), suggesting a similar sequence context for DNA
adduct formation and/or translesion bypass of their adducts,
despite the different structures of the compounds and sites of
modification of guanine in DNA. However, while BaP caused a
distinct DBS signature in organoids, a DBS signature was not ex-
tracted for activated PhIP. Treatment with PhIP+S9 or N-OH-
PhIP generated an indel signature that was somewhat similar
to the indel signature of BaP (cossim = 0.86-0.88) but exhibited
more 1-bp C deletions at homopolymer lengths of 1 or 2, and
more T deletions at homopolymers of 6 or more.

AFB;, a mycotoxin and potent liver carcinogen produced by
Aspergillus flavus and Aspergillus parasiticus, is activated by
CYP3A4 and CYP1A2 to produce the highly reactive metabolite
AFB-8,9-epoxide, which can form DNA adducts at N7-Gua and
cause primarily G>T (or C>A) mutations.'” As expected, the SBS
signature for AFB; in organoids featured mostly C>A transver-
sions with some C>T. While AFB,, BaP, and PhIP all form ad-
ducts at guanines, the sequence context for AFB; C>A muta-
tions was quite different from those of BaP and activated PhiP,
with most C>A mutations induced by AFB; occurring in the
context of GCN and a dominant peak of GCA. AFB, treatment
did not generate a DBS or indel signature.

This initial analysis demonstrated that organoid lines from all
five tissue types were able to activate several procarcinogens,
rat liver S9 mix supplementation was useful for activating com-
pounds that require additional metabolic enzymes (e.g., PhIP),
NanoSeq could be used to detect carcinogen-induced muta-
tions in polyclonal organoid samples, and the tested carcino-
gens induced the same mutational signature in each tissue type.

Mutagenesis by additional carcinogens in organoids

Because of signature consistency in different tissues for the four
carcinogens tested above, we further tested 13 carcinogens
mostly in gastric organoids only (Figure 1C; Table S3). Testing
focused on gastric organoids because they exhibited a consis-
tent growth rate; were easier to culture than colon, liver, or
pancreatic organoids; and were generally more sensitive to
treatment than kidney organoids. The panel of carcinogens
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included alkylating and oxidizing agents, several chemicals
used in manufacturing, and chemicals produced during food
cooking. Two agents, 1,2-dimethylhydrazine (1,2-DMH) and
MAM, were also examined in colon organoids, as these chemi-
cals are potent colon carcinogens in animal models.'®'°
Cytotoxicity of the carcinogens in gastric or colon
organoids

As before, we first examined the effect of carcinogen treatment
on viability (Table S9; Figure S5). Four chemicals that require
activation by enzymes enriched in the liver were tested with
(+S9) and without rat liver S9 mix (1,2-DMH, 3-chloro-4-
(dichloromethyl)-5-hydroxy-5H-furan-2-one [Mutagen X, MX];
2-amino-3,8-dimethylimidazo[4,5-flquinoxaline [MelQx]; and o-
TOL) and the remainder were tested only without rat liver S9
mix. We again found that the gastric line D95 was more sensitive
than D88 to most agents in the panel. o-TOL without S9 mix did
not reach an ICsq in either gastric model when tested at
maximum solubility (i.e., 10 mM). Addition of S9 mix somewhat
lowered the ICsq in gastric organoids for 1,2-DMH and MX
(e.g., 1,2-DMH-S9 D88 ICsq = 15.2 mM vs. 1,2-DMH+S9 D88
ICs0 = 12.1 mM) but had little to no effect on the toxicity of
MelQx or o-TOL. The colon organoids were more sensitive to
1,2-DMH+S9 treatment than the gastric models (e.g., SC311
IC50 = 4.0 mM vs. D88 ICsq = 16.1 mM) and more sensitive to
MAM than the gastric line D88 (e.g., SC311 ICsq = 381.5 uM
vs. D88 IC5p = 1166.0 pM).

Mutation burden and putative mutational signature
analysis for the additional carcinogens

A significant increase in SBS burden was observed after treat-
ment with all 13 carcinogens in one or more samples
(Figure 4A; Table S10). Three alkylating agents were the most
mutagenic compounds tested in this group: ENU (MI: 6.1-
10.8), N-methyl-N'-nitro-N-nitrosoguanidine (MNNG, MI: 2.4—
19.2) and MAM (MI: 11.2-64.0). While D88 and D95 gastric orga-
noids treated with ENU harbored a similar number of SBS/
genome (5,521-6,012 and 5,541-6,846; respectively), MNNG
was much more mutagenic to the D88 gastric organoids than it
was to D95, inducing 5,452-19,745 SBS/genome in D88 and
946-1,910 SBS/genome in D95. MAM was also most mutagenic
in the D88 gastric model (SBS/genome: D88 max = 68,442; D95
max = 38,849; SC351 max = 18,371; and SC311 max = 10,178).
Only 2 of the 13 additional carcinogens induced a significant in-
crease in DBS burden: potassium chromate (KChr, max = 37
DBS/genome) and MAM (max = 86 DBS/genome). Indel burdens
were significantly increased after treatment with 7 of the 13 car-
cinogens in more than one sample.

Putative signatures were extracted from the treated samples
that harbored significantly increased mutation burdens; those
that did not exhibit significant difference from the respective
background signature (or random noise, in the case of DBS)
were excluded from final signatures (Table S11). The remaining
putative signatures were inspected for similarities between sam-
ples treated with the same carcinogen; although in some cases,
only a single sample remained from a treatment group
(Figure S7B). Final refined signatures were extracted from a
weighted mean of the concordant putative signatures of each
treatment group and had to consist of at least 3 samples to be
considered stable (Figure 4B). Single samples and samples
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Figure 4. Mutational signatures induced by alkylating agents, glycidamide and KBrO3 in human tissue organoids

(A) Genome-wide burdens of SBS, DBS, and indels in gastric or colon organoid models treated with up to 13 carcinogens, without or with S9 mix (+S9). Asterisks
indicate a significant increase in mutation burden in one or more treated samples compared to the controls. Colored points show the estimated number of
mutations per genome for each sample, calculated by correcting raw mutation calls according to total duplex sequencing coverage. Error bars in black show 95%
confidence intervals of individual sample burdens for all samples. Full data on mutation burdens for all samples are given in Table S10.

(B) Final mutational signatures of SBS or indels present in carcinogen-treated organoids. Final signatures were extracted from a weighted mean of the

concordant, per-sample putative signatures of each treatment group.

with putative signatures that exhibited poor similarity to other
samples from the same treatment group (i.e., did not share cos-
sim >0.8 with at least one other sample) were excluded from final
refined signatures (Table S11; also see data and code
availability). On this basis, refined SBS signatures were identified
for ENU, MNNG, MAM, propylene oxide (PO), styrene oxide (SO),
glycidamide, and KBrOs. No refined DBS signatures were ex-
tracted for these treatments, with the majority of samples
excluded due to low mutation burden. Refined indel signatures
were identified for KBrOs, acetaldehyde, and MAM (however,
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these were based on only two samples each for acetaldehyde
and MAM, and are not considered stable signatures). All putative
signatures can be found at Zenodo: https://doi.org/10.5281/
zenodo.15911686.

Mutational signatures induced by alkylating agents in
organoids

Alkylation damage is common in DNA and can originate from
endogenous or exogenous sources, including the diet, tobacco
smoke, occupational exposures, and chemotherapy.”’ We
examined the mutagenic effects of DNA alkylation in organoids
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using ENU, MNNG, 1,2-DMH, MAM, PO, and SO, and extracted
a mutagen-specific mutational signature for all except 1,2-DMH.

ENU and MNNG are nitrosamides that spontaneously decom-
pose in aqueous medium into alkylating species.”'**> Most mu-
tations induced in organoids by ENU were either T>A (with domi-
nant peaks at the sequence contexts of ATG and GTG) or T>C,
along with some T>G and C>T mutations. Ethylation by ENU oc-
curs at nucleophilic oxygen sites, primarily the O?-and O*-posi-
tion of thymine, which have been reported to cause T>A trans-
versions and T>C transitions, respectively.”®?* ENU can also
form OP-ethylguanine to a lesser extent, which causes C>T tran-
sitions.”> Most MNNG-induced mutations in organoids were
C>T transitions, followed by T>C. MNNG decomposes in media
into methyldiazonium ions that methylate DNA, primarily forming
N7-methylguanine (N7-meG), N3-methyladenine (N3-meA), and
O°-methylguanine (06-meG).2> While N7-meG itself is not pro-
mutagenic, O6-meG will readily mispair with thymine and cause
C>T mutations.?® The T>C mutations induced by MNNG were
likely caused by the mispairing of N3-meA with cytosine. Inter-
estingly, the T>C component of the MNNG signature was more
prominent in D95 samples treated with lower concentrations of
the compound, particularly 37.5-50 pM (Figure S8).

1,2-DMH is a colon carcinogen that is chemically related to the
naturally occurring carcinogen cycasin, an azoxyglycoside pro-
duced by palm-like cycad plants.?” 1,2-DMH, like cycasin, re-
quires metabolic conversion to the proximate carcinogen,
MAM, which is then converted to a methyldiazonium ion—the
same ultimate carcinogen described above for MNNG.?® MAM
was highly mutagenic to both gastric and colon organoids,
with an SBS signature composed mainly of C>T transitions, fol-
lowed by a smaller number of T>C mutations. As observed for
MNNG, the C>T mutations induced by MAM generally occurred
with a 3’ neighboring C or T. The MAM signature was essentially
identical to that of MNNG (cossim = 0.98), reflecting the same
mechanism of action. 1,2-DMH (xS9), however, induced a
much smaller number of SBS than MAM. Putative signatures
from 1,2-DMH+S9 treatment were dissimilar to MAM or MNNG
signatures (Figure S7B). This suggests that 1,2-DMH was not
metabolically converted into methyldiazonium ions in our orga-
noid models even with the addition of rat liver S9 mix.

PO, used in the production of polyurethane and propylene gly-
cols, can also alkylate DNA and forms several 2-hydroxyalkyl
(HA) adducts (N7-HA-Gua > N3-HA-Ade > N3-HA-Cyt > N1-/
N6-HA-Ade).?° PO was toxic and mutagenic at very high con-
centrations to both gastric organoid models (40-60 mM), and
generated an SBS signature of predominantly T>A and C>T,
with some T>C and T>G. SO is a reactive metabolite of styrene,
used in the manufacturing of plastics, resins, and polyester.*® In
addition to occupational exposure, styrene can be inhaled from
cigarette smoke.®' SO induced an SBS signature of T>C (domi-
nant peaks at contexts of ATA and ATG), along with C>A, C>T,
and T>A mutations. This reflects the ability of SO to alkylate
both guanine (N7-, N%-, and O8-positions) and adenine (N3-,
N1-, and N®-positions).*?

No refined DBS signatures for the alkylating agents were iden-
tified. Putative DBS signatures were extracted from three MAM-
treated samples (D88 + 1000 pM, SC311 + 500 pM, and SC351 +
500 pM), but they were not similar to each other. MAM also
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induced putative indel signatures in 7 of 8 samples, but only
two of these samples (SC311 and SC351 + 500 yM MAM) ex-
hibited cossim >0.8 and were included in a final signature (not
considered stable and presented in Figure S9). This MAM indel
signature consisted mainly of T insertions and deletions in homo-
polymeric regions of different lengths as well as C deletions.
Mutations induced by other environmental carcinogens
Of the remaining carcinogens tested, glycidamide (SBS/
genome: 3,347-3,877; MI: 4.1-6.5) and KBrO3; (SBS/genome:
1,118-1,695; MI: 2.0-3.4) were the most mutagenic and gener-
ated similar putative SBS signatures within all samples of each
treatment group, enabling the extraction of refined signatures
for both compounds (Figure 4B; Table S11). Putative SBS signa-
tures were extracted from samples treated with MelQx + S9
(SBS/genome: 2-273, MI: 1.0-1.3), MX (SBS/genome: 472-
692, MI: 1.4-2.0), o-TOL+S9 (SBS/genome: 99-414, MI: 1.1-
1.4), KChr (SBS/genome: 352-599, MI: 1.5-1.6), and acetalde-
hyde (SBS/genome: 273-526, MI: 1.3-1.8); however, they did
not exhibit sufficient similarity within treatment groups (-S9
and +S9 treatments were analyzed separately). Putative indel
signatures were identified in all KBrOs-treated samples (ID/
genome: 188-280, MI: 3.6-4.7) and in some acetaldehyde-
treated samples (ID/genome: 4-65, Ml: 1.1-1.8).

Glycidamide is an epoxide generated from the CYP2E1-cata-
lyzed metabolism of acrylamide, a suspected dietary carcinogen
formed in baked or fried starch-rich food.*® Glycidamide-DNA
adducts occur at N7-Gua and N3- or N1-Ade.*** The refined
glycidamide SBS signature extracted from treated organoids
contained diverse mutational patterns and sequence contexts.
It was dominated by T>C, with peaks at several contexts, but
also consisted of T>A, C>T, and C>A. The T>C mutations were
likely caused by miscoding adducts at N1-Ade, which are the
most commonly identified adenine adducts induced by glycida-
mide in vitro.*® The T>A and C>A mutations likely resulted from
depurinating adducts at N3-Ade and N7-Gua, respectively, also
known to be induced by glycidamide.*® Refined DBS and indel
signatures could not be extracted from the glycidamide-treated
organoids.

KBrOs is an oxidizing agent used as a flour improver in the
United States and formed as a byproduct of water disinfection
by ozonation.®”**® It is a nephrotoxin and a known rodent carcin-
ogen that induces the formation of oxidized DNA lesions such as
8-hydroxydeoxyguanosine (8-OHdG), which can mispair with
adenine to cause G>T transversions.®>**° Here, we found that
KBrO3 caused an SBS signature consisting mainly of C>A muta-
tions, with dominant peaks at CCA, CCT, GCA, and TCT. KBrO3
also induced an indel signature in the organoids, which included
1-bp deletions of T and some C, as well as larger deletions. Pre-
vious studies have also observed deletions and C>A transver-
sions induced by KBrOz.*"+#?

As mentioned above, we did not observe similarity in the puta-
tive SBS signatures extracted from 1,2-DMH-, MelQx-, or MX-
treated D88 and D95 samples when separated into -S9 or +S9
treatment groups. However, the putative SBS signatures in
D88 organoids alone treated with 1,2-DMH (+S9), MelQx (+S9),
and MX (£S9) were similar to each other (cossim >0.8;
Figure S9). As this similarity was only observed for one organoid
model and occurred after treatment with three dissimilar
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compounds, with or without S9, these signatures appear to be
organoid-specific rather than agent-specific. These signatures
were also very similar to the D88 control signature (cossim =
0.86-0.91). Additionally, an indel signature was extracted from
acetaldehyde-treated D88 samples but not from D95 samples,
despite the very high concentrations used in both (D88: 25-
50 mM and D95: 50-75 mM). The acetaldehyde signature in
D88 organoids consisted mainly of 1-bp deletions of T or C. Final
signatures that were found in only a single organoid model and/
or were not consistent between at least three samples from the
same treatment group are not considered stable and are pre-
sented in Figure S9.

Concentration-dependent effect on mutagenesis and
variation between organoid lines

Across this study most compounds were tested at two concen-
trations, which were selected according to the model-specific
cytotoxicity of each compound (Figure 1). In many cases, the in-
dividual organoid models showed marked differences in ICsq for
the same compound; thus, a range of concentrations were used
to induce mutagenesis across the organoid lines, making it chal-
lenging to compare compound-associated mutation burdens
in the different models. Relationships between SBS, DBS and in-
del burdens and compound concentration are shown in
Figures S10-S12 (refer also to Tables S8 and S10).

SBS burden exhibited some degree of concentration-depen-
dence within particular models for a few agents (i.e., AAl,
MAM, and MNNG), where organoids treated with a higher con-
centration accumulated more mutations. This was observed
for all models treated with AAl except liver D4 and pancreas
D39. For example, the kidney model JD021 had 1,226 SBS
treated with 50 pM AAl and 6,568 SBS at 100 pM AAIl. Linear con-
centration-response curves were possible for MNNG (the only
agent tested at three concentrations per organoid line), with
greater potency observed in gastric D88 compared to gastric
D95, likely due to genetic variability between the donors. For
many agents, however, there was little evidence of concentra-
tion-dependence; similar mutation burdens were induced by
the two concentrations tested in each model (e.g., AFB,, BaP,
glycidamide, KBrOz, and PO). For example, AFB; induced
4,358 SBS at 37.5 pM and 4,241 SBS at 75 pM in gastric D88.
PO showed significant increases in mutation burden across all
samples, but a 1.5-fold increase in concentration did not lead
to an increase in mutation burden (D88: 1,845 SBS at
40,000 pM and 1,842 SBS at 60,000 pM; D95: 1,419 SBS at
40,000 pM and 1,443 SBS at 60,000 pM).

Interestingly, differences in mutation burden were often spe-
cific to the organoid model tissue of origin. For example, the
number of mutations generated by a given concentration of
AAl or PhIP+S9 differed dramatically between organoid lines
(Figure S10; Table S8). For PhIP+S9, in colon organoid lines
SC311 and SC351, 12.5-50 uM PhIP generated between 252
and 599 SBS (10-32 SBS/uM). However, in gastric organoid lines
D88 and D95, a similar range of concentrations (17.5-50 M
PhIP+S9) generated between 1,356 and 2,328 SBS (27.1-125
SBS/uM). For AAl, both colon organoid lines were highly sensi-
tive to treatment, and AAl concentrations of 0.25-1 uM induced
14,112-34,231 SBS (23,522-84,236 SBS/uM). The two kidney
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lines JD021 and JD050 were the least sensitive to AAIl, and con-
centrations of 50-100 pM generated only 1,226-7,934 SBS
(mean: 30.7-72.5 SBS/uM). The mutagenicity of AAI varied
over 1,000-fold between the most and the least sensitive
models. A similar relationship between concentration, tissue
type, and mutation burden for AAl was also observed for DBS
and indels; the colon organoids treated with AAl showed the
greatest increase in DBS burden and the kidney organoids
showed the least, with mutagenicity ranging nearly 7,000-fold
from 0.05 to 348 DBS/uM (Figure S11).

Gene expression, transcriptional strand bias, and
mutation distribution

Gene expression can influence mutation rates, where lower mu-
tation burdens may be observed following DNA damage in highly
expressed genes.*® This, in part, is associated with the activity of
transcription-coupled nucleotide excision repair (TC-NER),
which preferentially repairs DNA damage on the template (tran-
scribed) strand and results in mutational strand asymmetry.**
We investigated the effect of gene expression on mutation bur-
dens and assessed transcription strand bias of carcinogen-
induced mutations in the organoids using methods described
by Abascal et al."”

Gene expression

SBS and indel burdens in each sample were calculated for four
subsets of the genome, according to publicly available gene
expression data from the GTEx project’® with regions Q1 (low)
to Q4 (high) corresponding to the genes in each expression level
quartile.

SBS burdens in samples treated with many of the compounds
assessed in this study showed clear differences according to
gene expression (Figures S13 and S14). For the majority of mu-
tagens, SBS burden was the highest in the lowest-expressed
genes in most samples, decreasing with increasing gene expres-
sion (e.g., AAl, BaP, N-OH-PhIP, ENU, glycidamide, KBrOg, PO,
and SO), including treatments for which we did not extract signa-
tures (e.g., 0-TOL). Conversely, for most of the samples treated
with MAM or MNNG, SBS burden was higher with increasing
gene expression. As both mutagens cause 0°-meG lesions
that can be repaired by MGMT, these data suggest that
MGMT may be less efficient in highly expressed genes.

The low numbers of indel calls resulted in lower confidence of
the estimates of burden; thus, clear relationships between indel
burden and gene expression were not discernible for most com-
pounds (Figures S15 and S16). AAl, BaP, KBrOz, and N-OH-PhIP
generated some of the highest indel burdens in this study. As
observed for SBS burden, the indel burden in most samples
treated with AAIl, BaP, or N-OH-PhIP was lower in subsets with
more highly expressed genes. For most samples treated with
KBrOs, however, the indel burden did not decrease in subsets
of more highly expressed genes.

Transcriptional asymmetry

During the extraction of mutational signatures, mutations are
conventionally defined with respect to the pyrimidine base of a
base pair; for example, an SBS is described as C>A as opposed
to G>T, which occurs on the complementary strand. It is not
possible from sequencing data alone to ascertain for individual
mutation calls whether the true underlying mutation occurred
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due to a DNA lesion and subsequent misrepair originating on the
cytosine (C>A) or guanine (G>T) of the DNA duplex. However,
this may be inferred through the analysis of asymmetry of muta-
tions between the coding (non-transcribed) and template (tran-
scribed) strands, providing information about whether certain
mutagenic processes may involve transcription-associated
damage or TC-NER.

To investigate transcriptional asymmetry of SBS, DBS, and in-
dels in organoids, we examined the mutation spectra from each
control or treatment group within genes from the same tran-
scribed regions described above, considering whether the refer-
ence base was located on the transcribed or the untranscribed
strand (Figures 5A-5C; Figures S17-S20;and see data and
code availability). For SBS, the SBS96 spectra expand to
“SBS192”. Numbers of SBS for each of the six substitution types
(C>A, C>G, C>T, T>A, T>C, and T>G) were summed for tran-
scribed and untranscribed strands to test for significant strand
bias for these mutation classes. Figure 5A shows the SBS192
spectra for the treatment groups that had refined SBS signatures
in the organoids, restricted to mutations occurring in genes in the
highest quartile (Q4) of gene expression. Spectra for AAl, AFB4,
BaP, glycidamide, and N-OH-PhIP all showed marked transcrip-
tion strand bias for at least one mutation type. For example, T>A
mutations in AAl-treated samples occurred more frequently on
the transcribed strand, as did C>A mutations in BaP, AFB;,
and N-OH-PhIP-treated samples. The SBS192 spectra for
ENU, on the other hand, exhibited an untranscribed strand
bias (e.g., T>A mutations). Inspection of DBS and indel spectra
did not show significant strand bias (Figures 5B and 5C).

Interestingly, SBS192 spectra from mutations occurring in the
lowest quartile of expressed genes (Q1) showed no strand bias
(Figure S20). Thus, the strand asymmetries of mutations
observed within Q4 genes are assumed to be the result of TC-
NER, which more efficiently repairs damaged bases on the
transcribed strand in actively transcribed regions. Our results
indicate that the predominantly damaged bases for these treat-
ments were adenine for AAl; guanine for AFB4, BaP, and acti-
vated PhIP; and thymine for ENU.

Comparison to COSMIC and reference signatures
Observed carcinogen-specific signatures from the organoid
models were compared to reference signatures in the
COSMIC"® and Signal”*® databases by calculating cosine sim-
ilarities (Figure 6; Figures S21 and S22). The reference signatures
included all of those found in human tumors as well as relevant
signatures from experimental models.

The AAl SBS signature in organoids was highly similar to
COSMIC SBS22 (cossim = 0.97) identified in urothelial, liver,
and kidney tumors associated with exposure to AAI*"*®
(Figure 6); both signatures display the dominant context of
CAG. Additionally, the DBS and indel signatures in AAl-treated
organoids match those of COSMIC DBS20 (cossim = 0.91) and
ID23 (cossim = 0.89) recently found in kidney cancers reported
from Serbia, Romania, and Thailand.”® The SBS signatures for
both BaP and activated PhIP in organoids were strongly similar
to that of COSMIC SBS4 (cossim = 0.92), which is associated
with tobacco smoking and likely caused by tobacco carcinogens
such as BaP.”® Further, we find similarity between COSMIC
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DBS2 and our DBS signature for BaP (cossim = 0.88), as well
as COSMIC ID3 and our indel signatures for BaP and activated
PhIP (cossim >0.93); both COSMIC signatures are linked to to-
bacco smoking. The AFB; SBS signature in organoids was
similar to those of COSMIC SBS24 (cossim = 0.85), which is
linked to aflatoxin exposure, and SBS29 (cossim = 0.89), which
is associated with tobacco chewing. Both SBS24 and SBS29
predominantly feature C>A mutations; however, we found that
the dominant sequence context for C>A mutations in SBS24 dif-
fers slightly from that found in our AFB-treated samples (GCA in
the organoids and GCC in SBS24).

The MAM and MNNG SBS signatures in organoids were nearly
identical to that of COSMIC SBS11 (cossim >0.96), a signature
associated with temozolomide chemotherapy. Furthermore,
we found that the SBS signature induced by KBrO; was like
the ROS-associated COSMIC SBS18 (cossim = 0.85), and we
observed similarity between COSMIC SBS92 signature and the
signatures induced by glycidamide and SO in organoids (cos-
sim = 0.84). SBS92 was identified in normal urothelium samples
and bladder cancers that may be associated with tobacco
smoking, and features mainly T>C, C>A, and C>T mutations.*°
No similarity to COSMIC signatures was found for the ENU and
PO SBS signatures in organoids.

The mutational signatures in our organoids were also
compared to signatures previously identified in other experi-
mental systems (Figure S22). We observed strong similarities be-
tween SBS signatures from organoids and hiPSCs treated with
AAl (cossim = 0.98), BaP (cossim = 0.96), PhIP+S9 (cossim =
0.93), KBrO3 (cossim = 0.91), ENU (cossim = 0.85), and PO (cos-
sim = 0.92). The AFB, SBS organoid signature did not match that
observed in hiPSCs but was similar to a signature previously ex-
tracted from AFB;-treated mice (cossim >0.91).°" The SBS
signature of glycidamide in our study showed not only some sim-
ilarity to signatures previously found in glycidamide-treated
MEFs but also some differences (cossim = 0.61-0.85)°>%°
(Figure S23). The predominant mutation type in glycidamide-
treated organoids was T>C, contrasting with T>A in MEFs; there
were also more C>A and C>T mutations in organoids. However,
within some mutation types, the prevalence of particular
sequence contexts was similar between the glycidamide signa-
tures observed in organoids and MEFs (see highlighted contexts
for C>A, T>A, and T>C in Figure S23). The reason(s) for differ-
ences between these glycidamide-induced SBS signatures is
not clear, but it could be related to the use of different experi-
mental models or the number of mutations detected (Zhivagui
et al.>® detected ~300 excess SBS/sample in MEFs, whereas
we observed >1,000 excess SBS/sample in organoids before
correcting for sequencing coverage).

DISCUSSION

Itis increasingly evident that carcinogens may or may not leave a
characteristic mutational signature in the tumors they cause. For
instance, COSMIC SBS4, associated with tobacco smoking, is
found in respiratory tract tumors of smokers but not in tumors
from other organs, despite elevated cancer risk in those tis-
sues.”? Also, no difference in mutational signatures is observed
between esophageal cancers from high- and low-incidence
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Figure 5. Investigation of transcriptional asymmetry of SBS, DBS, and indel signatures in mutagen-treated organoids

(A) SBS, (B) DBS, or (C) indel spectra of carcinogen-treated organoid samples, separated by reference base(s) location on the transcribed or untranscribed
strand. For each treatment, the spectrum shown was compiled from all samples included in the respective final, refined signature, restricted to the mutations
occurring in genes in the highest quartile of gene expression (quartile 4). The y axis refers to the percentage of mutations occurring at each channel, calculated
from the number of raw SBS/DBS/indel calls (uncorrected for sample duplex coverage). Only DBS occurring at two pyrimidine bases were included. Significant
strand bias is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001, calculated using a Poisson test.
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Figure 6. Comparison of mutational signatures in cancers and carcinogen-treated organoids

These heatmaps (plotted using pheatmap v.1.0.12) depict cosine similarities calculated between the mutational signatures of the COSMIC reference set v3.4
(https://cancer.sanger.ac.uk/cosmic/signatures) and final signatures extracted from carcinogen-treated organoids, including (A) SBS, (B) DBS, (C) indels. For
SBS, COSMIC reference signatures for which none of the signatures in the experimental dataset show cossim >0.8 are excluded from the plot.

regions.® In animal models, some genotoxic carcinogens have
failed to induce recognizable signatures.®® Conversely, renal
cancers reported from Romania, Serbia, and Thailand show
SBS22 (linked to AAl exposure), while cases from Japan display
signature SBS12, suggesting exposure to an as-yet-unidentified
agent.*® Colorectal cancers also show regional variation in sig-
natures, reflecting diverse mutagenic exposures.*®

Despite such complexities, experimentally defining mutational
signatures of carcinogens remains crucial, both for tracing un-
known signatures and for validating associations inferred
from epidemiology. In this study, we used organoid models
derived from normal human tissues and applied duplex
sequencing to characterize signatures from a panel of environ-
mental carcinogens.

Previous in vitro studies have relied on clonal expansion after
mutagen exposure to overcome the limitations of standard
sequencing sensitivity. However, isolating single-cell clones from
organoids is laborious and inefficient, particularly with mutagen-
treated cells, which show poor cloning efficiency. To overcome
these limitations, we used duplex sequencing, which sequences
both DNA strands and filters out single-strand errors arising from
PCR amplification. This approach, specifically NanoSeq,"" en-
ables detection of mutations without subcloning, covering ~30%
of the genome and providing a representative mutational profile.
As such, duplex sequencing offers significant promise for
advancing genetic toxicology and nonclinical safety studies.®”>°

Using this platform, we identified distinct mutational signa-
tures for 11 out of 17 tested carcinogens. Some were
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confirmatory of previously described signatures (e.g., SBS sig-
natures for AAl and BaP, and DBS/indel signatures for
BaP),>>° while others were new. For example, we present an
SBS signature for MAM, and we show that AAI produced DBS
and indel signatures in vitro that match those recently reported
in human tumors.”® Our AFB;-induced SBS signature closely
resembled COSMIC SBS24, although the dominant trinucleotide
context for C>A mutations in organoids was G-C-A, while in tu-
mors it is G-C-C. This is consistent with prior observations from
cell-line studies®' and possibly reflects differences in aflatoxin
mixtures in real-world exposures.

Activated PhIP (with S9 or as N-OH-PhIP) produced an SBS
signature similar to that of BaP, echoing the findings in hiPSCs.”
While both compounds are found in tobacco smoke and both
induce signatures that resemble that of SBS4, only BaP induced
a distinct DBS signature, and their indel profiles differed. This
suggests that full mutational spectra can distinguish exposures
more effectively than SBS patterns alone.

The alkylating agents MNNG and MAM, which act via methyl-
diazonium ions, yielded SBS signatures matching that of
COSMIC SBS11, which is associated with temozolomide expo-
sure. Temozolomide also exerts its genotoxicity following con-
version to methyldiazonium ions.®® Notably, MAM is a genotoxic
product of cycasin, found in cycad seeds, which have been
implicated in the etiology of Western Pacific amyotrophic lateral
sclerosis and parkinsonism-dementia complex (ALS-PDC).®
Our findings suggest that populations with cycad exposure
could be screened for this MAM-associated signature. MAM
also produces an animal model of schizophrenia®®® that could
be similarly investigated.

The mutational signatures of AAIl, BaP, activated PhIP, and
AFB; were the same in the five different tissue organoids we
tested, but there were quantitative differences in burden. Inter-
estingly, mutation burden did not align with known target tissues
in vivo (liver for AFBy, kidney for AAl, colon for PhIP, and, puta-
tively, pancreas for BaP). For instance, AFB-induced mutations
were not the highest in the liver, and AAl-induced burden peaked
in the colon, not the kidney. This may reflect differences in dosing
(acute vs. chronic) and the absence of physiological variables
such as adsorption and excretion, cautioning against overinter-
preting mutation burden in vitro as a predictor of tissue-specific
carcinogenicity.

Compared to our previous hiPSC studies,” organoids demon-
strated greater metabolic competence. For instance, organoids
from all tested tissues activated BaP and AFB; without S9.
Furthermore, the organoids generally showed higher mutation
burdens than hiPSCs after equitoxic (ICso) exposures, facilitating
clearer signature extraction. For example, the gastric organoid
model D88 showed ~19,000 SBS/genome after AAIl treatment
versus ~900 in hiPSCs at comparable toxicity. Similarly, after
treatment with AFB; ~4,000 SBS/genome were detected in
the gastric organoids compared to ~100 in hiPSCs.

Sixteen of the 17 carcinogens were previously tested in
hiPSCs (not MAM). SBS signatures for AAl, BaP, PhIP, KBrOs,
and PO were consistent between models. No SBS signature
was observed in either system for acetaldehyde, KChr, MelQx,
or 0-TOL, possibly due to incomplete activation or insufficient
dosing. Signatures were detected in organoids but not in hiPSC
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for glycidamide, MNNG, and SO, likely due to higher permissible
concentrations. AFB; and ENU showed divergent signatures
across systems, highlighting model-dependent variability and
the importance of validation across platforms.

Variability in mutation burden seen between donor organoids
for indirect-acting mutagens (those requiring metabolic activa-
tion) may be due to differences in xenobiotic metabolism capa-
bility,°*°> whereas variability seen with direct-acting mutagens
(those not requiring metabolic activation) could be due to differ-
ences in DNA repair capacity of the donor cells.®®

It is noteworthy that the primary base mutation of many agents
is similar in bacteria, mammalian cells, transgenic mice, and hu-
mans.®” As noted by DeMarini,®® this is likely due to the highly
conserved nature of the DNA repair/replication system across
species.

Overall, this study expands the catalog of experimentally
defined mutational signatures and demonstrates that organoids
derived from normal human tissues, when combined with ecNGS,
can efficiently capture carcinogen-specific signatures. Given their
superior metabolic competence relative to other models, organo-
ids offer a powerful platform for future studies of additional com-
pounds and complex mixtures. More broadly, this work repre-
sents an important advancement in experimental mutagenesis,
using modern sequencing technologies and physiologically rele-
vant human models to sensitively assess mutagenic potential.

Limitations of the study

For the final mutation signatures presented in the main figures,
we have only included stable signatures for which at least three
replicates showed consistent spectra (cossim >0.8), and only
the consistent samples were included in the analysis. Additional
putative signatures that did not share similarity with others from
the same treatment group are not included in the main figures,
but can be found elsewhere (see data and code availability).
The protocol used here is somewhat costly and labor intensive,
which may limit its immediate application for regulatory pur-
poses. If costs decrease over time and medium/high-throughput
methods, already used for anti-cancer drug screening in organo-
ids,®>"° can be applied, then the use of organoids for regulatory
purposes may become more feasible.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to the lead
contact, David H. Phillips (david.phillips@kcl.ac.uk).

Materials availability
Availability of all organoids is subject to materials transfer agreement. In the
first instance, contact the lead contact.

Data and code availability
® Raw NanoSeq sequencing data generated in this study have been depos-
ited in the European Genome-phenome Archive (EGA; https://www.ebi.
ac.uk/ega/) under accession number EGA: EGAD00001015616. Raw
standard sequencing data generated in this study for bulk, matched nor-
mals have been deposited in the EGA under accession number EGA:
EGADO00001015630. Substitution and indel calls, as well as other data
required to reproduce most of the main plots from this study are publicly
available at Zenodo (Zenodo: https://doi.org/10.5281/zenodo.15911686).
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® The code for the bioinformatics pipeline to process NanoSeq output
data, including processing VCF files, generating mutation catalogs
and analysis of mutation burden, is available at Zenodo: https://doi.
org/10.5281/zenodo.4604537. Those steps and additional code used
in this study for mutational signature analysis, refinement of de novo
experimental mutational signatures, fitting of reference signatures to
background signatures in organoids, comparison of organoid signa-
tures with COSMIC and Signal signatures and reproduction of most of
the main plots from this study are also available at Zenodo: https://
doi.org/10.5281/zenodo.15911686.

@ All other computational tools utilized in this publication have been refer-
enced in the key resources table and can be accessed through their
respective publications.
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Antibodies

Rabbit monoclonal anti-phospho-CHK2
(Thré8)

Mouse monoclonal anti-Glyceraldehyde-3-
PDH (GAPDH)

Rabbit monoclonal anti-phospho-H2A.X
(Ser139)

Rabbit polyclonal anti-phospho-p53
(Ser15)

Mouse monoclonal anti-p21
Immun-Star Goat Anti-Rabbit-HRP
Conjugate

Immun-Star Goat Anti-Mouse-HRP
Conjugate

Cell Signaling Technology

Millipore

Cell Signaling Technology

Cell Signaling Technology

BD Bioscience
Bio-Rad

Bio-Rad

Cat.# 2197; RRID: AB_2080501

Cat.# MAB374; RRID: AB_2107445

Cat.# 9718; RRID: AB_2118009

Cat.# 9284; RRID: AB_331464

Cat. # 556431; RRID: AB_396415
Cat# 170-5046, RRID: AB_11125757

Cat# 170-5047, RRID: AB_11125753

Biological samples

Human gastric organoids, D88 (WTSI-
OESO_088; HCM-SANG-0297-C15)

Human gastric organoids, D95 (WTSI-
OESO_095; HCM-SANG-0299-C15)

Human sigmoid colon organoids, SC311
Human sigmoid colon organoids, SC351
Human kidney organoids, JD021

Human kidney organoids, JD050

Human pancreas organoids, D39
Human liver organoids, D4

Wellcome Sanger Institute; see Table S1

Wellcome Sanger Institute; see Table S1

University of Cambridge; see Table S1
University of Cambridge; see Table S1

Princess Maxima Center for Pediatric
Oncology, Utrecht, NL; see Table S1

Princess Maxima Center for Pediatric
Oncology, Utrecht, NL; see Table S1

University of Cambridge; see Table S1
University of Cambridge; see Table S1

N/A

N/A

N/A
N/A
N/A

N/A

N/A
N/A

Chemicals, peptides, and recombinant proteins

Basement Membrane Extract, Type 2
(BME2), reduced growth factor

Matrigel

Recombinant human Noggin
Recombinant mouse Noggin
Recombinant human EGF
Recombinant mouse EGF
Recombinant human FGF-10
Recombinant human HGF
B27 Supplement (+vitamin A)
B27 Supplement (-vitamin A)
N2 Supplement

Gastrin-1, human
Prostaglandin E2 (PGE2)
Forskolin

N-acetyl cysteine

A83-01

Nicotinamide

SB202190

Cultrex

Corning
Peprotech
Peprotech
Gibco
Gibco
Peprotech
Peprotech
Invitrogen
Invitrogen
Gibco
Sigma
Tocris
Tocris
Sigma
Tocris
Sigma
Tocris

Cat.# 3533-010-02

Cat.# 356231
Cat.# 120-10C
Cat.# 250-38-250ug
Cat.# PHG0313
Cat.# PMG8041
Cat.# 100-26
Cat.# 100-39
Cat.# 17504001
Cat.# 12587001
Cat.# 17502001
Cat.# G9020
Cat.# 2296
Cat.# 1099
Cat.# A9165
Cat.# 2939
Cat.# N0636
Cat.# 1264/10

(Continued on next page)

Cell Reports 45, 117406, June 23,2026 19



¢? CellPress

OPEN ACCESS

Cell Reports

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Y27632 (rho-associated protein kinase Tocris Cat.# 1254

(ROCK) inhibitor)

hES Cell Cloning and Recovery Stemgent Cat.# 01-0014-500

S9 SD rat liver, aroclor-induced Moltox (dist. Trinova Biochem) Cat.# 11-01L.2
1,2-Dimethylhydrazine Sigma Cat.# D161802; CAS# 540-73-8
1-Methyl-3-nitro-1-nitrosoguanidine; TCI Chemicals Cat.# M0527; CAS# 70-25-7

MNNG
2-Amino-3,8-dimethylimidazo[4,5-
flquinoxaline; MelQx
2-Amino-1-methyl-6-phenylimidazo(4,5-
b)pyridine; PhIP

2-Hydroxyamino-1-methyl-6-
phenylimidazo(4,5-b)pyridine; N-OH-PhIP

Aristolochic acid |
Acetaldehyde

Aflatoxin B4

Benzola]pyrene
Ethylnitrosourea

Glycidamide
Methylazoxymethanol acetate
Mutagen X; 3-chloro-4-(dichloromethyl)-5-
hydroxy-5H-furan-2-one
o-Toluidine HCI

Potassium bromate
Potassium chromate

Toronto Research Chemicals Inc.

Synthesized at the Biochemical Institute for
Environmental Carcinogens
(Grosshansdorf, Germany); Krais et al.,
2016. https://doi.org/10.1002/ijc.29836

Synthesized at the Biochemical Institute for
Environmental Carcinogens
(Grosshansdorf, Germany); Krais et al.,
2016. https://doi.org/10.1002/ijc.29836

Sigma

Sigma

Enzo

Sigma

Sigma

Sigma

MRIGlobal

Toronto Research Chemicals Inc.

Toronto Research Chemicals Inc.
Sigma
Santa Cruz Biotechnology Inc.

Cat.# A606600; CAS# 77500-04-0

CAS# 105650-23-5

CAS# 124489-20-9

Cat.# A9451; CAS# 313-67-7

Cat.# 402788; CAS# 75-07-0

Cat.# ALX-630-093; CAS# 1162-65-8
Cat.# B1760; CAS# 50-32-8

Cat.# N3385; CAS# 759-73-9

Cat.# 4704; CAS# 5694-00-8

Cat.# 213, Batch 03; CAS# 592-62-1
Cat.# C365665; CAS# 117823-31-1

Cat.# T536215; CAS# 95-53-4
Cat.# A18258; CAS# 7758-01-2
Cat.# sc-203351; CAS# 7789-00-6

Propylene oxide Merck Cat.# 82320; CAS# 75-56-9
Styrene oxide Sigma Cat.# S5006; CAS# 96-09-3
Critical commercial assays

CellTiter-Glo 3D Cell Viability Assay Promega Cat.# G9683

DNeasy Blood and Tissue Kit QIAGEN Cat.# 69504

Deposited data

raw whole genome sequencing data for this study EGA: EGAD00001015630
matched normal organoid cultures

raw NanoSeq sequencing data this study EGA: EGAD00001015616
substitution and indel calls, as well as other this study Zenodo: https://doi.org/10.5281/zenodo.
data required to reproduce most of the main 15911686

plots from this study

Experimental models: Cell lines

Mouse: L Wnt-3A (for conditioned medium) ATCC CRL-2647

Mouse: HA-R-Spondin1-Fc 293T (for Cultrex 3710-001-01

conditioned medium)

Software and algorithms

Prism versions 8-10 GraphPad https://www.graphpad.com

R software, v4.3.1 R Core Team https://www.r-project.org
NanoSeq data analysis pipeline v2.3.0- Abascal et al.'""" https://github.com/cancerit/NanoSeq.
2.3.2

BWA-MEM v0.7.17 Lietal.”” https://bio-bwa.sourceforge.net/
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biobambam?2 v2.0.86 Tischler et al.” https://github.com/gt1/biobambam2

alleleintegrator Trinh et al.” https://github.com/constantAmateur/
alleleIntegrator

VerifyBamID2 v1.0.6 Zhang et al.” https://github.com/Griffan/VerifyBamID

SigProfilerMatrixGenerator v1.3.1 Bergstrom et al.”® https://github.com/SigProfilerSuite/
SigProfilerMatrixGenerator

ExpSigfinder N/A https://github.com/xqzou/ExpSigfinder

sigfit Gorietal.”” https://github.com/kgori/sigfit

additional code used for mutational this study https://doi.org/10.5281/zenodo.15911686

signature analysis and to generate the main
plots in this study

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Organoids derived from normal human tissues

Gastric organoids were obtained from Mathew Garnett at the Wellcome Sanger Institute, Hinxton, UK, where they were derived from
normal tissue of the upper stomach’® from two male donors (D88 and D95) undergoing biopsy for an esophageal tumor, in accor-
dance with the London Camden and King’s Cross Research Ethics Committee (REC#16/L0/1110). Normal, sigmoid colon organoids
were received from Matthias Zilbauer at the Department of Pediatrics, University of Cambridge, UK, and generated from biopsies
taken from two donors (SC311, male and SC351, female)’® in accordance with the East of England Cambridge South REC
(REC#17/EE/0265). Normal liver and pancreas organoids were obtained from Meritxell Huch (Max Planck Institute of Molecular
Cell Biology and Genetics) and derived from tissues of one donor each of liver (D4, female) and pancreas (D39, male) as
described.?”®" Liver and pancreas tissues were removed from deceased organ transplant donors at Addenbrooke’s Hospital, Cam-
bridge, UK, in accordance with the NRES Committee East of England, Cambridge Central (REC#15/EE/0152). Kidney organoids were
from Jarno Drost (Princess Maxima Center for Pediatric Oncology, Utrecht, NL) and derived from normal tissue of two donors (JD021
and JDO050, both female) as described®; tissues were taken during biopsy or nephrectomy, in accordance with the Medical Ethical
Committee of the Erasmus Medical Center (Rotterdam, NL; REC#MEC-2016-739). All donor tissue was taken after obtaining written
informed consent from the donor or their family for research approved and described above. Organoid model details are summarised
in Table S1.

Organoid culture

For routine culture, organoids were embedded in extracellular matrix (ECM) consisting of Cultrex RGF Basement Membrane Extract,
Type 2 (BME2; Cultrex, #3533-010-02) or Matrigel (colon organoids only; Corning, #356231), and seeded in 50 pL gels on 24-well
plates, overlaid with 500 L of organoid type-specific growth medium (summarised in Table S2) as described.”®*#%85 Organoid
growth medium consisted of Advanced DMEM/F12 (Gibco, #12634-010), 10 mM HEPES (Gibco, #15630-056), 1X GlutaMAX (Gibco,
#35050-038) and the following supplements: for gastric — 50% Wnt-3A conditioned medium, 10% R-Spondin-1 conditioned medium,
1.25 mM N-acetyl cysteine (Sigma, #A9165), 150 ng/mL recombinant human Noggin (Peprotech, #120-10C), 50 ng/mL recombinant
human EGF (Gibco, #PHG0313), 100 ng/mL recombinant human FGF-10 (Peprotech, #100-26), 1 nM Gastrin | (Sigma, #G9020),
1% B27 Supplement + vitamin A (Invitrogen, #17504001), 2 pM A83-01 (Tocris, #2939), 10 mM nicotinamide (Sigma, #N0636);
for colon — 50% Wnt-3A conditioned medium, 20% R-Spondin-1 conditioned medium, 1.25 mM N-acetyl cysteine, 100 ng/mL re-
combinant mouse Noggin (Peprotech, #250-38-250ug), 50 ng/mL recombinant mouse EGF (Gibco, #PMG8041), 1% B27 Supple-
ment + vitamin A, 0.5 uM A83-01, 10 mM nicotinamide, 10 pM SB202190 (Tocris, #1264/10); for kidney — 10% R-Spondin-1 condi-
tioned medium, 1 mM N-acetyl cysteine, 50 ng/mL recombinant human EGF, 100 ng/mL recombinant human FGF-10, 1.5% B27
Supplement + vitamin A, 5 pM A83-01; for pancreas — 10% R-Spondin-1 conditioned medium, 1.25 mM N-acetyl cysteine,
25 ng/mL recombinant human Noggin, 50 ng/mL recombinant human EGF, 100 ng/mL recombinant human FGF-10, 10 nM Gastrin
I, 1% B27 Supplement - vitamin A (Invitrogen, #12587001), 5 uM A83-01, 3 pM PGE2 (Tocris, #2296), 1% N2 Supplement (Gibco,
#17502001), 10 pM forskolin (Tocris, #1099), 10 mM nicotinamide; for liver - 10% R-Spondin-1 conditioned medium, 1.25 mM
N-acetyl cysteine, 50 ng/mL recombinant human EGF, 100 ng/mL recombinant human FGF-10, 25 ng/mL recombinant human
HGF (Peprotech, #100-39), 10 nM Gastrin |, 1% B27 Supplement - vitamin A, 5 pM A83-01, 1% N2 Supplement, 10 uM forskolin,
10 mM nicotinamide. During the first few days after thawing early passage frozen stocks of liver organoids, the liver growth media
was further supplemented with 30% Wnt-3A conditioned medium, 25 ng/mL recombinant human Noggin and 1X Stemolecule
hES Cell Cloning & Recovery Supplement (Stemgent, #01-0014-500). Conditioned medium was prepared as described previ-
ously, 8983785 ysing the cell lines L Wnt-3A (ATCC, #CRL-2647) and HA-R-Spondin1-Fc 293T (Cultrex, #3710-001-01).
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Cultures were maintained at 37°C, 5% CO, and growth medium was replaced every 2-3 days. Organoids were passaged every 7—
10 days, depending on density and size, by mechanical shearing or digestion with TrypLE and reseeded in ECM at a 3- to 8-fold dilu-
tion. After passaging media was supplemented with 10 pM of the rho-associated protein kinase (ROCK) inhibitor Y27632 (Toc-
ris, #1254).

We found that the stomach, colon and kidney organoids (two donor lines each) could be consistently expanded for at least 20 pas-
sages (split every 7 days at 1:3-1:5). Organoids from pancreas and liver tissue could be split at 1:3 every 7-10 days up to passage 10,
but then gradually slowed in growth (leading to a maximum split ratio of 1:2 every 7-10 days from passage 11-15).

METHOD DETAILS

Harvest of metaphase chromosomes and multiplex-FISH karyotyping

Metaphase chromosomes from organoids were harvested as previously described”® with slight modifications. Recently passaged
organoid cultures were incubated for 2-3 h with 0.1 pg/mL colcemid (KaryoMax; Gibco, #15212012) diluted in fresh growth media.
Organoids were then dissociated into single cells by incubating with TrypLE (Gibco, #12605028) or Accumax (Merck, #SCR006) at
37°C for 10 min, mixing every three min by pipetting, washed in DMEM and pelleted at 350 g. The pellet was transferred to a 1.8-mL
microtube in media and repelleted. The pellet was resuspended in ~25 pL of supernatant and then incubated in 1 mL of hypotonic
solution (0.4% KClin 10 mM HEPES [pH 7.4]) for 15-30 min at room temperature. The cells were then fixed by slowly adding 100 uL of
a 4:1 (v/v) methanol:glacial acetic acid fixative, followed by two washes in the fixative, resuspended in 100 pL of fixative and then
stored at —20°C until further processing. Throughout the fixation process, cells were pelleted at 850-3400 g in a microcentrifuge
and were fully resuspended before adding solutions.

M-FISH karyotyping was performed as previously described.”®%® The cell suspension was applied to slides, which were fixed in
acetone for 10 min before baking at 62°C for 30 min. Metaphase spreads were then denatured in an alkaline solution (0.5 M NaOH,
1.0 M NaCl) for 7 %2— 8 min, followed by two washes in 1 M Tris—HCI (pH 7.4) and 1 x PBS, for 4 min each. Slides were then dehydrated
in a series of 70%, 90% and 100% ethanol and air dried.

The probe mix of 24 color human M-FISH paint was denatured at 65°C for 10 min before applying onto the denatured slides. Hy-
bridisation was carried out over two nights at 37°C. After hybridisation slides were washed for 30 min in 2x SSC at 37°C for the
removal of coverslips, followed by a 5 min stringent wash in 0.5x SSC at 75°C, and two 5 min washes in 2x SSC +0.05% Tween20
(VWR) and 1x PBS, at room temperature. Slides were mounted in Vectashield Vibrance Antifade mounting medium containing DAPI
(4’ ,6-diamidino-2-phenylindole; Vector Laboratories). Imaging was carried out using a 63 x objective on a Zeiss Axiolmager D1 fluo-
rescent microscope equipped with a Hamamatsu CCD camera and narrow bandpass filters for DAPI, DEAC, FITC, Cy3, Texas Red
(Cy3.5) and Cy5 fluorescence. Metaphases were imaged using SmartCapture software and karyotyped using SmartType Karyotyper
(both Digital Scientific, UK). Twenty metaphase spreads from each organoid culture were fully karyotyped based on M-FISH
classification.

Mutagen treatment

The mutagenic agents examined in this study were: 1,2-dimethylhydrazine (Sigma, #D161802); 2-amino-1-methyl-6-phenylimi-
dazo(4,5-b)pyridine (PhIP) and 2-hydroxyamino-1-methyl-6-phenylimidazo(4,5-b)pyridine (N-OH-PhIP), which were both synthes-
ised at the Biochemical Institute for Environmental Carcinogens, Grosshansdorf, Germany; 2-amino-3,8-dimethylimidazo[4,5-
flquinoxaline (MelQx; Toronto Research Chemicals Inc., #A606600); 1-methyl-3-nitro-1-nitrosoguanidine (MNNG; TCI Chemicals,
#MO0527); 3-chloro-4-(dichloromethyl)-5-hydroxy-5H-furan-2-one (Mutagen X; Toronto Research Chemicals Inc., #C365665); aristo-
lochic acid | (Sigma, #A9451); acetaldehyde (Sigma, #402788); aflatoxin B4 (Enzo, #ALX-630- 093); benzo[a]pyrene (Sigma, #B1760);
ethylnitrosourea (Sigma, #E3385); glycidamide (Sigma, #4704); methylazoxymethanol acetate (MRIGlobal, #213); o-toluidine HCI
(Toronto Research Chemicals Inc., #T7536215); potassium bromate (Sigma, #A18258); potassium chromate (Santa Cruz Biotech-
nology Inc., #sc-203351); propylene oxide (Merck, #82320); styrene oxide (Sigma, #S5006). Further information can be found in
Table S3 (e.g., preparation of working stocks and solvents used).

Mutagens were diluted in growth media immediately prior to treating cultures. Control cultures were treated with solvent at the
same final percentage used in the mutagen treatments. Organoids were incubated with mutagen treatment media or solvent con-
trol media for 48 h, unless S9 mix was required. Compounds requiring cytochrome P450-mediated metabolic conversion to DNA-
reactive intermediates were tested with the inclusion of S9 mix, which consisted of 0.5-2.5% S9 fraction from Aroclor-1254-
induced male Sprague-Dawley rat liver (Moltox/Trinova, #11-01L.2), 3 mM NADP (Roche) and 15 mM DL-isocitric acid trisodium
salt hydrate (Sigma) in growth media. Cells were exposed to compounds in the presence of S9 mix for 4-24 h; treatment media
was then replaced with fresh growth media. The percentage of S9 and treatment duration was optimised to ensure maximal acti-
vation of the compound (judged by toxicity), with minimal cell toxicity of S9 mix alone. Gastric organoids were treated with PhIP,
Mutagen X and MelQx using 2.5% S9 fraction for 4 h, and were treated with 1,2-DMH and o-toluidine using 1% S9 fraction for 24
h. Colon organoids were treated with PhIP and 1,2-DMH using 0.5% S9 fraction for 24 h. Treatments using S9 mix are summar-
ised in Table S4.
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Cell viability assessment

Organoid stock cultures were briefly disaggregated with TrypLE into small clumps of cells, diluted 3- to 8-fold in 70% BME2 (or Ma-
trigel for treatments of colon organoids that included S9 mix) and seeded as 10 pL domes on 96-well plates 48-72 h before treatment.
Each chemical was tested at a range of concentrations (>5) to establish dose-response curves spanning 0-100% cytotoxicity, where
possible. Chemicals were tested at least three times in independent experiments, wherein each treatment condition was assayed in
>3 technical replicates (i.e., wells of a 96-well plate). Organoids were treated for 48 h (or 4-24 h with S9 mix), then treatment media
was replaced with fresh growth media and the organoids were incubated for a further 48 h (a recovery period to allow cell division and
processing of DNA damage).

Cell viability after treatment was measured using the CellTiter-Glo 3D Cell Viability Assay, which assesses relative cellular ATP
levels (Promega, #G9683). The reagent, containing lysis buffer, luciferin and Ultra-Glo rLuciferase, was added either directly after
the 48-h treatment or after the 48-h recovery period in a 1:2 ratio with the media. Samples were mixed by scraping the bottom of
the wells to dislodge the gels and pipetting up and down several times and then incubated for 30 min at room temperature. Fifty
pL from each well was transferred to a white assay plate and luminescence was measured using a GloMax Explorer microplate reader
(Promega). Viability post-treatment was calculated as the % ATP in treated wells versus solvent control wells. ICsq values were calcu-
lated using Prism 7 software.

Organoid treatment for mutation induction

Organoids were disaggregated and diluted as for cell viability assays, seeded on 24-well plates in 50 pL gels with 500 pL of growth
media and treated 2-3 days later. Each chemical and organoid line was tested on a separate plate. Cultures were treated (2 wells per
condition) with each compound diluted in growth medium at three concentrations, including one that induced 50% cytotoxicity, as
well as one higher and one lower concentration (all within the range of 25-75% cytotoxicity). A solvent control-treated culture was
included on each plate. Organoids were treated for 48 h without S9, or 4-24 h with S9, then left to recover in normal growth medium
for a further 48 h. After recovery cultures were passaged without TrypLE and reseeded at 1:1-1:3 (into 50 pL gels on 2-3 wells of a
24-well plate, per treatment condition), depending on the level of toxicity, then allowed to expand for up to one week. After expansion,
a pellet was frozen for DNA extraction and two frozen stocks were prepared (using Recovery Cell Culture Freezing Medium, Gibco)
from each control or treatment. Generally, the samples treated with a 50% toxic concentration and a higher concentration were used
for mutation analysis. However, in some cases further cell death occurred during the one-week expansion period, and samples
treated with lower concentrations of mutagen were used for mutation analysis.

Western blotting

Organoids were seeded in 50 pL of 70% ECM on 24-well plates with 500 pL of growth media. When cultures reached a density of 70-
80% they were treated for up to 48 h with or without PhIP + S9 at the same conditions used for mutation induction. Organoids were
then harvested, incubated in TrypLE for 10 min at 37°C to dissolve the ECM, and pelleted. The pellet was washed with cold PBS and
then lysed in a buffer of 62.5 mM Tris (pH 6.8), 1 mM EDTA (pH 8.0), 2% sodium dodecyl sulfate, 10% glycerol, and 1X Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, #78442). Western blotting was carried out as previously described.*?
Protein (15 pg) was separated on NUPAGE 4-12% gradient polyacrylamide gels (Thermo Fisher Scientific, #NP0336BOX) and sub-
sequently transferred to a nitrocellulose membrane. The membrane was probed with the following primary antibodies: anti-phospho-
CHK?2 (T68, 1:1000; Cell Signaling, #2197), anti-phospho-p53 (S15, 1:1000; Cell Signaling, #9284), anti-p21 (1:2000; BD Bioscience,
#BD556431), anti-phospho-H2AX (S139, 1:2000; Cell Signaling, #9718) and anti-GAPDH (1:25000; Millipore, #MAB374). Following
washes membranes were incubated with secondary HRP conjugated antibodies (#170-5046 goat anti-rabbit HRP 1:20000 or #170—
5047 goat anti-mouse HRP 1:10000, both BioRad). ECL (Amersham # RPN2105) was detected with film.

DNA extraction from organoids
DNA was extracted from pelleted cells using the QIAGEN DNeasy Blood and Tissue Kit (#69504).

DNA library preparation for NanoSeq

DNA was submitted to the NanoSeq pipeline (Wellcome Sanger Institute (WSI) Cancer, Aging and Somatic Mutation lab) for library
preparation and duplex sequencing using the NanoSeq protocol described by Abascal et al.'’ DNA samples (1-5 ng) were purified
using 100 pL of a 50:50 water:AMPure XP bead (Beckman Coulter, #A63881) mixture and eluted in 20 pL of nuclease-free water
(NFW). A 20-puL volume of the bead suspension was used for on-bead fragmentation. This reaction was performed in a final volume
of 25 pL, using 2.5 pL 10x CutSmart buffer (500 mM potassium acetate, 200 mM Tris-acetate, 100 mM magnesium acetate, 1 mg/mL
BSA, pH 7.9 at 25°C), 0.5 pL 5 U/pL HpyCH4V and 2 pL NFW. Reactions were incubated at 37°C for 15 min, purified using 2.5x
AMPure XP beads and resuspended in 15 pL of NFW. A 10-pL volume of fragmented DNA was A-tailed in 15-pL reactions containing
1.5 puL 10x NEBuffer 4 (500 mM potassium acetate, 200 mM Tris-acetate, 100 mM magnesium acetate, 10 mM DTT, pH 7.9 at 25°C),
0.15 pL 5 U/uL Klenow fragment (3'-5' exo-, New England Biolabs [NEB], #M0212L), 1.5 uL 1 mM equimolar dATP/ddBTPs (ddTTP,
ddCTP and ddGTP) and 1.85 L NFW. Reactions were incubated at 37°C for 30 min. The 15-uL A-tailing reaction product was com-
bined with 22.4 pL ligation mix, containing 2.24 pL 10x NEBuffer 4, 3.74 uL 10 mM ATP, 0.33 pL 15 uM xGen Duplex Seq Adapters
(IDT, 1080799), 0.56 pL 400 U/uL T4 DNA ligase (NEB, #M0201S) and 15.53 pL NFW. Reactions were incubated at 20°C for 20 min,
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purified using 1x AMPure XP beads and resuspended in 50 pL of NFW. DNA was quantified using a quantitative polymerase chain
reaction (QPCR)-based method (Library Quantification Kit, KAPA #KK4835). Samples were diluted in NFW to give 0.3 fmol of DNA in
25 pL. This optimises the sequencing duplicate rate to maximize the number of read bundles (families of PCR duplicates) with at least
two duplicate reads derived from each original strand when sequencing 150 million 150-bp paired-end reads, equivalent to ~15x
coverage for standard human WGS."" Libraries were PCR-amplified in 50-pL reactions containing 25 pL sample, 25 uL NEBNext Ultra
I Q5 Master Mix (NEB, #M0544X) and lyophilised unique dual index (UDI)-containing primers, cycled as follows: Step 1, 98°C 30 s;
Step 2,98°C 10 s; Step 3, 65°C 75 s; Step 4, return to step 2 n times; Step 5, 65°C for 5 min; Step 6, hold at 4°C. The number of PCR
cycles (n) was set according to the amount of input library DNA (16 cycles for 0.1-0.3 fmol, 14 cycles for 0.3 fmol, 13 cycles for 0.6
fmol). The PCR product underwent two consecutive 0.7 x AMPure XP clean-ups. Samples were quantified using the AccuClear Ultra
High Sensitivity dsDNA Quantification kit (Biotium, #31028) according to the manufacturer’s instructions and pooled for sequencing.

DNA library preparation for whole-genome sequencing of matched-normal samples

DNA samples extracted from early passage, untreated cultures of each organoid line were submitted for standard whole-genome
sequencing (WGS) at Wellcome Sanger Institute to provide matched-normal samples for the filtering of germline variants. Libraries
were prepared using the NEBNext Ultra Il DNA Library Prep Kit for lllumina (New England Biolabs #E7103L) according to the man-
ufacturer’s instructions.

Next-generation sequencing
Both NanoSeq and matched-normal WGS libraries were sequenced using the lllumina NovaSeq 6000 platform with 150-bp, paired-
end reads, according to the manufacturer’s instructions.

Data processing: NanoSeq

Sequencing data generated from NanoSeq libraries were processed as described by Abascal et al."" using the NanoSeq pipeline at
the Wellcome Sanger Institute (v2.3.0-2.3.2).”" This analysis is summarised as follows. De-multiplexed FASTQ files were processed
by extracting the random three-nucleotide barcode, clipping the remaining four adaptor bases and appending barcode sequences to
the FASTQ header. Reads were aligned to hs37d5 (Full 1000genomes Phase2 Reference Genome Sequence, based on National
Center for Biotechnology Information GRCh37) using BWA-MEM v0.7.17,”? with barcode sequences appended to alignments. Align-
ments were sorted by coordinate, duplicates were marked, and reads were annotated with the read coordinate, mate coordinate and
optical duplicate auxiliary tags, using biobambam?2 v2.0.86.”° Reads were filtered out if they were not marked as proper pairs, or if
they were marked as optical duplicates, quality control failures, un-mapped or secondary alignments. Each read was marked with an
auxiliary tag consisting of the reference name, and the mapping coordinates and barcodes of the read pair.

Data processing: Whole-genome sequencing of matched-normal samples
Reads were aligned to hs37d5 using BWA-MEM v0.7.177? and duplicates were marked using biobambam?2 v2.0.86.”°

Variant calling and filtering

SBS and indels

The calling of SBS and indels from NanoSeq data is described by Abascal et al.'" Variant filtering steps are applied consistently to the
calling of sites as both reference and mutant, allowing accurate calculation of sample mutation burden by dividing the number of
mutant calls by the total number of reference or mutant calls (the total duplex coverage). The matched-normal samples were
used to filter out clonal mutations in the sample, such as donor germline single-nucleotide polymorphisms (SNPs).

DBS

DBS were called by annotating runs of adjacent SBS calls from variant call format (VCF) files generated during SBS calling.

Sample quality control

Following variant calling, samples were checked for 1) evidence of incorrect pairing to their corresponding matched-normal sample
and 2) presence of more than one human genome, indicating sample mixing or contamination during laboratory processing. Correct
pairing of samples to their corresponding matched-normal samples was confirmed using the matchBAM function of the R package
alleleIntegrator,”* which uses SNP concordance to assess whether two samples originate from the same individual. Samples con-
taining reads derived from more than one human genome were identified using VerifyBamID2 v1.0.6,”® an approach for estimating
inter-sample DNA contamination between samples from different individuals. Samples with ‘freemix’ values over 0.01 (>1% of reads
originating from a foreign human genome) were excluded.

Mutation catalog generation

Mutation catalogs were generated from the counts of different SBS, DBS and indel subtypes for each sample. These mutation sub-
types have been described previously by Alexandrov et al.’ SBS were split into 96 channels, according to the reference and mutated
nucleotide and trinucleotide context (SBS96), and DBS were split into 78 channels, according to the reference and mutated dinucle-
otide (DBS78). SBS catalogs were generated using the WSI NanoSeq pipeline’ """ and DBS catalogs were generated using R. Indels
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were split into 83 channels according to their size, nucleotides affected, and presence of repetitive or microhomology regions (ID83)
and catalogs were generated from VCF files using SigProfilerMatrixGenerator v1.3.1.7°

Mutation burden analysis
Correction for sequence composition
Mutation rates are influenced by sequence composition®”; therefore, biases in genome coverage need to be accounted for when
comparing sequencing results generated using different library preparation methods. NanoSeq data are restricted in coverage to
approximately 28% of the human genome.'" To compare these results to SBS/DBS burdens and/or spectra generated from standard
WGS methods with more even genome coverage, differences in di/trinucleotide composition between the portion of the genome
covered by NanoSeq libraries and the human genome as a whole must be considered.

For each of the 96 SBS subtypes considered, the mutation count was corrected using the ratio of the frequency of the correspond-
ing trinucleotide in the human genome to the trinucleotide frequency observed in the sequencing data for the sample in question, as
demonstrated in the example below for the subtype ACG>ATG:

Fgenome (ACG)

Meoreciea (ACG > ATG) = Mosserea (ACG > ATG) x - rp s

where M is the mutation subtype count and F is the frequency of the corresponding trinucleotide. These corrected SBS counts proj-
ect the observed trinucleotide spectra from the fraction of the genome covered by NanoSeq onto the human reference genome. DBS
catalogs were also corrected according to the observed and genomic frequencies of the 78 dinucleotides considered, following the
approach described above.

Calculation of mutation burden per base pair

Estimates of SBS burden/bp were calculated as described by Abascal et al.' ' Briefly, for each sample, the number of SBS calls was
divided by the total duplex coverage, corrected for trinucleotide composition as described above. Estimates of DBS burden/bp were
calculated by dividing the number of DBS calls by the total duplex coverage, corrected for dinucleotide composition.

Estimates of indel burden/bp were calculated by dividing the number of indel calls per sample by the total duplex coverage.
Correction for the relative coverage of the sites affected by the 83 different indel subtypes considered is prohibitively complex
due to the greater diversity of variant types within this class. However, opportunities for indel acquisition are less susceptible to
distortion due to sequence composition, as they are less affected by the depletion of certain di/trinucleotides due to the use of a
sequence-specific restriction enzyme in library preparation.

Poisson confidence intervals for estimates of SBS burdens/bp were calculated using the NanoSeq pipeline."" For DBS and indels,
Poisson confidence intervals were calculated following the same method using R.

Calculation of estimated mutation burden per diploid human genome
For all variant classes, the estimated mutation burden per genome was calculated by multiplying the burden/bp by the approximate
number of base pairs in a diploid human genome (6 billion).

|.11

Mutational signature analysis

De novo mutational signature extraction

Mutational signature extraction was performed using ExpSigfinder, an algorithm which identifies background mutation processes
present in in vitro models using the relevant control samples, before removing this background profile from the treated samples
to identify putative mutational signatures.®® This algorithm was implemented as part of an approach to identifying significant and
robust treatment-associated mutational signatures in this dataset.

SBS signatures

Putative SBS signatures were identified using a stepwise approach.

1. First, the background SBS burden/bp present in each model was calculated using the control samples, calculating the mean

and 95% confidence interval.

2. The SBS burden of each treated sample was compared to the corresponding controls. Where the 95% confidence interval of
the SBS burden of a treated sample did not overlap the 95% confidence interval for the SBS burden of the controls, the treated
sample was considered to show a significant increase in SBS burden compared to background levels.

. Samples that did not show a significant increase in SBS burden were not taken forward for SBS signature analysis.

4. Samples with fewer than 100 mutation calls were discarded due to insufficient data to determine any underlying mutational

signature.

5. Mutation catalogs for the remaining samples were adjusted to give the estimated burden/genome by dividing observed counts

by sample total duplex coverage and multiplying by 6 billion.

6. The background mutational spectrum for each model was calculated by taking the mean count of each SBS subtype across all

control samples from the model.

w
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7. This background spectrum was subtracted from the mutation catalog for each treated sample to give the excess mutational
spectrum using the ‘Wrap_KOSig’ function from ExpSigfinder®® (parameters: sampling_number = 100, start_num = 0, bound-

ary = 2).

8. These excess mutational spectra were examined for evidence of a robust mutational signature, distinct from the background
mutagenesis using a method adapted from Abascal et al."" (‘Methods: Bootstrapped cosine similarity’):

a) According to the probability distribution of the excess mutational spectrum, 50,000 random SBS catalogs of size n were
generated, where n is the number of raw calls in the original sample (before correction for total duplex coverage), minus
those attributed to the background signature.

b) Cosine similarities between each of these samples and the background signature were calculated, obtaining a bootstrap-
ped estimate of the 99.98% confidence interval (Bonferroni-adjusted 95% confidence interval; n = 128).

c) The observed cosine similarity between the excess mutational spectrum and background signature was calculated; where
this fell within the estimated confidence interval, the excess spectrum was considered not to show significant difference to
the background and the sample was not taken forward for further analysis.

9. For the remaining samples, the background-subtracted spectrum was considered to represent the excess mutagenesis in

response to the applied treatment — a putative mutational signature present in this sample.

DBS signatures
Samples with fewer than 20 DBS calls were discarded. Due to the low DBS call numbers in the control samples, it was not possible to
generate robust estimates of DBS background spectra for these models. For DBS signatures, treated samples that showed a sig-
nificant increase in total DBS burden were identified, and the DBS spectra of these samples were considered to represent the pu-
tative signature present. The influence of background variants on these signatures is assumed to be minimal given the low DBS bur-
dens of control samples.
Indel signatures
Samples with fewer than 20 indel calls were discarded. Putative indel signatures were identified in the same way as SBS signatures,
using the indel burdens to test for a significant increase in treated samples compared to the relevant controls, followed by subtraction
of and comparison to the background indel spectrum.

Refinement of final de novo experimental mutational signatures

Putative mutational signatures were inspected to identify samples with shared signatures. Samples treated with the same agent were
examined to assess any variation in compound-associated signatures according to model, presence of S9 or compound
concentration.

1. Pairwise cosine similarities were calculated between all putative mutational signatures identified.

2. Hierarchical clustering by cosine similarity was implemented using the pheatmap v1.0.12 R package (‘complete’ method).
These results were inspected for evidence of clustering within the group according to the variables above.

3. Foreach treatment group, putative signatures sharing cossim >0.8 with at least one other sample in the same treatment group
were included in the refined, final mutational signature for that treatment. A weighted average of the putative signatures was
calculated and taken as the refined signature of that treatment. Averages were weighted according to the estimated numbers
of raw, compound-associated mutation calls each of the putative signatures were derived from. Mutational signatures and
spectra were plotted with Python 3.9.23 using SigProfilerMatrixGenerator v1.3.3 (ref.”®).

Fitting of reference signatures to background signatures in organoids

The sources of background mutagenesis in the organoids were explored by fitting COSMIC reference signatures’' to the
mutation catalogs. Subsets of the SBS96, DBS78 and ID83 COSMIC reference signatures were taken a priori to reduce them to sig-
natures that may feasibly be present in these models. SBS reference signatures: SBS1,2,4,5,12,13,16,17a,17b,18,40,88,92; DBS
reference signatures: DBS2,4,11; indel reference signatures: ID1,2,3,5,18. Signatures were excluded where they met one or more
of the following criteria: 1. possible sequencing artifact, 2. associated with DDR deficiency (unlikely to be present in models derived
from normal cells), 3. associated with exposure to an exogenous mutagen unlikely to affect these samples either due to low frequency
in the population or tissue restriction, 4. unknown etiology, with the exception of SBS5 and SBS40, which have been observed exten-
sively in normal tissues; SBS12, which has been observed widely in liver cancers and in normal liver; SBS16, which has been asso-
ciated with aldehyde exposure; SBS17a and SBS17b, which have been observed in normal gastric samples; ID5, which is suspected
to be ubiquitous (for further details, see Figure S4). For SBS and indel background signatures, aggregated mutation catalogs
were generated for control samples from each model by summing the counts of each mutation subtype. Reference signatures
were fitted to the aggregated catalogs using the ‘fit_signatures’ function from sigfit’’ (parameters: iter = 5000, warmup = 2000,
chains = 1). Signatures were considered to be present in the sample set at a significant level if there was any sample for which
the 95% highest posterior density (HPD) interval did not overlap 0.05, indicating that the signature showed significant attribution
at a level of >5% in one or more samples. The selected signatures were then refitted to the catalogs (fit_signatures: iter = 10000,
warmup = 2000, chains = 1). Exposure data were obtained using ‘retrieve_pars’, followed by correction for total duplex coverage
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per sample. Due to the low DBS call numbers in control samples, mutations were aggregated across all eight organoid lines for signa-
ture analysis, with reference signatures fitted to this single catalog as described above.

Comparison of organoid signatures with COSMIC and signal signatures

Signatures from the COSMIC database were compared to the final, refined SBS, DBS, and ID signatures from the organoids using
cosine similarity. For SBS, only COSMIC signatures that had cossim >0.8 for at least one refined signature are shown in Figure 6; all
comparisons are shown in Figure S21. Additionally, cosine similarity was computed between COSMIC and Signal signatures for SBS
and DBS. Signal reference signatures sharing cossim <0.95 with COSMIC signatures were compared to the refined signatures from
organoids. Again, for SBS, only Signal signatures having cossim >0.8 for at least one refined signature from the treated organoids are
shown in Figure 6; all comparisons are shown in Figure S21. Refined signatures from the organoids were also compared to SBS
COSMIC experimental signatures compiled from the literature on mutational signatures generated by exogenous mutagens
(v1.0), with the same cossim >0.8 threshold.

Mutation distribution according to genomic region

Mutations in the organoid models were also analyzed according to genomic regions based on gene expression and transcriptional
strand asymmetry. For this analysis, the appropriate genome regions were defined using browser extensible data (BED) files, fol-
lowed by calculation of mutation burdens and catalogs for each of the defined regions. For these analyses, correction for sequence
composition was performed as described before, using the trinucleotide frequencies calculated according to the genomic regions
analyzed. Mutation burden was also corrected for duplex sequencing coverage.

Gene expression

Gene expression data were sourced from the Genotype-Tissue Expression (GTEx Analysis V7) project.*® For each model, the most
appropriate tissue type available was used (D88 and D95: Stomach; SC311 and SC351: Colon - Sigmoid; JD021 and JD050: Kidney;
D39: Pancreas; D4: Liver). Mutation rates were calculated according to four regions containing the genes in each expression level
quartile (1 low, 4 high).

Transcriptional strand asymmetry

Mutations within genes for each quartile of expression were annotated according to the location of the pyrimidine base on the tran-
scribed or untranscribed strand using data from the RefSeq database®® excluding mutations at sites transcribed from both strands.
Mutation spectra were derived from raw mutation calls, not corrected for duplex sequencing coverage.

Strand bias

To evaluate strand bias, matrices were computed for each of the gene expression quantiles, averaged for each treatment. For SBS,
the SBS384 matrix was separated into transcribed and untranscribed mutations, and both were collapsed into SBS6 contexts ((C>A],
[C>@], [C>T], [T>A], [T>C], [T>G]) and rounded. A Poisson test was conducted between the number of transcribed and untranscribed
mutations for each of the 6 contexts for each treatment. p-value thresholds of * = 0.05, ** = 0.01, and *** = 0.001 were used to deter-
mine significant difference between the transcribed and untranscribed strands.

The same method was followed to evaluate strand bias for indels. In this case, the matrices were collapsed from |ID415 to ID28
contexts and rounded before performing the Poisson tests.

It was not possible to determine strand bias significance for DBS mutations since the values were too small. Assessment of DBS
strand bias requires orienting the mutations based on pyrimidine base pairs and can only be applied when both bases are pyrimi-
dines, such as comparing CC>TT on the transcribed strand vs. GG>AA on the untranscribed strand. For purine-pyrimidine doublets,
such as AC>TT, strand bias cannot be performed because it is not possible to determine whether there is more damage on the purine
or pyrimidine. Therefore, the strand location of only 4 of the 10 DBS mutation types was examined.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests (assessing confidence intervals, cosine similarity and Poisson test for strand bias) were performed using R v4.3.1
(RStudio v2023.06.1 + 524) or Python 3.9.23. Details of statistical analyses are provided, along with sample number, p value and rep-

licates, in the Figure Legends or respective section of the STAR Methods. Unless otherwise specified, plots were generated using the
R package ggplot2 v3.4.1 or pheatmap v1.0.12 for heatmaps.
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