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APOBEC mutational signatures SBS2 and SBS13 are common in many
human cancer types. However, there is anincomplete understanding of

its stimulus, when it occurs in the progression from normal to cancer cell
and the APOBEC enzymes responsible. Here we whole-genome sequenced
342 microdissected normal epithelial crypts from the small intestines

of 39 individuals and found that SBS2/SBS13 mutations were presentin

17% of crypts, more frequent than most other normal tissues. Crypts with
SBS2/SBS13 often had immediate crypt neighbors without SBS2/SBS13,
suggesting that the underlying cause of SBS2/SBS13 is cell-intrinsic. APOBEC
mutagenesis occurred in an episodic manner throughout the human
lifespan, including in young children. APOBECI mRNA levels were very high
inthe small intestine epithelium, but low in the large intestine epithelium
and other tissues. The results suggest that the high levels of SBS2/SBS13

in the small intestine are collateral damage from APOBECI fulfilling its
physiological function of editing APOB mRNA.

Somatic mutations are thought to accumulate in all cells. Although
many cancer genomes have been comprehensively characterized'?,
information on somatic mutations in normal cells has been limited.
Recently, however, multiple technological advances*” have enabled the
detection of somatic mutations in many normal cell types, including
blood®, placenta’, neurons, smooth muscle’, cardiac muscle®, epithelia
of theliver’, bronchus'’, endometrium”, colorectum®, skin'®, esopha-
gus™, bladder”, pancreas, prostate, ureter, thyroid, visceral fat, adrenal

gland and testis®. These studies have informed on the clonal structure
of tissues, somatic mutation rates, mutational processes and the pres-
ence of driver mutations conferring selectionin normal cells of healthy
individuals, and those with a range of diseases.

The smallintestineis the longest segment of the gastrointestinal
tract and a major organ involved in the digestion and absorption of
nutrients. Its epithelium is thought to be one of the most vigorously
self-renewing tissues of adult mammals'®. However, small intestine
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tumors constitute only -4% of all gastrointestinal tumors”. Although a
few normal smallintestine crypts have been analyzed as parts of other
studies®'*'8, extensive sequencing of the normal small intestine epi-
thelium has not thus far been conducted. To provide acomprehensive
analysis of somatic mutations in the normal smallintestine epithelium,
we used the laser capture microdissection microscopy (LCM) and
whole-genome sequenced 342 individual small intestine crypts from
39 individuals (173 duodenal from 22 individuals, 47 jejunal from 5
and 122 ileal from 16) aged between 4 and 82 years. Six had a history
of celiac disease (gluten enteropathy). From each biopsy, we aimed to
collectboth spatially adjacent and separated crypts whenever possible.
The mean sequencing coverage was 25 fold.

Results

The landscape of somatic mutationin normal human small
intestinal crypts

Thebase of each smallintestinal cryptis occupied by stem cells, and the
descendants of asingle recent ancestor stem cell comprise most cellsin
each crypt®?°. Therefore, isolation of single crypts provides relatively
homogeneous clones of cells from which somatic mutations can be
called. The distribution of variant allele frequencies (VAFs) around 0.5
in most crypts confirmed their monoclonality (Extended Data Fig. 1).
From the distribution of VAFs, we estimated that the mean time
to the most recent common ancestor (MRCA) of crypts ranges from
0.8-4.6 years (95% confidence interval, 0-10 years) across individuals,
with amedian of 2.6.

In total, we identified 787,109 unique single-base substitutions
(SBS) and 51,256 small insertions and deletions (IDs). We fitted linear
mixed-effects models to estimate the effect of age, biopsy location and
disease condition on SBS and ID mutation burdens while controlling
for within-patient correlation. On average per year, small intestine
accumulated 51 SBS (95% confidence interval, 45-56) and 3.7 IDs (95%
confidenceinterval, 3.1-4.4) per cryptin duodenum, 50 SBS (95% confi-
denceinterval,42-59) and 2.6 IDs (95% confidence interval, 1.8-3.5) per
cryptinjejunum, and 42 SBS (95% confidence interval, 35-48) and 2.3
IDs (95% confidenceinterval,1.6-3.0) per cryptinileum (Fig.1a,b). Both
SBSand ID rates are similar to normal colorectum®, indicating that the
low incidence rate of small bowel cancer is not due to lower mutation
rates. For IDs, 1 bp IDs of A:T base pairs were the most common muta-
tion categories and are thought to reflect polymerase slippage during
DNA replication (Extended Data Fig. 2). Six crypts showed one copy
number change (gain or loss). One crypt (PD45771b_lo0004) showed a
chromosome 2 trisomy, while the remaining five were deletions ranging
from1Mb to 7 Mb. Translocation and inversion events were detected
in five crypts (Supplementary Table 1), and 96 retrotransposition
events were identified in 65 small intestinal crypts (Supplementary
Table 2). Hotspot putative cancer driver mutations in FBXW7 (S582L),
ERBB2 (V842Il) and PIK3CA (Q546E) were detected in one individual
each. Seven heterozygous protein-truncating mutations were foundin
tumor suppressor genesincluding RBI, FBXO11, FAT1, KMT2D,KMD6A,
ACVR2A and ZFHX3 (Supplementary Table 3).

Mutational signatures in normal human smallintestinal crypts

Previous studies of somatic mutations have provided aset of reference
mutational signatures**?'. By de novo extraction and decomposition of
extracted signatures, weidentified the following ten reference SBS sig-
naturesinnormal smallintestine epithelium: SBS1, SBS2, SBS5, SBS13,
SBS17b, SBS18, SBS35, SBS40, SBS41and SBS88 (Fig. 1c and Supplemen-
tary Table 4). Phylogenetic trees of small intestine crypt mutations
were constructed for each individual and mutation burdens of each
signature were estimated for eachbranch (Extended Data Fig. 3). SBS1
ischaracterized by NCG>NTG (mutated base underlined) substitutions
and is due to spontaneous deamination of 5-methylcytosine. SBS5 is
of unknown etiology but is likely of intrinsic origin. SBS1 and SBS5
are ubiquitous in human tissues and generally accumulate in a linear,

clock-like fashion throughout life®*'*?2, Congruent with these general
patterns, SBS1and SBS5were presentinalmostall smallintestine crypts,
and their mutation burdens correlated linearly with age (r = 0.77 for
SBS1, r=0.90 for SBS5; Extended Data Fig. 4). SBS18 is predominantly
characterized by C>A substitutions, is proposed to be caused by DNA
damage due to reactive oxygen species' and has been previously found
in some normal human tissues, including the colorectal epithelium
that has the highest SBS18 mutation rate other than the placenta’.
Onaverage, SBS18 contributed 12% of the total SBS burden of the small
intestine, similar to that of the colorectum (13%)°.

Seven signatures (SBS2,SBS13, SBS17b, SBS35, SBS40, SBS41and
SBS88) were present only inasubset of crypts and were thus considered
to be ‘sporadic’. SBS17b and SBS35 can be due to prior chemotherapy
treatment with fluorouracil (5-FU) and platinum drugs, respectively.
SBS17b was found in one individual (PD43853) previously treated
with 5-FU, and SBS35 in two individuals (PD28690 and PD43853) pre-
viously treated with platinum drugs. In PD43853, SBS17b and SBS35
were extracted from clonal mutations (VAF > 0.4) in crypts sampled
5 months after commencement of chemotherapy, indicating that the
time required for progeny of a single stem cell to colonize the whole
cryptwasless than5 months. However, chemotherapy itself may influ-
ence stem cell dynamics and, therefore, this short period may not
be representative of crypts in untreated individuals. SBS40 is a flat
signature correlated with age, detected in ten individuals (PD37449,
PD42835,PD43400,PD43403,PD43850,PD43851,PD45766,PD45770,
PD46562 and PD46565).SBS41is of unknown etiology and was present
in three individuals (PD37449, PD46565 and PD46566). SBS88 was
previously identified in subsets of colorectal crypts in a subset of
individuals, is caused by the mutagenic agent colibactin produced by
certainstrains of Escherichia coli present in the colorectal microbiome?
and usually appears to be generated during childhood". Consistent
with this pattern, SBS88 in the small intestine was present only in the
earliest branches of phylogenetic trees constructed from somatic
mutations. In PD37449, SBS88 constituted 52% of mutations in an
ancestral branch and was not presentin descendant branches, further
refining the timing of colibactin exposure to a very early period of
postgestational life, around or before 2 years based on SBS1 burden
(Extended Data Fig. 3). Although the small intestine does not harbor
therich microbiome of the colon, all crypts with SBS88 were from the
ileum, and it is conceivable that they had been exposed to colibactin
through backwash from the colon.

Frequency and burden of APOBEC mutagenesis

SBS2 and SBS13 are thought to be caused by activity of APOBEC cyti-
dine deaminases (in this context, we subsequently use SBS2/SBS13
and APOBEC mutagenesis interchangeably). These signatures are
characterized predominantly by C>T (SBS2) and C>G/C>A (SBS13)
mutations at TCN trinucleotides (mutated base underlined), usu-
ally occur together and are commonly found in many cancer types
including bladder, breast, cervix, head and neck, esophageal squa-
mous, lung squamous, lung adenocarcinoma, pancreas, stomach,
thyroid and uterus"***. SBS2/SBS13 have also been found in normal
bronchus' and bladder epithelial cells” but have not been commonly
detected inmost normal tissues including the liver’, endometrium™,
placenta’, colon'>*, stomach?, skin*?, esophagus**®, neurons’, car-
diac muscle®, smooth muscle’, hematopoietic stem cells®, pancreas,
prostate, ureter, thyroid, visceral fat, adrenal gland and testis®. SBS2/
SBS13 were observedin22 out of 39 individuals, in 58/342 (17%) small
intestine crypts, and on average contributed to 11% of the SBS burden
in these crypts. This frequency of APOBEC mutagenesis in normal
smallintestinal epitheliumis considerably higher than that observed
innormal colorectal epithelium. To directly compare large intestine
and smallintestine epithelia, we combined our data with a previous
dataset” of whole-genome sequences of normal colorectal crypts
with mutations assigned to phylogenetic trees and ran a mutational
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Fig.1|Burdens and mutational signatures in normal human smallintestinal
crypts. a, SBS burden versus age, showing regression lines for the three different
sectors of the small intestine. Regression lines were estimated using linear mixed-
effects models. Error bands represent 95% confidence interval for the fixed effect
ofage. Colors indicate biopsy regions, with orange, green and blue representing
duodenum, ileum and jejunum, respectively. Shapes indicate whether the

donor hasaceliac history or not. Crosses indicate donors with a celiac history,
and dots indicate donors without a celiac history. b, ID burden versus age,
showing regression lines for the three different sectors of the small intestine.
¢, The proportion of mutationsin each crypt attributed to each SBS mutational
signature (arranged by ascending age). Signatures are color coded as indicated
ontheright.

signature extraction on all branches of the combined dataset. SBS2/
SBS13 were foundin 68 of 417 (16.3%) phylogenetic branches in small
intestine, ~28-fold more frequently than the 6 0f 1075 (0.6%) branches
incolorectum (P=1.6 x 107, chi-squared test). The proportion of all
mutations that were SBS2/SBS13 was, however, only 8.5-fold higher
in small intestine (2.1%) than in large intestine (0.24%) because
of avery high mutation burden (>3,000) in a single large intestine
crypt (Fig. 1c).

To investigate whether SBS2/SBS13 is also frequently present in
small intestine cancers, we re-analyzed a whole-exome sequencing
(WES) dataset of 71 small bowel adenocarcinomas” and the results
showed a similar frequency (18%, 13 of 71) to normal small intestinal
crypts. However, the median burden of SBS2/SBS13 from signature
attributionin smallbowel adenocarcinomawas ~7-fold higher thanthat
observed in normal small intestine, suggesting that rates of APOBEC
mutagenesis are accelerated during the process of neoplastic change
and progression (Extended Data Fig. 4).

The high prevalence of SBS2/SBS13 and the ordered epithelial
crypt structure of the small intestine offer a particular opportunity
toinvestigate mechanisms of APOBEC mutagenesis. The proportions
of APOBEC-positive crypts varied between individuals (P=5x107*,
Fisher’s exact test). These differences were not well-explained by age
(r=0.19 for SBS2 and age, r = 0.18 for SBS13 and age), by sector of the
smallintestine sampled or by a history of celiac disease (Extended Data
Fig.5).Forexample,in PD41851 (aged 80 years from the ileum), SBS2/
SBS13 was found in 8/11 crypts, while in PD41853 (aged 79 years from
the ileum) only 1/11 crypts showed these signatures (Fig. 2a,b). Thus,
there appear to be differences between individuals in the extent of
APOBEC mutagenesis.

Spatial distribution of APOBEC-positive crypts
The stimulus triggering SBS2/SBS13 mutagenesis is unknown. To inves-
tigate the possibility that APOBEC activity is triggered by extrinsic local

microenvironmental factors that, in principle, might affect multiple
crypts adjacent to each other, we examined the spatial relationships
of crypts with SBS2/SBS13. Crypts with APOBEC mutagenesis often
immediately neighbored crypts without APOBEC mutagenesis (Fig. 3).
Theresults echo previous observations from normal bladder®” and sug-
gest that APOBEC mutagenesisisinitiated or permitted by cell-intrinsic
factors or, if not, by very highly localized extrinsic factors. APOBEC
cytidine deaminases are thought to be involved in intrinsicimmunity
against retrotransposons®*°. However, no significant correlation
between the number of retrotransposition events and SBS2/SBS13
mutation burden was found.

APOBEC mutagenesis occurs episodically throughout life

In vitro studies of human cancer cell lines have indicated that SBS2/
SBS13 mutagenesis is episodic, occurring in bursts with extended
periods of intervening silence’. To investigate whether APOBEC
mutagenesis in normal small intestine cells in vivo is episodic, we
examined crypt phylogenetic trees and found that APOBEC-positive
branches usually had ancestral or descendant branches in which
APOBEC mutagenesis was absent (Fig. 2d-fand Extended Data Fig. 3).
Theresults, therefore, indicate that APOBEC mutagenesis is also epi-
sodicinvivoin normal cells and suggest that most adult small intes-
tine cells have only experienced a single episode, or a small number
of episodes, in the cell lineage from the fertilized egg spanning the
lifetime of each individual.

One crypt from a 4-year-old exhibited SBS2/SBS13 demon-
strating that APOBEC mutagenesis can occur early in life (Fig. 2c).
Phylogenetic trees provided further information on the timing
of APOBEC mutagenesis episodes. In PD43401 and PD43403, the
absence of APOBEC signatures on branches ancestral to those in
which APOBEC mutagenesis was found indicates that these episodes
occurred after age 30 years (Fig. 2e,f). By contrast, in PD41852,
APOBEC exposure onan early branchindicates the occurrence of an
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Fig.2| APOBEC mutagenesis on phylogenetic trees. Phylogenies of small
intestine crypts with mutational signature annotation. Branch lengths
correspond to SBS burdens. Signatures exposures are color coded below the
trees. a, Phylogeny of PD41851, an individual with frequent APOBEC mutagenesis
exhibiting SBS1, SBS5 and SBS18 with SBS2/SBS13 in 8 of 11 crypts. b, Phylogeny
of PD41853, exhibiting SBS1, SBS5 and SBS18 with SBS2/SBS13in1of 11 crypts.

¢, Phylogeny of PD43953, a 4-year-old child exhibiting SBS1, SBSS5, SBS18 and
SBS2/SBS13.d, Phylogeny of PD41852 with APOBEC mutagenesis detected before
acrypt fission event at -25 years of age. e, Phylogeny of PD43401 with APOBEC
mutagenesis detected after a crypt fission event at -30 years of age. f, Phylogeny
of PD43403 with APOBEC mutagenesis detected after a crypt fission event at

~30 years of age.

episode before age 25 years (Fig. 2d). Together, the results suggest
that APOBEC mutagenesis occurs in the smallintestine throughout
much of the lifespan.

Kataegis clusters of APOBEC mutations

In addition to a more-or-less random genome-wide distribution,
SBS2/SBS13 mutationsin cancer are foundinlocalized, high-density
clusters referred to as ‘kataegis®?>*. To investigate whether kataegis
exists in normal small intestine, we applied a negative binominal
test on all SBS mutations to identify mutation clusters spanning
10 t0 10,000 base pairs and constructed ‘rainfall’ plots to visualize
between-mutation distances. Eighty-seven kataegic clusters were
identified, which, overall, showed fewer mutations than those in can-
cer genomes (Supplementary Table 5 and Fig. 4). Kataegisin cancers s
oftenfound around rearrangement breakpoints' but this was not the
caseinnormal smallintestine crypts. Among the clustered mutations
identified, 88% (363 0f 412, P < 2.2 x 107%, chi-squared test) exhibited
the characteristics of SBS2/SBS13, and 78% (321 0f 412, P< 2.2 x107%,
chi-squared test) co-occurred within crypts with >5% SBS2/SBS13
burden. Forty-eight percent of APOBEC-positive crypts (28 of 58,

P=9.7x107, chi-squared test) had at least one kataegis focus, of
which the earliest, by phylogenetic analysis, occurred before the
age of ~-30 years.

Tissue-specific expression of APOBEC1

Multiple lines of evidence, including the sequence context of SBS2/
SBS13 mutationsin human cancers®, engineered expression of APOBEC
enzymes in model systems®*® and APOBEC gene knockouts® in human
cancer celllines, indicate that among the family of 11 APOBEC enzymes,
APOBEC3A and, to alesser extent, APOBEC3B are responsible for gen-
erating SBS2/SBS13. To investigate the underlying mechanism for the
unusually high level of SBS2/SBS13 in small intestine epithelium and
its sharp reduction on transition to the large intestine, we analyzed
five independent datasets of publicly accessible bulk tissue*® and
single-cell transcriptome sequences® **, This revealed that (1) APOBEC1
is expressed at much higher levels in small intestine epithelium than
large intestine epithelium (10- to 20-fold higher normalized TPM in
bulk RNA sequencing (RNA-seq) data and ~10-fold higher relative read
counts in single-cell RNA-seq (scRNA-seq) data of epithelium) and all
other normal tissues (Fig. 5 and Supplementary Fig. 1), and (2) this
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difference in APOBECI expression is even more pronounced between
small and large intestine epithelial stem cells/transit amplifying cells
inwhich the SBS2/SBS13 mutations found here must have been gener-
ated (20-40-fold higher relative read counts). Moreover, four of the
five datasets indicate that (3) APOBECI is expressed at higher levels
than APOBEC3A and APOBEC3Bin smallintestine epitheliumand, (4) in
contrastto APOBEC1, APOBEC3A and APOBEC3B show lower expression
insmallintestine thanin large intestine epithelium (Table 1).

APOBECI has a known physiological function, mediating C>U
editing at position 6,666 in apolipoprotein B (APOB) mRNA to gener-
ate a truncated APOB protein with specific lipid trafficking capabili-
ties critical to normal lipid absorption and distribution by the small
intestine™*°, Inaddition to its RNA editing capability, in experimental
systems, APOBEC1 generates C>T mutations in DNA with a sequence
context similar to that of APOBEC3A**°, and consistent with that
observed here in small intestine SBS2/SBS13 mutations (Extended
Data Fig. 6 and Supplementary Fig. 2). Thus, it is plausible that the
10-40-fold higher level of APOBECI mRNA expression in small com-
pared to the large intestine epithelium is responsible for the ~28-fold
higher SBS2/SBS13 frequency in small compared to the large intestine
epithelium, and the even greater differences compared to most other
normal tissues.

Theimpact of celiac disease on somatic mutations

In celiac disease (gluten enteropathy), the immune system response
to glutenis directed at the small intestine epithelium, resulting in
villous atrophy and elevated risks of lymphoma and small intestine
carcinoma. Although the number of affected individuals is small
and estimates correspondingly uncertain, celiac disease increased
the SBS1 burden by 4.8 mutations per year (95% confidence inter-
val, 0.4-9.2; P=0.034 by t-test) and indel burden by 1.6 IDs per year
(95% confidence interval, 0.3-2.9; P=0.017 by ¢t-test), indicative of
1.43-foldincreased smallindel and 1.24-fold increased SBS1 mutation
rates (in these analyses, we used age to estimate mutation rates and
therefore the mutation rates during active disease periods could be

considerably higher) (Extended DataFig. 7). However, the total muta-
tionrate, driver mutation rate, complement of mutational signatures
and rates of mutational signatures other than SBS1were not detect-
ably affected. The SBS1mutation rate has previously been correlated
with cell division rates?, suggesting that there is accelerated crypt
stem cell proliferation in celiac disease.

Discussion

This study shows that the total somatic mutation rates of small intestine
stem cells are similar to those of the colorectum, confirming previ-
ousresults'>*. Thus, the markedly lower cancer incidence in the small
bowel compared to the large bowel is not explained by lower mutation
burdensinadultcells.

APOBEC mutagenesis is found frequently in small intestine epi-
thelium compared to the large intestine epithelium and most other
cell types thus far investigated, and the frequency of crypts showing
APOBEC mutagenesis differs between individuals. The nature of the
stimulus triggering APOBEC mutagenesis remains elusive but the
results suggest thatitis controlled by cell-intrinsic factors, is episodic
and caninitiate APOBEC mutagenesis during the whole humanlifespan,
albeit onfew occasionsin each cell lineage fromfertilized egg to normal
adultsmallintestine cell.

APOBEC1 has rarely been considered®*?as a contributor to SBS2/
SBS13 mutation burden in cancer or normal tissues because of its small
intestine-specific expression profile. However, the association between
the 10-and 40-fold differencesin APOBECI mRNA expression levels and
the -28-fold difference in SBS2/SBS13 frequency comparing small and
large intestine epithelia provides strong circumstantial evidence that
APOBECl is responsible for the high SBS2/SBS13 mutation levelsin nor-
malsmallintestine. A definitive examination of this hypothesis would
be provided by APOBECI knockout in organoids derived from normal
smallintestine epithelium, although if SBS2/SBS13 mutation episodes
are as infrequent in vitro as in vivo, these might be daunting experi-
mentsto conduct. If correct, however, thisindicates that APOBEC1, in
additionto APOBEC3A and APOBEC3B, can contribute to SBS2/SBS13
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Fig.5|APOBEC1/APOBEC3A/APOBEC3B expression across normal tissues.
Bulk tissue gene APOBEC expression from The HPA project consensus dataset®.
Image credit: HPA (v21.proteinatlas.org). a, APOBECI bulk tissue gene expression
(https://v21.proteinatlas.org/ENSGO0000111701-APOBECI/tissue). Duodenum
nTPM =29, smallintestine nTPM =26 and colonnTPM =1.1.b, APOBEC3A bulk

tissue gene expression (https://v21.proteinatlas.org/ENSGO0000128383-
APOBEC3A/tissue). Duodenum nTPM = 1.4, smallintestine nTPM = 0.8 and colon
nTPM =1.5. ¢, APOBEC3B (https://v21.proteinatlas.org/ENSGO0000179750-
APOBEC3B/tissue) bulk tissue gene expression. Duodenum nTPM = 7.3, small
intestinenTPM =4.3 and colonnTPM =12.1.

mutations in human cells, and, therefore, that APOBEC1 performs
both RNA editing and DNA editing in normal small intestine. Given
the established physiological function of APOBEC1 in editing APOB
mRNA, italsoleads to the conjecture that either APOBEC1 has multiple

physiological functions, some mediated by RNA editing and others by
DNA editing, or that the DNA editing leading to SBS2/SBS13 is simply
collateral damage arising as a result of the high levels of APOBEC1
requiredtoserveits rolein APOBmRNA editing. The observation that
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Table 1| APOBEC1/APOBEC3A/APOBECS3B expression in small and large intestines across bulk and single-cell RNA-seq

datasets
Dataset Datatype Gene Smallintestine Large intestine Smallintestine/large Adj Pvalue
intestine
The HPA®® project BulkRNA-seqg ~ APOBEC1 26 11 236 -
TPM
(nTPM) APOBEC3A 0.8 15 053 -
APOBEC3B 4.3 121 0.36 -
The GTEx project Bulk RNA-seq APOBEC1 1.9 11 10.8 -
(nTPM)
APOBEC3A 0.8 1.4 0.57 -
APOBEC3B 21 6 0.35 -
Gut Cell Survey**™* scRNA-seq APOBEC1 0.27 0.028 Q.72%** 0
ithelial lati d
epiheta Gelanveread aposecaa 0.016 0.082 0.20"* 5.0x10
APOBEC3B 0.016 0.053 0.31%** 9.25%x1072%
Gut Cell Survey***! scRNA-seq APOBECT 0.024 0.00058 41.6*** 9.0x10™*
stem cells (relative read
count) APOBEC3A 0.0026 0.015 017 1
APOBEC3B 0.022 0.036 0.62 0.73
Tabula Sapiens™® scRNA-seq APOBEC1 0.12 0.012 9.29*** 2.3x107°
epithelial (relative read or -
count) APOBEC3A 0.17 0.021 8.29 5.3x10
APOBEC3B 0.030 0.0086 3.48*** 2.2x107
Tabula Sapiens® scRNA-seq APOBEC1 0.022 0 Infinity 1
t lifyi it lati d
stem/amplifying cells (Crsuang'e 8% ApoBEC3A 0.080 0.025 316 0.38
APOBEC3B 0.056 0.038 1.50 1
HPA collection**** scRNA-seq APOBEC1 0.62 0.062 10.0%** 7.3x1076
epithelial (relative read
count) APOBEC3A 0.021 0.22 0.095 0.86
APOBEC3B 0.0047 0.059 0.080*** 7.0x10°
HPA collection**** scRNA-seq APOBECT1 on 0.0047 22.3*** 2.4x107°
diff tiated cell. lati d
undifierentiated cets gsuange e8¢ ApoBEC3A 0.0059 0053 omn 1
APOBEC3B 0.012 0.028 0.45 1

Relative read count was calculated under a scale factor of 10* and averaged across all cells. All single-cell data were obtained by 10X Genomics droplet-based sequencing. Gut Cell
Survey—73,023/47,020 cells and 6,952/1,065 stem cells from small/large intestine from small/large intestine. Tabula Sapiens—3,112/5,790 cells and 259/318 stem and amplifying cells from
small/large intestine. Human Protein Atlas (HPA) collection—6,167/11,167 cells and 1,290/2,104 undifferentiated cells from small/large intestine. P values were calculated from the coefficient
two-tailed t-test of negative binomial regression models and were corrected for multiple testing using Benjamini-Hochberg method. Asterisks on the ratio indicate statistical significance. ***:

Adjusted P value <0.001.

there are few episodes of APOBEC mutagenesis during the lifetime of
anindividual suggests that while APOBEC enzyme expression is neces-
sary, it is not sufficient to generate SBS2 and SBS13 and that further,
likely stochastic events are required.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-022-01296-5.
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Methods

Ethics and overview

This study complies with all relevant ethical regulations and was
approved by National Research Ethics Service Committee East of Eng-
land (PD28690, PD37449, PD34200 and PD37266), London-Surrey
Research Ethics Committee (PD43850, PD43851, PD52486 and
PD52487), Wales Research Ethics Committee 7 (PD41851, PD41852,
PD41853, PD42833, PD42834, PD42835 and PD43853), National
Research Ethics Service Committee East of England—Cambridge
East (PD43400, PD43401, PD43402 and PD43403), National Research
Ethics Service Committee East of England—Cambridge South
(PD43949, PD43950, PD43951, PD43952, PD43953 and PD43954),
National Research Ethics Service Committee North West—Haydock
(PD45766,PD45767,PD45769, PD45770,PD45771,PD45773,PD45776
and PD45778) and East of Scotland Research Ethics Service (PD46562,
PD46563, PD46565, PD46566, PD46568 and PD46573). We obtained
healthy and celiac small intestinal biopsies from 39 individuals
(22 females and 17 males aged between 4 and 82 years from the
United Kingdom). Among them, six individuals (two females and
four males) had a history of celiac disease (gluten enteropathy).
Participants were recruited from eight cohorts, including organ
donors (providing duodenum, jejunum and ileum samples), patients
who have undergone endoscopy (providing duodenum samples) and
patients with colorectal cancer who have had surgical removal for
part of their colon (including part of the ileum). Written, informed
consents for all participants were obtained and participants were
not compensated. A summary of age, sex and cohort is provided in
Supplementary Table 6.

Thefirst cohort consists of samples collected ina previous study®
from a 78-year-old man (PD28690), a 54-year-old woman (PD43850)
and a 47-year-old man (PD43851) in warm autopsies within 6 h of
death. PD28690 was a nonsmoker who died of a metastatic esopha-
geal adenocarcinoma for which he had received a short course of
palliative chemotherapy (5-6 weeks of oxaliplatin, 7 weeks before his
death). The samples were collected inline with the protocols approved
by the National Research Ethics Service Committee East of England
with United Kingdom Research Ethics Committee (REC) reference 13/
EE/0043.The other twoindividuals died of causes not related to cancer.
The use of these tissues was approved by the London-Surrey Research
Ethics Committee (REC reference17/L0O/1801). Samplesin the second
cohort were collected in a previous study' from organ donors (two
females and one male) at age 36-67 years from whom small-intestinal
biopsies were taken at the time of organ donation (approved by the
National Research Ethics Service Committee East of England, REC
reference 15/EE/0152). The third cohort represents four female and
three male patients aged 38-80 who underwent surgical resection
(approved by Wales REC 7 with REC reference 15/WA/0131). The fourth
represents four female patients aged 53-77 years who had endoscopy
(approved by NRES Committee East of England—Cambridge East with
REC reference 08/h0304/85+5). The fifth cohort comprised children
aged between 4 and 13 years (four females and two males) who had
endoscopy (approved by NRES Committee East of England—Cambridge
Southwith RECreference 17/EE/0265). The sixth cohort comprised six
male and two female patients aged 50-82 years with surgical resection
(approved by NRES Committee North West—Haydock with REC refer-
ence 20/NW/0001). The seventh cohort comprised two female and four
male patients aged between 41and 78 years with celiac conditions, and
samples were collected through endoscopy (approved by East of Scot-
land Research Ethics Service with REC reference 18/ES/0133). Celiac his-
toryinformationis provided in Supplementary Table 7. The last cohort
is from AMSBio (commercial supplier), samples for donors PD52486
(19, female) and PD52487 (23, female) were obtained at autopsy from
individuals who had died of causes not related to cancer (approved
by the London-Surrey Research Ethics Committee with REC reference
17/L0O/1801).

Statistics and reproducibility

No statistical method was used to predetermine the sample size.
The sample size was determined by the availability of tissue and the
cost of the experiment. The experiments were not randomized. The
Investigators were not blinded to allocation during experiments and
outcome assessment.

All small intestinal crypts were included in the analysis, except
when modeling mutation rates, samples were excluded with <15-fold
coverage and from one individual (PD43853) with a substantial num-
ber of chemotherapy-induced mutations. In addition, two biopsies
(PD43851j_P52_DDM_E2, PD46565c_lo0009) have a mutational land-
scape dominant by SBS5/40 and with lower mutation burden, which
is distinct from the mutational landscape of normal small intestinal
crypts, and similar to that of Brunner’s glands, despite their crypt-like
appearance under microscopy inspection. These two samples were
keptandreported for the comprehensiveness and transparency of this
dataset but were not included in the statistical modeling of mutation
rates (leaving 306 crypts). When modeling clonal dynamics, crypts
from celiac patients (PD46562, PD46563,PD46565, PD46566, PD46568
and PD46573), children (PD43949, PD43950, PD43951, PD43952,
PD43953 and PD43954) and the patient with chemotherapy muta-
tions (PD28690 and PD43853) were excluded, because these crypts
might have a different number of cells and nonconstant mutation rate.

Laser-microdissection and low-input whole-genome
sequencing

We followed the standard protocol established at Wellcome Sanger
Institute for tissue processing, laser-microdissection, low-input
library generation and variant calling®. Fresh frozen biopsies were
fixed, embedded, sectioned and stained before library preparation.
PAXgene FIX Kit (PreAnalytiX, 765312) was used for fixation. Subse-
quent paraffinembedding was applied for higher quality morphology
of thetissue. Biopsies were sectioned (10-20 mm), fixed to4 mm PEN
membraneslides (11600288, Leica) and stained with hematoxylin and
eosin. Crypts wereisolated using LCM (LMD7000, Leica) and collected
inseparate wells of a96-well plate. Collected samples were lysed using
ARCTURUS PicoPure DNA extraction kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions.

DNAlibrary concentration was measured following library prepa-
ration and used to guide the choice of samples subject to DNA sequenc-
ing. The minimum library concentration was 5 ng pl™, and libraries
with >15 ng pl™ were preferably picked. Paired-end sequencing reads
(150 bp) were generated on Illumina NovaSeq platform and were aimed
toreachacoverage of -30x. Sequences were aligned to the human refer-
ence genome (NCBIbuild37) using BWA-MEM® (versions 0.7.12-r1039
and 0.7.17).

Single-base-substitution calling and filtering

We used the Cancer Variants through Expectation Maximization (CaVE-
Man) algorithm®* (versions 1.11.2, 1.14.1 and 1.15.1) to call single-base
somatic substitutions by performing variant calling against aninssilico
human reference genome or a matched polyclonal sample from the
same individual. Then a series of postprocessing filters were applied
as previously described*”'%'>'®»—the first filter removed mapping
artifacts associated with BWA-MEM as follows: the median alignment
score of reads supporting amutation should be greater than or equal
t0140, and fewer than half of these reads should be clipped. The second
filter was applied toremove artifacts that are associated with the LCM
library preparation, the code of the first and second filters can be found
at https://github.com/MathijsSanders/SangerLCMFiltering.

The third filter was applied to remove germline variants, for
whichwe fitted abinomial distribution to test the global variant allele
frequency at each variant site across all samples from one patient.
Germline mutations will be present at global variant allele frequency
~0.5 (heterozygous) or1(homozygous), therefore we used a one-sided
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exact binomial test, with the null hypothesis that these variants were
drawn from a binomial distribution with a success probability P= 0.5
(P=0.95 for sex chromosomes in males). The alternative hypothesis
was that these variants were drawn from distributions with P< 0.5 (or
P <0.95). The resulting P values were corrected for multiple testing
with the Benjamini-Hochberg method and a cut-off was setat g <107,
Variants with g > 107 were classified as germline, and for the remaining
variants, the null hypothesis could be rejected and therefore they were
classified as somatic.

Finally, abeta-binomialfilter was applied tofilter out the remain-
ing artifacts. These artifacts are often present at similarly low fre-
quencies across samples, while true somatic variants will be present
at a high VAF in some samples but absent in others. Therefore, we
calculate the maximum likelihood of the overdispersion parameter
(rho) for beta-binomial distribution of each variant. Any variant with
anestimated rhosmaller than 0.1wasfiltered out. This filteris adapted
fromthe Shearwater variant caller™. The code for the last two filters can
be found at https://github.com/TimCoorens/Unmatched_NormSeq.

Indel calling

Indels were called using Pindel*® (cgpPindel versions 2.2.2 and 3.3.0)
and similar filtering strategies as single-base-substitution filtering
were applied. After passing the first two filters for mapping and LCM
artifacts, variants that passed possessed a minimum quality score of
>300 at positions covered by at least 15 reads and were subject to the
same binomial and beta-binomial filters.

Stem cell dynamics

We used approximate Bayesian computation to estimate the time to
the MRCA stem cell of the crypt. We ran 50,000 simulations for each
crypt using a uniform prior for the number of stem cells and stem cell
replacement rate, under a constant mutation rate and estimated full
crypts of 1,000 cells. Variant allele frequency distributions of the simu-
lated crypts were compared to observed data, and the likelihood was
estimated based on distance. Time to the MRCA was estimated using
the best 1% simulation.

Mutation rates

For comparison of mutation rates, we calculated a sensitivity score to
represent the possibility of detecting a variant with a given sequence
coverage, variant allele frequency and algorithm settings’. We ran
100,000 simulations and estimated the sensitivity score as the fre-
quency of observing a mutant read at least four mutant reads for
SNVs or five forindels (the minimum depth requirement for CaVEMan
and Pindel calls, respectively) in each simulated run. Each simula-
tion was aset of Bernoulli tests with a success probability equal to the
median VAF of the sample, and the number of tests was drawn from a
Poisson-distributed depth given the mean coverage. After dividing the
mutation count by the sensitivity score, the adjusted countsreflect the
rate of mutation in the sample.

Wethen fitted linear mixed-effects models using nlme R package
(version 3.1-148) to estimate the contribution of age, biopsy location
and disease condition to mutation burden. Because biopsies from the
sameindividual are notindependent, we controlled this within-patient
correlation by estimating arandom effect for each patient. ANOVA tests
between models were used to test whether biopsy regions and disease
conditions affect fixed and random effects. For SBS2/SBS13, we also
tested whether retrotransposition affects the mutation burden. The
codeforthis analysis can be found at https://github.com/YichenWang1/
small_bowel/tree/main/Mutational burden.

Copy number variation, structural variants and
retrotransposon events

Copy number variations were called using two independent soft-
ware ASCAT (v4.0.1, v4.1.2 and v4.5.0)*” and Battenberg (v3.5.3)** and

detected via the breakpoints predicted by BRASS (v6.1.2 and v6.3.4)".
Structural variants were detected by BRASS and GRIDSS (v2.13.1)°%%,
Intrachromosomal variants smaller than 1 MB, as well as anything in
the matched normal, were filtered out. All copy number changes and
structural variants were then validated by visual inspection in the
genome browser JBrowse (1.15.2)%°. Retrotransposition events were
called by GRIDSS.

Detection of driver mutations

Toidentify possible driver mutations, we overlapped filtered somatic
mutations with aknown list of genes under positive selectionin human
cancers®. Then the mutations were annotated using the cBioPortal
MutationMapper cancer hotspot mutation database v5.1.7 (http:/www.
cbioportal.org/mutation_mapper)®>**, Mutations in known hotspots,
as well as protein-truncating variants in putative tumor suppressor
genes, were reported.

Phylogeny reconstruction

Phylogenetic trees of small intestinal crypts were generated from the
filtered substitutions using a maximum parsimony algorithm (MPBoot
v1.1.0)**. Substitutions were mapped onto tree branches using a maxi-
mum likelihood approach and visualized using ggtree (v3.3.1)** and
ape (v5.6.1)%.

To estimate the age interval during which specific mutations hap-
pened, we used the time of the next crypt fission event as upper limits,
and the time of the previous crypt fission event as lower limits. To esti-
matethetime of crypt fission, we built a linear mixed-effects model for
the clock-like signature SBS1and estimated the age using the total SBS1
burdenaccumulated so far and SBS1 mutation rate for thatindividual.

Identifying kataegis

Kataegis was determined based on anegative binomial test describedin
previous studies**** and visualized using MutationalPatterns package
(v3.0.1)*. Mutations within ten bases were treated as a single mutagenic
eventand mutation clusters were identified as consecutive mutations
with any pair of adjacent mutations less than 10 kb. The Pvalue is cal-
culated as follows:

=S (e o-pty

where ris the number of mutations -1in the cluster (number of suc-
cesses), k is the number of unmutated bases spanned by a group
(number of failures) and p is the mutation rate of the individual (prob-
ability of success). Mutation clusters with adjusted P<107* after
Bonferroni correction were classified as kataegis foci. Output results
were manually inspected to avoid counting shared mutation clusters
multiple times.

Mutational signature extraction and fitting

Toexplore possible undiscovered mutational signatures in smallintes-
tine, we first used a hierarchical Dirichlet process (HDPv0.1.5)° without
priorsto extract mutational signatures (Supplementary Fig.3). Before
running HDP, we assigned mutations to branches on the phylogenetic
tree. This avoided counting the same mutation within one patient
multiple times. To avoid overfitting, we only kept branches with >50
mutations as input. The HDP was run in 10 independent chains for
12,000 iterations and with a burn-in 0of20,000.

For identified SBS signatures, signatures with >0.9 cosine simi-
larity with the reference were considered the same signatures. For
the remaining signatures, we first ran HDP with all known PCAWG
reference signatures>” as priors and kept the extracted signatures as
ashortlist of candidate reference signatures (Supplementary Fig. 4).
Then expectation maximization”®'® was used to deconvolute the
remaining signatures into the shortlisted reference signatures. Weran
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asecond round of expectation maximizationthat only kept reference
signatures with >10% contributions for each HDP signature to reduce
overfitting. HDP signature 1 was also deconvoluted in the same way
despiteits >0.9 cosine similarity with SBS1because its spectrum clearly
showed residues that are not from SBSI. At last, we found every HDP
signature could bereconstructed to aspectrum >0.8 cosine similarity
with the original using these shortlisted reference signatures, therefore
we assumed no new signature was detected in this dataset. The final
SBS mutational signatures permitted in each individual were the cor-
responding deconvoluted reference signatures for HDP components
that contributed to at least 5% of mutations in atleast one branch (with
branchlength >200) of the individual phylogenetic tree. The final SBS
mutational signatures for each crypt/branch were the reference signa-
tures thathad >5% contribution to the total burden of the crypt/branch,
and the final proportion of reference signatures was estimated using
sigfit (v2.0)”". The code for this analysis can be found at https://github.
com/YichenWangl/small_bowel/tree/main/Signatures.

Comparison with the small bowel adenocarcinoma WES
dataset

Mutational signatures in small bowel cancer samples were extracted
inthe same way asthe normal crypts. Samples where the two APOBEC
signatures SBS2/SBS13 have at least a 5% contribution to the mutation
burden were classified as APOBEC-positive. Because exomes constitute
~2% of the whole genome, the number of APOBEC mutations in the can-
cer WES dataset was multiplied by 50, to enable a direct comparison of
APOBEC mutagenesis burdens between cancer and normal.

APOBEC mutation context analysis

We generated a mutation matrix with extended context and ran HDP
denovosignature extraction to get an APOBEC signature with extended
context. Sequence frequency plot was generated using WebLogo v2.8.2
(ref.”; https://weblogo.berkeley.edu/logo.cgi) from the spectrum of
theextracted APOBEC signature. Sequence context frequencies were
extracted using P-MACD* to calculate enrichment scores. APOBEC3A
and APOBEC3B signatures are distinguishable by looking at the -2 posi-
tion of the TCA motifs (position 0 is the mutated cytosine)*. APOBEC3A
hypermutationsare enrichedin pyrimidines (Y) rather than purines (R)
atposition-2, while APOBEC3B hypermutations are enriched in purines
instead of pyrimidines. Results of YTCA enrichment (P=3.0 x 107,
Fisher’s exact test) instead of RTCA (P=1, Fisher’s exact test) exclude
APOBEC3B as the major contributing enzyme in smallintestine, while
APOBEC1/3A could not be excluded.

Transcriptomic analysis
We used bulk RNA-seq data across tissue from the genotype tissue
expression (GTEx) project and the HPA project (v21.proteinatlas.org)®®
asbelow:

APOBECI: https://v21.proteinatlas.org/ENSGO0000111701-
APOBECl/tissue

APOBEC3A: https://v21.proteinatlas.org/ENSG00000128383-
APOBEC3A/tissue

APOBEC3B: https://v21.proteinatlas.org/ENSG00000179750-
APOBEC3B/tissue

The data are based on The Human Protein Atlas version 21.1 and
Ensembl version103.38. For bulk RNA-seq data, normalized expression
(nTPM, normalized protein-coding transcripts per million), corre-
sponding to mean values of the differentindividual samples fromeach
tissue, was generated from the HPA normalization pipeline. Single-cell
RNA-seq datasets were obtained from Gut Cell Survey® ! (https://www.
gutcellatlas.org/), Tabula Sapiens* (https://tabula-sapiens-portal.
ds.czbiohub.org/) and Gene Expression Omnibus (GSE125970 (ref. **)
and GSE116222 (ref. **), read counts and cluster results downloaded
from the HPA: https://www.proteinatlas.org/about/download). For
single-cell RNA-seq datasets, relative read counts were normalized

using Seurat package (v4.1.1)” in R, using ‘Relative count’ methods
with ascale factor of 10*, and averaged across all cells. To compare the
APOBECI expression level in small and large intestine epithelial and
stem cells, negative binomial regression models were constructed to
seeif difference exists after controlling confounding factorsincluding
number of MRNA counts in each cell, number of features in each cell
and other APOBEC family gene expression. The code for this analysis
canbefound at: https://github.com/YichenWangl/small_bowel/tree/
main/Expression.

Reporting summary
Furtherinformation onresearch designisavailable inthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

DNA sequencing data generated for this study are deposited in the
European Genome-Phenome Archive (EGA) with accession code
EGADO00001008764. Existing DNA sequencing datasets used in the
study are deposited in EGA with accession code EGAD00001004192
(PD37449,PD34200 and PD37266) and EGAD00001006641 (PD28690,
PD43850 and PD43851). Existing RNA sequencing datasets were down-
loaded from Gut Cell Survey (https://www.gutcellatlas.org/), Tabula
Sapiens (https://tabula-sapiens-portal.ds.czbiohub.org/) and Gene
Expression Omnibus (GSE125970 and GSE116222, read counts and
cluster results downloaded from the Human Protein Atlas: https:/www.
proteinatlas.org/about/download). The cBioPortal MutationMapper
database used to annotate cancer hotspot mutations was accessed at
https://www.cbioportal.org/mutation_mapper?standaloneMutation
MapperGeneTab=ATM.

Code availability

Code required to reproduce the analyses in this paper is available
online. Mutation-calling algorithms are available through GitHub
(https://github.com/cancerit). Variant calling filters can be found at
https://github.com/MathijsSanders/SangerLCMFiltering and https://
github.com/TimCoorens/Unmatched_NormSeq. All other custom
code used in this study is available online at https://github.com/
YichenWangl/small_bowel.

References

53. Li, H. &Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

54. Jones, D. et al. cgpCaVEManWrapper: simple execution of
CaVEMan in order to detect somatic single nucleotide variants in
NGS data. Curr. Protoc. Bioinforma. 56, 1-18 (2016).

55. Gerstung, M., Papaemmanuil, E. & Campbell, P. J. Subclonal
variant calling with multiple samples and prior knowledge.
Bioinformatics 30, 1198-1204 (2014).

56. Ye, K., Schulz, M. H., Long, Q., Apweiler, R. & Ning, Z. Pindel: a
pattern growth approach to detect break points of large deletions
and medium-sized insertions from paired-end short reads.
Bioinformatics 25, 2865-2871(2009).

57. Van Loo, P. et al. Allele-specific copy number analysis of tumors.
Proc. Natl Acad. Sci. 107, 16910-16915 (2010).

58. Cameron, D. L. et al. GRIDSS: sensitive and specific genomic
rearrangement detection using positional de Bruijn graph
assembly. Genome Res. 27, 2050-2060 (2017).

59. Cameron, D. L. et al. GRIDSS2: comprehensive characterisation
of somatic structural variation using single breakend variants and
structural variant phasing. Genome Biol. 22, 202 (2021).

60. Buels, R. et al. JBrowse: a dynamic web platform for
genome visualization and analysis. Genome Biol. 17,

66 (2016).

61. Martincorena, . et al. Universal patterns of selection in cancer

and somatic tissues. Cell 171, 1029-1041 (2017).

Nature Genetics


http://www.nature.com/naturegenetics
https://github.com/YichenWang1/small_bowel/tree/main/Signatures
https://github.com/YichenWang1/small_bowel/tree/main/Signatures
https://weblogo.berkeley.edu/logo.cgi
https://v21.proteinatlas.org/ENSG00000111701-APOBEC1/tissue
https://v21.proteinatlas.org/ENSG00000111701-APOBEC1/tissue
https://v21.proteinatlas.org/ENSG00000128383-APOBEC3A/tissue
https://v21.proteinatlas.org/ENSG00000128383-APOBEC3A/tissue
https://v21.proteinatlas.org/ENSG00000179750-APOBEC3B/tissue
https://v21.proteinatlas.org/ENSG00000179750-APOBEC3B/tissue
https://www.gutcellatlas.org/
https://www.gutcellatlas.org/
https://tabula-sapiens-portal.ds.czbiohub.org/
https://tabula-sapiens-portal.ds.czbiohub.org/
https://www.proteinatlas.org/about/download
https://github.com/YichenWang1/small_bowel/tree/main/Expression
https://github.com/YichenWang1/small_bowel/tree/main/Expression
https://ega-archive.org/datasets/EGAD00001008764
https://ega-archive.org/datasets/EGAD00001004192
https://ega-archive.org/datasets/EGAD00001006641
https://www.gutcellatlas.org/
https://tabula-sapiens-portal.ds.czbiohub.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125970
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116222
https://www.proteinatlas.org/about/download
https://www.proteinatlas.org/about/download
https://www.cbioportal.org/mutation_mapper?standaloneMutationMapperGeneTab=ATM
https://www.cbioportal.org/mutation_mapper?standaloneMutationMapperGeneTab=ATM
https://github.com/cancerit
https://github.com/MathijsSanders/SangerLCMFiltering
https://github.com/TimCoorens/Unmatched_NormSeq
https://github.com/TimCoorens/Unmatched_NormSeq
https://github.com/YichenWang1/small_bowel
https://github.com/YichenWang1/small_bowel

Article

https://doi.org/10.1038/s41588-022-01296-5

62. Cerami, E. et al. The cBio cancer genomics portal: an open
platform for exploring multidimensional cancer genomics data.
Cancer Discov. 2, Fig. 1, 401-404 (2012).

63. Gao, J. et al. Integrative analysis of complex cancer genomics and
clinical profiles using the cBioPortal. Sci. Signal. 6, pl1(2013).

64. Hoang, D.T. et al. MPBoot: fast phylogenetic maximum parsimony
tree inference and bootstrap approximation. BMC Evol. Biol. 18,
11(2018).

65. Yu, G. Using ggtree to visualize data on tree-like structures. Curr.
Protoc. Bioinformatics 69, €96 (2020).

66. Yu, G., Smith, D.K., Zhu, H., Guan, Y. & Lam, T. T.-Y. ggtree: an r
package for visualization and annotation of phylogenetic trees
with their covariates and other associated data. Methods Ecol.
Evolution 8, 28-36 (2017).

67. Yu,G., Lam, T. T.-Y., Zhu, H. & Guan, Y. Two methods for mapping
and visualizing associated data on phylogeny using ggtree. Mol.
Biol. Evolution 35, 3041-3043 (2018).

68. Paradis, E. & Schliep, K. Ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics 35,
526-528 (2019).

69. Blokzijl, F., Janssen, R., van Boxtel, R. & Cuppen, E.
MutationalPatterns: comprehensive genome-wide analysis of
mutational processes. Genome Med. 10, 33 (2018).

70. Li, Y. etal. Patterns of somatic structural variation in human
cancer genomes. Nature 578, 112-121(2020).

71. Gori, K. & Baez-Ortega, A. sidfit: flexible Bayesian inference of
mutational signatures. Preprint at bioRxiv https://doi.org/10.1101/
372896 (2018).

72. Crooks, G.E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo:
a sequence logo generator. Genome Res. 14, 1188-1190 (2004).

73. Hao, Y. et al. Integrated analysis of multimodal single-cell data.
Cell184, 3573-3587 (2021).

Acknowledgements

We thank the staff of the Wellcome Sanger Institute Sample Logistics,
Genotyping, Pulldown, Sequencing and Informatics facilities for their
many contributions, especially L. O'Neill, Y. Hooks, C. Latimer,

K. Roberts and I. Whitmore for their support with sample management
and laboratory work.We thank S. Moody, E. Dunstone, R. Rahbari,

S. Behjati and F. Markowetz (University of Cambridge and Cancer
Research UK Cambridge Institute) for discussion of the results,

C. Suo, W. Wang (Technical University of Munich), W. Zhao (Karolinska
Institutet) for discussion regarding single-cell RNA-seq data analysis,
S. Olafsson and M. Przybilla for discussion regarding statistical
analyses. We gratefully acknowledge the contributions to this

study made by the University of Birmingham’s Human Biomaterials
Resource Centre, which has been supported through Birmingham
Science City—Experimental Medicine Network of Excellence Project;
especially, we thank S. Beard and E. Hurlestone for coordination. We
thank Cambridge University Hospitals NHS Foundation Trust Tissue
Bank for assistance in the acquisition of samples, especially J. R.
Davies for assistance in clinical data collection. We thank members
of the Phoenix Consortium, in particular |. Debiram-Beecham

and N. Grehan for their help with patient recruitment and sample
collection. We also thank Royal Papworth Hospital NHS Trust
Mortuary, in particular, M. Goddard and S. Preston for help with

sample acquisition. We thank L. A. Aaltonen (University of Helsinki)
for coordinating small bowel cancer data analysis. We thank all the
patients and their families, without their support this work would not
have been possible. This research is supported by core funding from
the Wellcome Trust (206194). S.J.A.B is funded by a Cancer Research
UK Advanced Clinician Scientist Fellowship (C14094/A27178) and
The Pharsalia Trust. M.Z. is funded by a Medical Research Council
(MRC) New Investigator Research Grant (MR/T001917/1) and NIHR
Cambridge Biomedical Research Centre. L.M. is funded by a Jean
Shank/Pathological Society of Great Britain and Ireland Intermediate
Clinical Fellowship (JSPS IF 2019 01). .M. is funded by Cancer
Research UK (C57387/A21777) and the Wellcome Trust. The laboratory
of R.C.F. is funded by a program grant from the Medical Research
Council (RG84369). YW. and T.H.H.C. are supported by Wellcome
Ph.D. Studentships and P.S.R. by a Wellcome Clinical Ph.D. fellowship.
R.K. is supported by grants from Academy of Finland (Finnish Center
of Excellence Program 2018-2025, No. 312041) and Cancer Society
of Finland (200071). The GTEx Project is supported by the Common
Fund of the Office of the Director of the National Institutes of Health,
NCI, NHGRI, NHLBI, NIDA, NIMH and NINDS. The GTEx data used for
the analyses described in this manuscript were obtained from the HPA
Project. For the purpose of open access, the authors have applied a
CC-BY public copyright license to any author-accepted manuscript
version arising from this submission.

Author contributions

YW., M.R.S., TH.H.C. and P.S.R. conceived the study design. YW. and
T.H.H.C. wrote the scripts. Y.W. performed the analyses with help
and input from T.H.H.C., H.J. and R.K. YW., PS.R., L.M., H.L. and A.N.
undertook the laboratory work. H.L. and M.A.S. contributed to the
analysis pipeline. P.S.R., S.J.A.B.,, M.Z, S.R.,, A.N.,K.S,,RC.F., RW.,
D.R., B.N., R.H. and R.B. recruited patients and provided small bowel
biopsies and clinical information. M.R.S., P.J.C. and |.M. oversaw
statistical analysis. M.R.S. oversaw the study. YW. and M.R.S. wrote
the manuscript with input from all other authors.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41588-022-01296-5.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41588-022-01296-5.

Correspondence and requests for materials should be addressed to
Michael R. Stratton.

Peer review information Nature Genetics thanks the anonymous
reviewers for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Genetics


http://www.nature.com/naturegenetics
https://doi.org/10.1101/372896
https://doi.org/10.1101/372896
https://doi.org/10.1038/s41588-022-01296-5
https://doi.org/10.1038/s41588-022-01296-5
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41588-022-01296-5

PD28690 PD34200 PD37266 PD37449 PD41851 PD41852
5 4 4
4 3 3
23 2 2
2 22 22
[ D [
o2 (=] a
1 1 1
o ] o 0
R
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
VAF VAF VAF VAF VAF
PD41853 PD42833 PD42834 PD42835 PD43401
5
4 4 4
4 3 4
3 3 5
z 23 Zz, z z3 z
5 3 5 5 3 5
25 2 2 22 2 2
[} I [ [ D 2. D 2
o [=) [} o [=} [}
1 1 ! 1 1 1
o] 0 0 0 0 0
025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100
VAF VAF VAF VAF VAF
PD43402 PD43403 PD43850 PD43853
5 4
4 3
23 ) 2
‘@ ‘@ ‘@
c < c 2
[ [ i3
a2 [=) a
; 1
o o Z -
025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100
VAF VAF VAF
PD43950 PD43952 PD43953 PD43954 PD45766
4 4
3
3 5 3
2 = 2 2z 2
2 2 22 25 22
j° Q [ j° Q
[s] o [s] o [s]
1 1 q 1
o o o o
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 0.25 0.50 0.75 1.00 025 050 0.75 1.00
VAF VAF VAF VAF VAF
PD45767 PD45770 PD45771 PD45773 PD45776
4 4
4.
3 3
z z 23 z z
3 5 5 3 5
c c c c 2 c 2
@ o) D 2. @ @
[=) [} o [=} [}
1 1 1
0 0 0
025 050 075 1.00 025 050 075 100
VAF VAF
PD45778 PD46566 PD46568
5
3 . 4
£ £ £ 2 23
g2 2 e 2
o) o) @ o) G 2.
[} o a a2 a
1 ; 4
o 0 0 ] =
025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100 025 050 075 100
VAF VAF VAF VAF VAF VAF
PD46573 PD52486 PD52487
8
4
6 3
2 2° 2
24 2 22
o) @ 2 o)
[s] [s] o
2 1 1
o o o
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
VAF VAF VAF

Extended Data Fig. 1| Variant allele frequency distributions reflecting clonality of LCM samples. Variant allele frequency distribution for all individuals in this
study. Most crypts have peaks around 0.5, indicating their monoclonity.
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One crypt (PD42835_100032) was excluded from the start due to clear evidence of contamination. All other samples were included in
downstream analysis and had their mutational landscape reported. When modelling mutation rates, only samples with >15-fold coverage
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appearance under microscopy inspection. These two samples was kept and reported for the comprehensiveness and transparency of this
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interference from the two unusual cases.

When modelling clonal dynamics, crypts from coeliac patients, children and the patient with excessive amount of mutations from
chemotherapy (PD43853) were excluded, because these crypts might have different number of cells and non-constant mutation rate.
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apply in its usual way. Sequencing replicates are not normally possible as most of these samples have been obtained from distinct crypts,
though mutation rates and signatures for crypts from the same individual demonstrated good concordance. Validation of the low-input whole
genome sequencing protocol is detailed in Elliis et al 2021, and the protocol was applied in previously published work. Validation of low-input
whole genome sequencing after crypt isolation is available as part of the studies published in Lee-Six et al 2019 and Moore et al 2020. Elis et al
2021.

Not applicable - cases were not subjected to any intervention. Covariates such as age, biopsy location and disease condition were controlled
in statistical modelling.
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patients undergone chemotherapy, this was revealed by chemo-therapy related mutational signatures left on their genomes.
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Population characteristics The dataset includes 342 individual small intestinal crypts together with three Brunner's glands from 39 individuals (22
females and 17 males aged between 4 - 82 years from UK). Among them six individuals (two females, four males) had a
history of coeliac disease (gluten enteropathy). Information for each individual is provided in Supplementary table 6.
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surgical removal for part of their colon (including part of the ileum). Samples were selected to cover a wide age range and no
other selection criteria were applied. In retrospect, we have a good balance of gender (22 females, 17 males). However, all
participants were based in UK and this might need to be considered when generalise the conclusions to other regions and
ethic groups. To be specific, our first cohort consists of samples from a 78-year-old man (PD28690), a 54-year-old woman
(PD43850) and a 47-year-old man (PD43851) in warm autopsies within 6h of death (REC 13/EE/0043 and 17/LO/1801).
Samples in the second cohort were from organ donors (two females, one male) at age 36 to 67 from whom small-intestinal
biopsies were taken at the time of organ donation (REC 15/EE/0152). The third cohort represents four female and three male
patients aged 38 to 80 who underwent surgical resection (REC 15/WA/0131). The fourth represents four female patients aged
53 to 77 who had endoscopy (REC 08/h0304/85+5). The fifth cohort are children between 4 to 13 (four females, two males)
who had endoscopy (REC 17/EE/0265). The sixth cohort comprised six male and two female patients aged 50 to 82  with
surgical resection (REC 20/NW/0001). The seventh cohort are two female and four male patients aged from 37 to 78 with
coeliac conditions, and samples were collected through endoscopy (REC 18/ES/0133). The last cohort are from AMSBio
(commercial supplier), samples for donors PD52486, PD52487 were obtained at autopsy from two female individuals who had
died of causes not related to cancer (REC 17/LO/1801).
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