Article

Prolonged persistence of mutagenic DNA
lesionsinsomaticcells

https://doi.org/10.1038/s41586-024-08423-8

Received: 14 November 2023

Accepted: 19 November 2024

Published online: 15 January 2025

Open access

M Check for updates

Michael Spencer Chapman'?, Emily Mitchell"*4, Kenichi Yoshida', Nicholas Williams',
Margarete A. Fabre**5, Anna Maria Ranzoni', Philip S. Robinson’, Lori D. Kregar',
Matthias Wilk®, Steffen Boettcher®, Krishnaa Mahbubani’?, Kourosh Saeb Parsy’%,

Kate H. C. Gowers®, Sam M. Janes®, Stanley W. K. Ng', Matt Hoare'®, Anthony R. Green®*,
George S. Vassiliou*#, Ana Cvejic**", Markus G. Manz®, Elisa Laurenti®**,

lhigo Martincorena', Michael R. Stratton’, Jyoti Nangalia"**, Tim H. H. Coorens"> &
Peter J. Campbell34™

DNA s subject to continual damage, leaving each cell with thousands of individual
DNA lesions at any given moment' 3, The efficiency of DNA repair means that most
known classes of lesion have a half-life of minutes to hours>*, but the extent to which
DNA damage can persist for longer durations remains unknown. Here, using high-
resolution phylogenetic trees from 89 donors, we identified mutations arising from
818 DNA lesions that persisted across multiple cell cycles in normal human stem cells
fromblood, liver and bronchial epithelium>2. Persistent DNA lesions occurred
atincreased rates, with distinctive mutational signatures, in donors exposed to
tobacco or chemotherapy, suggesting that they can arise from exogenous mutagens.
In haematopoietic stem cells, persistent DNA lesions, probably from endogenous
sources, generated the characteristic mutational signature SBS19%; occurred steadily
throughout life, includingin utero; and endured for 2.2 years on average, with 15-25%
oflesions lasting at least 3 years. We estimate that on average, a haematopoietic stem
cell has approximately eight such lesions at any moment in time, half of which will
generate amutation with each cell cycle. Overall, 16% of mutations inblood cells are
attributable to SBS19, and similar proportions of driver mutations in blood cancers

exhibit this signature. These data indicate the existence of a family of DNA lesions that
arise from endogenous and exogenous mutagens, are present in low numbers per
genome, persist for months to years, and can generate a substantial fraction of the
mutation burden of somatic cells.

Adiverse set of mechanisms has evolved to repair DNA lesions such as
adducted, methylated or oxidized bases™. Mutations arise when there
are errors in DNA repair or when there is misincorporation opposite
an unrepaired lesion during DNA replication. The high rate at which
many DNA lesions occur in the genome demands that DNA repair must
be equally efficient, meaning that the half-life of anindividual lesionis
typically much shorter than the time between cell divisions>*. However,
arecent study in mice exposed to a single, high dose of the alkylating
agent diethylnitrosamine (DEN) showed that some DNA lesions can
persist unrepaired through several cell cycles, generating different
mutations at each round of replication®. Whether this phenomenon
extends to other types of DNA damage, especially endogenously
derived lesions in humans, remains unknown.

We hypothesized that high-resolution phylogenetic trees of som-
atic cells would enable us to infer the persistence of endogenous or

exogenous DNA lesions across multiple cell cycles (Fig. 1). In a phylo-
genetic tree of somatic cells, each branch point, formally known as
a coalescence, records a historic cell division**—successive branch
points that trace a ‘line of descent’ from root to tip record different
cell divisions through the ancestry of that clone. A given DNA lesion
that persisted across several cell divisions would have the potential
to generate a mutation each time the strand with the lesion was rep-
licated, and these separate mutations should be detectable in the
phylogeny. If different bases were misincorporated opposite the
lesion during sequential rounds of DNA replication, closely related
clones would carry two alternative mutations at the same position
in the genome (‘multi-allelic’ variants; Fig. 1a,b), as described in the
mouse model of DEN exposure®”. Furthermore, if the persistent lesion
had the same base misincorporated on the opposite strand during
different rounds of replication, those mutations could, under some
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Fig.1| Typesofvariants thatresult from persistent DNA lesions. a, Mechanism
of generation of asimple MAV. b, Mechanism of generation of aseparated MAV.
¢, Mechanism of generation ofaPVV.d, Appearance of phylogeny resulting
fromeventsina.e, Appearance of phylogeny resulting fromeventsinb. The
greenlinerepresents the lesion pathand the asterisk highlights the subclade
thatis negative for the mutation resulting from non-mutagenic replication.
MMLD, minimum molecular lesion duration. f, Appearance of phylogeny
resulting from eventsin c.g, Example of asimple MAV from the 18 post-
conceptionweek (pcw) fetal phylogeny. Branches coloured red have progeny
withthe C>G variant, and blue branches have progeny with the C>T variant,

circumstances, be recognized through their contravention of the con-
sensus phylogeny (phylogeny-violating variants (PVVs); Fig. 1c and
Extended DataFig.1). Depending on the pattern of base-incorporation
probabilities during translesion synthesis, a given lesion may giverise
predominantly to PVVs, multi-allelic variants (MAVs) or a mixture of
both.
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bothonchromosome (chr.) 3, position12695642. Right, zoomed-in view of the
relevant portionof the tree. h, Example of aseparated MAV. Red branches have
progeny with the A>Cvariant, and blue branches have progeny with the A>G
variant, both on chromosome 6, position 94696608. Grey branches have
progeny with the reference allele. Right,zoomed-in view of the relevant
portionofthe tree, with numbersinsquaresrepresenting the number of
mutations assigned to thatbranch. i, Example ofaPVVfromthe 8 pcw fetal
phylogeny.Branches coloured red have progeny with the G>A varianton
chromosome 22, position 37053571.

Phylogenetic trees of somatic cells

We collated seven published sets of somatic phylogenies from
whole-genome sequencing of single-cell-derived colonies®, orga-
noids'or laser-capture microdissections (LCMs)"*2, The dataset com-
prises 103 phylogenies from 89 individuals, encompassing a total of



11,429 whole genomes, with a median of 48 samples per individual
(range, 11-451; Supplementary Table 1). Each phylogeny was gener-
ated from a single tissue type: haematopoietic stem and progenitor
cells (HSPCs, n =39), bronchial epithelial cells (n =16) or liver paren-
chyma (n =48 from 34 individuals, owing to separate phylogenies for
8 anatomical segments of the liver in 2 participants). The HSPC phy-
logenies were from individuals that fell into five categories: fetal and
cordblood (n=4), healthy adults (n =13), stem cell transplant donor/
recipient pairs (n=10), patients with myeloproliferative neoplasms
(n=10) and patients who had been exposed to chemotherapy (n =2).
Variant calling, filtering and reconstruction of phylogenetic trees were
undertaken using established and extensively validated pipelines, as
described previously> 2,

Mutations from persistent DNA lesions

Toidentify MAVs, we examined all phylogenies for genomic positions
where we recorded two or more mutant alleles, revealing 1,079 such
sites. Such events may occur by chance if the same position happens
to mutate in two lineages independently—indeed, for many of these
events, the two clades reporting the MAVs were far apart from one
another on the tree and did not share a single line of descent, sug-
gesting that they were not generated from the same persistent DNA
lesion (n=727; Extended Data Fig. 2). However, 352 MAVs were close
together onthe phylogenetic tree and within asingleline of descent, a
pattern that would be consistent with a persistent DNA lesion. For MAVs
found in phylogenies built from clonal samples (n=293), the precise
organization of mutant clades could be established. In 80% of these
cases (233 out of 293), the two mutant clades had the same ancestral
node (Fig. 1a,d,g), whereas in the others (approximately 20% (60 out
0f 293)), the mutant clades could be linked to a single ‘lesion path’
through the phylogeny (Fig. 1b,e,h). We refer to these orientations as
‘simple’ and ‘separated’, respectively, whereas we term MAVs that are
sufficiently distant on the phylogeny to be inconsistent with a single
DNA lesion ‘unrelated’.

We used three approaches to assess whether these simple and sepa-
rated MAVs could plausibly have arisen through two independent muta-
tions at the same locus. First, we simulated the null model of MAVs that
occur as unrelated mutations to estimate the proportion anticipated
tooccurinsimple and separated orientations by chance. The observed
data had a 28-fold higher proportion of simple MAVs and a 3.8-fold
higher proportion of separated MAVs than would be predicted by the
simulations (Fig.2a,b and Extended Data Fig. 3a). Second, we assessed
MAVs with nearby heterozygous germline polymorphisms for phas-
ing (Extended Data Fig. 3b). A prerequisite for MAVs being caused by
asingle lesion is that the phasing is to the same parental copy of the
chromosome. As expected, MAVs in an orientation inconsistent with
generation by asingle persistentlesion (unrelated MAVs) had approxi-
mately equal proportions of matching and conflicting phasing (128
matching out of 230 total, P= 0.10, binomial test). By contrast, the
phasing was almost universally matched for both simple and separated
MAVs (78 out of 81, P=7 x 10" for simple MAVs; 21 out of 24, P= 0.0009
for separated MAVs; Fig. 2c). However, when the mutant clades were
separated by two or more nodes with non-mutant clades, they tended
towards amore equal distribution of matching and conflicting phasing
(Extended DataFig. 3c), implying that a subset of these MAVs were not
caused by a persistent DNA lesion. Therefore, these MAVs (n = 21), as
well as those with non-matching phasing, were excluded from down-
stream analysis. Third, we compared the distribution of base changes
and local sequence context (the mutation spectrum), for MAVs against
the one that is expected to arise from two independently occurring
mutations at the same base. This demonstrated that the unrelated
MAVs had avery similar spectrumto the one expected forindependent
mutations (Extended DataFig.4), whereas the spectrum of simple and
separated MAVs was distinct.

To identify PVVs, we developed a statistical approach to detect
mutations for which there was excessive variability (overdisper-
sion) inread counts reporting the variant, either within or outside
itsassigned branch on the tree (Extended Data Fig. 1e and Methods).
As accurate phylogenies are essential for suchinference, we included
only phylogenies that were built from single-cell-derived samples,
excluding the liver samples. This identified 841 mutations that vio-
lated the phylogeny. For 239 of these mutations, the locations of the
different subclones reporting the PVV on the phylogenetic tree were
not consistent with generation by a single persistent DNA lesion—as
for MAVs, these probably arose through two separate mutations in
independent lineages.

The remaining 602 mutations were in an orientation that would be
consistent with a persistent DNA lesion. However, these may also occur
owing to independent acquisition by chance; furthermore, incorrect
reconstruction of the phylogenetic tree, loss of heterozygosity (LOH)
or spontaneous reversion of asomatic mutation withinasubclade may
alsoresultinafalse-positive PVV call. We systematically evaluated each
of these possible mechanisms of PVV generation using simulation,
phasing, copy number and signatures (Fig. 2d-h and Extended Data
Fig.5; a detailed discussion and analysis of each possible artefactual
source of PVVsisreportedin Methods). Overall, alternative mechanisms
accounted for only a small proportion of identified PVVs, which we
excluded from further analysis.

In summary, a substantial majority of MAVs and PVVs occurring in
close proximity on the phylogenetic tree cannot be accounted for by
two independent mutational events or other trivial explanations. After
excluding those variants that could be explained by alternative mecha-
nisms, we took forward a final dataset of 328 MAVs and 490 PVVs (467
single nucleotide variants (SNVs) and 23 insertion-deletion mutations
(indels)) for downstream analysis (Extended Data Figs. 6 and 7 and
Supplementary Table 2).

Numbers and signatures of MAVs and PVVs

The ability to detect MAVs and PVVs depends on having several nodes
in the phylogenetic tree during the timespan of lesion persistence.
Phylogenies that have arich clonal structure therefore provide most
statistical power for their detection—as expected, there was a correla-
tionbetween the number of post-development nodesin the phylogeny
and the number of detected MAVs and PVVs (Extended Data Fig. 8a).
However, the number of MAVs per node varied substantially across tis-
sues, being more than ten times higher in bronchial and liver samples
than in the HSPC samples (bronchial, 0.36 MAVs per node; liver, 0.22
MAVs per node; HSPCs, 0.02 MAVs per node; P=0.04 for between-group
differences, Kruskal-Wallis test; Fig. 3a). Some bronchial epithelium
phylogenies had particularly high numbers of MAVs, typically from
current or ex-smokers (P=0.04 for MAVs per node for never smokers
versus smokers with at least 30 pack years, Kruskal-Wallis test), sug-
gesting that lesions resulting from mutagens in tobacco smoke can
persist over multiple cell cycles and lead to variable base incorporation
during replication. The MAVsin bronchus and liver phylogenies had a
similar spectrum, dominated by T>C/T>A mutation pairs, with some
enrichment at ApT dinucleotides (Fig. 3b). This has most resemblance
tothe predicted MAV signature that would arise from SBS16 (Extended
DataFig. 8b-d), a signature of unknown aetiology thatis increasedin
liver™”® and tobacco-exposed lung™.

Most of the PVVs that we identified were in the HSPC phylogenies,
although this was explicable by the greater statistical power for detec-
tionin these trees (Extended Data Fig. 9). The PVVs in the adult HSPC
phylogenies had a distinctive mutational signature, characterized
by C>T transitions particularly at CpT dinucleotides (Fig. 3c). It most
closely matches COSMIC signature SBS19 (cosine similarity, 0.96) and
has the same transcriptional strand bias for G on the untranscribed
strand (P=0.04, two-sided Poisson test; Fig. 3d), suggesting that it is
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Fig.2|Validation of MAVsand PVVs. a, Bar plot showing acomparison of the
proportion of MAVs occurring in simple or separated orientations for each
individual, and in the simulated nullmodel of occurrence by independent
mutation acquisition. C,chemotherapy-exposed HSPCs; F, fetal HSPCs.

b, Overall proportions of simulated independent MAVs that would be classified
assimple, separated or unrelated compared with those seenin the data. The
simulation proportions are weighted by the total number of MAVs called in the
actual dataset for each participant toreflect their contribution to the MAV
dataset. c, Phasing of the two mutantalleles of MAVs, including unrelated MAVs
(thoseinanorientationinconsistent with generation by a persistent DNA lesion).
d, Theresults of aphasing comparison of the positive subclades of PVV, including
only those with two or more positive subclades for which phasing could be

the guanine that carries the lesion. The high number of PVVs and lack
of MAVs at a similar sequence context, suggest that translesion syn-
thesis in this case is highly specific for incorporation of a pyrimidine
opposite the damaged guanine but there is a lack of specificity for
which pyrimidine is selected (Extended Data Fig. 9d).

Several previous studies have noted that the characteristic muta-
tional spectrum of HSPCs is different to that seenin other tissues, with
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. . Called as PVV
1.0

confirmed. Chemo HSPCs, chemotherapy-exposed HSPCs. e, Stacked bar plot
showing the results of acopy number analysis of the PVV negative subclade(s)
toidentify LOH. mut, mutation. f, Results of simulation of two independent
mutations at the same site, showing that very small proportions would be
detected and classified as PVVsusing the described approach, compared with
those either not detected by the analysis algorithm or those excluded from
downstream analysis. g, Asinf, results of simulation of apparent PVVs caused
by twoindependent mutations, showing those that are detected by the analysis
algorithm. h, Overall proportions of simulated independent PVVs that would
beclassified asaPVV,compared with the observed data. Proportions are
weighted by the total number of PVVs called in the actual data for each participant
toreflecttheir contribution to the PVV dataset.

more pronounced peaks of C>T at CpT dinucleotides>'***, This normal
HSPC mutational spectrum could be accurately reconstructed from
a combination of SBS1, SBS5 and SBS19 (Extended Data Fig. 10), with
SBS19 contributing 16% of mutations overall. By contrast, the spectrum
of mutations in the normal cells of other tissues?® > was effectively
reconstructed from SBS1and SBS5 alone, with SBS19 contributing only
up to 4% (Extended Data Fig.10b). SBS19 was firstidentified in a subset
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b, Custom 96-profile MAV signatures, displaying the 6 possible SNV
combinations that make up an MAV and, for each, the 16 possible combinations
of flanking bases around the reference base. These are shown for MAVsin
bronchial, liver,adult HSPC and chemotherapy-exposed HSPC phylogenies.
MAVsincorporating anindel or multi-nucleotide variant are excluded. ¢, A 96-
channel spectrum of the observed PVVsin adult HSPC phylogenies, and the
chemotherapy-exposed HSPC phylogeny. The trinucleotide contextis shown

of blood cancers, liver carcinomas and pilocytic astrocytomas®™?*, but
its aetiology is unknown.

Chemotherapy caninduce arange of distinct lesions and mutational
signatures®. The chemotherapy-exposed HSPC phylogeny showed
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for multiple testing. e, Signature of indel PVVsin the chemotherapy-exposed
HSPCs, and the overallindel signature in the same samples. The coloured bars
acrossthetop denote the size of the insertion or deletion (del) asindicated;
within each facet, the xaxis denotes the count of repeated unitsin thereference
genome matching theinserted or deleted sequence. Inbox plotsinall figures,
thecentreline denotes the median, the box delineates the interquartile range
and whiskers extend to the largest and smallest values that are nomore than1.5
times theinterquartile range.

increased numbers of MAVs and PVVs, each with adistinctive spectrum.
MAVs showed marked dominance of mutations at T:A pairs, although
with minimal context-specificity. A notable feature was mixed SNV and
indel MAVs, with 10 out of 12 representing single nucleotide T deletions
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at CpT sites combined with T>A or T>G transversions. Out of the 90
detected PVVs, 19 (21%) were indels, a far higher proportionthaninthe
rest of the dataset (2%). These were predominantly single nucleotide
T deletions at homopolymer tracts of four or more T bases, mirroring
the overall indel signature in this individual (Fig. 3e). The remaining
67 SNV PVVs were predominantly T>A transversions (78%; Fig. 3c).
These data suggest that the chemotherapy that this patient received,
whichincluded alkylating agents, generated many DNA lesions that
persisted through multiple cell divisions. It is notable that the same
lesion could generate an indel in one round of replication and a sub-
stitution in another (indel/SNV MAVs); two indels interspersed with a
correctbaseincorporation (indel PVVs); or two identical substitutions
interspersed with a correct base incorporation (substitution PVVs).
This provides in vivo evidence for biochemical studies of translesion
synthesis showing thatasinglelesion canresultinindels, SNVs or cor-
rectbaseincorporations, depending on whether slippage or extension
occurs during lesion bypass*?.

Onset and duration of persistent lesions

Mutationsin HSPCs accumulate at a constant rate throughout postnatal
life, with this rate showing minimal cell-to-cell variation either within
or between healthy individuals®*?%, At birth, blood cells have around
50 mutations each®”, and these are acquired at relatively constant rates
through the 38 weeks of gestation’. Since we know the nodes on the
tree at which a persistent DNA lesion must have existed and, for PVVs
and separated MAVs, the earliest node at which it was either repaired
orlost fromthe observed phylogeny, we can estimate the chronologi-
calage atwhichitoccurred and alower bound on the length of time it
persisted unrepaired.

Of note, 24 MAVs and 16 PVVs were likely to have been acquired
in utero, as they could be timed to nodes at less than 50 mutations of
molecular time (the average mutation burden in cord blood cells>?);
furthermore, some were identified in the phylogenetic trees of fetal
HSPCs (Fig. 1g,i). In three cases, the causative lesion could be traced
to the fertilized egg”® or, alternatively, one of its daughter cells
if the mutation arose during translesion resynthesis®® or there was
extreme lineage bias after the first cell division® (Figs. li and 4a).In
afurther seven cases, the lesion could be traced to a cell in the first
five cell divisions of life. A previously published somatic phylogeny
also found an MAV present in multiple germ layers®, consistent with
apre-gastrulation lesion. The rates of mutations arising in utero from
persistent DNA lesions were lower than seen for post-development
nodes—for example, the rate of MAVs in nodes timed to less than 50
mutations was approximately 0.004 MAVs per node, afifth of therate
foradultnodes. Thus, persistent DNA lesions can occur in utero, albeit
atlower rates than postnatally. Given the shielded environment of the
fetus, it seemslikely that this DNA damage arises through endogenous
processes, although an exogenous mutagen that crosses the placenta
cannot be excluded.

In adult blood, MAVs and PVVs occurred steadily throughout the
lifespan in numbers commensurate with our power to detect them
(Fig. 4b), consistent with their generation by a clock-like mutational
process. As expected, the timing of PVVs and MAVs in tissues exposed
to exogenous mutagens, namely the smoking-exposed bronchial epi-
thelium and chemotherapy-exposed HSPCs, varied among individuals
and throughtime, dependent onindividual mutagen exposure (Fig.4c).

We also estimated lower bounds on the duration of each molecular
lesion for all PVVs and separated MAVs, corresponding to the number
of mutations acquired elsewhere in the genome while the lesion per-
sisted unrepaired. If the mutations elsewhere inthe genome originate
from clock-like processes, this minimum molecular duration can be
converted toaminimum chronological duration. For PVVsin the adult
HSPC phylogenies, most minimum lesion durations ranged between
10 and 100 mutations (median, 21; interquartile range, 12-37; Fig. 4d).
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This corresponds toamedian for the minimum chronological duration
of 1.3-1.5 years, and suggests that durations of more than 3 years are
common (85th centile at 55 mutations of molecular time). The distribu-
tion of lesion durations varied depending on the mutation type, with
C>TPVVs having shorter minimum durations than T>C PVVs (median,
21 versus 37.5 mutations respectively; P= 0.02, Mann-Whitney test;
Fig.4e), but did not vary significantly across the lifespan (P= 0.11, linear
regression; Extended DataFig.10c). Durations of the separated MAVs
were similar to the PVVs (P = 0.29, Mann-Whitney test; Fig. 4f).

The minimum durations of lesions generating PVVsin the bronchial
and chemotherapy-exposed HSPC phylogenies were more variable
and in many cases much longer when calculated in molecular time
(Fig.4d). However, since background mutation rates in these settings
do not show the clock-like properties seen in unexposed HSPCs, we
cannot convert these to chronological time—indeed, it s likely that
the longer apparent molecular durations in these settings derives
from shorter periods of accelerated mutation rates rather than long
real-time durations.

Frequency and properties of PVV lesions

Our framework foridentifying PVVsrequires that alesion must persist
across atleast two nodesin the phylogeny and that the subclones with
the PVV are separated on the tree by at least one wild-type subclone.
This provides considerable constraint on our power to detect such
events—despite this, we called 490 of them across the cohort, sug-
gesting that the underlying lesions must be relatively frequent in the
stem cell population. We used approximate Bayesian computation
(ABC) to generate estimates of the distribution of lesion durations
and their frequency in stem cells (Extended Data Fig. 11). We simu-
lated complete aged haematopoietic stem cell (HSC) phylogenies with
persistent DNA lesions using an uninformative prior on mean lesion
duration, recording (1) ifthey would resultin a detectable PVV and (2)
the measured minimal lesion durations if detected. We then compared
the simulations against the observed numbers and durations of C>T
PVVs to obtain posterior estimates of their distribution (Methods).

The posterior distribution of the mean lesion duration had maximum
density at 2.2 years of molecular time (95% credible interval, 1.6-3.0
years; Fig. 5a), broadly in keeping with the direct estimates calculated
above (Fig.4d). From the posterior distribution, 25% of lesions would be
expected to last 3 or more years. The proportion of simulated lesions
that would have generated detectable PVVswas, as expected, low with
lessthan1in10°lesions introduced into complete phylogenies resulting
inadetectable PVV. Thisimplies that there would be, on average, eight
suchlesions presentinany given cell at any given moment in time (95%
credible interval, 2-16; Extended Data Fig. 11h).

We also calculated the base-incorporation probabilities opposite
these lesions during genome replication. For a basic PVV structure
crossing two nodes (Fig. 1f), detection of the PVV requires a fixed
tree structure in which the two mutated subclones are separated by a
wild-type subclone—such PVVs therefore offer no information on the
base-pairing probability. However, 72 PVVs had a lesion path crossing
more than2nodes, meaning that detection of the PVV does not depend
onwhich base is incorporated for at least 1 subclone. The frequency
of C versus T incorporations in these unbiased subclones was almost
equal, with41Cand49 T base incorporations, giving a T pairing prob-
ability of 0.54 (95% confidence interval, 0.43-0.65). Whether these two
alternative outcomes reflect stochastic base incorporation by asingle
DNA polymerase or alternative polymerases with different incorpora-
tion preferences is unclear. Both mechanisms have been observed in
experimental models of translesion synthesis® .

These estimates of the prevalence and misincorporation rates of PVV
lesions accord well with the observed rates of SBS19 in HSPCs. With16%
of clock-like mutations in HSPCs deriving from SBS19 (Extended Data
Fig.10a,b), the rate of SBS19 would be around two to three mutations
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Fig.4|Timing and duration of PVVs. a, Example of alesion causing an MAV
presentinthezygote orearly blastomere. The phylogenetic tree has been
truncated to the first15 mutations of molecular time. Branches are coloured
by whether descendants carry the A>G mutation (blue), A>T mutation (red) or
reference allele (grey). Right, schematic showing the clade structure and lesion
path, withnumbersinsquares representing the number of mutations assigned
tothatbranch.b, Left, plot showing the latest time of lesion acquisition and the
earliest time of lesion repair for the three adult HSPC phylogenies with the
most PVVsobserved. Each columnrepresents anindividual PVV-causinglesion,
ordered by the time of lesion acquisition: the lowest value is the latest time of
lesion acquisition; the highest is the earliest time of lesion repair; the height

per HSPC per year>'**, The cell division rate of haematopoietic stem
cellsin humans®*¥ is estimated to be 1-2 per year, suggesting a preva-

lence of around 8 persistent DNA lesions at any moment in time, half

therefore represents MMLD. Columns are coloured by mutation type. Right,
the density of post-development internal nodes is shown as aviolin plot (kernel-
smoothed density). c,asinb, but for PVVs for PX001, the chemotherapy-exposed
HSPC phylogeny. PVVs are clustered around 500-2,500 mutations of molecular
time, which corresponds to the timing of chemotherapy in this patient. d, Violin
plotshowing the density of MMLDs of the detected PVVs by phylogeny category.
Individual data points are superimposed. e, Box-and-whisker plot showing the
MMLD of PVVs. Individual data points are superimposed. Data are derived from
n=490PVVs.ThePvaluereferstoaMann-Whitney test for duration differences,
uncorrected for multiple hypothesis tests. f, Violin plot showing density of
MMLDs of separated MAVs.

of which would generate a mutation in a given cell division, would

therefore generate around 4 mutations per cell per year. These cal-
culations suggest that the frequency and persistence of PVV-causing
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Fig.5|Lesionsegregation. a, Density plots showing the prior and posterior
distribution for meanlesion durationin molecular time, measured in numbers
of mutations. b, Violin plot with overlying individual data points showing the
proportion of chemotherapy signaturelinbranches of the chemotherapy-
exposed HSPC phylogeny PX001, divided by those with significant lesion
segregation (n=3) and those without. ¢, Violin plot with overlying individual

DNA lesions s entirely sufficient to explain the observed rate of SBS19
mutations in haematopoietic stem cells. Following from this, we ana-
lysed whether SBS19 causes driver mutations in HSPCs. From genome
and exome sequencing data of myeloid cancers, we found that SBS19
wasresponsible for 10% of coding mutations in myeloid cancer genes,
including DNMT3A, TET2,ASXL1and TP53,and up to 16% in some genes
(Extended Data Fig. 10d). PVVs showed no correlation with genomic
features other than DNA methylation density, which showed a bimodal
pattern of enrichment (Extended Data Fig. 10e and Supplementary
Table 3)—with larger numbers of variants, it may be informative to
compare the genomic distribution of DNA lesions acquired in develop-
ment versus in adulthood.

Strand asymmetry and lesion segregation

A key discovery in the paper that reported persistent DNA lesions
in mice exposed to DEN was strand asymmetry of the mutations®.
With the one-off dose of DEN, adducts were generated on thymines
on both strands of a given chromosome in a given cell—at the next
cell division, the two daughter cells inherited one each of those
strands, but only one daughter cell seeded the eventual liver cancer.
This created marked asymmetry of T>N versus A>N mutations on a
chromosome-by-chromosome basis in the tumour—this asymmetry
depends on numerous lesions per chromosome generated in a single
cellcycle with limited dilution from mutationsin other cell cycles. We
deployed methods for detecting strand asymmetry of mutations®”
to analyse individual branches from our phylogenies for such lesion
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data points showing the proportion of APOBEC mutations from all bronchial
epithelial phylogeny branches, divided by those with significantlesion
segregation (n=38) and those without. d, The chromosomal strand and position
of mutations fromabranch affected by APOBEC mutagenesis from bronchial
epithelial phylogeny PD37456, demonstrating significant lesion segregation
(chromosomes 3,12 and 14, for example).

segregation. As expected, most phylogenies did not have any branches
with evidence of strand asymmetry because of the clock-like proper-
ties of most mutational processes in these cells. We did detect lesion
segregation in four branches of the chemotherapy-exposed HSPC
phylogeny, with positive branches all having large contributions of
the chemotherapy mutational signature (Fig. 5b), consistent with the
patterns seen in the DEN mouse model®.

Notably, 6 out of 16 bronchial epithelial phylogenies had at least 1
branchwithsignificant strand asymmetry. These were not from smok-
ers with many MAVs, butinstead derived from branches carryinglarge
proportions of mutations from mutational signatures SBS2 and SBS13
(Fig. 5c). These signatures are caused by the base-editing activity of
APOBEC enzymes that act on cytosines®®*2 The distribution of strands
affected was such that about half of the chromosomes showed APOBEC
mutations that were equally balanced between forward and reverse
strands, witha quarter each showing marked asymmetry to the forward
ortothereverse (Fig. 5d)—these samples did not carry structural vari-
ants or copy number changes that could explain the observations. Such
proportions could only occurif APOBEC lesions were generated within
asingle cell cycle, with skewed patterns arising when the daughter cell
inherited, for example, the forward strand of both parental copies of the
chromosome. Studies of cell lines have reported that APOBEC mutagen-
esis can happenin episodic short bursts**—our data demonstrate that
APOBECs can generate many hundreds to thousands of lesions across
the whole genome within a single cell cycle. Strand coordination of
clustered APOBEC mutations near structural variants has been repeat-
edly observed in cancer genomes**—these were previously attributed



to APOBEC acting on single-stranded DNA***2, Our data suggest that
strand coordination need not result from APOBEC modification of
single-stranded DNA, but could arise from lesion segregation even
with APOBEC acting on double-stranded DNA.

Discussion

Adiverseregister of DNA lesions emerges from the quotidian chemistry
of life coupled with the rather more elective chemistry of our lifestyles.
For example, genotoxic aldehydes can arise from endogenous sources,
through innate folic acid metabolism, and from exogenous sources,
such as hepatic metabolism of dietary ethanol—a sophisticated rep-
ertoire of pathways has evolved to either detoxify them or repair the
DNA lesions that they cause***¢. Other pathways replace or repair DNA
carrying cross-links, bulky adducts, oxidative damage, ultraviolet light
photoproducts or abasic sites™. Presumably, the most frequent and most
damaging DNA lesions exert the strongest pressure for the evolution of
rapid repair mechanisms; the corollary being that there may be a class of
lesions that are less prevalent and/or less detrimental for which repairis
slower. Such lesions may be invisible to the usual techniques for direct
discovery through chemistry and mass spectrometry* because of their
low prevalence, and their corresponding DNA repair pathways may be dif-
ficulttouncover withstandard experimental and knockout approaches.

Here we used high-resolution phylogenetic trees based on normal
human stem cells as an approach to deduce the presence of persistent
DNA lesions that generate somatic mutations across successive cycles
of genome replication. Although indirect, this approach provides a
relatively comprehensive view of the lesion-to-mutation life cycle. For
example, for the PVVsinblood, we caninfer: thatlesions occur steadily
throughoutlife,including in utero, and are therefore a probable conse-
quence of endogenous cellular processes; that lesions persistinthe DNA
for monthsto several years; that lesions preferentially affect guanines
in an ApG context; that lesions are subject to transcription-coupled
nucleotide excision repair; that lesions are present at a density of
around 1 per billion bases in a given haematopoietic stem cell; and
that DNA replication across the lesion has a 50:50 chance of a misin-
corporationor correctinsertion opposite the lesion. These estimates
oflesion prevalence and duration are orders of magnitude away from
the hundreds to thousands of 8-oxogunanines and methylated bases
that are presentin a cell, with their associated half-lives of minutes to
hours**, data that have informed the high-frequency, rapid repair model
of the lesion-to-mutation life cycle. The signature that emerges from
persistent DNA lesions accounts for 16% of all mutations inblood cells,
with similar proportions among the mutations thatdrive blood cancers,
afraction similar to that seen for mutations arising from, for instance,
spontaneous deamination of cytosine (SBS1, 14%), a much more fre-
quent lesion in the genome?. Thus, DNA damage that occurs at low
frequency with slow repair also carries considerable threat to genomic
integrity.
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Methods

Curation of high-resolution phylogenetic trees

We combined datafrom seven previously published sets of somatic phy-
logenies. Each phylogeny was made up of cells from asingle tissue type—
haematopoietic stem and progenitor cells (HSPCs; 39 participants)®®,
bronchial epithelial cells (16 participants)™ or liver parenchyma (34
participants)™'2, The phylogenies were built from somatic mutations
discovered in whole-genome sequencing of single-cell-derived colonies
(HSPCs), single-cell-derived organoids (bronchial epithelium) or LCM
from liver*s. Details of the research participants, sample acquisition,
sequencing and variant calling are provided in the original papers, and
theclinicaland demographic dataare summarized in Supplementary
Tablel. Writteninformed consent was obtained from all participantsin
the study under approvals from the relevant ethics committees—spe-
cific details are available in the original publications® 2,

In total, we collected 103 phylogenies from 89 individuals, with 2
participants fromtheliver study providing 8 phylogenies each owing
to independent sampling from all 8 anatomical segments of the liver
in these individuals™. There was a median of 48 samples or clones per
individual (range: 11-451). For the studies of the haematopoietic sys-
tem, we defined 3 categories: (1) fetal and cord blood HSPCs (n=4; 2
from fetal haematopoietic organs, 2 from cord blood); (2) adult HSPCs
(n=28;10 from deceased donor bone marrow with no known blood
disorder, 3 from individuals with known clonal haematopoiesis, 10
from patients with myeloproliferative neoplasms, 10 from donor/
recipient pairs of allogeneic haematopoietic stem cell transplant); and
(3) chemotherapy-exposed HSPCs (n = 2, 1treated twice for Hodgkin’s
lymphoma with alkylating-agent-containing regimens; 1 treated with
R-CVP, aregimen containing cyclophosphamide and vincristine)—the
R-CVP chemotherapy-exposed blood phylogeny was analysed with the
‘adult HSPCs’ group, rather than the ‘chemotherapy-exposed HSPCs’
group as R-CVP did not have significant mutagenic consequences for
the HSPC population.

For individuals with single-cell-derived samples, mutations were
filtered using similar approaches, with combinations of filters designed
toremove germline variants, sequencing artefactsand invitro-acquired
mutations. For individuals from the liver study, collected using
laser-capture microdissection, amatched normal was used for muta-
tion calling, with some different downstream filtering steps'-'. The
numbers of mutations per sample varied considerably acrossindividu-
alsdepending primarily ontissue type, donor age, mutagen exposure
(such as smoking, alcohol or chemotherapy), and disease status.

For thesingle-cell-derived colonies, phylogenetic trees were inferred
using a maximum parsimony algorithm. For samples from the liver
LCM studies, phylogenetic trees were inferred in a two-step proce-
dure: (1) the set of n-dimensional vectors of variant allele fractions for
each mutation were clustered using a hierarchical Dirichlet process";
and (2) the phylogenetic tree describing these clusters was inferred
using serial application of the pigeonhole principle*. The robustness
of variant calling and phylogenetic tree reconstruction using these
methods has been extensively tested, with further details available in
the original manuscripts.

Identification of MAVs

A somatic MAV occurs if a reference base at the same genomic posi-
tion is mutated to two different mutant alleles in the same individual.
For example, there may be evidence of both a C>A and C>T mutation
at exactly the same chromosome and position. In the context of the
phylogeny data analysed here, these different mutant alleles will be
evident in different clones from the same individual.

Within the phylogeny of each participant, we identified mutation
pairs with overlap of the mutated locus. For SNV pairs, this is simply
identifying SNVs at the same chromosome and position. For dele-
tions and multi-nucleotide variants (MNVs, affecting two or more

nucleotides), any degree of overlap was classified as a MAV. Each MAV
was classified as simple, separated or fail in a hierarchical manner, on
the basis of the orientation of their allocated branches in the phylogeny.
If the two mutations had the same parent node (as in Fig. 1d), the MAV
was classed as simple, and the parent node classified as the lesion node.
Ifthiswas not true, but the allocated branch of one mutation fell within
the clade defined by the parent node of the other (asinFig.1e), the MAV
was classed as separated and the parent node that encompassed both
mutations was classified as the lesion node. If neither of these criteria
were met, the MAV was classed as unrelated. Separated MAVs where the
two mutant alleles were separated by two or more subclades with the
referenceallele had a higher probability of occurring viaindependent
mutation events, as evidenced by the more equal proportion of match-
ing to non-matching phasing comparisons (Extended Data Fig. 3c)
and simulation. Therefore, these were reclassified as unrelated, even
thougha proportionwere likely to be caused by a persistent DNA lesion.
Unrelated MAVs were likely to have been caused by independent events
occurringat the same genomiclocus by chance, ahypothesis supported
by their mutational signatures which closely resembled the expected
signature for this mechanism (Extended Data Fig. 4).

For separated MAVs, the lesion path was defined by starting from
the lesion node and working stepwise down the phylogeny along the
path containing a mixture of alleles at the genomic position of interest.
Thelast node encompassing two different alleles was classified as the
lesion repair node. In most cases this node was only one branch from
the lesion node (as in Fig. 1e), but there were occasional examples of
longer lesion paths (Fig.1h). MMLD was calculated as the sum of branch
lengths between the lesion and lesion repair nodes.

Identification of PVVs

APVVisdefined here as a mutation that is discordant with the con-

sensus phylogeny. That is to say, the distribution across the phylog-

eny of clones carrying the mutant allele is not consistent with a single
mutation-acquisition eventand consistentinheritance in descendants
thereafter.

The mutation assignment algorithm assumes that a single variant
results from a single, fixed mutational event, after which all daugh-
ter cells carry the mutation. For the vast majority of mutations, these
assumptions hold true: a branch exists that forms a clade containing
only samples with the variant allele (Extended Data Fig. 1a). The point
here is that the tree-building algorithm (treemut) assumes that each
mutation has occurred exactly once, and finds the single branch with
the maximum likelihood for explaining the observed data. For PVVs,
these assumptions no longer hold true—with such variants, the assigned
mutant clade either: (1) contains a subset of samples without the muta-
tion (Extended DataFig. 1b); or (2) does not contain all the samples with
the mutation (Extended Data Fig. 1c).

The statistical challenge is how to pick out the minority of muta-
tions that do not neatly fit a single acquisition event, amongst up to
100,000 or more somatic mutations per phylogeny. The approachwe
developed relies on the formal detection of overdispersion of read
counts, described in detail below. Before settling on this approach,
we experimented with two alternatives:

(1) Identifying mutations that had alow Pvalue calculated by the tree-
mut algorithm. Each branch assignment by treemut comes with
an associated Pvalue: the chance of observing the read countsin
the data, given a single acquisition event on the assigned branch.
However, whatever Pvalue cut-offs we used, there was low specific-
ity and sensitivity for the variants of interest. For example, some
indels presentinlarge clades had consistently biased mutant versus
wild-type read counts leading to low P values, even when a variant
was consistently present only within the assigned clade.

(2) Identifying mutations for which there were either: (1) negative sam-
ples within the assigned clade; or (2) positive samples outside the
assigned clade. Similarly, this binary approach had poor sensitivity
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and specificity. It frequently yielded occurrences where there were
afew variant reads in a single sample outside the assigned clade
(probably sequencingerrors or other artefacts), or negative samples
within the positive clade where depth was relatively low and there
were no reads reporting the variant allele by chance.

Instead, abeta-binomial test for overdispersion proved a powerful
approachtodetect occurrences where there wereinfact two distinct
positive and negative populations either within or outside the assigned
clade. This approachis analogous to that used to detect true somatic
mutations from artefacts in the mutation-calling algorithms®. The
reason this approach works better than the other two methods we
tried is that the observed data represents a mixture of two binomial
distributions—a given sample will report the variant allele at either
the base call error rate (if the sample is wild-type) or with probability
0.5 (for asample with the mutation heterozygously onan autosome).
Under a simple mutation assigned to the correct branch of the phy-
logeny, the two binomial distributions will assort perfectly such that
the descendantsinthe mutant clade all report the variant alleleat 0.5
and those outside the clade reportit at the base call error rate—there
would be no overdispersion beyond this simple partition. For a PVV,
however, there will always be a set of samples for which this parti-
tion of expected variant allele fraction is violated—either a wild-type
subclone within the assigned mutant clade or amutant subclone out-
side the assigned mutant clade. A test for overdispersion beyond that
expected by chance would report on either scenario and formalizes
the statistical inference.

Inmore detail, this can be detected by testing the read counts of all
cladesthat should theoretically be uniformly positive or negative for
the variant, and testing for overdispersion of the observed counts. We
quantified the overdispersion by assuming the counts to come from
a beta-binomial distribution and finding the maximum-likelihood
p parameter using the optim() and dbetabinom() functions from R
packages stats and VGAM. As DNA lesions causing PVVs must occur
oninternal branches to allow detection, and will then at least par-
tially follow the phylogeny, we reasoned that such mutations would
invariably be allocated to internal branches. We therefore assessed
only such internal branch mutations for overdispersion (1) within
and (2) outside the clade formed by the assigned node, quantifying
the maximume-likelihood p parameter for each. PVVs will have a high
p (empirically set as >0.1) for one of these parameters. Additionally,
werequired strongevidence for either a ‘negative’ subclade within the
assigned clade (no variant reads detected with a minimum depth of
13), or a ‘positive’ subclade outside the assigned clade (variant allele
frequency (VAF) > 0.25and >3 variantreads). Mutations meeting either
pair of corresponding criteria (typically -1in 500 internal branch muta-
tions) were considered phylogeny-violating and taken forward for
further assessment.

Next, we assigned the putative ‘lesion node’ for each PVV, namely the
node containing all samples with the variant. For variants with evidence
of overdispersion within the assigned clade (Extended Data Fig. 1b),
this was the same as the assigned branch. For variants with evidence
of overdispersion outside the assigned clade (Extended Data Fig. 1c),
weiteratively travelled node-by-node up through the phylogeny, until
there were no positive clades outside the clade defined by that node.

Finally, we iteratively worked down from the lesion node, attempting
to define the lesion path through the phylogeny. If caused by a DNA
lesion, PVVs should have a specific orientation: at each cell division,
one daughter cell will contain the DNA strand resulting from replication
opposite the lesionand will therefore have a fixed genotype at the locus
of interest (either the reference or mutantallele), which will be consist-
entlyinherited by its progeny. Thisis therefore auniform subclade with
aconsistent genotype throughout. The other daughter cell willinherit
the lesion itself, and therefore still has the potential for generation of
the two alternate alleles, and therefore seeds a ‘mixed’ subclade. The
lesion path is defined by the path containing mixtures of genotypes,

and the outcome of replication at each cell division defined by the
genotype of each uniform subclade arising from this lesion path. Once
bothdaughters of the assessed node are uniform (that is, one contains
only mutant samples, the other contains only wild-type samples), the
lesion repair node has been reached (Extended Data Fig. 1b). If both
daughter nodes of the lesion node contain a mixture of positive and
negative clades, this is inconsistent with generation by a persistent
DNA lesion (Extended Data Fig. 1c). Such mutations were deemed to
have beengenerated by an alternative mechanism—indeed, mutational
signature analysis showed that they were predominantly C>T at CpG
sites, consistent with their generation by independent mutations at
the same site (Extended Data Fig. 5d,e).

Phasing of MAVs and PVVs to validate their derivation froma
single DNA lesion

To assess if the variants of a MAV pair were on the same allele (on
the same chromosome copy of a homologous pair), we attempted
to phase each variant with proximate heterozygous SNPs. Approxi-
mately a third of MAVs had a suitable heterozygous SNP sufficiently
nearby for assessment. We extracted heterozygous SNPs within1kb
ofthemutation locus using the VCF files of mutations. Each read-pair
crossing both the variant and a heterozygous SNP locus was cate-
gorized by the base supported at each (Extended Data Fig. 3b). For
phylogenies built with single-cell-derived samples, matching phas-
ing was confirmed if samples carrying each variant of an MAV pair
had read-pairs with either (1) the same SNP base and their respec-
tive variant base or (2) the same SNP base and the reference base.
For phylogenies built withinferred clones (the participants from the
liver LCM studies), matching phasing was confirmed only if reads
containing each variant base of an MAV pair had the same heterozy-
gous SNP base—that is, the same SNP base phasing with the reference
base was insufficient because of the potential inclusion of normal
cellsin the microdissection. The heterozygosity of the SNP was con-
firmed in each case. Phasing of the positive subclades of PVVs was
similarly assessed. In cases with >2 positive subclades, we considered
phasing as confirmed if one or more subclade pair was successfully
phased.

Assessment of two independent mutations as an artefactual
cause of MAVs

MAVs are rare events, and a potential alternative mechanism for their
generationis twoindependent mutations occurring at the samelocus
by chance. Asindependent events, they would be expected to be equally
likely in any lineage at any time in their history. This differs from the
expectation of MAVs occurring as a result of persistent DNA lesions,
which are necessarily in closely related lineages. We therefore aimed
to estimate the degree to which there was an excess of closely related
MAVs in the data, compared to a null hypothesis that the MAVs result
fromindependent events.

Thebranchlengths, scaled to numbers of mutations, are estimates
for the amount of time passed in that lineage. We could therefore for-
mally assess the proportion of MAVs that would be expected to fall in
simple, separated or unrelated orientations by modelling MAV pairs
occurring as random independent events within the phylogeny. To
simulate this, we randomly selected pairs of phylogeny branches
with probabilities proportional to their branch length, repeating
this 50,000 times for each phylogeny. Each pair was categorized by
the orientation of the two selected branches and compared with the
proportions observed in the data. As for the observed data, any pair
classified as separated but with two or more intervening negative sub-
clades were reclassified as unrelated. To assess the overall degree to
which the set of MAVs may be contaminated by those occurring by
chance, we calculated aweighted mean of the simulated proportions
in each category, using the total number of MAVs detected in each
phylogeny as weights.



Assessment of two independent mutations as an artefactual
cause of PVVs
Aswith MAVs, PVVs may result fromtwo independent mutations at the
same locus by chance. Inaddition, PVVs may theoretically result from
spontaneous reversion of asomatic mutation in a subclade of the origi-
nal mutant clade, aphenomenon that has previously been observedin
cases where wild-type cells have a selective advantage. However, the
orientation of PVVs did not appear to be that expected from either of
these mechanisms. To formally test this, we designed simulations of
each, testing all phylogenies with at least one PVV.

(1) Independent mutations at the same site. Similar to the MAV simu-
lations, we randomly selected pairs of branches with probabilities
proportional to their branch lengths. Each sample was assigned
adepth for the simulated PVV locus according to a random draw
froma Poisson distribution with the A parameter being the overall
meandepthinthatindividual. Samples within clades formed by the
selected branches, ‘positive’ samples, were assigned variant counts
according to random binomial draws with P= 0.5 and n = depth.
Other ‘negative’ samples were assigned variant counts by similar
random draws but with P=1x107(the error distribution). Analysis
then proceeded as with the data: a single branch was assigned with
treemut; if thisbranch was a terminal branch, there was no further
analysis; if it was a shared branch, the counts within and outside
the assigned branch clade were assessed for overdispersion using
the beta-binomial distribution and the same p thresholds as for the
data; the lesion node was assigned and the mutation classified as
‘pass’ or ‘fail’. For pass mutations, alesion node, lesion repair node,
MMLD and minimum number of cell divisions was calculated and
recorded. We repeated this 10,000 times for each phylogeny and
recorded the outcome for all. For all individuals, the majority of
independent mutations at the same site were assigned to terminal
branches and would not have beenincluded amongthe PVVsinthe
dataset. A proportion were assigned to shared branches but did not
meet the filtering criteria for a PVV. Notably, very low proportions
fellinan orientation consistent with generation by a persistent DNA
lesion (‘pass’ PVVs: median, 0.018; range, 0.002-0.12), with the low-
est proportions in those phylogenies with the highest numbers of
‘pass’ PVVs in the data. We then compared the ‘pass’ PVV numbers
asaproportionofthe total detectable PVVsin the dataand simula-
tions. To assess the overall degree to which the set of PVVs may be
contaminated by those occurring by this mechanism, we calculated
aweighted mean ofthe simulated ‘pass’ or ‘fail’ proportions, using
the total number of PVVs detected in each phylogeny as weights
(Fig.2g).

(2) Spontaneous somatic reversion of somatic mutation. For asomatic
reversion event to be evident in a phylogeny, there must first be a
somatic mutation, and subsequently a reversion event within the
captured lineages of the mutant clade. The probability of abranch
givingrise toacaptured somaticreversionis therefore proportional
tothe productofthebranchlength and the sum of branchlengths
within that clade. Intuitively, this can be thought of in these terms:
alongbranch haslots of mutations with the potential for reversion,
and many subsequent long branches within that clade gives much
time and many independent lineages for those mutations torevert.
Therefore, we selected branches with probabilities weighted by
this product. Thereversion branch was then chosen frombranches
withinthe selected branch clade, again with probabilities weighted
by their branchlengths. Simulation then proceeded analogously to
the ‘independent mutation’ simulation, but with positive samples
defined as those within the somatic mutation clade, but notin the
reversion clade. We repeated this 2,000 times for each phylogeny
and recorded the outcome of each (Fig. 2f). Interestingly, only a
minority of somaticreversion events were detected as PVVs (median
proportion, 0.173), as they oftenresultin large positive clades with

asingle negative sample. These have little impact on the inferred
p value, as such occasional negative samples are not unexpected
with binomial sampling of the variant and wild-type alleles as oc-
curswithsequencing of heterozygous sites. However, as expected,
almost all those detected were classified as ‘pass’ PVVs.

Assessment for LOH as an artefactual cause of PVVs

PVVs may result if a cell containing a somatically acquired mutation
loses the mutant allele through say whole chromosome deletion or
smaller-scale LOH mechanisms such as mitotic recombination and
focal deletion. To exclude this as the cause of the observed PVVs, we
used two complementary approaches. First, we applied ASCAT, an
allele-specific copy number algorithm® to each samplein turn, using
aphylogenetically unrelated sample from the same individual as the
matched normal. For each PVV, we defined the negative subclades and
determined the minor allele copy number at the mutant locus for each
sample within that clade. The mean value across negative subclade
samples wasrounded to the nearestinteger: avalue of 1was classed as
‘no LOH’ (heterozygosity is maintained) and O was classed as ‘LOH’. A
small proportion of PVVs (10 out of 426, 2.5%) were shown to be caused
by LOH (Fig. 2e), and were excluded from further analysis.

Itis also formally possible that short sub-kilobase LOH events were
missed by ASCAT. We therefore used a second approach to directly
interrogate sequencing reads and confirm that samplesin the negative
subcladeincluded reads from the chromosome copy with the mutation.
Todothis, we first phased the mutation with nearby heterozygous SNPs
by interrogating the reads from samples with the mutation. This was
possible in approximately one third of cases (Extended Data Fig. 5a).
Wetheninterrogated colonies from the negative subclade to confirm
the presence of reads reporting the SNP allele from the parental chro-
mosome that carried the mutation.

Sequencing of only the wild-type allele by chance is another potential
cause of aPVV, particularly if the negative subclade is a single sample
with low depth (although aminimum depth of 12x was required in the
PVVidentification stage). This read-based assessment also excludes this
mechanism. Where assessable, the read-based LOH assessment agreed
with theresult from ASCAT in all but one case (Extended Data Fig. 5b).

Assessment of incorrect phylogeny structure as an artefactual
cause of PVVs

For all PVVs, there is an alternative phylogeny structure with which
the PVV would in fact be consistent (Extended Data Fig. 1d). To con-
firmthat PVVs did not simply result from phylogeny inference errors,
we counted the mutations in conflict with the structure suggested
by the PVV (in most cases this is the same as the MMLD), and con-
firmed that they were robust. This required ensuring that the muta-
tion calls themselves were not false positives (manual inspection of
sequencing alignments) and that the set of colonies reporting the
mutations was correctly assigned (Extended Data Fig. 1e). In addition,
we manually checked up to five such mutations for a large number
of PVVs, confirming that they validated the consensus phylogeny as
expected. In all but one case, there was more than one somatic muta-
tion that convincingly confirmed the consensus phylogeny—thus, for
these branches, there was considerably more evidence for the origi-
nal phylogeny than for the alternative phylogeny suggested by the
single PVV.

We further looked into all PVVs with <5 mutations confirming the
consensus phylogeny, with a total of 19 PVVs meeting this criterion.
Eleven out of nineteen were highlighted as potentially low confidence
by either the MPBoot bootstrap support, read count bootstrap support
or alternative tree-building approaches discussed in the following
paragraphs. We visualized the remaining eight mutations, all of which
appeared genuine PVVs caused by prolonged DNA lesions rather than
any other mechanism. In all eight cases there was more support for the
consensus phylogeny than for the alternative phylogeny.
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The consensus phylogeny, as relates to each PVV, is defined by the
clades within the ‘lesion node” and the ‘lesion repair or loss node’. If
these are robust, then this suggests that the phylogeny is correct and
thatthe PVVisthe exception. We therefore assessed the robustness of
these nodes using three different approaches: (1) bootstrap support
for the nodes using the bootstrap support values from the MPBoot
algorithm; (2) bootstrap support for the nodes using bootstrapping
oftheread count matrices; and (3) the nodes being identical when the
phylogenies are reconstructed using alternative algorithms.

MPBoot bootstrap support for the lesion node and lesion repair
node. The MPBoot algorithm used to construct the phylogenies
gives bootstrap support values for each node®. Therefore, for 440
of 501 PVVs (those for which these bootstrap support values were
available, all within the haematopoietic phylogenies), we exam-
ined the bootstrap support values for the lesion node/lesion repair
node for each PVV. This showed that for 90% of PVVs both lesion
node and lesion repair node had bootstrap support values >98%,
and for 96% of PVVs, both had support values 80% (Supplementary
Fig. 1a). Only 15 out of 440 PVVs (3.4%), across 9 different nodes,
had <80% support for either node, these are discussed further be-
low. This demonstrates the high confidence in relevant phylogeny
structures.

Read count bootstrap support for the lesion node and lesion repair
node. Analternative bootstrapping approachisto bootstrap the vari-
ant read counts across all samples and mutation sites, as previously
described”®. In this approach, we use the partially filtered mutation
setand bootstrap the sequencing read counts for each colony ateach
locus before subjecting this raw read count data to the same filtering
and phylogeny-building algorithms as the original data, with200-250
replicates perindividual. This is computationally intensive and there-
fore was applied to only 9 blood phylogenies, which accounted for
202 out of 501 PVVs. Again, this suggested that 93% of PVVs had 100%
bootstrap support forbothlesion node andlesion repair node, and only
7 out of 202 assessed PVVs (3.5%) had less than 80% bootstrap support
for either node, discussed further below (Supplementary Fig. 1b,c).
Allbut one of these had also been identified as low confidence by the
MPboot bootstrap support measure.

Support for the lesion node and lesion repair node from alter-
native phylogeny algorithms. Another way to assess the robust-
ness is to compare the phylogeny generated by MPBoot to other
phylogeny-reconstruction approaches to see if phylogenies are gen-
erated withidenticallesion node and lesion repair node clades. Overall,
the three algorithms gave very high measures of concordance—for
example, Robinson-Foulds similarities for MPBoot versus 1Q-tree and
MPBoot versus SCITE were almost all >0.95; quartet similarities were
almost all >0.99 for the two pairwise comparisons (Table S4).

For 3 of the blood datasets accounting for 439 out of 501 PVVs we
compared the clades defined by the lesion nodes and lesion repair
nodes in phylogenies generated by I1Q-tree®, and where feasible,
SCITE**. The output for the SCITE algorithm frequently generated
phylogenies with polytomies at the site of PVVs, causing fairly frequent
discrepancies in the nodes despite the presence of the underlying
inconsistent genotypes. Therefore, for the remainder of the analysis
we focussed onthelQ-tree phylogenies. For 93% (409/439) of PVVs, the
lesion node and lesion repair node were identical. For the remainder,
were-ranthePVV detection algorithm using the trees generated by the
1Q-tree algorithm, and confirmed that although the clades had subtle
differences (sometimes due to removal of a low-coverage sample),
18 out of 30 of the remaining PVVs were still called. The remaining 12
mutations affected 8 different nodes, and again 8 of the 12 overlapped
with thoseidentified as low confidence by the MPBoot bootstrap con-
fidence approach.

PVVs highlighted as possible low confidence. Altogether, 19 out of
440 (4.3%) blood PVVs were identified as potentially low confidence
by one or more of the above approaches. We manually inspected each
ofthese tounderstand which of these were incorrectly called, and the
probable underlying reasons. Several patterns emerged:

Scenario 1. Owing to the PVVs, there is a degree of equipoise as to
the true underlying phylogeny; therefore an alternate configuration
for the phylogeny may be produced from bootstrapping or alternative
phylogeny reconstruction. However, there remains no single phylog-
eny that fits all mutations, and one or more PVVs is always present.
In this scenario, there may be question marks over which mutations
follow the true phylogeny, and which represent PVVs generated by
persistent lesions. In several cases, the original MPBoot phylogeny
was still best supported (Supplementary Fig. 2a,b). However, in one
example, highlighted by all three approaches, the original phylogeny
was supported by three mutations, but the alternate phylogeny was
supported by four mutations (Supplementary Fig. 2c). This made the
alternate phylogeny more likely. In addition, the mutational profile
of the three mutations that became PVVs according to the alternate
phylogeny were more in keeping with the typical PVV profile, as all
were C>T at CpT sites. This suggested that the IQ-tree was the cor-
rect configuration. We therefore removed the original four PVVs and
replaced them with the three from the IQ-tree analysis, and updated
the consensus tree structure accordingly.

Scenario 2. An alternative phylogeny is generated which highlights
apotential issue with the original phylogeny, and that there is in fact
unlikely to be a prolonged DNA lesion. The reasons for the incorrect
original phylogeny include:

(1) Low sample coverage in one or more samples leading to incorrect
phylogeny building (Supplementary Fig. 2d,e).

(2) Inappropriate inclusion of a mixed colony in the MPBoot phylog-
eny which therefore cannot be correctly placed on the phylogeny
(Supplementary Fig. 2f).

(3) Probable independent acquisition of the same mutation leading
to anincorrect original phylogeny (Supplementary Fig. 2g,h). In
one case (the chemotherapy phylogeny), this mutation is a driver
mutation in PPM1D, showing an example of convergent evolution
(Supplementary Fig. 2h).

Scenario 3. The reason for the low bootstrap support from MPBoot is
unclear and the PVV appears correctly identified on manual inspection
(Supplementary Fig. 3a-d).

As aresult of this detailed interrogation of 440 out of 501 PVVs, a
total of 10 PVVs were removed, and 3 added to the final mutation set.
Overall, this demonstrates that, within the limits of the analysis, the
vast majority of PVVs (98%) are robust. However, not all alternative
mechanisms can be excluded for each individual PVV.

Coverage, spectrum and distribution of branch-creating mutations.
Asfinal checks, we assessed the coverage, spectrum and genomic distri-
bution of the mutations that created branches carrying PVVs, compared
these patterns to other mutations onthe phylogenetictree. The reason
for these checks was the possibility that the branch-creating mutations
may represent low-coverage or low-confidence mutations or other
mutation-calling artefacts that would falsely affect the tree-building
algorithms.

We found that the ~-8,000 branch-creating mutations had an almost
identical mean coverage to the mutation set as a whole. The muta-
tional spectrum of the 8,000 branch-creating mutations was the same
as the full mutation set, suggesting that they were not a distinct set
of artefacts, which tend to have specific mutational profiles. Finally,
we compared various genomic features of these branch-creating
mutations to the overall mutation set. Although for 2/37 there was
asuggestion of a weak association (distance to ALU repeat region, g
value = 0.03; distance to z-DNA motif, g value = 0.06), there was no
obvious relationship visually. Overall, we believe the vast majority of



the branch-creating mutations to be genuine and the trees therefore
robust.

Inference of expected MAV mutational signatures

We aimed to identify the most likely mutagenic processes to
cause the MAVs observed in the bronchial epithelium and PX001
(chemotherapy-exposed HSPC) phylogenies. We started with the SNV
mutational signatures that were inferred as presentin each tissue from
the original studies® (Extended Data Fig. 6b-d, left). For the bronchial
epitheliumand liver, these signatures were previously extracted using
aBayesian hierarchical Dirichlet process as implemented in R pack-
age HDP (https://github.com/nicolaroberts/hdp)%*. We used the same
package to extract mutational signatures from phylogeny PX001, the
chemotherapy-exposed case, using mutations onindividual branches
assingle samples. For each signature, an expected MAV signature could
thenbeinferred as proportional to the product of the context-specific
relative likelihoods of the two SNVsin each MAV, weighted by the abun-
dance of that context inthe human genome. Accordingly, we calculated
the expected MAV signatures resulting from each extracted mutational
signature in bronchial epithelium, liver and blood (Extended Data
Fig. 6b-d, right) and compared this to the observed MAVs.

Inference of expected PVV mutational signatures

For each potential alternative mechanism that may generate aPVV, a

specific, predictable mutational signature is expected. Going through

eachinturn:

(1) Twoindependent mutations at the same site. The expected signa-
ture reflects the square of the likelihood of a given mutation at a
specific trinucleotide context, weighted by the frequency of that
context in the human genome. Raw mutational signatures can be
converted into likelihood signatures by correcting for the trinu-
cleotide frequency. Owingto the low abundance of CpGsitesinthe
human genome, this predominantly has the effect of demonstrat-
ing the high likelihood of C>T mutations at CpG. This likelihood
signature is squared toreflect the fact that the same mutation has to
occur twice at thatsite, before being multiplied by the trinucleotide
frequenciesto get the expected abundance of sucheventsacrossthe
genome. For adult HSPC signature, this resultsin asignature domi-
nated by C>T mutations at CpGsites, particularly ACG trinucleotides
(Extended Data Fig.5d(i)). This signature is very similar to that ob-
served for the 109 adult HSPC PVVs that are not in an orientation
consistent with generation by a persistent DNA lesion, suggesting
that these are predominantly caused by this mechanism (cosine
similarity, 0.9; Extended DataFig. 5e). As afurther check onthe pos-
sibility of chance co-occurrence of the same mutation, we assessed
the numbers and spectrum of mutations occurring at the same site
indifferent research participants. Across 27 adult haematopoietic
phylogenies, with 5,733,980 mutations among them, there were a
total of 34,862 that were shared by 2 or more individuals. We found a
very consistent rate of sharing of 2.5 x 10~ of all mutation pairs when
bothindividuals had mutational profiles dominated by the blood
signature (calculated as number of shared mutations/[total muta-
tionsinindividuall x total mutationsinindividual 2]). As expected,
the mutational spectrum of these shared mutations was dominated
by C>T transitionsin a CpG context (Extended DataFig. 5f), remark-
ably similar to the predicted spectrum of chance co-occurrence of
mutations inblood cells (Extended DataFig. 5d(i)) and different to
the spectrum observed for PVVsin the same individual (Fig. 3¢).

(2) Spontaneous reversion of a somatic mutation. For a spontaneous
reversiontooccur,amutation atagiven trinucleotide context must,
at alater time point, be followed by the reverse mutation (at the
same context)—for example, C>T at ACG must be followed by a
T>C at ATG. The likelihood of this occurring is proportional to the
product of the likelihood of the original mutation and the likelihood
of the reversion mutation. The expected signature is therefore

this likelihood, multiplied by the trinucleotide frequencies. For
the adult HSPC signature, this reveals a signature with adominant
peak at T>C mutations at ATG sites, reflecting the high likelihood
of the reversion mutation (Extended Data Fig. 5d(ii)).

(3) LOH, biased allele sequencing or incorrect phylogeny. All of these
mechanisms of PVV generation are agnostic to the identity of the
original mutation. Therefore the expected mutational signature of
such PVVsshouldreflect that of the overall tissue signature (Exten-
ded Data Fig. 5d(iii)).

The observed PVV signature (Fig. 3¢) is clearly distinct from any
of these predicted signatures (cosine similarities: 0.15, 0.3, 0.62 for
independent mutations, spontaneous reversion and other mechanisms
respectively). This supports the premise that these are caused by a
specific mutational process.

Inference of mean lesion duration

The C>TPVVsinthe HSPC phylogenies had a consistent signature and

broadly consistent MMLDs. We therefore hypothesized that these

PVVs are caused by a single underlying lesion. The MMLD of the C>T

PVVs has amedian value of 21, correspondingin chronological time to

~1.3-1.5 years. However, this value may not be a good estimate of the

true lesion durations for three main reasons:

(1) For each PVV, the MMLD is a minimum of the true lesion duration.

(2) Lesions captured as PVVs may represent the longest durations from
the underlying distribution of lesion durations.

(3) Thedurationofdetected PVVsis dependent onthe phylogeny struc-
ture. For example, if there was only one branching region of the
phylogeny suitable for capturing PVVs, any detected PVVs would
have the same MMLD, defined by the phylogeny.

We designed an ABC model to account for these factors and estimate
the true mean duration of the underlying lesion. This used only the
four phylogenies from the older individuals from the normal ageing
haematopoiesis dataset’, as these had some of the largest and richest
phylogeny structures (and therefore the least potential bias), and had
substantial numbers of C>T PVVs per individual (range: 8-73).

Simulating complete HSC population phylogenies with lesions.
Thesimulation framework started with 40 simulated ‘elderly’ complete
haematopoietic stemcell populations using parameters drawn fromthe
posterior distribution of the ABC in our normal haematopoiesis study?®,
an HSC populationsize 0f 100,000, and an age of 75. These populations
reflected the diversity of oligoclonality found in the four elderly phylog-
enies (Extended DataFig.11a). Withineach of these populations, lesions
wererandomly introduced with lesion durations drawn fromagamma
distribution with shape =1, and mean varying from 0.5years to Syears,
pn=1{0.5,0.6,0.7 ... 5}. For each population and lesion duration, suffi-
cientlesions wereintroduced to ensure that atleast 60,000 PVVs were
theoretically detectable within the complete phylogenies. For longer
lesiontimes, -2 x 10° lesions were sufficient, but for short lesion times
(u=0.5years), introduction of >3 x 10’ lesions was sometimes neces-
sary. These 40 complete aged HSC populations, each with 47 different
setsof 60,000 potentially detectable PVVs caused by lesions of varying
duration, formed the starting point for the subsequent simulations.

Simulating the data. We then performed simulations to mirror the
data. For each simulation run, 4 of the aged HSC populations were
randomly selected to represent the four elderly phylogenies in the
data, and a single mean lesion duration was chosen from u ={0.5, 0.6,
0.7...5}.Eachselected population was then randomly down-sampled
to the size of the actual phylogenies (328 tips for KX003, 922 tips for
KX004, 315 tips for KX007 and 367 tips for KX008). We then iterated
inrandomorder through the potentially detectable lesions presentin
the complete phylogeny (generated from the simulations of persistent
lesions with the chosen value for ) to see if they remained detectable
in the down-sampled phylogeny. Typically, only ~1in 1000 remained
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detectable. Once adequate lesions were detected to represent those
found in the data (33 for KX003, 80 for KX004, 9 for KX007 and 22
for KX008), the simulation stopped. In 41% of cases, despite assess-
ing all 60,000 PVVsin each phylogeny, the total number detectable
remained somewhat fewer than the data, though>99% had atleast 100
of the targeted 129 PVVs. Each down-sampled tree was then rescaled
to molecular time using the get_elapsed_time_tree function from the
rsimpop package, and the MMLD of each captured PVV recorded. As
with the data, any lesion with MMLD >200 was removed from the set.
Finally, agamma generalized linear regression model was used to es-
timate mean and dispersion parameters on the combined MMLD set,
using the glm function from the R package ‘stats’. The dispersion and
mean of the MMLD distribution clearly varied according to the mean
duration of the underlying distribution (Extended Data Fig. 11b,c),
although the parameters plateaued somewhat once the mean lesion
durationreached 3-4 years.

Assessing the performance of the ABC framework. We next assessed
the performance of the new framework in recovering the true lesion
durations from simulated data. We therefore simulated 4 additional
elderly phylogenies, and again introduced simulated lesions of varying
duration drawn from a gamma distribution of varying mean, p = {0.5,
0.6,0.7...5}and shape = 1. As before, we then down-sampled the phy-
logeniestothe size of those from the dataand determinedifeach PVV
from the full phylogeny remained detectable, and its MMLD. For each
mean lesion duration, we sampled MMLDs from the complete set such
that thetotal numbers were the same as the data. Finally, for each value
of ywe performed the parameter inference using the the abc function
fromthe ‘abc’ package (https://doi.org/10.32614/CRAN.package.abc),
using a tolerance of 0.05 and the ‘rejection’ method, meaning that no
regression step was performed. This showed that the simulations and
inferences performed broadly well across the range of mean lesion
durations (Extended Data Fig. 11d,e), with the ‘ground truth’ mean le-
sion duration falling within the 95% posterior intervals of the inferred
valuesin 45 out of 46 cases.

Performing the parameter inference. Having established that the
framework performed as expected on simulated data, weranthe ABC
inference onthe observed data, again using the abc function fromthe
abc package and the same settings. This produced the approximate
posterior distribution of the true mean lesion duration (Fig. 5a).

Posterior predictive checks. We performed posterior predictive
checks, drawing values of the mean lesion duration parameter y from
the posterior distribution and running additional simulations. In this
way, we performed 230 additional simulations. The summary statis-
tics from these produced distributions of summary statistics, which,
in contrast to the summary statistics from the prior (Extended Data
Fig.11f), closely matched the data (Extended Data Fig. 11g).

Inferring the average number of lesions per cell at any time. In
our ABC framework, we recorded how many lesions needed to be
introducedinorder to generate sufficient PVVs to match the data. We
also know the overall amount of ‘lineage time’ of the complete HSC
population into which lesions are simulated, which is the sum of all
the edge lengths (scaled to days). Using this data, and the distribu-
tion of lesion durations, we can readily infer the average number of
lesions expected in any given cell at any given moment in time. We
therefore created a posterior distribution for this parameter, using
the parameters from the accepted set of simulations from the abc
step (Extended Data Fig. 11h). One limitation is that the sensitivity
for PVVs varies by phylogeny clonal structure, and this was not ac-
counted for in the model: lesions were simply added to a phylogeny
until sufficient PVVs were detected to match the data. Therefore,
for a simulated ‘insensitive’ clonal structure the implied lesion

density may be artificially high if it were trying to generate the same
number of PVVs as a more sensitive clonal structure from the data.
However, it at least gives abroad sense of the range inwhich the true
value may sit.

Detection of lesion segregation

We used the ‘calculate_lesion_segregation’ function from the R pack-
age MutationalPatterns v3.01 (https://bioconductor.org/packages/
MutationalPatterns)’ to assess for lesion segregation in each indi-
vidual branch from each phylogeny. As reported in the DEN-exposed
mouse model study®, we used the binomial, Wald-Waldowitz and
rl,, tests—branches were considered positive if the rl,, was >6 and at
least one of the binomial or Wald-Waldowitz tests had a Benjamin-
Hochberg-adjusted P < 0.05.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Detection of phylogeny-violating variants (PVVs).

a, Amutation thatfits the consensus phylogeny will have no overdispersion
withinthe positive clade, or outside the positive clade. b, In this example,
treemut() attemptsto assignabranch for the mutation, even though thereis
nosingle branch assignment that fits the data. There is therefore a negative
sample within the clade that should be positive with a single mutation. This
orientationis consistent with a persistent DNA lesion, and asingle ‘lesion path’
canbedefined witha‘lesionnode’ and ‘lesion repair node’ assigned. This
example would be classified asa ‘PASSPVV’.c, An example of avariant where
nosingle branchassignmentfits the data, butin this example the significant
overdispersionis detected outside the allocated clade. However, this variant
cannotbe explained by a persistent DNA lesion because both daughter nodes
ofthelesion node show a mix of mutant and wild-type descendants - this lesion

isthereforeclassed asa‘FAIL PVV.d, For any given PVV, thereisareordering
ofthebranches from the consensus phylogeny such that the PVV no longer
contradicts the treestructure (alternative phylogeny). We can then assess
thedistribution of reads reporting the mutations that distinguish the two
phylogenies across the descendant colonies for whether they supportthe
consensus or alternative phylogeny. e, Three examples of PVVs showing the
validation of the consensus phylogeny inferred for that patient. Foreach,a
zoomed-insubsection of the tree isshown above the heatmap; the PVVis shown
inthered colourscale; and the mutations confirming the consensus phylogeny
areshownintheblue colourscale. The colour scales of the heatmap denote the
variantallele fraction, with white as VAF = 0. The mutations are annotated as
‘chromosome-position-reference-variant’.
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Extended DataFig.2 | Examples of multi-allelic variants (MAVs) likely to (corresponding to the tips of the phylogenetic tree). Note that the mutations
have arisenby chance throughindependent mutations at the samelocus. aretypically farapartonthetree, suggesting that they arose through
ForKX003 (a) and KX008 (b), the phylogenetic trees are shown above the independent events. The mutations are annotated as ‘chromosome-position-
heatmap. The two alternate alleles at each locus are coloured blueandred, with  reference-variant’.

colourintensity scaled by variant allele fraction, in the colonies that carry them
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Extended DataFig. 3 | Validation of multi-allelic variants (MAVs). a, Bar plot
showingacomparison of the proportion of MAVs occurringin ‘related’ or
‘unrelated’ orientations for each liver phylogeny, and in the simulated null
model of occurrence by independent mutation acquisition. b, AJBrowse plot
showing anexample ofa correctly phased MAV with heterozygous germline
SNP. Alignments of individual reads to the relevant section of the human
genome from two different colonies that are closely related on the phylogenetic
tree are shown, with pink reads denoting those mapped to the forward strand;

bluereadstothereversestrand. Base calls that do not match the reference
genome areshown as coloured rectangles. ¢, Phasing comparison results of
‘separated’ MAVs with 1or fewer intervening negative subclades, versus those
with2or moreintervening negative subclades. Inthe latter group the ratio of
matching to non-matching phasingis somewhat more balanced, and therefore
these MAVs were excluded from downstream analysis. F, Foetal HSPCs;
C,Chemotherapy-exposed HSPCs.
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Extended DataFig.4 |Expected versus observed spectrumofindependent
MAVs. a, Barplot showing the expected signature of MAVs for bronchial
epithelium for two mutations occurring at the same locus independently by
chance (top) and the observed spectrum for ‘unrelated’ MAVs (those that had
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Extended DataFig. 5| Validationand spectrum of PVVs. a, Barplot showing
theresults of copy number analysis using areads-based method to ensure small
(<1kb) deletions were not resultingin artefactual PVV calls. b, Contingency
graph showing comparison of copy number analyses by ASCAT (y axis) versus
thereads-based method (x axis). ¢, Stacked barplot showing the minimum
number of cell divisions through which the PVV-causing lesion must have
persisted unrepaired, coloured by phasing. d, Calculated blood PVV mutational

signatures expected for those occurring (i) as two independent events,

(ii) spontaneous reversion events, or (iii) other alternate mechanisms. e, Actual
mutational spectrum of ‘FAIL' PVVs from the adult HSPC phylogenies, namely
variants that were inan orientation inconsistent with asingle DNA lesion - note
theresemblancetod, panel (i). f, Mutational spectrum of mutations co-occurring
atthe samesitein two differentresearch subjects.
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Extended DataFig. 6 | Examples of multi-allelic variants (MAVs) that
occurred closetogether onphylogenetic tree and in an orientation
consistentwithapersistent DNA lesion. For KX003 (a) and KX008 (b), the
phylogenetictrees are shown above the heatmap. The two alternate alleles at
eachlocusare coloured blueand redinthe heatmap, with colour intensity
scaled by variantallele fraction, in the colonies that carry them (corresponding
tothetipsofthe phylogenetic tree). The node at which the DNA lesion must

have existed is marked on the phylogenetic tree with a coloured circle; colours
correspond to the colours of the mutation annotationin the heatmap. For
separated MAVs, the minimal lesion persistence pathis highlighted in the same
colouralongtherelevant branches. Note that the mutations are typically close
togetheronthetree,suggesting that they arose from the samelesion. The
mutations are annotated as ‘chromosome-position-reference-variant’.



— 0
— 200
— 400
— 600
— 800

1

1

1

1

1

~1000

200
400
600
—800

1200

g8
|-

||1
= e e e e e P P EEE—F—F W ——F—+++F+"—+"—F"—FF+——+F++F

o o o N = - —-—- :
T TR TR R T TN TR TR T TSR T ST T TR o e o e LT 950 R B
_ L L L LR ALY aP8GIEIed O IIL IS s s
[=2] QANMS QA O 1 NO OOW © N~ M
o R N R N I R P =3 PR R MR P SR
0T P BrIB s B08ITIE AL RIS o Ir 8Pl d o enoe e rNI8NTER3RRINBIRR
0 [ NN OCXr N~ WOW 8_3M59575466194 ~ O = 83467%876789 ONANNNO - OTONOHOOITSOA
x R R RN RN LI I x NI A e F et R RE R
o
Y N SRR ORI Do R 8- IR IR bIIN-"OBITER v N R e L R N L D R D L R L Lo
4T T T T TN T VS TV TIETTTA T LT L I d bbb S 2T ST hbbEL™T® b7 ok,
xl
Stbd P28 S m S LERX2L B2 N2 LA™ R e e AdVR ™ > Nisle
=
N
.
i
iy 0
=

Extended DataFig.7|See next page for caption.
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Extended DataFig.7 | Examples of phylogeny-violating variants (PVVs)
thatoccurred close together on phylogenetic tree and in an orientation
consistentwithapersistent DNA lesion. For KX003 (a) and KX008 (b), the
phylogenetic trees are shown above the heatmap. Theindividual PVVs each
representarow of the heatmap, with colour intensity scaled by variant allele
fractionin the colonies that carry them (correspondingto the tips of the

phylogenetictree). The minimal lesion persistence pathis highlighted in the
same colour along the relevant branches of the phylogenetic tree. Note that the
mutations are typically closetogether onthetree, but withaninterspersed
subclade of wild-type colonies that enablesidentificationasaPVV.The
mutations are annotated as ‘chromosome-position-reference-variant’.
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Extended DataFig.8|Numberand expected spectrum of MAVs. a, Scatter
plotshowing the numbers of MAVsin each phylogeny against the total number
of post-development nodes within that phylogeny, separated by tissue. Smoking
status (whereknown)isindicated by the shape. Grey lines display the correlation
betweenthese values by univariate linear regression, with the shaded area
showing the 95% confidenceinterval for the estimated slope. The p values

refer to two-sided likelihood-ratio tests on whether the slope is different to O,
uncorrected for multiple hypothesis testing. b, On the lefthand side are the

extracted 96-profile SBS signatures from the bronchial epithelium as per
Yoshidaetal.'®. Ontherighthandsideis the calculated MAV signature expected
for thatsignature.c, Asinb, but for the liver samples. Only two of the 30
extracted liver signatures' are displayed. These are the signatures that most
closely matchthe observed MAV signature.d, Asinb, but for the chemotherapy-
exposed blood samples. Note that the ‘BM signature’is the same signature
extracted for the normal adult blood phylogenies. BM, bone marrow; SBS,
single base substitution.
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Extended DataFig. 9 |Statistical power to detect PVVs. a, Barplot showing
thenumber of MAVs and PVVs detected in each phylogeny. Phylogenies are
divided by their tissue type, and within each type, phylogenies are ordered

by number of samples. The 331 MAVs and 501 PVVs were unevenly distributed
across samples. b, Relationship between the simulated PVV capture rate and
the observed number of PVVs for the whole dataset. Individuals who have a
large clonal expansion (MPN, in purple, and those with clonal haematopoiesis,
inblue) have lower than expected numbers of PVVs than the simulations would
expect.c,Scatter plot of the simulated PVV capture rate and observed numbers

of PVVs, excluding samples withasingle large clonal expansion or chemotherapy
exposure. Theblackline displays the correlation between these values by
univariate linear regression, with the shaded area showing the 95% confidence
interval of the estimated slope. d, Simulated ratio of PVV:MAVs depending on
the specificity for transition mutations during translesion synthesis (such as
correctlyincorporating a pyrimidine opposite adamaged guanine), rather than
transversion mutations. TLS = translesion synthesis; PVV = phylogeny-violating
variant; MAV = multi-allelic variant.
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Extended DataFig.10|SBS19 causes 19% of mutationsin HSPCs, including
driver mutations. a, Stacked barplot showing the signature decomposition of
mutationsinnormal HSPCs. Bars are grouped by the 6 mutation types, and
withineach by the 16 base contexts comprising the base before and the base
after the mutation. Each context has three stacked bars, denoting the fractional
contribution of each signature to mutationsin that specific context. b, Stacked
barplot showing the fraction of mutations attributable to SBS1, SBS5and SBS19
innormal cells from different organ systems. ¢, Scatterplot showing duration

of persistent lesions (y axis) against the estimated age of occurrencein
molecular time (x axis). d, Stacked barplot showing the number of mutations
attributable to SBS19 indriver genes for myeloid cancers from the COSMIC
database. e, 2D density plot showing the distribution of PVVs within the overall
methylationlandscape of the genome. The CpG count and mean methylation
arescaled as by their quantiles within the overall genome, and therefore the
nullexpectationwould be even density across the plot.
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Extended DataFig.11|ABC for PVVlesion duration and frequency. a, Stacked
bar plot showing the contribution to the stem cell pool from clonal expansions
(clonalfraction >1%) in the four old individuals used for the ABC (red) and the
40 simulated populations used for the ABCapproach. Eachbar representsa
single clone.b, 2-dimensional density plot showing the mean MMLD of captured
PVVsinsimulation, compared to the true underlying meanlesion duration. c, as
inb, but for the estimated gamma dispersion coefficient of the set of captured
MMLDs insimulation. d, Density plot showing the posterior distributions from
the ABConselected down-sampled phylogenies with known lesion durations.
Foreach, the ‘ground truth’lesionis shownby theredlineandislabelled onthe
right. e, error bar plot showing the 95% credibility intervals of the posterior
distribution of the estimated meanlesion duration by applying the novel ABC

framework to simulations. Red dotted line (y = x) illustrates the ‘ground truth’
values across the spectrum of simulations. Estimates are derived fromn= 60,000
simulated PVVs per phylogeny. f,g, 2-D density plots showing the distribution
of summary statistics (meanand estimated dispersion of the MMLDs of
phylogeny-violating variants). fshows the data (red dot) compared to the
summary statistics from the complete set of simulations, and g shows the data
(red dot) compared to the summary statistics from simulations with parameters
drawn from the posterior distribution, namely the posterior predictive checks.
h, Posterior density plot showing the average number of lesions in any lineage
atany time, inferred from the accepted simulations from ABC. MMLD, Minimum
molecularlesion duration; ABC, Approximate Bayesian Computation; LD,
lesion duration.
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Population characteristics The dataset comprised 11,429 whole genomes from 89 individuals. Each phylogeny was generated from a single tissue type:
haematopoietic stem and progenitor cells (HSPCs, n=39), bronchial epithelial cells (n=16) or liver parenchyma (n=48, from 34
individuals, due to separate phylogenies for 8 anatomical segments of the liver in 2 subjects). The HSPC phylogenies were
from individuals that fell into five categories: foetal and cord blood (n=4), healthy adults (n=13), stem cell transplant donor/
recipient pairs (n=10), patients with myeloproliferative neoplasms (n=10) and chemotherapy-exposed patients (n=2).
Detailed metadata is available in Table S1.

Recruitment Recruitment procedures were as outlined in the original studies (see references 9 - 16).

Ethics oversight As per the original studies (see references 9 - 16).
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