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Limited understanding of the biological processes that govern metastatic
dissemination hindersits prevention and treatment’. Here, using 501 longitudinally
collected primary and metastatic tumour samples from 24 patients with non-small
celllung cancer (NSCLC) enrolled in the TRACERx lung study and PEACE autopsy
programme, we infer tumour evolution from diagnosis to death. With DNA-sequencing
data encompassing 70% of the metastases that were radiologically detected before
death and paired multi-region sampled primary tumours, we show that the genomes
of metastases diverge markedly from those of their ancestral primary tumour, with
additional driver alterations and genome doubling events occurring after metastatic
dissemination. In 62.5% of patients, multiple primary tumour subclones disseminated,
eachfoundingadistinct metastasis. These metastases served as sources of onward
spread: more than half of the metastases sampled were seeded by other metastases. The
duration that metastases existed in situ influenced their likelihood of seeding further
metastases. Most metastatic migrations started and ended in the same anatomical
cavity. The few subclones that exited the thorax to seed metastases disseminated widely
and were enriched for somatic copy-number alterations, suggesting that chromosomal
instability may facilitate extrathoracic spread. This spatial and temporal evolutionary
analysis sheds light on the extent of metastatic diversity and seedingin advanced
NSCLC—whichtends to be underestimated in single metastasis biopsies—and identifies
genomic and clinical mediators of metastatic progression.

Metastasis, the process by which cancer cells spread from their site of
origin to a secondary location, is the leading cause of cancer-related
mortality?. Lung cancer accounts for the largest share of metastatic
cancer cases’, owing to its high incidence®, frequent presentation as
denovo metastatic disease’ and high rate of relapse after curative-intent
surgery for localized disease®. Understanding the genetic basis for
the mechanisms that enable cancer cells to migrate from the primary
site into local tissues, air spaces, lymphatics and/or circulation, and
to ‘seed’ foreign ‘soils”, could inform strategies to prevent and treat
this lethal condition®.

The migration of cancer cells is a transient event that is difficult
to observe in patients in real time; however, a retrospective view of
this process can be gleaned by tracking the evolutionary history of
subpopulations of cancer cells, or subclones, in primary tumours
and metastases using DNA-sequencing data®'2 With this approach,
studies of ovarian®, breast'*"* and prostate cancer® have revealed
complex metastatic migration patterns that involve multiple tumour
subclones migrating bidirectionally between the primary tumour and
metastases, and between anatomically distinct metastatic sites. The
accuracy and completeness of this view of metastasis is contingent
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on the extent to which the sampled metastases are representative of
apatient’s disease burden, and the availability of the primary tumour
for comparison'®. Despite its importance, such comprehensive and
longitudinal sampling is rarely performed because of its clinical
infeasibility in living patients, but it can be achieved by integrating
research autopsy programmes'®"” with prospective clinical studies
such as TRACERXx (Tracking Non-small Cell Lung Cancer Evolution
through Therapy (Rx); ClinicalTrials.gov identifier NCT01888601)'3%,
which performs multi-region profiling of early-stage, operable primary
NSCLC.

To address this need, the national, multi-centre, pan-cancer research
autopsy programme PEACE (Posthumous Evaluation of Advanced
Cancer Environment; NCT03004755) was strategically embedded in
centres thatrecruited patients to TRACERx to enable co-enrolment to
both studies and the generation of a clinically annotated tumour tis-
sue resource that spans the complete disease course, from diagnosis
to death.

Inthis study, we reconstructed detailed tumour evolutionary histo-
ries and metastatic migration patterns using high-depth whole-exome
sequencing (WES) data fromlongitudinally collected primary tumour,
pre-mortem and post-mortem metastasis samples from 24 patients
enrolled in both TRACERX and PEACE (Supplementary Fig. 1), to
investigate the genetic properties that endow cancer cells with the
capacity to metastasize. By integrating migration patterns with serial
radiological imaging performed before death, we uncover tumour-
intrinsic, temporal and anatomical properties that govern NSCLC
metastasis.

The TRACERX-PEACE cohort

Theclinical characteristics of the patients in this cohort, including age
(median [range]: 70 [47-87] years), smoking status (19 ex-smokers,
3 current smokers and 2 never-smokers), disease-free survival (DFS;
median [interquartile range; IQR]: 11[6-18] months) and overall survival
(0S; median [IQR]: 29 [16-46] months), were broadly representative
of patients with comparable stages of operable NSCLC (TNM version
8: 4 stagel, 8 stage Il and 12 stage IlI)*. Common NSCLC histological
subtypes were represented (9 lung adenocarcinomas (LUAD) and 10
squamous cell carcinomas (LUSC)), and 5 other subtypes, including 2
large cell carcinomas, 2 pleomorphic carcinomas and 1 carcinosarcoma,
were present (Supplementary Table 1).

In total, 108 regions from 24 resected primary tumours (median
regions per primary [range]: 4 [2-8]), 41 regions from 35 metastases
sampled pre-mortem (12 lymph node metastases resected during pri-
mary surgery from7 patients, 17 metastases sampled at relapse from 15
patients and 6 at disease progression from 4 patients) and 352 regions
from 233 anatomically distinct metastases collected at autopsy were
subjected to WES (median depth: 401.2,IQR:360.2-441.5, Fig.1a) and
passed quality control (Supplementary Fig.1and Methods). Atautopsy,
metastatic sampling was guided by radiological imaging performed
before death and macroscopic examination by the attending patholo-
gist. For most metastases collected pre-mortem or at autopsy, asingle
metastasis region was sampled (75%, 200/268), but in 25% (68/268),
multiple regions from the same metastasis were sampled. The mean
number of metastasis regions collected per patient was 16 (range: 3-39)
and the mean number of anatomically distinct metastases sampled per
patient was 11 (range: 2-37). These encompassed 19 anatomical loca-
tions, including common metastasis sites observed in NSCLC?: lung
(125regions), lymphnode (80 regions), liver (33 regions), musculoskel-
etal soft tissues (23 regions: 13 chest wall, 3 diaphragm, 2 abdominal
wall, 5 other), brain (22 regions), adrenal gland (17 regions) and bone (7
regions) (Fig.1a). For the 23 patients with available radiological imag-
ing, quality-controlled WES data were available for 70% (112/160) of
the metastases that were detected with imaging performed before
death (Fig. 1b).
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Intra- and inter-metastasis genetic heterogeneity

To resolve the extent of metastatic heterogeneity and the degree to
which metastases resemble the primary tumour fromwhich they origi-
nate, we performed a detailed genomic analysis of somatic mutations,
somatic copy-number alterations (SCNAs) and whole-genome doubling
(WGD) in primary and metastasis regions, and reconstructed the sub-
clonalarchitecture and phylogenetic history of each patient’s disease
(Supplementary Fig. 2 and Methods). Subclones were classified into
four groups to delineate when they arose relative to metastatic dis-
semination: truncal (the most recent common ancestor (MRCA) of
all sequenced cancer cells); primary-unique (non-truncal subclones
present in the primary tumour and undetected in any metastasis);
metastasis-unique (non-truncal subclones present in one or more
metastases and undetected in the primary tumour); and shared sub-
clonal (non-truncal subclones presentin both the primary and one or
more metastases).

We detected subclonal diversity within individual metastases
(median [range]: 7 [3-37] subclones per metastasis) and between
anatomically distinct metastases (79% of metastases contained a
subclone that was not detected in any other metastasis). The number
of subclones detected per metastasis increased with the number of
metastasis regions sampled (Pearson’sR: 0.6, P=7.64 x 10%; Extended
Data Fig. 1a), implying that, as with primary NSCLC tumours'¥**%,
single-region sampling can underestimate the subclonal diversity in
ametastasis. The number of metastasis-unique subclones identified
increased with the number of anatomically distinct metastases sampled
per patient (Pearson’s R: 0.52, P= 0.01; Extended DataFig. 1a), highlight-
ing that samples from anatomically distinct metastases are needed to
detect the subclones variably distributed across metastatic sites. The
number of metastasis-unique subclones identified per patient in this
cohort (median [range]: 28 [4-58]) was 11-fold greater thanitwasin our
previous analysis of metastases sampled at the time of primary surgery
or relapse in 126 patients enrolled in TRACERX" (median [range]: 2.5
[0-13]); the mean number of metastasis regions sampled per patient
was 1.7 (range: 1-6) in that study, compared with 16 (range: 3-39) in
this study (Supplementary Fig. 3).

We used two metrics based on either somatic mutations or SCNAs
to quantify the genetic diversity between anatomically distinct metas-
tases (inter-metastasis heterogeneity), within individual metastases
(intra-metastasis heterogeneity) and between the primary tumour
and metastases from the same patient (primary-metastasis heter-
ogeneity; Methods). Metastases from the same patient were more
similar to each other than they were to the paired primary (mean
inter-metastasis versus mean primary-metastasis heterogeneity per
patient: mutation diversity P=0.004, SCNA diversity P=6.0 x 107,
Wilcoxon signed-rank test; Fig. 1c), as observed in prostate cancer®.
Primary-metastasis heterogeneity was positively associated withboth
intra-primary heterogeneity (mean per patient: mutation diversity
Pearson’s R:0.57, P=0.005; SCNA diversity Pearson’s R: 0.51, P= 0.013;
Extended Data Fig. 1b) and intra-metastasis heterogeneity (mean per
patient: mutation diversity Pearson’s R: 0.55, P=0.01; SCNA diver-
sity Pearson’s R: 0.33, P=0.15; Extended Data Fig. 1b), suggesting that
somatic evolution in the primary tumour, metastases, or both after
metastatic dissemination contributes to this genetic divergence. The
degree of primary-metastasis divergence did not differ according
to the treatment patients received (Supplementary Fig. 4), although
such inferences might be limited owing to cohort size. Individual
multi-region sampled metastases were less heterogeneous than their
paired multi-region sampled primary (mean intra-metastasis versus
mean intra-primary heterogeneity per patient: mutation diversity
P=0.033, SCNA diversity P=0.004, Wilcoxon signed-rank test;
Fig. 1c), but when all metastases sampled from a patient were con-
sidered, the heterogeneity among them was not significantly differ-
ent to that within the paired primary tumour (mean inter-metastasis
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Fig.1|Clinical and sample characteristics of the TRACERx-PEACE cohort.
a, Longitudinal timelines for 24 patients showing clinical events and sampling
time points, ordered by overall survival. Tumour histology, stage and smoking
status are annotated. The body map summarizes the total number of samples
obtained per organacrossthe cohort.LN,lymphnode.b, Number of metastases
per patient that wereimaged only (white), sampled only (peach) or bothimaged
and sampled (red) among 23 patients with radiological imaging available.

¢, Mean genetic diversity (mutations and SCNAs; Methods) per patient within
primary tumours (intra-primary, dark blue; n = 23 patients, 100 regions), within

versus meanintra-primary heterogeneity per patient: mutation diver-
sity P=0.443, SCNA diversity P= 0.656, Wilcoxon signed-rank test;
Fig.1c).

These data are consistent with primary tumours and metastases con-
tinuing to evolve after they diverge. As such, resected primary NSCLC
tumoursare unlikely toberepresentative of metastases detected during
clinical follow up?, and, asin other cancer types®>?, the full extent of
metastatic heterogeneity is likely to be underestimated when meta-
static sampling is limited.

multi-region sampled metastases (intra-metastasis, dark green; n =21 patients,
191regions), between anatomically distinct metastases (inter-metastasis,
green; n =24 patients, 258 metastases) and between primary and metastatic
samples (primary-metastasis, blue; n =24 patients, 24 primaries-258
metastases). Lines connect patients. Wilcoxon signed-rank test. The box plots
show the median and IQR with whiskers denoting values within1.5 times the
IQR fromthe firstand third quartiles. Body mapillustrationinaby]. Brock
adapted fromref.11under a Creative Commons licence CC BY 4.0.

Mutational processes change over time

Somatic mutations arise from a variety of mutational processes.
To assess their contribution to temporal and spatial genomic het-
erogeneity, we evaluated mutational signatures known to be active
in NSCLC across truncal, shared subclonal, primary-unique and
metastasis-unique subclones (Methods). Smoking and APOBEC sig-
natures were more prevalent in primary than in metastasis-unique
subclones. This was evident when considering the majority aetiology
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of each subclone (the mutational process that constituted more than
50% of mutations; Extended Data Fig.1c and Methods), or the number
of subclonesinwhicheach mutational process was detected (average
percentage of subclones with smoking signature: primary 21% versus
metastasis 7%, P = 0.02; average percentage of subclones with APOBEC
signature: primary 54% versus metastasis 34%, P = 0.0045; Wilcoxon
signed-rank test; Extended Data Fig. 1d and Methods). In ever-smokers
(patients who had smoked 100 or more cigarettes during their life-
time), 83.4% of allmutations attributed to the smoking signature SBS4
occurred in the trunk, consistent with SBS4 being an early process in
NSCLC evolution?. The lower prevalence of SBS4 in metastases might
also reflect a lack of exposure owing to smoking cessation (80% of
patients were ex-smokers) or that not all organs are equally exposed®.
APOBEC activity was highest inshared subclonal and primary-unique
subclones (Extended Data Fig. 1¢,d). Episodic APOBEC activity was
observed throughout tumour evolution®, including in metastases,
characterized by fluctuating levels of APOBEC mutagenesis along
phylogenetic branchesin 39% (9/23) of patients with APOBEC activity
(Extended DataFig. le).

Among metastasis-unique subclones, the majority aetiologies,
in order of prevalence, were clock-like (SBS1 and SBS5), APOBEC
(SBS2 and SBS13), platinum (SBS31 and SBS35) and smoking (SBS4)
(Extended Data Fig. 1c). Platinum-related signatures were detected
in metastasis-unique subclones in 64% (9/14) of patients treated with
platinum chemotherapy. None of these mutational processes were
site-specific: each occurred in multiple metastatic sites (Extended
DataFig.1f and Supplementary Fig. 5). Mutational signature profiles of
metastasis-unique subclones were more similar to each other than they
were to ancestral primary subclones (P = 0.0043, Wilcoxon signed-rank
test; Extended Data Fig. 1g), suggesting that the observed temporal
shiftsinmutational process activity contribute to primary-metastasis
divergence.

Putative driver alterations occur in metastases

Toinvestigate genetic alterations that might underpin somatic evolu-
tionin metastases, we assessed the frequency of known genetic drivers
of tumorigenesis. Annotating somatic mutations (Methods), 196 driver
mutations were identified: 174 single-nucleotide variants (SNVs), 4
dinucleotide variants (DNVs), and 18 insertion-deletions (indels), of
which 70% affected tumour suppressor genes (TSGs) (Fig.2a). Overall,
49% (97/196) were truncal and thus shared between all primary and
metastasis regions, consistent with studies in other cancer types®*%
(Fig.2b). KRAS was the most frequently mutated oncogene (21% (5/24) of
patients) and was always truncal. Of the driver mutations, 27% (53/196)
were metastasis-unique (detected inmetastases, but notinthe primary
tumour). Most patients (83%, 20/24) had at least one metastasis-unique
driver mutation (median [range]: 2 [0-6] per patient; Fig. 2a). The
number of metastasis-unique drivers per patient correlated with
the total number of metastasis-unique mutations (Pearson’s R=0.8,
P=3.2x107% Fig. 2c), and both were associated with the duration of
chemotherapy treatment (Extended Data Fig. 2a). Metastasis-unique
subclones with platinum signature activity were more likely to con-
tain a metastasis-unique driver than were their counterparts without
(P=0.016, chi-squared test; Fig. 2d), suggesting thatinaddition to the
greater number of drivers that result from treatment-related mutagen-
esis, treatment may select for or induce these mutations.

Next, we used OncoKB***' to determine whether actionable drivers
occur uniquely in metastases (Fig. 2b). No level 1 actionable muta-
tions, which predict response to a drug licensed for NSCLC man-
agement, were detected in metastasis-unique subclones. Only one
metastasis-unique mutation was annotated as potentially action-
able: SMARCA4 (p.E1083K), identified in a lung metastasis in patient
CRUKP3358, was classified as a level 3A mutation (a biomarker for an
unlicensed drug with efficacy in clinical trials®?).
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We also examined the timing of focal amplifications and loss of
heterozygosity (LOH) affecting cancer-related oncogenes and TSGs,
respectively (Methods). Among TSG driver mutations, 46% (63/138) had
biallelic inactivation, defined as a mutation affecting one allele with
LOH affecting the other (Methods and Fig. 2a). In 76% (48/63) of these
cases, both events were detected in the primary tumour; 21% (13/63)
occurred sequentially, with the first hitin the primary and the second in
ametastasis; andin 3% (2/63) of cases, both events occurred in ametas-
tasis. Forexample, CRUKP2037 had a truncal driver mutation affecting
ARIDIA (N942S), followed by LOH of the ARIDIA locus within alymph
node metastasis, as well as a truncal LOH affecting B2M, followed by a
subclonal B2M driver mutation, bothin the primary tumour (Extended
DataFig.2b). The most frequently mutated TSG was TP53 (75% (18/24)
of patients), which is associated with metastatic seeding™*, It was
biallelically inactivated in 89% (16/18) of patients: in most cases both
hits were truncal (88% (14/16)), whereas in the others, subclonal LOH
followed atruncal driver mutation, including on parallel phylogenetic
branches (CRUKP8172).

WGD, which is often associated with TP53 disruption® and can
mitigate against deleterious alterations®, occurred in 92% (22/24) of
patients. These events occurred throughout tumour evolution (76%
(31/41) occurred in the primary—11 truncal, 11 shared subclonal and 9
primary-unique—and 24% (10/41) occurred in metastases; Extended
DataFig.2c), and were associated with increased primary-metastasis
(Pearson’sR:0.57, P=0.0034) and inter-metastasis SCNA heterogene-
ity (Pearson’s R: 0.67, P=0.00051; Extended Data Fig. 2d). Primary
subclonal and metastasis-unique WGD events occurred on parallel
phylogenetic branchesin29% (7/24) of patients, suggesting that they
confer afitness advantage in late-stage disease.

Overall, although most driver alterations, including those that are
clinically actionable, occurred in primary tumours, metastases accrued
additional—often treatment-associated—genetic alterations of poten-
tial biological consequence.

Pervasive metastasis-to-metastasis seeding

In addition to ongoing evolution in metastases, cancer cells migrat-
ing between anatomical sites will influence the subclonal landscape
of metastatic disease. To elucidate the metastatic migration patterns
thatunderpin advanced NSCLC, we applied the MACHINA algorithm®
to the phylogenies inferred for each patient to identify the subclones
that seeded metastases and their corresponding migration routes
(Extended DataFig. 3).

In3 patients, seeding subclones originated exclusively in the primary
tumour. In the remaining 88% (21/24), seeding subclones were identi-
fied in both the primary tumour (mean per patient [range]: 2.8 [1-8])
and one or more metastases (mean per patient [range]: 6.0 [1-16]),
herein referred to as primary-to-metastasis seeding subclones and
metastasis-to-metastasis seeding subclones, respectively (Fig. 3a).
Metastasis-to-primary reseeding was not considered because no
patients had radiologically detectable metastatic disease at the time of
primary tumour resection. On average, 4 anatomically distinct metas-
tases were seeded by the primary tumour per patient (range: 1-22).In
62.5% (15/24) of patients, these primary-seeded metastases were seeded
by distinct primary-to-metastasis seeding subclones, in contrast with
previous studies that detected only asingle primary seeding subclone
in most patients®*¢, The number of seeding subclones identified per
patient correlated with the number of anatomically distinct metastases
(Pearson R:0.48, P=0.018) and the number of metastasis regions sam-
pled (PearsonR:0.52, P=0.009; Extended DataFig. 5a), indicating that
seeding subclone prevalence canbe underestimated when metastasis
samplingislimited. Overall, however, agreater number of metastases
were seeded by other metastases than by the primary tumour: 60%
(156/258) of metastases were seeded by metastasis-to-metastasis seed-
ing subclones, 38% (98/258) were seeded by primary-to-metastasis
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actionable events are highlighted inboxes; bold font denotes biomarkers for
approved lung cancer therapies (OncoKB level 1) and regular font denotes
biomarkers withcompelling clinical evidence (OncoKB level 3A). n = 24 patients.
¢, Correlation between the number of metastasis-unique mutations and the
number of metastasis-unique driver mutations per patient; points coloured by
therelapsetreatmentstatus of each patient. d, Fraction of metastasis-unique
subclonesin platinum-treated patients (n = 14) with detectable platinum-
associated mutational signatures, stratified by the presence or absence ofa
driver mutation. Chi-squared test.

Fig.2|Evolutionary timing of putative driveralterations. a, Summary of

the focal copy-number amplifications (Amp) affecting oncogenes (top), focal
LOH affecting TSGs (middle) and putative driver mutations (Mut: SNVs, indels
and DNVs; bottom) across patients. Only mutations occurring inatleast two
patients or showingbiallelicinactivation (Methods) in one patient are shown.
Alterations are classified as truncal (grey), shared subclonal (light blue), primary-
unique (dark blue) or metastasis-unique (green). Mutations that co-occur

with LOH are marked with circles. Horizontal barsindicate total occurrences
pergeneand class. b, Alteration class distribution for eventsin a. Clinically

thoracic lymph node metastases sampled at autopsy was seeded by
the primary; the remaining five were seeded by subclones from other
established thoracic lymph node metastases (Extended Data Fig. 3).

seeding subclones and 2% (4/258) were seeded by both (10 low-purity
metastases were excluded from tree building and migration analyses;
Methods and Fig. 3b). For example, in CRUKP2037, only one of the six
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Fig.3|Metastaticseeding patterns. a, Number of patients whose metastases
were seeded exclusively by the primary tumour (Primary->Met seeding only,
black) or by both the primary tumour and other metastases (Primary->Met

and Met->Met seeding, red). b, Number of metastases seeded by the primary
tumour (black), by another metastasis (grey) or by both sources (yellow).
c,Proportion of metastases seeded by other metastases (grey) or by the primary
tumour (black) across increasing migration probability thresholds (Methods).
d,Number of primary-to-metastasis (black outline) and metastasis-to-metastasis
(grey outline) seeding subclones per patient. Each primary-to-metastasis seeding
subcloneisassignedadistinct colour (concordantbetweenbarsand phylogenetic

Consistent with studies in other cancer types®**¢, most metasta-

ses were seeded by a single migrating subclone (72.5%, 187/258), as
opposed to multiple subclones that migrated together orin sequence
(Extended DataFig.4). Primary-to-metastasis migrationsinvolved a sin-
gle subclone more frequently than metastasis-to-metastasis migrations
(P=7.73 x107*, chi-squared test; Supplementary Fig. 6a). Migrations
thatstarted and ended in the same organinvolved multiple subclones
more often (43.6%, 41/94) than migrations between organs (26.8%,
49/183, P=0.007, chi-squared test; Supplementary Fig. 6b), implying
thata greater number of subclones were capable of migrating within,
as opposed to between, organs.
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* Seeding subclone that migrates
Primary—Met then Met—>Met

[ Primary—Met seeding subclones
Met—Met seeding subclones
@ @ Metastatic migration

treenodes). Metastasis-to-metastasis seeding subclone colours match the colour
of their primary-to-metastasis seeding ancestor, with lighter shades assigned to
each new metastasis-to-metastasis seeding subcloneinthat lineage. Pie wedges
show the fraction of metastases seeded by each correspondingly coloured
seeding subclone. Metastases on body maps are coloured by their seeding
subclone, witharrows indicating migration routes. Subclones contributing to
both primary-to-metastasis and metastasis-to-metastasis spread are marked
withanasterisk. P, primary-to-metastasis seeding subclone; M, metastasis-to-
metastasis seeding subclone. Body mapillustrationind byJ. Brock adapted
fromref.11underaCreative Commonslicence CCBY 4.0.

Three independent analyses provide orthogonal evidence for the
inferred metastasis-to-metastasis migrations. First, we developed
a probabilistic approach to assign a confidence level to each meta-
static migration (Methods and Extended Data Fig. 5b). Metastasis-
to-metastasis migrations remained predominant when consider-
ing only the migrations inferred with highest confidence (Fig. 3c).
Second, we used standard-of-care radiological imaging to determine
thefirst time each metastasis was radiologically detected. Metastases
seeded by the primary were detected earlier than metastases seeded
by other metastases (median 272 versus 745 days from surgery, respec-
tively, P=2.41x 1075, Mann-Whitney U test; Extended Data Fig. 5¢).
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Third, we evaluated migration directionality by quantifying LOH events
presentinthe seeding but notinthe seeded metastasis—animplausible
scenario given LOH irreversibility (Methods). Metastases linked by a
metastasis-to-metastasis migration had significantly more conserved
LOH events (which are notaninput to MACHINA®) compared with alter-
native seeding sources (inferred metastasis source versus primary
source P=3.29 x107%; inferred metastasis source versus alternative
metastasis source P=0.011; Mann-Whitney U test; Extended Data
Fig.5d). Furthermore, the metastatic migration patternsinferred were
highly consistent with those obtained using different combinations of
algorithms for phylogenetic®” and metastatic migration inference®
(Supplementary Fig. 7).

These patternsreveal thatin NSCLC, multiple primary subclones seed
metastases, initiating a cascade of metastasis-to-metastasis seeding
that promotes metastatic progression.

Seeding capacity across subclone lineages

To test whether metastatic capacity differsamong seeding subclones,
we used the number of metastases seeded by each seeding subclone as
asurrogate measure of its seeding capacity (Methods).In 93% (14/15) of
the patients with multiple primary-to-metastasis seeding subclones,
nosignificant differences were observed in the number of metastases
seeded by each subclone (Extended DataFig. Se). Inthe patientinwhich
adifference in seeding capacity was detected, CRUKP8172, one of the
2 primary seeding subclones seeded 21 of the 30 sampled metastases
(Monte Carlo likelihood ratio test P= 0.00001; Fig. 3d).

Despite the fact that most of the primary-to-metastasis seeding
subclones had asimilar metastatic capacity, only 45% (30/67) of them
produced descendants that seeded additional metastases, raising
the possibility that the capacity to seed metastases from the primary
tumour differs from that required for metastasis-to-metastasis seed-
ing. We therefore assessed whether subclones from the same primary
tumour, after establishing metastases, had an equal likelihood of fur-
ther spread. In 67% (10/15) of patients, significant differences were
observed in the number of metastasis-to-metastasis migrations that
descended from each primary-to-metastasis seeding subclone (Fig. 3¢
and Extended DataFig. Se). For example, in CRUKP9198, three primary
subclones each seeded one or two metastases (Monte Carlo likelihood
ratio test P=1.0), but their subsequent spread differed: one did not
give rise to any metastasis-to-metastasis migrations; another had a
descendant that seeded one metastasis; and the third had descendants
that seeded twelve metastases via metastasis-to-metastasis migra-
tions (Extended Data Fig. 5f). Thus, in this small cohort, the capacity
to seed further metastases is not uniformly inherited by descendants
of primary-to-metastasis seeding subclones.

Duration in situ associates with seeding

To investigate determinants of metastatic capacity, we examined
patient, metastasis and subclone characteristics associated with
metastasis-to-metastasis seeding. Patients in whom metastasis-to-
metastasis seeding was predominant (more than 50% of all migrations)
relapsed later (median DFS 14 versus 5 months, P= 0.036, Mann-Whit-
ney Utest) and had significantly longer OS (median 32 versus 15months,
P=0.019, Mann-Whitney Utest), compared with patients in whom it
was not (less than 50%; Extended Data Fig. 6a). Their clinical demo-
graphics and treatment histories were otherwise similar (Extended
DataFig. 6a). In fact, OS exhibited a positive linear association with
the proportion of migrations that were metastasis-to-metastasis
(Pearson’s R: 0.46, P=0.025; Fig. 4a), raising the possibility that
metastasis-to-metastasis seeding is related to the duration metastases
areinsitu.

Toinvestigate this, we evaluated the seeding capacity of each metas-
tasiswithrespecttowhenitarose during the disease course. Metastases

that seeded other metastases were identified significantly earlier on
radiologicalimaging: 36.8% (14/38) of metastases detected on the first
relapse scan seeded metastases, compared with 16.4% (10/61) detected
only after thelast scan, atautopsy (P=0.03, Fisher’s exact test; Fig. 4b).
Consistent with having alonger durationinsitu, these metastases also
accrued more somatic alterations than metastases that did not seed
(mutations P=5.7 x1075,SCNAs P = 0.002, Wilcoxon signed-rank test;
Fig. 4c and Methods). Likewise, primary-to-metastasis seeding sub-
clones with metastasis-to-metastasis seeding descendants emerged
earlierin tumour evolution than those without metastasis-to-metastasis
seeding descendants (mutationdistance fromthe trunk P= 0.053, SCNA
distance from the trunk P = 0.025, one-sided Wilcoxon signed-rank
test; Extended Data Fig. 6b). In fact, 68% (141/207) of the metasta-
ses that did not seed other metastases contained fewer mutations
than the mutational burden typically observed at the point when
metastasis-to-metastasis seeding subclones emerged in the same
patient (Extended Data Fig. 6¢c—e and Methods). This suggests that
many non-seeding metastases could potentially seed metastases with
longer time in situ.

Two explanations could underlie this finding. First, metastases
with alonger duration in situ might reach larger sizes, such that an
increased number of cancer cells have the potential to seed. Indeed,
metastases that seeded other metastases had significantly greater
maximum radiological volumes than those that did not (P = 0.025,
Wilcoxon signed-rank test; Fig. 4d and Methods). Second, subclones
capable of seeding metastases might emerge from the reservoir of
subclonal diversity that accrues over time. In keeping with this, metas-
tases that seeded other metastases had more subclones (P=0.028,
Mann-Whitney U test; Extended Data Fig. 6f) and were more likely
to have branched phylogenies than were metastases that did not
(P=9.8 x1078, Fisher’s exact test; Fig. 4¢). These data imply that the
greater number of cancer cells and/or subclones afforded by alonger
duration in situ is associated with the likelihood of metastasis-to-
metastasis seeding.

Anatomical constraints of seeding

Anatomical location may also influence the likelihood of metastases
seeding further metastases; for example, owing to differencesin organ
vascularity or lymphatic drainage®. Metastasis-to-metastasis seeding
varied across anatomical locations: 28.4% of lung and 30.6% of intratho-
raciclymphnode metastases seeded other metastases, compared with
only 8.3% of peritoneal and 10.7% of liver metastases (Fig. 4f). These dif-
ferences mostly reflected the temporal order in which metastases arose.
The prevalence of metastasis-to-metastasis seeding from each site
strongly correlated with the proportion of metastases at that site with
‘sufficient’ time insitu to seed others, defined by comparing the muta-
tion burden of each metastasis with the number of mutations accrued
before the emergence of metastasis-to-metastasis seeding subclones
inthe same patient (Pearson’s R: 0.80, P= 0.01; Fig. 4g and Methods). In
particular, intrathoracic metastases (encompassing mediastinal lymph
node and lung metastases; Methods), which were detected significantly
earlier on radiological imaging than were extrathoracic metastases
(P=3.94 x10™*, Mann-Whitney U'test; Extended Data Fig. 7a), seeded
other metastases more frequently (intrathoracic versus extrathoracic
metastases that seeded other metastases: 26.4% (32/121) versus 13.9%
(19/137), P=0.013, Fisher’s exact test; Fig. 4h). Thus, the tendency we
observe for NSCLC metastases to emerge in an anatomical sequence
(intrathoracic early; extrathoracic late) is reflected in metastatic
seeding patterns.

Next, we investigated whether the anatomical locationin which seed-
ing originatesinfluences the location of the resulting metastases. Over-
all, 71.3% (92/129) of metastasis-to-metastasis migrations remained
within the anatomical cavity in which they originated (P=2.40 x
1075, Fisher’s exact test; Fig. 4i); that is, intrathoracic metastases
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b, Proportion of seeding (dark teal) and non-seeding (light teal) metastases
stratified by time of first detection onimaging: relapse scan; scanin first half of
the post-relapse period; scaninsecond half; or after the last scan before death
(atautopsy). Metastases without known timing of firstappearance or seeding
status were excluded. n =23 patients; Fisher’s exact test comparing earliest

and latest categories. ¢, Burden of SNVs and SCNAs accumulated after seeding
(thatis, in descendants of the seeding subclone) for seeding (dark teal) and
non-seeding (light teal) metastases. Dots indicate median per patient; lines
connect patients. n=20 patients with both metastasis types; Wilcoxon signed-
rank test.d, Maximum radiological volume measured on any clinical scan for
seeding versus non-seeding metastases. Dots indicate median per organsite;
lines connect organsites.n =23 patients, 129 metastases; Wilcoxon signed-

predominantly seeded intrathoracic metastases, and extratho-
racic metastases predominantly seeded extrathoracic metastases.
This observation was consistent across patients (Extended Data
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ranktest. e, Proportion of seeding and non-seeding metastases with branched
(grey) versus linear (white) metastasis-unique subclone phylogenies. n =24
patients; Fisher’s exact test. f, Prevalence of metastasis-to-metastasis seeding
across anatomical locations. Intra, intrathoracic; extra, extrathoracic.

g, Correlation between the proportion of metastases in each anatomical site
with ‘sufficient’ durationinsitu (Methods) and the prevalence of seeding
metastases from thatsite. n = 24 patients, 258 metastases. h, Proportion of
non-seeding (light teal) or seeding (dark teal) metastases inintrathoracic
(purple edge) and extrathoracic organs (orange edge). n = 24 patients, 258
metastases; Fisher’sexact test. i, Origin of seeding for intrathoracic (purple)
and extrathoracic (orange) metastases, stratified by intrathoracic versus
extrathoracicsource. n =12 patients with both metastasis types; Fisher’s exact
test. The box plots show the median and IQR with whiskers denoting values
within1.5times the IQR from the first and third quartiles. Body mapillustration
inhby].Brockadapted fromref.11under a Creative Commons licence CCBY 4.0.

Fig. 7b), maintained when restricting to the highest confidence
migrations (Methods and Extended Data Fig. 7c) and not explained
by a propensity for within-organ spread (59% (54/92) of migrations
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within the same anatomical cavity were not within the same organ).
Primary-to-metastasis seeding also differed with respect to anatomi-
cal cavities. Only one-third (16/48) of primary seeding subclones
seeded extrathoracic metastases; however, those that did were more
likely to seed multiple metastases than were subclones that seeded
intrathoracic metastases (P= 0.007, Fisher’s exact test; Extended Data
Fig. 7d). For example, in CRUKP1584, the primary tumour seeded 11
metastases—7 intrathoracic and 4 extrathoracic. The primary subclone
capable of exiting the thorax seeded eight metastases, whereas the
subclone that remained within the thorax seeded three (Fig. 3d). The
same pattern was evident among metastasis-to-metastasis seeding sub-
clonesthatoriginated withinintrathoracic metastases (Extended Data
Fig.7e), suggesting that the process of cancer cells migrating between
anatomical cavities differs from the process of migrating within them.

Extrathoracic spread tracks chromosomal instability

Despite sufficient time in situ (as defined in Extended Data Fig. 6c,d
and Methods), more than half of metastases did not seed further
metastases, implying that time is necessary but not sufficient for
metastatic seeding. Genetic alterations that affect cancer cell phe-
notypes mightinfluence their ability to seed metastases*’. Previously,
we found that primary tumour chromosomal instability (CIN) is asso-
ciated with the likelihood of metastatic relapse'®", the detection of
multiple primary seeding subclones™ and extrathoracic spread™*.
Inthis cohort, in which extensive metastatic sampling has increased
the detection of seeding subclones, primary-to-metastasis seeding
subclones similarly contained more SCNAs (P=9.6 x 107, linear mixed
effects (LME) model; Fig. 5a,b) but not SNVs (Supplementary Fig. 8a)
than non-seeding subclones from the same primary. In addition,
the percentage of primary subclones that seeded metastases was
strongly associated withthe median SCNA burden (Pearson’sR: 0.62,
P=0.0013) and rate of SCNA acquisition (per mutation) across all
primary subclones (Pearson’sR: 0.72, P=7.5 x 107%; Fig. 5¢), suggesting
the degree of CIN in primary subclones correlates with their likelihood
to seed.

This association extended to late-stage disease: metastasis-
to-metastasis seeding subclones had significantly more SCNAs
(p-value =3.0 x1077,LME model; Fig. 5d) and had a higher rate of SCNA
acquisition (Supplementary Fig. 8b) than non-seeding metastasis sub-
clones from the same patient. Although some subclones had SCNAs
affecting genes that are implicated in metastasis™*'—such as the focal
amplification of CCNDI in the primary subclone that seeded a chest
wall metastasis in CRUKP3207, and in a left frontal lobe brain metas-
tasis that seeded a right frontal lobe metastasis in CRUKP8433—no
significant enrichment in the rate of SCNAs affecting driver genes or
driver mutations was detected in seeding compared with non-seeding
subclones (Supplementary Fig.9). This cohort might be underpowered
to detect such differences, or this finding could suggest that CIN sup-
ports metastasis through alternative means, such as by generating
subclonal diversity or by altering the tumour microenvironment*,

Giventhedistinct seeding patterns observed betweenintrathoracic
and extrathoracic spread, we examined the characteristics of sub-
clones that seeded metastases in each location. Primary subclones
that seeded extrathoracic metastases, but not those that seeded
intrathoracic metastases, had significantly more SCNAs, compared
tonon-seeding primary subclones (Fig. 5e). We confirmed this obser-
vationin the published cohort of TRACERx patients" for whom paired
primary and metastasis data and extrathoracic relapse status based
onimaging were available (Extended Data Fig. 7f and Supplementary
Fig.10). Metastasis-to-metastasis seeding followed the same pattern:
intrathoracic metastases that seeded extrathoracic metastases con-
tained subclones with higher SCNA burdens, compared with intratho-
racic metastases that seeded intrathoracic metastases (P=7.2x107,
LME model; Fig. 5f). These data correlate subclone SCNA burden with

extrathoracic seeding capacity, suggesting that CIN supports anaspect
of the metastatic process that is specific to this route of spread.

Discussion

Previous genomic studies vary considerably in their conclusions about
metastatic heterogeneity®** and seeding™***. Sampling-related var-
iation could account for some of these differences, given that data
generated from limited samples might fail to accurately represent
often-widespread metastatic disease’®. Here, DNA-sequencing data
from 108 primary tumour regions paired with 393 metastasis regions,
encompassing the majority of metastases radiologically detected
before death in 24 patients, enabled in-depth characterization of the
subclonallandscape of NSCLC metastases and the cellular migrations
that founded them.

The predominant seeding pattern involved the dissemination of
multiple primary subclones before surgery or from postoperative
residual disease (62.5% of patients), each giving rise to a distinct
metastasis (72.5% of metastases were founded by a single subclone).
Metastasis-to-metastasis seeding from the resultant metastases, how-
ever, were inferred to account for most sampled metastases (60%),
suggesting that clinical interventions aimed at minimizing existing
metastatic disease could prevent further metastatic progression.
Moreover, thelatency period associated with metastasis-to-metastasis
seedingindicates that there could be awindow of opportunity for such
interventions. Consistent with this hypothesis, local consolidative
therapy (LCT) withradiotherapy or surgery for metastases that persist
after systemic therapy improves the outcomes of patients with meta-
static NSCLC**>° and other cancer types®™ in phase Il trials. However,
in 22024 study, LCT did not produce any survival benefit in patients
with NSCLC who were treated predominantly withimmunotherapy*,
highlighting the unresolved challenge of identifying patients who will
truly benefit from this approach. Our data offer a biological rationale
for this treatment strategy in appropriately selected patients, and,
potentially, in selected metastases, such as those with high CIN.

Corroborating insights from lineage-tracing models of metasta-
sis®*5, the cellular attributes required to seed metastases, and the likeli-
hood of doing so, varied according to the route of spread. Within-cavity
seeding—inwhich directinvasion, spread through airspaces** and lym-
phaticand circulatory migrationare all possible routes of spread**—was
more frequent and feasible than was seeding between cavities, which
requires transit in the circulation. In colorectal cancer, local lymph
node metastases develop through evolutionary mechanisms that are
fundamentally different from those of distant metastases®***¢°, Here,
CIN, which we'®** and others® have previously found to be associated
with metastatic capacity, was a distinguishing feature of subclones
that seeded extrathoracic metastases. This raises the possibility that
the metastatic advantage conferred by CIN in NSCLC relates to a pro-
cess specific to extrathoracic seeding, such as circulatory spread or
adaptation to a non-thoracic microenvironment, and highlights the
need for further functional studies that are designed to elucidate the
mechanisms of spread along different anatomical routes.

The generalizability of these results to untreated patients (88%
received systemic therapies in this cohort), patients who present with
de novo metastatic disease and other cancer types is unknown. The
size of the cohort limited our ability to assess the effects of treatments
on metastasis evolution, seeding and recurrent genomic events. Fur-
thermore, bulk WES, although performed at high depth, can underes-
timate subclonal diversity, when compared with whole-genome and/
orsingle-cell sequencingtechnologies, and precludesinvestigation of
the roles of structural variants, extrachromosomal DNA, the tumour
microenvironment and other non-genetic processes in metastasis. Our
follow-on study, TRACERXEVO (NCT05628376), endeavours to address
these limitations. It aims to recruit 600 patients with NSCLC, small cell
lung cancer or pleural mesothelioma across the spectrum of cancer
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Fig.5|Extrathoracicseeding subclones are enriched for chromosomal
instability. a, Example patient (CRUKP8780), depicting anatomical sites of
subclones (top right tree), their migration patterns (body map) and the related
classification of seeding and non-seeding (bottom left tree). b, SCNA burden
per primary-to-metastasis seeding subclone (dark blue) and non-seeding
primary subclone (light blue). LME model with subclone mutationburden

as covariate and patientasrandom effect. n =21 patients, 274 subclones.

c, Correlation between the percentage of primary subclones that seed
metastasesand the median subclone SCNA burden (left) or the SCNA/SNV ratio
(right). n=24 patients.d, SCNA burden per metastasis-to-metastasis seeding
subclone (dark green) and non-seeding metastasis subclone (light green). LME
modelasinb.n=21patients, 625 subclones. e, Primary subclone SCNA burden
stratified by subclone seeding status: non-seeding (blue), seeded intrathoracic

stages (I-1V), and to carry out up to 100 research autopsies using the
PEACE study infrastructure, performing high-depth whole-genome
sequencing on the collected samples.

This work demonstrates the extensive genetic diversity that consti-
tutes metastatic disease, revealing that NSCLC progression is propa-
gated by amultitude of primary and metastasis subclones with seeding
capacity. It thus highlights the value of this longitudinal, clinically
annotated dataset that, by facilitating further interrogation of this
complexity, will foster greater understanding of the metastatic process,
and inform strategies to curtail it.
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metastasis (purple) or seeded extrathoracic metastasis (orange), shown

for patients withintrathoracic only (left; n =12 patients, 129 subclones),
extrathoracic only (middle; n =5 patients, 70 subclones) or bothintrathoracic
and extrathoracic (right; n = 4 patients, 75 subclones) metastases seeded by
the primary. Dots, median per patient; Lines, connect primary tumours. LME
model as forb. f, Median SCNA burden per subcloneinintrathoracic metastases
thatseedintrathoracic metastases (purple) and intrathoracic metastases that
seed extrathoracic metastases (orange). LME modelasinb.n=15patients,

32 metastases. The box plots show the median and IQR with whiskers denoting
values within1.5 times the IQR from the first and third quartiles. Body map
illustrationinaby]. Brock adapted fromref.11under a Creative Commons
licence CCBY 4.0.
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Methods

Patient cohort

The PEACE study. PEACE is a pan-cancer, UK-wide research autopsy
programme (https://clinicaltrials.gov/study/NCT03004755) designed
to investigate the biology of metastatic disease and drug resistance.
The study was sponsored by the University College London (UCL)
Clinical Trials Centre and approved by the Health Research Authority
National Research Ethics Service Committee London-Dulwich on 15
August 2013, inaccordance with the UK Human Tissue Act 2004, with
research ethics committee reference 13/LO/0972. Informed consent
was provided by patients during life or by a person in a qualifying re-
lationship after death.

Eligibility was defined by the following inclusion criteria: (1) age 18
yearsor over; (2) confirmed solid malignancy with metastatic disease
(where the site of origin is known or unknown), with the exception
of primary brain tumours, in which there might not be evidence of
metastatic disease; and (3) oral and written informed consent from
patient to enter the study and to undergo tissue collection after
death or from a nominated representative or a person in a qualify-
ing relationship after the patient has died. Exclusion criteria were:
(1) medical or psychiatric condition that would preclude informed
consent; (2) history of intravenous drug abuse within the past five
years; or (3) confirmed diagnosis of known high-risk infections
(for example, HIV/AIDS-positive, hepatitis B or C, tuberculosis and
Creutzfeldt-Jacob disease), unless the patient caseis of particular sci-
entificinterest and was agreed in advance withlocal mortuary staffand
pathologist.

The TRACERx-PEACE lung cohort. The TRACERXx study (https://clini-
caltrials.gov/ct2/show/NCT01888601) is a prospective observational
cohort study approved by an independent research ethics commit-
tee (13/LO/1546). The inclusion and exclusion criteria, clinical data
acquisition and tissue and plasma sampling procedures have been
described™®". In brief, the TRACERx study includes patients with his-
topathologically confirmed early-stage I-11IB NSCLC who underwent
primary surgery. Patients are followed up after surgery, during which
longitudinal clinical data, plasmaand, in the case of disease relapse or
progression, tissue samples are collected.

Forty-nine patients with NSCLC were enrolled in both TRACERx and
PEACE; 41 died and 33 underwent a research autopsy (Supplemen-
tary Fig. 1). Research autopsies were not performed owing to lack of
death notification (n = 6), post-mortem withdrawal of consent (n=1)
or COVID-19 restrictions (n=1).

No tumour wasidentified in four patients who underwent an autopsy
after pathological assessment. In three patients, WES data from all
primary or all autopsy samples failed quality control. WES data were
unavailable for two patients at data lock. The final cohort comprised
24 patients.

Patients were assigned study identifiers that were subsequently
convertedto linked identifiers (CRUKP prefix) to maintain anonymity.
Tissue and blood samples were barcoded and tracked ina centralized
database overseen by the sponsor (UCL Clinical Trials Centre).

Research autopsy sample procurement

Research autopsies were performed as soon as possible after death
(median [IQR]: 79 h[56.0-157.3]; median time to refrigeration: 3.7 h
[3.2-5.4]) at the recruiting-site affiliated mortuary (University College
LondonHospitals (UCLH), Guy’s and St Thomas’ Hospital, Birmingham
Heartlands Hospital, Leicester Royal Infirmary Hospital or the Christie
Hospital).

Tissue sampling was led by a pathologist who was provided with the
patient’s pre-mortem clinical history and imaging. None of the patients
(or personsinaqualifying relationship) in this cohort elected torestrict
research autopsy sampling. Allmacroscopically visible metastases were

sampled where feasible, and multiple regions of individual metastases
were sampled where feasible. Sample annotations that distinguished
regions fromanindividual metastasis (that is, amulti-region sampled
metastasis) from macroscopically distinct metastases were assigned
toallowintra-and inter-metastasis analyses. Labelled specimens were
photographed where feasible.

Where possible, metastases were bisected longitudinally: one half
was snap-frozeninliquid nitrogen and stored at -80 °C, and the other
half was formalin-fixed and paraffin-embedded (FFPE). Fresh sterile
instruments were used for each sample. Body fluids (pleural, perito-
neal and cerebrospinal) were centrifuged and cell pellets snap-frozen
separately. Peripheral blood was collected pre-mortem or at autopsy
from the femoral vein or cardiac ventricle.

Central histopathological review

Diagnostic histopathological slides from the primary tumours were
centrally reviewed as previously described'®. Haematoxylin and eosin
(H&E)-stained slides created from the metastasis FFPE blocks were
digitally archived and assessed for tumour content, necrosis, autolysis
and lymphocyte content by a pathologist.

Intrathoracic and extrathoracic classification

Metastases were classified as intrathoracic or extrathoracic on the
basis of the anatomical site recorded on the pre-mortem sample his-
topathology reports or by the autopsy pathologist. Where anatomical
origin was uncertain, radiological imaging was reviewed (see Sup-
plementary Note).

Intrathoracic metastases. Intrathoracic metastases included medi-
astinal lymph nodes, mediastinal soft tissue, lung, lung surgical bed,
pleuraand chest wall if the metastasis radiologically arose from within
the pleural boundary.

Extrathoracic metastases. Extrathoracic metastases included axil-
lary, cervical, supraclavicular and abdominopelviclymph nodes, chest
wall if the metastasis radiologically arose from outside the pleural
boundary, other subcutaneous or soft tissue musculoskeletal masses,
cardiac (pericardium and myocardium), diaphragm (unless radiological
evidence of direct pleural or intrapulmonary extension), bone, liver,
brain, gastric, adrenals, kidney, peritoneum and bladder.

Clinical outcome data
DFSwas defined asthe period from the date of registration to the time
of radiological confirmation of the recurrence of the primary tumour
registered for TRACERXx or the time of death by any cause.

OS was defined as the period from the date of registration to the
time of death by any cause.

Radiological data curation and analysis

Anonymized clinicalimaging scans and reports (CT, PET-CT and MRI)
were available for 23 out of 24 patients under the TRACERXx study pro-
tocol, spanning baseline primary imaging, relapse, up to the last scan
before death. Radiologically visible, measurable metastases were
contoured using ITK-SNAP v.4.2.0 by a clinical oncologist to produce
three-dimensional tumour volumes, aselection of which were reviewed
by asecond, senior clinical oncologist. Radiological lesions were manu-
ally mappedto sequenced metastasis samples where possible. Where
multiple sequenced samples mapped to one radiological lesion, the
genomic feature predominant to the set (mode) was used in analyses.

Time tofirst detection. Time to first detection was defined as days from
primary surgery to the first detection onimaging. Metastases that were
not detected on imaging but were sampled at autopsy were assigned
atimeto first detection halfway between the last scan performed and
the date of death.
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Scan period. Scan dates were normalized per patient by the number of
days between relapse imaging and death. Scans after the relapse scan
and before the last scan before death were assigned to the first half
(<50%) or second half (>50%) of the metastatic period.

Maximum tumour volume. Maximum tumour volume was defined as
the largest volume recorded for ametastasis on any longitudinal scan.

DNA extractionand WES

DNA extraction and WES were performed as previously described™®
for both primary tumour and metastasis samples. Paired germline
DNA was resequenced in the same run as subsequently sequenced
metastases.

All primary tumour regions and pre-mortem metastasis biopsies
and metastatectomies collected underwent WES. Research-autopsy
metastasis samples with adequate histopathological tumour content
and DNA integrity number (DIN) > 4, as measured using an Agilent
TapeStation system, underwent WES. In patients with alarge number
of suitable samples, samples were selected to capture the anatomical
distribution of metastatic disease while maximizing tissue quality.
Overall, 376 out of 601 research autopsy metastases were selected for
WES (Supplementary Fig. 1).

Post-sequencing quality control

Primary and metastasis samples that failed copy-number calling
and variant calling are summarized in Supplementary Fig. 1. Metas-
tases that passed variant but not copy-number calling (n =10) were
included in analyses that do not involve phylogenies (which require
both copy-number and mutation calls).

Bioinformatic pipeline

WES datawere analysed using the previously described bioinformatic
pipeline to perform alignment, somatic mutation calling, copy-number
detection and signature artefact quality control with the following
modifications: (i) DNVs were defined by two criteria: First, aproportion
test was performed to determine whether the frequencies of two SNVs
were significantly similar. For all putative DNVs with a significant test,
reads were extracted to calculate the proportion of reads overlapping
between the bases. DNVs were called when >90% of reads contained
both variants in at least one sample from the patient. (ii) Refphase®
was used to infer haplotype-specific copy-number alterations, and
to rescue low-purity tumour regions, using the multi-region data.
(iii) Driver mutation annotation was updated as detailed in ‘Detection
of driver alterations’.

WGD detection
WGD events were identified and assigned to phylogenies using Paral-
leIGDDetect as described previously®.

Genomically independent tumours

Sequenced primary and metastasis regions were deemed genomically
related orindependent to the other samples collected from the patient
as previously described®.

Multiple genomically independent tumours were detected for three
patients. In CRUKP1584, a synchronous lung tumour resected at the
time of primary surgery was genomically independent from the other
tumour resected at the same time and all metastases subsequently
sampled, consistent with asecond primary that did not metastasize. In
CRUKPS8172 and CRUKP7741, metastases sampled atautopsy (alungand
anoesophageal sample, respectively) were genomically independent
from the corresponding primary and metastasis samples, consistent
with second primaries or metastases from undetected second prima-
ries. Because paired primary-metastasis samples were available for
these three genomically independent tumours, they were excluded
from the final cohort.

Subclone and phylogenetic tree reconstruction

Mutation clustering and tree building. CONIPHER®® was used to
identify clusters of somatic mutations that occurred in the same
tumour subclone and to reconstruct tumour phylogenetic trees.
Two functionalities of CONIPHER were important in the context of
the number of samples available per patient. First, mutations were
pre-clustered by presence (more than one mutant read) or absence
across the tumour regions available per patient and PyClone®* was
applied toeach mutation group independently, making the mutation
clustering step scalable™*, Second, CONIPHER enumerated all pos-
sible phylogenetic tree topologies compatible with the pigeonhole
principle and the crossing rule® for each set of mutation clusters. The
sum condition error (SCE) was computed for each solution to quan-
tify the extent to which the evolutionary constraints imposed by the
topology were violated. The tree topology with the lowest SCE was
selected for further analysis and the multiple solutions were used to
assign metastatic migration probabilities (see ‘Metastatic migration
probabilities’).

Subclone clonality. Phylogenetic trees were used to classify mutation
clusters as truncal or subclonal. The truncal cluster corresponded
to the mutation cluster ancestral to all others, or the MRCA. Remain-
ing clusters were classified as subclonal and their presence or ab-
sence in primary and metastasis regions was further subclassified:
primary-unique (detected in the primary, undetected in any metas-
tasis), metastasis-unique (detected in one or more metastases, unde-
tected in the primary) or shared subclonal (detected in the primary
tumour and in one or more metastases).

Somatic mutations, SCNAs and WGDs were classified as truncal,
shared subclonal, primary-unique or metastasis-unique on the basis
of clusters they were assigned to by CONIPHER®?, ALPACA* and Paral-
lelGDDetect”, respectively.

Inference of subclone proportions. Subclone proportions per sam-
ple wereinferred from the mutation cluster cancer cell fraction (CCF)
and the phylogenetic tree topology. Leaf node CCFs represent the
terminal subclone proportions. Internal node proportions were cal-
culated by subtracting the summed CCFs of the descendant clusters
fromthe parent cluster CCF iteratively fromthe leafnodes to the trunk.
Subclones with proportions <5% were considered extinct (>5% were
termed extant).

Inference of subclone copy-number profiles

ALPACA* uses the subclonal and phylogenetic structure of tumours
derived from SNV frequencies to infer subclone-specific copy-number
profiles. ALPACA was run with default settings, using asinput the phy-
logenetic tree and subclone proportions derived from CONIPHER, the
allele-specific fractional copy-number estimates from Refphase®, and
estimated confidenceintervals. The burden of SCNAs per subclone was
computed as the total number of break points detected per subclone
and the ratio of SNVs to SCNAs was used to quantify the rate of SCNA
acquisition per subclone.

Detection of driver alterations

Somatic mutations were annotated using OncoKB*°*!, openCRAVAT®®
(https://www.opencravat.org/) and the Ensembl Variant Effect Predic-
tor (v.114)¥. Mutations were classified as putative driversif they fulfilled
any of the following criteria: (1) classified as aloss-of-function event by
LOFTEE*®inageneannotatedasaTSGin the COSMIC Cancer Gene Cen-
sus (v.102)® (https://cancer.sanger.ac.uk); (2) called by SpliceAl”° (using
athreshold of 0.8) inagenelisted in COSMIC (v102); (3) predicted tobe a
driver mutation by BoostDM?; (4) classified as a driver by CHASMplus’
atafalsediscoveryrate < 0.05, using the histology-specific models for
LUAD and LUSC tumours; or (5) annotated as oncogenic in OncoKB>*>,


https://www.opencravat.org/
https://cancer.sanger.ac.uk

OncoKB was further used to assign therapeutic levels of clinical action-
ability (levels 1-3B)*%,

Putative SCNA drivers were defined by intersectingloci of significant
amplification or deletionidentified using GISTIC (v.2.0)”*in a study of
1,000 lung cancer tumours” with COSMIC Cancer Gene Census genes
associated with mutation types A (amplification) or D (deletion). The
oncogenes ALK, TERT and FGFRI and TSGs MAP2K4 and TSCI1 were also
considered. Analyses wererestricted to alterations most likely to have
afunctional consequence: focal amplificationsin oncogenes and LOH
affecting TSGs.

Biallelic hits affecting TSGs

Potential biallelic inactivation of TSGs was assessed for each driver
mutation. Subclone-specific copy numbersinferred by ALPACA* were
used to determine whether LOH occurred in the same, ancestral or
descendant subclone relative to the SNV, allowing LOH->SNV, SNV->LOH
or coincident events.

Tumour samples containing subclones with two or more events
affecting a TSG were further evaluated with a binomial test of the null
hypothesis thatall remaining allele copies were mutated. The expected
variant allele frequency (VAF) of the SNV under the null hypothesis
was calculated as

mxCCFxp
VAEexpected - 2(1‘,0) + CNTp ’

where p denotes tumour purity, CCF the cancer cell fraction, CN; the
tumour copy number and m the mutation multiplicity; m = CN;under
the null hypothesisin LOH regions. The cumulative distribution func-
tion (CDF) of the binomial distribution was obtained using the total
coverage at the gene locus as the number of trials and the VAF . ccteq
as success probability. Finally, the P value was taken as 2 x CDF when
CDF < 0.5, or 2 x (1- CDF) when CDF > 0.5, respectively, and multiple
testing correction was applied using the Holm-Sidak method. A bial-
lelic event was called at P< 0.05 in any sample.

Subclone-specific mutational signature activity

COSMIC signature activity was estimated using SigProfilerAssignment”
for mutation clusters defined by CONIPHER. Signatures were fitted
directly to clusters with 50 or more mutations. For each cluster with
fewer than 50 mutations, signatures were fitted to mutations resampled
(1,000iterations) fromtheindex cluster (60% probability), aneighbour-
ing cluster on the phylogenetic tree (20% probability) and a cluster
matching the index cluster clonality class (primary-unique, shared
subclonal or metastasis-unique)(20% probability). Signature activities
forthese clusters were defined as the mean across bootstrap estimates.
Mutation clusters with high uncertainty (standard deviation>0.1on
the estimated activity of two or more signatures) were excluded.

Signature prevalence and majority aetiology. Signatures used for this
analysis were in line with previously identified signatures in NSCLC".
Signature activity was grouped by aetiology: clock-like (SBS1and SBSS5),
smoking (SBS4), APOBEC (SBS2 and SBS13), other (SBS17b) and plati-
num chemotherapy (SBS31and SBS35). SBS31and SBS35 were evaluated
onlyin patients treated with platinum chemotherapy. Aetiology-level
activity was defined as the summed activity of constituent signatures
per subclone.

Aetiology prevalence refers to the proportion of subclonesin which
anaetiologyis detected (activity > 0.06). An aetiology was designated
the majority aetiology of a subcloneif activity exceeded 0.5; otherwise,
the subclone was classified as having no majority aetiology.

Episodic APOBEC activity. A signature was considered to have
emerged if it was inactive in the parent and active in the child sub-
clone. Along each phylogenetic trunk-to-leaf lineage, episodic APOBEC

activity was defined as either (i) activity presentin the trunk and emerg-
ing at least once thereafter, or (ii) emergence occurring two or more
times. This stringent definition required activity transitions frominac-
tive to active.

Mutational signature distance. Mean pairwise cosine distances be-
tween signature activity vectors were calculated for each patient to
compare metastasis-unique subclones with their ancestral primary
subclones (trunk, shared subclones or primary-unique).

Mutation and SCNA diversity measurement

Two genomic distance metrics were calculated per patient using
either mutations (SNVs, DNVs and indels) or SCNAs. SCNA diver-
sity was defined as the segment-length-weighted L1 norm between
allele-specific fractional copy number for each pair of tumour regions,
normalized by ploidy to account for WGD. SNV diversity was defined
as the L1 norm between the SNV CCF values for each pair of tumour
regions. Truncal events were included only if the MRCA was inferred
as the seeding subclone. Truncal SCNAs comprised segments with a
gainorlossrelative to ploidy presentin all samples; truncal SNVs were
those assigned to the MRCA by CONIPHER®.

Intra-primary and intra-metastasis heterogeneity were quantified as
the mean of the pairwise SNV or SCNA diversity measurements between
regions of the same primary tumour or regions from a single metasta-
sis, respectively. Inter-metastasis heterogeneity was quantified as the
mean of the pairwise SNV or SCNA diversity measurements between
all anatomically distinct metastases per patient. Primary-metastasis
heterogeneity was quantified as the mean of the pairwise SNV or SCNA
diversity measurements between all primary and metastasis regions
per patient.

Inferring metastatic migration patterns

Metastatic migrations were reconstructed by applying MACHINA®
to CONIPHER®-derived phylogenies in the polytomy-resolution
mode. Three seeding models of increasing complexity were evalu-
ated: primary-only seeding, single-source metastasis-to-metastasis
seeding and multi-source metastasis-to-metastasis seeding. The
most parsimonious solution was selected per patient. Primary
reseeding was not considered, because primaries were resected
before detectable metastatic relapse. Inferred migrations specified
the tumour in which the migration originated, the tumour in which
the migration terminated and the subclones that migrated. Where
MACHINA inferred a metastasis-unique subclone (detected in metas-
tases and undetected in the primary tumour according to sample
CCFs) to be present in the primary (reflecting the most parsimoni-
ous solution), these subclones were reclassified as shared subclonal
for downstream analyses. Ten regions from ten metastases failed
copy-number quality control and were excluded from tree building and
migration analyses.

Metastatic migration probabilities. To account for phylogenetic un-
certainty, MACHINA was run (as above) on the 100 lowest-SCE phylog-
enies per patient enumerated by CONIPHER. Migration probabilities
were defined as the proportion of solutionsin which agiven migration
was observed.

Conserved LOH. LOH events (which are not input to MACHINA) were
used toassess theaccuracy of migrationinferences. Assuming that LOH
eventsareirreversible, clonal LOH (thatis, presentinall cancer cells of
asample) detected insamples Aand B (conserved LOH) was considered
compatible with amigration occurring from Ato B, whereas clonal LOH
detected in Abut not in B was not (non-conserved LOH).

For all possible primary-metastasis and metastasis—-metastasis
pairs, allele-specific clonal LOH segments were identified using a
purity-adjusted fractional copy-number threshold < 0.1, and the
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fraction of LOH segments conserved across the genome was calcu-
lated, normalized by the total number of segments with LOH. Pairs
were categorized according to whether or not a migration was inferred
between them.

Assessment of duration in situ

The number of mutations and SCNAs private to a metastasis that
descended from the subclone(s) that seeded that metastasis were
used as a surrogate for its duration in situ.

‘Sufficient’ duration for metastasis-to-metastasis seeding.
The number of mutations accumulated before the emergence of
metastasis-to-metastasis seeding subclones was used a molecular
proxy for ‘sufficient’ duration in situ for metastasis-to-metastasis
seeding. For each patient, the 90th percentile of the number of muta-
tions accumulated before the emergence of metastasis-to-metastasis
seeding subclones was calculated. The mean of this distribution was
used as a patient-specific threshold to indicate ‘sufficient’ time in situ
for metastasis-to-metastasis seeding. Metastases with total muta-
tion counts below this threshold were classified as having ‘insuffi-
cient’ time in situ for metastasis-to-metastasis seeding (Extended
DataFig. 6).

Comparisons of seeding and non-seeding subclones

Subclones inferred by MACHINAS® to migrate were defined as seed-
ing subclones. These were classified as primary-to-metastasis or
metastasis-to-metastasis seeding subclones according to the migra-
tionsource. Allother subclones were defined as non-seeding subclones
(Fig.5a). Truncal clones (both seeding and non-seeding) were excluded
from seeding versus non-seeding subclone comparisons.

Subclone metastatic capacity

Metastatic capacity was approximated by the number of metastases
seeded per subclone, reasoning that seeding several metastases might
be indicative of greater metastatic capacity than seeding one or few.
For each patient, we tested whether primary-to-metastasis subclones
seeded acomparable number of metastases under amultinomial model
using Monte Carlo testing (P> 0.05 indicating compatibility with equal
probabilities). An analogous analysis assessed whether descendants
of primary-to-metastasis subclones were equally likely to give rise to
metastasis-to-metastasis seeding.

Statistical information

Statistical analyses were performed in R or Python. Two-tailed Wilcoxon
tests were used for distribution comparisons (paired (most commonly
within patient comparisons): Wilcoxon signed-rank; unpaired: Mann-
Whitney U), unless otherwise specified. Group comparisons used
two-tailed Fisher’s exact tests, binomial tests, Monte Carlo likelihood
ratio tests or LME models, as appropriate. Sample sizes are depicted
and/or stated for all analyses.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Mutational processes evolve during metastatic
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unique subclones detected per patient (right). b, Correlation of primary-
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aetiology was detected. Dashed lines connect patients. Wilcoxon signed-rank
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Extended DataFig. 4 |Origin and number of seeding subclones per
migration. a-c, Thenumber of subclones (indicated by the number of small
circles), their anatomical site of origin and the site of the metastasis seeded
(indicated by the colour of the small circle and large circle respectively) are
displayed for migrations (arrow) involving a single subclone only (a), multiple
subclonesthatall originated from the samessite (b) and multiple subclones that
originated from different anatomical sites (c). Migrations are distinguished

based onthesite of origin of the subclonesinvolved (primary-to-metastasis
migrations; black arrow, metastasis-to-metastasis; grey arrow, migrations
involving subclones fromboth the primary and a metastasis; yellow) and are
ordered according to whether the seeding subclones originated in the same
organ as the metastasis and by the number of seeding subclones. Subclones
linked by aline originated from the same metastasis.
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Extended DataFig.5|Orthogonal evidence for metastasis-to-metastasis
seeding. a, Correlation between sampling extent (number of primary regions,
individual metastases, and metastasis regions per patient) and the number of
seeding subclonesidentified per patient. b, Schematic of metastatic migration
probability estimation. For each patient, MACHINA was run on the 100 most
plausible phylogenetic tree topologies. The frequency of solutions supporting
each migration was used to derive migration probabilities. ¢, Days from surgery
tofirstradiological detection of metastases seeded by the primary tumour
(black) or another metastasis (grey). 23 patients. Mann-Whitney Utest.

d, Fraction of LOH events conserved between each metastasis and itsinferred
seeding source (grey), an alternative metastasis (yellow), or the primary
tumour (black). 24 patients. Mann-Whitney Utest. e, Monte Carlo likelihood
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f, Phylogenetic tree and metastatic migration patterns for CRUKP9198 showing
3 primary-to-metastasis seeding subclones (lineages A-C). Although each
primary lineage seeded a similar number of metastases (top), lineage C
generated substantially more metastasis-to-metastasis migrationsthanAor B
(bottom). The box plots show the median and IQR with whiskers denoting
values within1.5 times the IQR from the first and third quartiles. Body map
illustrationsinb,fby). Brock adapted fromref.11under a Creative Commons
licence CCBY 4.0.
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Extended DataFig. 6 | Metastasis-to-metastasis seeding associates with
timeinsitu. a, Clinical features of patients with predominant (>50% of total
migrations, n =14) or non-predominant (<50%, n = 10) metastasis-to-metastasis
migrations. b, Number of SNVsand SCNAs accrued between the trunk and
primary-to-metastasis seeding subclones that did (grey) or did not (white) give
rise to subsequent metastasis-to-metastasis seeding, normalized by the total
number of subclonal SNVs or SCNAs in the primary tumour, 12 patients with
bothtypesofsubclones, one-sided Wilcoxon signed-rank test. ¢, Strategy to
estimate the patient-specific threshold for sufficient time in situ for metastasis-
to-metastasis seeding (example: patient CRUKP0294). The 90th percentile of
mutations (numbers) accruedin theinterval (dashed lines) between metastasis
founding and metastasis-to-metastasis seeding subclone emergence (grey
outlined nodes) was resampled to generate adistribution of the expected
mutation burdenaccumulated before onward seeding (histogram). that

represents the likely number of mutations that would be accrued in a metastasis
priortoitseedinganother metastasis. The post-seeding mutation burden of
each metastasis was compared with the patient-specific distribution mean
(darkred) to classify each metastasis as having sufficient or insufficient time
insitutoseed another metastasis. d, Classification of seeding (circles) and
non-seeding (diamonds) metastases as having sufficient (red) or insufficient
(peach) time insitu based on the patient-specific threshold (dark red line).

e, Proportion of non-seeding and seeding metastases with sufficient or
insufficient durationin situ for metastasis-to-metastasis seeding. f, Mean
number of extant subclones per patientin the primary tumour, non-seeding
metastases, or seeding metastases. Mann-Whitney Utest. The box plots show
themedian and IQR with whiskers denoting values within1.5 times the IQR from
the firstand third quartiles.
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Extended DataFig.7|Features ofintrathoracic and extrathoracic
metastases. a, Days fromsurgery to first detection of metastasis onimaging,
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(n=71) metastases from 23 patients. Mann-Whitney Utest. b, Observed
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d,e, Proportion of subclones that seeded one or multiple (>1) metastases
stratified by location of the metastasis seeded (intrathoracic, purple;
extrathoracic, orange) for primary-to-metastasis seeding subclones

(n=24 patients, d) and metastasis-to-metastasis seeding subclones from
intrathoracic metastases (n =20 patients, e). Fisher’s exact test. f, Site of
relapse based onradiological imaging was known for 62 of the 126 patients
inthe published TRACERx 421 relapse cohort. SCNA burden of seeding and
non-seeding primary subclones was compared for patients with intrathoracic-
only relapse (n =22, left) and patients with>1 extrathoracic metastasis at relapse
(n=40, right). LME model with subclone mutation count as covariate and
patientasrandom effect. The box plots show the median and IQR with whiskers
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection No software was used to collect data

Data analysis The code for the alignment pipeline and the subsequent processing pipeline can be found on github (https://github.com/FrancisCrickinstitute/
peace-alignment) and (https://github.com/FrancisCrickinstitute/peace-pipeline), respectively. All code to reproduce analyses and figures is
available at https://doi.org/10.5281/zenodo.15755949

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The whole exome sequencing data collected from the TRACERx study and PEACE study used in this manuscript has been deposited at the European Genome—
Phenome Archive (EGA), which is hosted by the European Bioinformatics Institute (EBI) and the Centre for Genomic Regulation (CRG) under accession code
EGAS00001008217 and the associated dataset EGAD00001015763; access is controlled by the PEACE data access committee.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This manuscript focuses on 24 patients with non-small cell lung cancer (NSCLC) enrolled in the TRACERx lung study and the PEACE study,
which is an autopsy programme.
501 tumour regions were sampled longitudinally, encompassing 108 primary tumour regions, 41 regions from metastases sampled pre-
mortem and 352 regions from metastases sampled at autopsy.

Data exclusions  Patients were recruited to the TRACERx study according to the inclusion and exclusion criteria detailed in Reporting Summary of https://
doi.org/10.1038/s41586-023-05783-5.

Patients were recruited to the PEACE study according to the following inclusion and exclusion criteria:

Inclusion criteria

- Age 18 years or older

- Confirmed diagnosis of any form of solid malignancy with metastatic disease (where the site of origin is known or unknown), with the
exception of primary brain tumour in which there may not be evidence of metastatic disease

- Oral and written informed consent from patient to enter the study and to undergo tissue harvesting after death or informed consent from a
nominated representative or a person in a qualifying relationship after the patient has died.

Exclusion criteria

- Medical or psychiatric condition that would preclude informed consent

- History of intravenous drug abuse within the last 5 years

- Confirmed diagnosis for high-risk infections (e.g. HIV/AIDS-positive, hepatitis B/C, tuberculosis and Creutzfeldt-Jacob disease) unless patient
case is of a particular scientific interest and agreed in advance with local mortuary staff and pathologist.

Supplementary Figure 1 contains a flow chart that details the samples taken forward for sequencing and the samples of sufficient quality to be
included in downstream analyses.

Replication The TRACERx study and PEACE study are prospective, longitudinal, observational studies. As such, the results in this manuscript are not the
result of an experimental set up.

Randomization  Not applicable in these observational studies.
Blinding Not applicable in these observational studies.

Patients were not allocated to an intervention and were followed up according to routine clinical practice.
Molecular profiling results were not fed back to patients. As such, there is no risk in this information influencing their behaviours or outcomes.
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Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Note that full information on th

Clinical data

Supplementary Table 1 summarises the clinical and demographic information for all 24 patients included in this study.

For the TRACERx study, when patients are initially diagnosed with stage I-Ill lung cancer and then referred for surgical
resection, a research nurse identifies them on a clinic/operating list. The patient has an initial eligibility assessment and is
then provided with written information about the TRACERx study and the contact details of the research nurse/practitioner
to ask any questions.

For the PEACE study, patients with metastatic disease are approached sensitively during routine clinic appointments or
during inpatient hospital admissions (where appropriate) about their interest in participating in a research autopsy
programme. If interested, they are provided with written information about the PEACE study and the contact details of the
research nurse/practitioner to ask any questions. Notification of a PEACE participant's death is performed by family members
or individuals in a qualifying relationship who are also provided the contact details of the research nurse/practitioner.

The TRACERXx study was approved by the NRES Committee London with the following details:
Study title: TRAcking non small cell lung Cancer Evolution through therapy (Rx)

REC reference: 13/L0O/1546

Protocol number: UCL/12/0279

IRAS project ID: 138871

The PEACE study was approved by the NRES Committee London with the following details:
Study title: PEACE (Posthumous Evaluation of Advanced Cancer Environment) Study

REC reference: 13/L0/0972

Protocol number: UCL/13/0165

IRAS project ID: 125424

Written informed consent was obtained from all participants (separately for the TRACERx study and the PEACE study).

e approval of the study protocol must also be provided in the manuscript.

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

TRAcking non small cell lung Cancer Evolution through therapy (Rx); NCT01888601
PEACE (Posthumous Evaluation of Advanced Cancer Environment) Study; NCT03004755

https://clinicaltrials.gov/study/NCT01888601
https://clinicaltrials.gov/study/NCT03004755

Clinical and pathological data were collected from the patients from the time of they enrolled in the TRACERx study through to death
in accordance with the TRACERx study protocol. Data collection was overseen by the sponsor of the study (Cancer Research UK &
UCL Cancer Trials Centre) and takes place in hospitals across the United Kingdom. A centralised database called MACRO is used for
this purpose.

The pre-defined outcome measures for the TRACERx study are detailed in the Reporting Summary of https://doi.org/10.1038/
s41586-023-05783-5.

By enabling extensive tumour sampling at the time of death, the PEACE study builds on the longitudinal samples collected through
the TRACERX study for patients who participated in both studies. The analyses conducted in this manuscript are hypothesis
generating.
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