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Metastatic disease is responsible for the majority of cancer-related deaths'. We report
the longitudinal evolutionary analysis of 126 non-small cell lung cancer (NSCLC)
tumours from 421 prospectively recruited patients in TRACERx who developed
metastatic disease, compared with a control cohort of 144 non-metastatic tumours.

In 25% of cases, metastases diverged early, before the last clonal sweep in the primary
tumour, and early divergence was enriched for patients who were smokers at the time
of initial diagnosis. Simulations suggested that early metastatic divergence more
frequently occurred at smaller tumour diameters (less than 8 mm). Single-region
primary tumour sampling resulted in 83% of late divergence cases being misclassified
as early, highlighting the importance of extensive primary tumour sampling.
Polyclonal dissemination, which was associated with extrathoracic disease recurrence,
was found in 32% of cases. Primary lymph node disease contributed to metastatic
relapsein less than 20% of cases, representing a hallmark of metastatic potential
rather than a route to subsequent recurrences/disease progression. Metastasis-
seeding subclones exhibited subclonal expansions within primary tumours, probably
reflecting positive selection. Our findings highlight the importance of selectionin
metastatic clone evolution within untreated primary tumours, the distinction between
monoclonal versus polyclonal seeding in dictating site of recurrence, the limitations
of current radiological screening approaches for early diverging tumours and the
need to develop strategies to target metastasis-seeding subclones before relapse.

Primary lung cancer (80% of which is of the non-small cell lung cancer
(NSCLC) histological subtype?) is the leading cause of cancer-related
mortality worldwide. The majority of deaths occur in patients with
metastatic disease'. A better understanding of the metastatic pro-
cess is needed to guide therapeutic strategies and improve patient
outcomes.

Our ability to explore the process of metastasis may be limited by
patient recruitment bias, small patient sample sizes, heterogene-
ous treatment histories, limited follow-up and inadequate tumour
sampling. The TRACERx study? (TRAcking non-small cell lung Cancer

Evolution through therapy (Rx); ClinicalTrials.gov: NCT01888601)
aimed to address these limitations through prospective enrolment
of patients with early-stage (I-1ll) untreated NSCLC. Multiple regions
from primary and metastatic NSCLCs are sampled and patients are
followed-up over 5 years through the adjuvant setting to cure or recur-
rence. TRACERX reflects real-world clinical presentations across the
UK treated in a universal healthcare system across 19 hospital sites
between 2014 and 2021.

Using whole-exome sequencing (WES), we investigated the tim-
ing and pattern of metastatic dissemination, and whether platinum

A list of affiliations appears at the end of the paper.
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chemotherapy affects tumour evolution. We explored selection in
metastasizing and non-metastasizing subclones and examined the
impact of tissue sampling on the interpretation of timing and pattern
of metastatic dissemination.

Cohortoverview

In the TRACERX 421 cohort, which encompasses 421 prospectively
recruited patients with operable early-stage untreated NSCLC, 30.2% of
patients (127 out of 421) were identified to have lymph node (LN) metas-
tases at primary tumour surgical resection (N1/N2 disease). Primary LN
samples (148 regions) from 96 patients were successfully sequenced
and passed quality control checks (Fig. 1a and Extended Data Fig. 1).
Three metastatic satellite regions from the primary surgery timepoint
intwo patients were also sequenced (Fig.1a and Extended Data Fig.1).
Hereafter, we refer to primary LN metastases (148 regions) and satel-
lite lesions (3 regions) resected at the time of surgery as ‘primary LN/
satellite lesions”.

After amedian follow up of 4.66 years (1,702 days; 95% confidence
interval (Cl) =1,649-1,784 days), 33.7% (142 out of 421) of patients
developedrecurrent disease (median time to recurrence = 353.5 days;
interquartile range (IQR) =200-676.5 days). Recurrence/progression
samples could not be obtained from 95 out of 142 patients owing to dif-
ficultyinaccessing the site of disease (for example, the brain), patient
frailty, patient preference or tumour samples failing quality-control cri-
teria. Anadditional recurrence sample (one region) from anew primary
lung cancer in one patient was also sequenced and included. A total of
67 recurrence/progression samples in 48 patients were successfully
sequenced and passed quality control checks (Fig. 1a and Extended
DataFig.1). There was an overlap of 19 patients with both primary LN/
satellite lesions and subsequent recurrence/progression metastases.
When performing analyses combining all metastatic sample types
(primary LN, satellite, recurrence/progression samples), we refer to
these as ‘metastases’. Hereafter, we refer toa‘case’ as a primary tumour
and its paired metastases.

Intotal, the WES data of 476 primary tumour regions paired with 218
metastatic primary LN/satellite and/or recurrence tumour samplesin
126 patients passed quality control checks (Extended Data Fig. 1; median
depth =398x%, IQR =356-437; Methods). Detailed clinical features of
patients are provided in Extended Data Table 1. A total of 144 patients
withinthe TRACERx 421 cohort (429 primary tumour regions) who did
notdevelop any primary LN disease, subsequent recurrence/progres-
sion, or any new primary tumours, and who had at least 3 years of follow
up (median =1,764 days, IQR =1,523-1,854 days; Extended Data Fig. 1)
were used as a control group for non-metastatic disease.

A comparison of matched primary tumours and metastases revealed
asignificantly lower tumour purity within metastases (median val-
ues =0.43,0.32and 0.31for primary, primary LN/satellite lesions and
recurrence/progression samples, respectively; Wilcoxon rank-sum test,
P=2.2x10"*and 0.032; Extended Data Fig. 2a). Although the primary
LN/satellite lesions had a lower ploidy compared with the primary
regions, this difference was small (median values = 3.1, 2.95 and 3.1
for primary, primary LN/satellite lesions and recurrence/progression
samples, respectively; Wilcoxon rank-sumtest, P= 0.015; Extended Data
Fig.2b). No significant difference was observed inwhole-genome dou-
bling (WGD) status, genome complexity (as measured by the weighted
genomic instability index), fraction of the genome subject to loss of
heterozygosity (FLOH) and tumour mutation burden (Extended Data
Fig.2c-f).

Metastasis-unique mutations, either not sampled or not detect-
able in the primary tumour, were identified in every case, including
metastasis-unique driver mutations in 33.3% of cases (42 out of 126
cases; median number of metastasis-unique drivers per case =0,
IQR = 0-1; Fig. 1b and Extended Data Table 2). For example, an inac-
tivating mutation in STK11 (p.D194N) was identified exclusively in the

primary LN metastasis of patient CRUK0691; and an activating mutation
in PIK3CA (p.E545K) was identified in a primary LN metastasis of patient
CRUKO451 and not in the primary tumour. However, the majority of
driver mutations (68.6%) were shared between the primary and paired
metastases (median number of shared drivers per case =5,IQR=3-7;
Fig.1b). Mutations in drivers such as NRAS and RB1, as well as EGFR
exonl9 deletions and L858R mutations, were always shared. By con-
trast, for KRAS, both shared and primary-unique activating mutations
were identified (Fig. 1b), indicating the potential relevance of testing
boththe primary and metastatic sites for KRAS allele-specific targeted
therapy stratification.

Timing metastatic divergence

Phylogenetic trees were constructed for each case using our tool
CONIPHER?, and the timing of metastatic divergence was estimated
(defined as when the metastatic clone first existed, rather than when
the cells migrated from the primary tumour; Methods). We defined
two broad categories of metastatic divergence timing: early or late
(Fig.2aand Extended DataFig. 3). For example, for patient CRUK0587,
diagnosed with an adenosquamous carcinoma, with a sequenced
primary LN metastasis and rib recurrence/progression sample, we
identified aset of mutations that were clonal within all primary tumour
regions yet entirely absent from the metastatic samples (Fig.2a). This
suggests that a complete clonal sweep occurred within the primary
tumour after metastatic divergence. We designated such cases as
early divergence. Conversely, for patient CRUK0236, diagnosed with
alungsquamous cell carcinoma (LUSC), the clonal mutations present
inall primary tumour regions were also presentin every cancer cell of
the sequenced primary LN metastasis. In this case, after metastatic
divergence, there were no additional clonal sweeps within the pri-
mary tumour and divergence could be classified as late. Overall, 74.6%
(94 out of 126) of cases exhibited late divergence, whereas 25.4%
(32 out 0of 126) exhibited early divergence (Fig. 2b and Extended Data
Fig. 4a). For cases with multiple metastatic samples that displayed a
mix of early and late divergence, the overall timing at the case level
was designated as early (Extended Data Fig. 4a). The proportions of
early versus late divergence were similar in primary LN/satellite lesions
and subsequent recurrence/progression metastases (Fisher’s exact
test, P=0.61; Fig. 2b).

Orthogonal methods to time divergence, using loss of heterozygo-
sity (LOH; aratchet-likeirreversible process during cancer evolution),
primary clonal WGD and the proportion of primary-ubiquitous muta-
tions present in the metastases support the findings that metastases
usually diverge late (Methods and Extended Data Fig. 4b-d). Evenin
cases of early divergence, the majority of primary-ubiquitous mutations
(median across cases =92.1%; IQR =82.5-97.4%) were shared between
the metastases and their paired primary tumours, suggesting that early
divergence probably occursrelatively latein molecular evolution time
(Extended Data Fig. 4d).

WGD in the primary tumour can be used to provide further granu-
larity to the timing of metastatic divergence. Clonal primary WGD
wasdetected in 79 out of 126 primary tumours. Metastatic divergence
most often occurred after primary clonal WGD (64 out of 79; 81.0%).
Inaminority of WGD cases (11 out 0f 79;13.9%), metastatic divergence
occurred both before a clonal sweepin the primary tumour and before
the WGD event (Extended DataFig. 4c,e). Inthese 11 cases, amedian of
9.7% (IQR = 5.8-21.3%) of primary-ubiquitous mutations were absent
in metastases, highlighting that both metastatic divergence and WGD
were nevertheless late in molecular evolutionary time. Notably, in 6
outof1lofthe pre-WGD early divergence cases, a parallel subsequent
WGD event took place in the metastasis. Overall, mutations occurring
pre-WGD were significantly less likely to be not clonal in the metastases
compared with other primary-ubiquitous mutations (median percent-
age of not clonal pre-WGD mutations =1.4%, IQR = 0.8-3.2%; median
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Fig.1|Sampledistribution and mutational overview in the paired primary
metastasis TRACERx 421 cohort. a, Thedistribution of metastatic samples by
anatomical location; nindicates number of samplesusedin analyses.b, The
total number of mutations and putative driver mutations detected per case
(grey bars) and the proportion of these mutations that are unique to the
primary tumour (green) or metastasis (dark purple), or shared between

percentage of not clonal post-WGD or non-WGD mutations = 8.5%,
IQR =3.0-22.3%; Wilcoxon rank-sum test, P= 0.003; Fig. 2c), indicat-
ing that pre-WGD mutations might make better therapeutic targets
including in personalized immune-based therapies.

Theimpactof primary tumour sampling on timing metastatic diver-
gence wasalsoinvestigated. This timing is dependent on correctly clas-
sifying mutation clonality within the primary tumour. Undersampling
of the primary tumour may result in an illusion of clonality, whereby
subclonal mutations are erroneously inferred as clonal withinasingle
region’. Indeed, when using only a single randomly down-sampled
primary tumour region to define the timing of divergence, 75 out of
90 (83.3%) late divergence cases were incorrectly classified as early
(Fig. 2d).

To evaluate whether the platinum mutational signature could be
used to further time the divergence of recurrence/progression sam-
ples, we examined the mutational signatures in the recurrence/pro-
gression samples®8, Out of the 67 recurrence/progression samples
from 48 patients (26 of whom were treated with adjuvant platinum
therapy), 20 recurrence/progression samples from 19 patients had
sufficient metastasis-unique mutations to examine the underlying
mutational signatures. Ten of these patients were treated with adju-
vant platinum therapy and nine patients were not. The platinum
mutational signature was identified in the majority of these treated
recurrence/progression samples (9 out of 11; 81.8%), with 7 out of 9
samples being classified as late divergence (Extended Data Fig. 4f).
Orthogonal validation revealed a significantly higher proportion
of metastatic sample-specific double-base substitutions compared
with the 181 metastatic samples from patients who did not receive
platinum therapy (Mann-Whitney U-test, P=1.32 x 107'°, Extended
DataFig.4g). Weidentified one case in which two closely related brain
metastases, identified at first recurrence, appeared to diverge from
their common ancestor during or after adjuvant platinum chemo-
therapy, which was given 6-8 months before recurrence and resection
of bothbrain metastases (CRUKO590; Fig. 2e). This was evidenced by
the presence of platinum-associated mutations in the occipital metas-
tasis, but notin the cerebellar metastasis. In another case, CRUK0557,
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primary and metastasis (light purple) per case. The top 20 most frequently
mutated cancer genes and their presence/absencein the primary and
metastatic samples, includinginstances of two driver mutationsin the same
gene, arealsoshown. The histology, number of primary and metastatic
samples sequenced, and adjuvant therapy statusisillustrated. No., number;
prop., proportion; LN, lymph node.

we identified a metastasis-unique putative driver mutation in PMS1
that occurredinaplatinum-signature trinucleotide context (Extended
Data Fig. 4h).

Finally, we used a modified version of the in silico spatially explicit
model from Sun et al.’ to simulate the growth of a tumour (Methods).
The evolution of individual cells was tracked under differing, biologi-
cally informed mutation rates and dynamic selection pressures to
generate simulated bulk primary tumours and paired metastases that
diverged at known, prespecified primary tumour sizes. The propor-
tion of early and late metastatic clone divergence was then estimated
(Methods and Extended Data Fig. 4i-j). The results demonstrate an
increasing proportion of early metastatic divergence with reducing
tumour size (Fig. 2f). When the primary tumour consisted of 2.5 x 10®
cancer cells (which equates toatumour diameter of 12-13 mm, assuming
atumour purity of 37%, the median in our cohort), 14% of simulations
were classified as early (86% late). By contrast, for simulations with diver-
gence below 1 mm diameter, 78% of divergence was classified as early
(22% late). Thus, in early divergence cases (32 out of 126 of sequenced
metastatic TRACERX cases), the simulations suggest that metastatic
divergenceis morelikely to occur when the tumour diameter is less than
8 mm, whichisthe typical size threshold used to guide further investiga-
tions in modern solid nodule management protocols'® ¢, potentially
limiting the use of computed tomography screening in these tumours.

With the exception of smoking, we observed no significant associa-
tions between timing of metastatic divergence and lung cancer-specific
disease-free survival or clinical characteristics (Fisher’s exact test,
P=0.005; Extended DataFig. 4k,l and Extended Data Table 3). Smoking
statusat the time of primary tumour resection remained anindepend-
entpredictor of early divergencein logistic regression analyses account-
ing for patient age, stage, histology and adjuvant treatment (generalized
linear model using binomial distribution; ANOVA 2, P= 0.016).

Modes of dissemination

To gain further insights into patterns and anatomical sites of meta-
static dissemination and whether this involved a single subclone
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of tumour size (n =20 simulations per tumour size) at metastatic clone
divergence suggest thatearly divergenceis morelikely to happen when the
primary tumour is small; adiameter >8 mmis a typical threshold used to
investigate solid nodules detected using computed tomography'® ¢ (denoted
‘actionable’). The box plots represent the upper and lower quartiles (box
limits), the median (centreline) and the vertical bars span the 5th to 95th
percentiles. All tests were two-sided unless otherwise specified. R, region;

LN, lymphnode; WGD, whole genome doubling.

(monoclonal) or multiple genetically distinct subclones (polyclonal)
from the primary tumour, multi-region sampling and clonal archi-
tecture analysis together with clinical case report forms and imaging
analyses were used. Both our tree-building and clonal architecture
methods were extensively benchmarked to ensure the validity of the
results*”. In the following analysis we refer to metastatic monoclonal
and polyclonal dissemination relative to the primary tumour, across
allsampled metastases within anindividual case (Fig. 3a and Methods).
This contrasts with an approach by which clonality of dissemination
is defined relative to an individual metastasis sample (Extended
Data Fig. 5a). We further explored whether polyclonal dissemination
stemmed from a single or multiple branches of the evolutionary tree,
reflecting monophyletic or polyphyletic dissemination, respectively.

In31.7% (40 out of 126) of cases, we observed polyclonal dissemina-
tion, whereby multiple primary tumour clones seeded metastases
(Fig.3b). Of the 40 metastases with polyclonal dissemination, 21 were
monophyletic and 16 were polyphyletic (Fig. 3b and Extended Data
Fig.5b); by contrast, for 3tumours, both dissemination patterns were
compatible with multiple possible phylogenetic tree topologies (Fig.3b
and Extended Data Fig. 5b). In the remaining 68.3% (86 out 0f 126) of
cases, monoclonal dissemination was identified (Fig. 3b). Polyclonal
disseminationwas enrichedin primary LN/satellite lesions compared to
recurrence/progression samples (Fisher’s exact test, P= 0.03; Fig. 3c).

The number of metastatic samples sequenced was significantly
higher in cases with inferred polyclonal dissemination compared
with monoclonal dissemination (Wilcoxon rank-sum test, P= 0.00078;
Fig.3d). Furthermore, in1lcases, we observed evidence for each indi-
vidual metastatic site demonstrating monoclonal dissemination, yet
at the case level, the multiple sampled metastases originated from
multiple distinct seeding clones within the primary tumour, rendering
the case-level inference as polyclonal dissemination (Extended Data
Fig. 5b,c). These data suggest that undersampling of metastases can
lead to dissemination pattern mischaracterization. Whereas polyclonal
dissemination is almost always accurate, monoclonal dissemination
may reflectamixture of true monoclonal dissemination and undetected
polyclonal dissemination. Thus, the extent of polyclonal dissemination
reported here is probably an underestimate.

In16.3% (14 out of 86) of cases with monoclonal dissemination, we
observed solely subclonal and not clonal metastasis-unique muta-
tionsinsome the paired metastatic samples, suggesting that there were
no additional clonal sweeps at these metastatic sites. Inthese cases, the
majority of which exhibited late divergence (12 out of 14), the timing of
metastatic divergence may be equivalent to the timing of metastatic
dissemination. In the remaining cases with metastasis-unique clonal
mutations (72 out of 86), either the clone that seeded the metastasis
was not sampled within the primary tumour or, after dissemination,
additional clonal sweeps occurred, indicating ongoing selection within
the metastasis (Extended Data Fig. 5d).

With the exception of location of disease recurrence, there was
no significant association between dissemination pattern and lung
cancer-specific disease-free survival nor histological/patient clinical
characteristics (Extended Data Fig. 5e,f and Extended Data Table 3).
Even after controlling for a higher number of metastases sampled,
polyclonal dissemination (at the case level, from both primary LN/
satellite lesions and recurrence/progression samples) was enriched
for tumours that result in extrathoracic recurrence compared with
monoclonal dissemination (Fisher’s exact test, P= 0.0056 (Fig. 3e); lin-
ear modelling adjusting for metastases sampled, P= 0.006 (Extended
DataFig. 5g)).

Finally, we used MACHINA'® as an orthogonal assessment of dissemi-
nation patterns, revealing 90% result concordance with our method
(Methods, Extended Data Fig. 5h and Supplementary Note). We also
examined migration histories and evaluated the likelihood of new
metastatic sites being seeded and colonized by cancer cells from other
metastasesrather than the primary tumour using MACHINA. Although
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possible phylogenetic tree topologies. ¢, At the sample level, polyclonal
disseminationis more prevalentin primary LN/satellite lesions compared to
recurrence/progression lesions (Fisher’s exact test, P=0.03).d, Polyclonal
disseminationis associated with a higher number of metastatic samples
compared with monoclonal dissemination (median number of metastasis
samples:2versus1, respectively; Wilcoxon rank-sum test, P= 0.00078), sample
number depicted asdiscrete values (left panel) or proportion (right panel).

e, Incaseswhererecurrence occurs, polyclonal disseminationisassociated
with extrathoracic metastasis, as identified onimaging, compared with
monoclonal dissemination (n =57 (monoclonal), n =27 (polyclonal); Fisher’s
exacttest, P=0.0056) f, Examples of cases with monoclonal (CRUK0559) and
polyclonal polyphyletic (CRUK0484) dissemination patterns, both of which
alsodemonstrate metastases being seeded from other sites of metastatic
disease. The black arrows onthe body map represent the routes of metastatic
seeding (MACHINA). Eachseeding clusterin the phylogenetictree, as defined
by our method, is assigned a unique colour thatis also represented in the
region clone maps. The timeline indicates the day on which the metastases
were detected onimaging; the biopsy dates differ from this. For CRUK0559, the
recurrence biopsy took place on day 188. For CRUK0484, theribrecurrence,
scapulaprogressionand brain progression were sampled at days 147,433 and
582, respectively. The box plots represent the upper and lower quartiles (box
limits), the median (centreline) and the vertical bars span the 5th to 95th
percentiles. All tests were two-sided unless otherwise specified. LN, lymph
node; RUL, right upper lobe; RLL, right lower lobe.
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the identification of different seeding patterns may be limited by the
number of distinct metastases sequenced per patient, metastatic sites
were identified as likely seeded from other metastases in 38% (18 out
of 47) of cases from whom multiple metastatic samples were available
(for example, CRUKO0559, Fig. 3f and Extended Data Fig. 5i). To explore
whether primary LN disease acts as a gateway for further metastasis, we
focused our analysis on the 19 cases that had both primary LN metas-
tases and subsequent recurrence/progression samples. In 13 out of
19 cases, we found that dissemination probably occurred solely from
the primary tumour. In the remaining six cases, we identified three
casesinwhich the primary LN metastases seeded the subsequent recur-
rences, and three cases in which the recurrence/progression samples,
rather than the primary LN, seeded other metastases. An example of
the latter pattern is a case of polyclonal polyphyletic dissemination
(CRUK0484, pleomorphic carcinoma; Fig. 3f), where we found evidence
for four distinct subclones in the primary tumour separately seeding
two primary LN metastases, arib metastasis (day133) and asubsequent
brain metastasis (day 568). In this case, MACHINA predicted that the
initial clinically detected rib metastasis seeded the subsequent scapular
metastasis (day 200).

Selection in metastases

Toinvestigate whether certaingenomic eventsinthe primary tumour
conferred metastatic potential, the seeding clone(s) for each metasta-
siswasidentified and its genomic features explored and compared to
non-seeding clones within the same tumour. We focused our analysis
on mutations specific to the seeding clone (referred to as the seeding
cluster).Intotal, we identified 196 seeding clustersin the 126 cases, of
which 50 seeding clusters were truncal (25.5%). Notably, the seeding
cluster represents mutations found in primary tumours that predate
any exposure to adjuvant chemotherapy or radiotherapy. The remain-
ing non-seeding clusters were classified as either ‘shared’ if present
in both the primary tumour and metastasis, or ‘primary-unique’ or
‘metastasis-unique’.

Inthe accompanying Article, we found that patients whose tumours
contained a recent large subclonal expansion in at least one primary
tumour region had reduced disease-free survival”. We therefore exam-
ined the differences in the size of expansions between seeding and
non-seeding clustersin the primary tumour and whether this reflected
selection. Although seeding clusters can be truncal, to avoid biassing
theresults, werestricted the analysis to a comparison of subclonal seed-
ingand non-seeding clusters. The maximum cancer cell fraction (CCF)
across all regions of the primary tumour was significantly higher in
seeding clusters thanin non-seeding clusters (Wilcoxon rank-sum test,
P=6.4x107%;Fig.4aandExtended DataFig. 6a),and seeding clusters were
more dispersed across primary tumour regions (Methods; Wilcoxon
rank-sumtest, P=1.6 x 105, Fig. 4a,b and Extended DataFig. 6a). Similar
results were observed when separating primary LN/satellite lesions and
recurrence/progression samples (Extended DataFig. 6b). Theseresults
suggest that, at the time of surgical resection, clones with metastatic
potential were more likely to have undergone a subclonal expansion
within the primary tumour. A similar phenomenon was found in the
accompanying Article using circulating tumour DNA to track meta-
static disease”.

To evaluate whether the expansion of the seeding cluster reflectsa
fitness advantage, we applied the dNdScv method® to a curated set
of lung cancer genes**? (Methods). In both lung adenocarcinoma
(LUAD) and LUSC, when considering all seeding clusters combined,
we observed significant positive selection of lung cancer-specific
genes (LUAD, dN/dS =1.97,95% Cl =1.14-3.38; LUSC, dN/dS = 2.03,
95% Cl =1.16-3.57; Fig. 4c). In LUAD, the subclonal mutations in
non-metastasizing primary tumours also showed significant posi-
tive selection (seeding cluster, dN/dS =1.97, 95% Cl =1.14-3.38;
primary-unique clusters, dN/dS =1.23, 95% Cl = 0.84-1.82;
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non-metastasizing primaries, dNV/dS =2.08,95% Cl=1.32-3.25; Fig. 4c).
In LUSC tumours, primary-unique subclonal clusters showed no
significant positive selection for cancer genes (dN/dS =1.5, 95%
Cl=0.66-3.38; Fig. 4c), consistent with a substantial fraction of the
non-metastatic mutations reflecting neutral evolution. Furthermore,
the subclonal mutationsin primary non-metastasizing LUSC tumours
showed no significant positive selection (dN/dS =0.89, 95% Cl =
0.53-1.49;Fig. 4c). To investigate whether these results were
driven solely by truncal seeding clusters, we restricted our analysis
tosubclonal mutations and observed similar, yet non-significant, dV/
dSvalues (Extended Data Fig. 6¢). There was no difference in selection
when separating the primary LN/satellite lesions and recurrence/
progression samples (Extended Data Fig. 6d).

To evaluate whether specific genes were subject to selection in
metastasizing clones, we performed a dN/dS analysis of mutations in
seeding and non-seeding clusters individually. Although 9 genes exhib-
ited higher dN/dS ratios for seeding cluster mutations compared with
non-seeding cluster mutations, only three were significantly higher—
NRAS, RBMS and TP53 (Benjamini-Hochberg (BH) correction, g = 0.019,
0.019 and 5.92 x 10" respectively; Fig. 4d).

Fig.4|Selectionin metastasis. a, Cluster dispersion and maximum cancer
cellfraction (CCF) across primary tumour regions in the subclonal seeding
clusters versus non-seeding clustersin metastasizing tumours. b, Examples of
seeding cluster dispersion across primary tumour regionsillustrated by one
clone-map perregion. CRUKO702 demonstrates a single dominant seeding
cluster (purple), dispersed across two primary tumour regions. CRUKO063
highlights two dominant (purple and yellow) and one minor seeding cluster
(pink). c, Cohort-level selection (n =111 genes) of seeding (purple) versus
primary-unique mutations from metastasizing tumours (green) versus
subclonal non-metastasizing primary tumour mutations (grey). The dots
represent dN/dS estimates; the asterisks indicate values that are significantly
differentfrom1.d, Gene-level dN/dS values of seeding mutations versus
combined primary-unique/non-metastasizing primary tumour mutations for
allhistologies. A dN/dS oddsratio (OR) of >2 indicates aseeding favoured gene;
<0.5isprimary favoured; 0.5-2is classified asboth primary and seeding
favoured. Purple and green gene names represent significantenrichmentin
seeding and non-seeding mutations, respectively. The lines indicate the 95%
Cls. e, Paired primary tumour-metastasis (met) mutation analysis. Metastasis
favoured mutations are defined as having a higher clonality in metastases
compared with the primary tumour; primary favoured if the clonality is
higherinthe primary tumour; the remaining were classified as maintained;
background refers to mutationsinnon-cancer genes. f, The GISTIC2.0 score
difference between the unpaired metastases and non-metastasizing cohorts
plotted against the false-discovery rate of the G-score in the metastases cohort
for cancer genes. Amplified genes are showninred; deleted genes areshownin
blue. Horizontal dotted linesindicate p=0.05g, Paired SCNA analysis of cancer
genes that were found to be significantin f. Anamplification/deletion was
classified as metastasis favoured if it was present in the metastasis and absent
inthe primary tumour, primary favoured if presentin the primary tumour but
not the metastasis, or otherwise defined as maintained. Only tumours that
had atleast one copy number eventinthegeneinanysample were counted.
Foreandg, significant genes (multinomial test; p <0.05) are showninbold;
asterisks representsignificance after multiple-testing correction (g <0.05);
numbersin parenthesesindicate number of events.

To further evaluate these cancer genes in the context of primary
to metastatic transition, we performed a paired analysis of driver
mutations. We classified each mutation as metastasis favoured if it
was present at a higher CCF in any metastasis compared with inits
matched primary tumour; maintained, if it was present equally in
the primary tumour and metastasis; or primary favoured if it was
absent or present at lower frequency in the metastasis (Fig. 4e and
Methods). We next compared these proportions for mutationsin can-
cer genes against the proportions in non-driver mutations (defined
as ‘background’).

InLUAD, mutationsin KRAS, TP53, KEAP1 and EGFR were maintained
significantly more than background mutations; however, after multiple
testing correction, only KRAS, TP53 and KEAPI remained significant
(multinomial test with BH correction, g =0.0009, g =2.9 x10~° and
g =0.043, respectively; Fig. 4e). In LUSC, TP53 mutations were also
significantly maintained (multinomial test with BH correction,
q=8.4x107,Fig.4e).Similar results for TPS3were seen when compar-
ing dV/dS estimates in seeding clusters and primary-unique clusters
(dN/dS187.84 versus 38.62 respectively, Fig. 4d). These data suggest
that, in the context of metastasis, 7P53 mutations are almost always
associated with metastatic seeding, consistent with positive selection
in both the primary and seeding clones (Fig. 4e and Extended Data
Fig. 6e). In one case (CRUKO587; adenosquamous carcinoma) we
observed evidence of parallel subclonal inactivation of TP53—in
additiontoaclonal LOH event encompassing 17p, we observed a stop-
gain TP53driver mutation (§34X) presentin one of the primary regions
while a distinct splice site driver mutation was observed in the meta-
static samples (Extended Data Fig. 6f). No cancer genes harboured
asignificant enrichment for metastasis favoured mutations in either
histological subtype. In LUSC, mutations in B2M were significantly
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primary favoured compared with the background (multinomial test
with BH correction, g = 0.027; Fig. 4e and Extended Data Fig. 6e),
suggesting that antigen presentation disruption through B2M muta-
tion is not significantly selected at metastatic transition in LUSC. No
significant differences were observed in the distributions of driver
mutations when comparing adjuvant-treated and non-adjuvant-treated
recurrence/progression samples (x° test, P= 0.83), suggesting that
thereisno detectableimpact onselection of mutationsincancer genes
by the use of adjuvant therapy.

We next examined the somatic copy number alteration (SCNA)
landscape of primary and metastatic tumours using both unpaired
and paired analyses. First, for the unpaired analysis, we separately
applied GISTIC2.0%* to obtain an SCNA positive-selection score
(G-score) and significance level (g value) at each genomic location
for non-metastatic primary tumours and metastases samples from
metastasizing tumours. This enabled the identification of loci with
more recurrently aberrant copy number states in a metastatic phe-
notype compared with non-metastatic primary tumours (G-score
difference (GSD); Methods). In all of the subsequent analyses, we
reportthe gvalue for the metastatic cohort. We next performed paired
analyses by classifying SCNAs overlapping significant loci from the
unpaired analysisinto three categories relative to their matched pri-
mary tumour: primary favoured, metastasis favoured or maintained
(thatis, found bothinthe primary tumour and its paired metastasis).
We tested the SCNA classifications in comparison to a background
distribution of non-driver gene SCNA classifications (multinomial
test; Methods).

Inthe unpaired analyses of LUSC metastases and non-metastasizing
primary tumours, focal amplifications that were significantly recurrent
inmetastases with higher G-scores compared with non-metastatic pri-
maries were identified in 11q13.3 (encompassing CCNDI1, GSD = 1.483,
q=9.72x107°) and 2q31.2 (encompassing NFE2L2, GSD =1.048,
g =0.0118; Fig. 4f and Extended Data Fig. 7a,b). In unpaired analy-
ses of the LUAD cohort, focal amplifications identified as signifi-
cantly recurrent in metastases with higher G-scores compared with
non-metastatic primaries included 1q21.3 (encompassing SETDBI,
GSD =0.918, ¢ =3.70 x10™°), 6p22.2 (encompassing HISTIH3B,
GSD =1.566, ¢ = 5.31x10"°) and 12q15 (encompassing MDM2, GSD =
0.432, g =8.34 x107*; Fig. 4f and Extended Data Fig. 7a,b). The lat-
ter two loci were significantly more metastasis favoured (HISTIH3B,
multinomial test, P=3.76 x 107®) and maintained (MDM2, multino-
mial test, P=0.0419; Fig. 4g), respectively, compared with the back-
ground in the paired analysis. Notably, in both unpaired LUAD and
LUSC analyses, losses affecting 19q13.41 (encompassing PPP2RIA)
were significantly recurrent in metastases (GSD = 0.5456, g = 0.0325;
GSD =0.6967, g =0.0282, respectively); however, in the paired LUAD
analyses, this loss was significantly metastasis favoured (multinomial
test, P=0.0122), whereas, in LUSC, it was significantly maintained
(multinomial test, P= 0.0402; Fig. 4g). The results of the unpaired
analyses were broadly consistent between primary LN/satellite lesions
andrecurrence/progression samples (Extended DataFig. 7c), with the
exception of amplification of HISTIH3Bin LUAD, which was significant
onlyinprimary LN/satellite lesions and notin recurrence/progression
samples (GSD =1.902, ¢=1.30 x107; GSD = 0.301, g =1, respectively;
Extended Data Fig. 7d).

Furthermore, we observed parallel gains between distinct alleles of
metastasizing primary tumour regions and their paired metastases
inloci that were also found to be recurrently gained in metastases in
unpaired LUAD analyses (Methods and Extended Data Fig. 7e). These
lociincluded 7p22.3-22.1 (encompassing CARDI11, MACC1, RACI and
UNCX; GSD = 0.8150 compared with non-metastasizing primaries,
q=2.87 x10*) and 8q22.1-8q24.1 (encompassing UBRS, CDH17 and
MYC; GSD = 0.5232, ¢ =1.85 x107% Extended Data Fig. 7a,b).

Taken together, these data suggest that metastasizing clones
are larger than non-metastasizing clones in the primary tumour,
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probably reflecting a fitness advantage over their non-metastasizing
counterparts.

Discussion

We present the results of TRACERX, a longitudinal study tracking the
evolution of early-stage NSCLC through space and time, representa-
tive of real-world experience within a universal healthcare system.
The study design highlighted the importance of both primary and
metastatic tissue sampling when interpreting the timing and mode of
metastatic divergence. We find that approximately 75% of metastases
diverge late, after the last clonal sweep in the primary tumour and that
the majority of primary clonal mutations, and indeed driver mutations,
persistinthe metastases, consistent with previous results?. By contrast,
other studies, including in breast and colorectal cancer, have found
predominantly early divergence** %, This could be confounded by
undersampling of the primary tumour or by using region/sample-based
rather than clone-based phylogenetic reconstructions® 2, Indeed,
itis clear that there are no standardized methods or definitions for
the assessment of timing of divergence or modes of dissemination,
meaning that we need to interpret comparisons across studies with
caution??3,

Our simulations suggest that, for early divergence cases (32 out of
126 sequenced TRACERX metastatic cases), the metastatic clone would
have likely arisen when the primary tumour diameter was less than the
typical size threshold (at least 8 mm) used to guide further investiga-
tions in modern solid nodule management protocols'®, potentially
limiting the use of computed tomography screening in these tumours.
Similar findings have been described in colorectal cancer® and other
cancer types®?>*. Notably, we find that early divergence was signifi-
cantly associated with smoking status at the time of primary tumour
surgical resection, suggesting that smoking may provide the fuel for
ongoing clonal sweeps after metastatic divergence, enabling cancer
cells to continually adapt to their environment. Consistent with pre-
vious findings, we also observed that platinum chemotherapy acts
as a potent mutagen and contributes to tumour heterogeneity and
evolution®®,

Consistent with previous work?>, we observed predominantly mon-
oclonal dissemination of metastases (68% of cases), with the remain-
der exhibiting polyclonal dissemination. The number of monoclonal
dissemination cases is highly likely to be an overestimate owing to
sampling of a limited number of metastases. Monoclonal dissemina-
tion suggests that metastatic potential was probably acquired once;
alternatively, it may reflect ongoing selection or genetic drift within
the metastasis, whereby a single clone expands in an originally poly-
clonal metastasis. Conversely, polyclonal polyphyletic dissemination
indicates acquisition of metastatic potential early in tumour evolution
or separate clones individually acquiring metastatic potential, or a
role for clone-clone cooperation in the metastatic cascade. We also
found that polyclonal dissemination at the case level was associated
withextrathoracic disease recurrence. Inthe accompanying Article, we
noted that polyclonal dissemination asidentified by analysis of circulat-
ing tumour DNA, was associated with poor overall survival outcomes®.
Theincreased diversity associated with polyclonal dissemination may
enable more rapid adaptation to extrathoracic environmental niches
and subsequent heterogeneous treatment responses between metas-
tases, providing a possible mechanism accounting for this survival
difference. We find that less than 20% of primary LN metastases seed
recurrent/progressive disease, suggesting that primary LN metastases
areusually a hallmark of metastatic potential rather than agateway to
metastases. Similar findings have been noted in breast, oesophageal,
prostate, colorectal and lung cancer”**¢-3, We also find evidence for
recurrence/progression samples seeding other recurrence/progres-
sion samples, aphenomenon that has been demonstrated in other
tumour types!82+3940,



Paired analysis of multiregion primary tumours and metastases
revealed that the metastatic seeding clones appeared fitter than their
non-seeding counterparts: they occupied larger areas within the
tumour with evidence of selection of driver alterations in lung cancer
genes. This was particularly marked in LUSC, where positive selection
was observed only in seeding clones. These results may provide the
biological mechanism underpinning the findingsin the accompanying
Article, that tumours with alarge recent subclonal expansionin at least
oneregion were associated with poor disease-free survival”. Overall, we
identify two categories of somatic alterationsinvolved in the metastatic
transition. Certain somatic alterations, including MDM2 amplification
in LUAD and TP53 mutations in LUAD and LUSC, were almost always
truncal and maintained, occurring before metastatic divergence, and
associated with an increased propensity for metastasis. By contrast,
amplification of HISTIH3B in LUAD was frequently absent/subclonal
within the primary tumour, and may therefore confer increased meta-
static potential to a minority of cells or selective advantage in their
new metastatic niche.

These dataraise the potential for evolutionary measures of tumour
biology to forecast metastatic outcome and drive precision treatments
specific to emergent metastasizing clones in the adjuvant setting.
They highlight the need for research autopsy programs, such as PEACE
(Posthumous Evaluation of Advanced Cancer Environment; ClinicalTri-
als.gov: NCT03004755), which enable extensive sampling of metastases
to infer clonal relationships, dissemination patterns, and inter- and
intrametastatic heterogeneity with greater accuracy, as well as the
need for dynamic and continuous temporal assessments of disease
evolution.Indeed, itis not usually possible to acquire multiple biopsies
throughouta patient’s treatmentjourney, and non-invasive methods,
such as circulating tumour DNA analyses to track the emergence of
seeding clones will be vital to help us better understand the biology
of disease progression**,
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Methods

The TRACERx 421 cohort

The TRACERx study (https://clinicaltrials.gov/ct2/show/NCT01888601)
isaprospective observational cohort study thataims to transform our
understanding of NSCLC, the design of which has been approved by
anindependent research ethics committee (13/L0O/1546). Informed
consent for entry into the TRACERx study was mandatory and obtained
fromevery patient. All patients were assigned a study identity number
that was known to the patient. These were subsequently converted to
linked study identities such that the patients could notidentify them-
selvesin study publications. Allhuman samples (tissue and blood) were
linked to the study identity number and barcoded such that they were
anonymized and tracked on a centralized database, which was overseen
by the study sponsor only.

The cohort represents the first 421 patients whose primary tumour
and metastatic samples were received for processing, who met the
eligibility criteriaas outlined inref. and from whom collected tumour
samples could be sequenced prospectively according to the filter-
ing steps outlined in the CONSORT diagram (CONSORT flow chart;
Extended Data Fig.1).

Sample processing

Sample extraction and sequencing. Fresh frozen. Sample extraction
and sequencing for fresh frozen samples is summarized in the accompa-
nying Article”. Where smaller samples were acquired (for example, core
or endobronchial ultrasound guided biopsies), multiregion sequenc-
ing was not performed. For sequencing of fresh frozen recurrence/
progression samples, paired germline DNA was resequenced in the
samerun, using germline DNA from aliquots extracted at recruitment.
FFPE. For every formalin-fixed, paraffin-embedded (FFPE) tissue block,
2 x 20 pm sections of Cresyl-Violet stained slides were acquired and
mounted onto Leicaglass slides witha polyethylene naphthalate mem-
brane (4 pm, 27 x 76 mm), sandwiching a 5 um haematoxylinand eosin
slide, which was used to guide dissection. The area was marked by a
histopathologist, and any lesions of lessthan 3 mmin diameter under-
went laser-capture microdissection, with larger lesions undergoing
macrodissection with a sterile scalpel.

DNA was extracted within 48 h of micro/macrodissection using
the Qiagen GeneRead FFPE DNA kit according to the manufacturer’s
protocol. This kit contains the UNG (uracil-N glycosilase) to minimize
FFPE-associated C > T artefacts. The DNA was quantified (Qubit; Invit-
rogen) and quality-assessed (TapeStation; Agilent technologies) and
only samples withaDNA integrity number of greater than 2 were used
for downstream processing. The samples were mechanically sheared
usingthe Covarisinstrumentina0.1 mM EDTA buffer solution. Libraries
were prepared using 50-200 ng of sheared DNA asinput for amodified
version of the KAPA HyperPrep library preparation kit (Roche). Modifi-
cationsincluded theincorporation of the Agilent SureSelect XT oligo
adapters and primers. The remainder of the protocol was performed
according to the fresh frozen TRACERx WES sequencing pipeline,
with 7-9 PCR cycles used to amplify the DNA to the required 750 ng
for hybridization. Sequencing was performed as for the fresh frozen
samples, although no additional germline sequencing was performed.

Bioinformatics pipeline

The bioinformatics pipeline, including quality-control checks, filter-
ing of low confidence variants and phylogenetic reconstruction, used
for data analysis is summarized in the accompanying Article”. When
combining the primary tumour and metastasis regions, the result-
ing mutation calls and somatic copy-number segmentation may dif-
fer from the output of analysing the primary tumour regions alone.
These changes could affect downstream analyses, including WGD calls,
mutation clustering and phylogenetic tree reconstruction. Similar to
the accompanying Article, unless otherwise specified, we limit our

phylogenetic-based analyses to the default tree topology, evenif mul-
tiple tree solutions were reconstructed.

For FFPE samples, modifications to the somatic copy-number aber-
ration detection pipeline were incorporated to address theincreasein
thefluctuationsseenin FFPE-sample logR segmentation. ThemeanlogR
value for all SNPs within a BAF segment was assigned as the segmented
logR value for that BAF segment. Many small segments remained after
this adjustment. These small segments corresponded to logR segments
that do not have heterozygous SNPs within them and, therefore, no
corresponding BAF segments. Each of these non-BAF segments was
subsequently compared toits preceding or following segment within
the same chromosome, and joined to the segment with the closest
mean logR value until there were no logR-only segments present. The
overall mean logR in the newly joined segments was recalculated and
used for downstream analyses. Finally, segments corresponding to the
lowest logR values (<5% of the sample) were removed.

Analysis

Timing divergence. Phylogenetic-based definitions. Timing of diver-
gence was performed relative to the last clonal sweep in the primary
tumour. Asummary of how individual mutation clusters were defined as
clonal, subclonaland absentinindividual tumour regions can be found
in our accompanying Article”. Briefly, clusters that were clonal in all
regions of interest (i.e. all primary regions, or all metastatic samples)
were defined as clonal within the primary or metastases, respectively.
Clusters that were subclonal or absent from atleast oneregion of inter-
est were defined as subclonal, while clusters that were absent from
allregions of interest were defined as absent at the tumour level. The
total number of mutations associated only to clusters defined as clonal
across all primary tumour regions was calculated. For each metastatic
sample, the total number and proportion of primary-clonal mutations
that were also clonal in the metastasis was computed. If this propor-
tion was less than one, meaning that not all primary-clonal mutations
were defined as clonal in the metastatic sample, the metastasis was
classified as early diverging. By contrast, if all primary-clonal muta-
tions were clonal within the metastasis, the metastasis was defined
as late diverging.

If multiple metastatic sites were sampled for a patient, the case-level
classification of the timing of divergence was performed analogously by
estimating the metastasis-level clonality. Thus, if all metastatic samples
were defined as late diverging, the overall classification would also be
late divergence, whereas, if at least one metastatic sample was defined
as early diverging, the overall timing would also be early.
Region-based presence/absence of mutations. An orthogonal
region-based approach was used to define the mutations present in
all primary tumour regions (primary-ubiquitous). All mutation loci
overlapping genomic segments of LOHin any region were filtered out.

Similar to the phylogeny-defined method, the proportion of

primary-ubiquitous mutations shared with the metastatic samples was
calculated. This proportion was compared in the phylogeny-defined
early- and late divergence cases.
LOH-based definitions. The timing of divergence of metastases
was also examined using LOH. If a primary tumour clonal LOH event
occurred (thatis, lostinall cellsin the primary tumour or is ubiquitously
lost in the primary tumour), a metastasis that does not demonstrate
the same LOH event must have diverged earlier as such events cannot
be regained later in tumour evolution.

Allele-specific arm-level LOH events were defined as primary-
ubiquitous if the same allele was lost in all primary tumour regions.
Arm-level loss was defined as >75% of the chromosome arm being
lost. The proportion of primary-ubiquitous LOH events shared in the
metastases was compared in the phylogeny-defined early and late
divergence cases.

WGD-based definitions. Primary tumours withaclonal WGD (that s,
the same WGD event in all primary regions”) were identified and the
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WGD status of the paired metastases was explored. A metastasis was
defined as diverging early if no WGD was seen in the metastasis, or a
separate WGD event was identified. Metastases were defined as having
diverged late if the same WGD event detected in the primary tumour
regions was identified in the metastases.

Sampling bias. To determine the effect of primary-tumour sampling
bias on the timing of metastatic divergence, all cases defined as late
divergence were considered. For each such case, given n primary
regions, all possible combinations of primary tumour region down-
sampling were considered between1and n-1regions.

For each single region, the clonal clusters defined in the single
region were considered and the proportion of shared clonal muta-
tions between the single region and the metastases was calculated,
asdescribed above.

Similarly, when downsampling to two regions, all possible combina-
tions of two out of n regions were considered and the percentage of
clonal mutations, as defined across the two regions, shared with the
metastases was calculated. Finally, the average percentage of shared
clonal mutations was computed across all possible combinations to
determine the timing of divergence.

Thisapproachwas repeated untiln-1regions were considered, and
the average proportion of shared clonal mutations as well as the clas-
sification of the timing of divergence were highlighted.

Signature detection. Mutations private to the recurrences or progres-
sion samples were fit to deconstructSigs (v.1.9.0)*. Mutation counts
were normalized using the ‘exome2genome’ parameter within the
package. COSMIC Mutational Signatures v.3.2—in particular, SBS1,SBS2,
SBS4,SBS5, SBS13, SBS17b, SBS18 and SBS92, which are signatures found
tobeactiveinlung cancer genomes*, and SBS31and SBS35, related to
cisplatin exposure®**—were used to reconstruct the mutational profiles.
Only samples with more than 50 mutations were included. Thus, of the
67 recurrence/progression samples from 48 patients, only 20 samples
from 19 patients were included.

Modelling. A previously existing agent-based model of tumour growth
and evolution®*” was adapted to simulate the timing and mode of
metastasis divergence. Inbrief, the original model simulates the growth
of atumour through the division of individual cells which accumulate
mutations at aset mutation rate. The tumour grows in populations or
‘demes’ of 5,000 cells until it reaches asize 0f 10° cells, when the simu-
lation stops. The simulated tumour is then ‘sampled’ in 8 regions of
around 50,000 cells. For each region, exome sequencing is simulated
takinginto account sequencingerror rates for standard Illuminashort
read sequencing and a mean depth of coverage of 400x, similar to
that used in the sequencing of the TRACERX cohort. The simulation
produces afile with the minor allele frequency of the detected muta-
tionsineach sample.

The model used here was modified from the original to include a
dynamic selection landscape. Each individual cell has a fitness value
associated with it, which controls its probability of dividing. A cell
will divide ifits fitness divided by the maximum fitness in the deme is
larger than arandom number between 0 and 1 drawn from a uniform
distribution. Cells with large fitness values will therefore be more likely
todivide than those with lower values. Moreover, division willbe more
likely in demes with low populations and will become increasingly
unlikely as the deme approaches its population limit of 5,000 cells.
Given that the growth rate is a combination of the division and death
rates, the death rate was fixed to avoid further increasing the stochastic-
ity of the model. The death rate of 0.2 was chosen so that the modeled
mutation burden was comparable to the mutation burden observed
inthe TRACERX cohort.

The fitness effect of each mutation is drawn from a distribution of
fitness effects (DFE) defined by an asymmetric Laplace distribution

centred around 0, and skewed towards negative values, based on the
DFE measured in different somatic evolution systems*®°, The global
selection coefficient defined the mean of the exponential distribution
of negative fitness effects, whereas the mean of the exponential distri-
bution of positive fitness effects was half this value. The global selection
coefficient therefore controls the spread of the DFE. Furthermore,
the possibility of driver mutations was added where amutation could
have a positive fitness effect 10 times larger than the global selection
coefficient with a probability of 1075, the mutation rate of driver muta-
tions for somatic evolution in cancer™. A global selection coefficient
set to 0.01, the maximum selection coefficient used in all simulations,
would resultin a DFE for normal mutations ranging from-0.07t0 0.02,
with low probability driver mutations with a fitness effect of around
0.1. These values are similar to those observed in somatic evolution
when selection is measured as the relative increase in growth rate**2
Ahighglobal selection coefficient would resultin broader DFE distribu-
tionsand, therefore, more intense selection, whereas aglobal selection
coefficient of 0 would resultin neutral evolution, in which none of the
mutations have afitness effect. We also accounted for the fitness effect
of large genomic events. The DFE for such events is less well defined
but their fitness effects are likely to be vast, given that such events
can affect multiple genes at once®. To account for these events, a DFE
broader than that used for mutations was defined, whereby the mean
of positive fitness effects was twice that of mutations, and three times
larger for negative effects. These events therefore had the potential
toresultin highly positive or negative fitness effects. The probability
of such events taking place was set at 0.3 per cell division based on
observed rates of genome mis-segregation during cell division®**.
Only cells that had acquired a specific mutation enabling structural
rearrangements were affected.

To simulate metastases, cells were randomly taken from the cell
surface to seed a new tumour?. The cells were sampled at different
primary tumour sizes, and from one or three regions of the primary
tumour. Moreover, one or multiple seeding cells were taken from each
primary region.

To obtain measures of timing of divergence, mutations that had a
variant allele frequency of above 0.3in 90% of all regions sampled from
the primary tumour were considered to be clonalin the primary tumour.
Primary-metastatic pairs were considered to be lateif all primary clonal
mutations were presentin the metastatic tumour, and early otherwise,
similartothe approach usedinthe sequencing data. Allsimulations were
runwith aselection coefficient of 0.01bothin the primary and metastatic
tumours. Toexamine the mode of dissemination from different seeding
patterns, the metastases were seeded from either 1,10, 30 or 100 cells
from either one or three regions of the primary tumour. The primary
tumour was always run under a selection coefficient of 0.01, whereas
metastatic tumours were run under selection coefficients of either O,
0.001,0.0050r 0.01. Theresulting variant allele frequency files from the
simulations were then formatted to be run through the same PyClone
pipeline used to infer dissemination modes from the sequencing data.

Allsimulations wererun for mutationrates of either 0.4 or 0.6 muta-
tions per division per base pair (bp) in the exome (6.6 x 10~° and 10 x
10~ bp per division, respectively) on the basis of observed mutationrates
in lung cancer®. Twenty replicates of simulated primary-metastatic
pairs were run for each combination of parameters.

Cellvolume was calculated assuming a cubic cell with aside of 15 pm,
the typical diameter for aparenchymal cell”. Total tumour volume was
calculated as the individual cell size multiplied by the number of cells
in the tumour. A percentage of the total tumour cells in the tumour
were added to account for purity.

Classifying dissemination patterns. Within each primary tumour, we
identified which cancer clone(s) were involved in metastatic dissemina-
tionand classified the dissemination patternas monoclonal, if only asingle
clone of the primary tumour seeded metastatic tumours, or polyclonal,
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ifmultiple cancer clones were involved in seeding. Specifically, for each
individual metastatic sample, if allmutation clusters shared betweenthe
primary tumour and metastasis were found to be clonal within the metas-
tasis, the dissemination pattern was defined as monoclonal. Conversely,
ifany cluster defined as subclonal within the metastatic sample was also
presentinthe primary tumour, the divergence was classified as polyclonal.

If only a single metastatic sample was considered for a case, the
case-level dissemination pattern matched the metastasis level dis-
semination pattern. If multiple metastases were sampled and the dis-
semination pattern of any individual metastatic sample was defined
aspolyclonal, the case-level dissemination pattern was also defined as
polyclonal. Conversely, if all metastatic samples followed amonoclonal
dissemination pattern, all shared clusters between the primary tumour
and each metastasis were extracted. If all shared clusters overlapped
across all metastatic samples, the case-level dissemination pattern was
classified as monoclonal, whereas, if any metastatic sample shared
additional clusters with the primary tumour, the overall dissemination
pattern was defined as polyclonal.

Furthermore, the origin of the seeding clusters was determined as
monophyleticifall clusters appear along asingle branch, and polyphyl-
eticif clusters were spread across multiple branches of the phylogenetic
tree. Thus, if a metastasis was defined as monoclonal, the origin was
necessarily monophyletic. For polyclonal metastases, the clusters were
mapped tobranches of the evolutionary tree. If multiple branches were
found, the origin was determined to be polyphyletic, whereas, if only
asingle branch gave rise to all shared clusters, the origin was defined
as monophyletic.

For case-level definitions, asimilar approach was used. If any metas-
tasis was defined as polyphyletic, the overall origin was also defined
as polyphyletic. Conversely, if all metastases were monophyletic in
origin, all branches containing shared clusters were counted. If only
asingle such branch existed, the case-level origin was classified as
monophyletic.

To account for variation in the topologies of the phylogenetic tree,
the classification of origin was performed on every possible tree topol-
ogy for agiven case. If all classifications overlapped, the multitree
adjusted origin was defined as the consensus, while cases with differing
origins based on the topology were highlighted as uncertain.

Defining the seeding clones. The seeding clone is defined as the most
recent shared clone between the primary tumour and metastases. Any
cluster presentinthe primary tumour (defined as clonal or subclonal)
and absent from the metastases was defined as primary-unique, any
cluster present solely in the metastases and absent from the primary
tumour was defined as metastasis-unique, while all clusters present
inboth the primary tumour and metastases were defined as shared.

Theshared clusters were mappedto the phylogenetictreeto determine
the mostrecent shared cluster using aleaf-up approach. If the shared clus-
ters could be mapped to asingle branch of the phylogenetictree, the clon-
ality of the most recent shared cluster was determined in the metastasis. If
themostrecent shared cluster was clonalinthe metastasis, this cluster was
defined asthe only seeding cluster for the metastatic sample. By contrast,
ifthe mostrecentshared cluster was subclonal within the metastasis, the
parent cluster was also considered. This was doneiteratively until the first
shared cluster that was clonalin the metastasis was found. Clustersalong
this path were defined as seeding if their phylogenetic CCF**® (phyloCCF)
value was greater than the phyloCCF of the child cluster.

Ifthe shared clusters mapped to multiple branches of the phylogenetic
tree, each branch was considered separately in the manner described
above. If a parent cluster was shared between multiple branches, CCF
values of bothbranches were added together, and the iterative approach
continued until the first cluster was found to be clonal in the metastasis.

Inferring metastatic migration patterns. The MACHINA algorithm?®
(v.1.2) was applied to infer the metastatic migration patterns of distinct

tumour clones across the cohort. AsMACHINA requires a tumour phy-
logenetic tree for each patient as input, we provided MACHINA with
the default phylogenetic trees reconstructed in this study, and applied
MACHINAs pmh_tr function, whichinfers the most parsimonious migra-
tion histories with tree polytomy resolution'®, Furthermore, MACHINA
requires as input clone proportions, that is, the proportions of cancer
cellsbelonging to each tumour clone present at the time of sampling in
each tumour region. As such, we estimated clone proportions in each
region by using the estimated mean phyloCCF value across the related
mutation clusters. To do this, we developed abottom-up iterative algo-
rithm that estimates clone proportions starting from the leaves of the
tumour phylogenetic tree. Specifically, the clone proportion of each
mutation cluster corresponding to a leaf of the phylogenetic tree was
estimated tobe equal toits phyloCCF, as the corresponding mutations
were inferred to be present only in the cells belonging to its related
clone. Forevery ancestral mutation cluster, the clone proportion of the
corresponding clone wasinferred by calculating the difference between
the phyloCCF of the mutation cluster and the sum of the phyloCCFs of
allits descendants. For example, if the leaf cluster had a phyloCCF of 1
inaregion, no other clusters in the phylogenetic tree were present as
clones. However, if aleaf cluster had a phyloCCF of 0.75, some parental
clustersalongthe tree were inferred to have a clone proportion summing
t00.25. As phyloCCF isapoint estimate of the corresponding underlying
parameter, the phyloCCF of mutations that were inferred to be clonalin
atumour region might be generally different to 1. Since these deviations
might affect the estimation of clone proportions, we corrected the mean
phyloCCF of every clonal cluster to be exactly equal to 1.

The estimated clone proportions were used to create a clone tree,
whichwas used asaninput to MACHINA to infer metastatic migration
patterns. Specifically, MACHINA was run by specifying the primary lung
tumour and implementing each metastatic tumour as a separate site.
Moreover, MACHINA was run considering all of the possible assump-
tions about the possible migration patterns that can be evaluated
(parallel single source seeding, single source seeding, multi-source
seeding, reseeding). To explore seeding of one metastasis by another
site, the results from the single-source seeding output from MACHINA
were used, as these provide the most conservative results of MACHINA.

In addition to exploring the different routes of metastatic dissemina-
tion, the results of MACHINA can be used to identify metastatic seeding
clones. Thus, to provide further evidence to the identified seeding
clones, we compared the results of MACHINA with those inferred by
the new method in this study. Under the parallel single-source seeding
assumption adopted in this analysis, we considered only the results of
MACHINA using the same dissemination model. Moreover, the definition
of monoclonaland polyclonal seeding from MACHINA does not take into
account thetree, as done in this study. Thus, whereas MACHINA defines
cases as polyclonal only if at least one metastasis sample is polyclonal,
cases with a single monoclonal or multiple monoclonal metastases are
both defined as monoclonal. To reconcile these differences, we adapted
asimilar definition: all cases that we define as polyclonal but that have
multiple monoclonal metastases were redefined as monoclonal for this
comparison.

Calculating the clonal dispersion index. The clonal dispersionindex
was calculated as follows. For atumour with nregions, subclonal cluster
dispersion of each cluster i, with CCF x;, was calculated as:

- max(p,.) —%

1
1-5

’

Xi

Where p=r s the vector of CCF proportions. Each subclone was

i=1Xi .. .
therefore giveh ascore from1, indicating the clone was evenly spread
acrossallregions, to 0, where the clone was entirely unique toasingle
region. We compared the maximum CCF and subclonal dispersion to



investigate both how dominantin any region and spread out across
the regions the clusters were to quantify subclonal expansion.

dN/dS analysis. Cohort level. An adapted version of the dNdScv
method (v.0.0.1.0)*° was used to estimate global dN/dS values. In this
adapted version, the global rates were estimated using all mutations
(similar to running the original dNdScv function without specifying a
gene list). Subsequently, theinferred global rates were used to estimate
the global dN/dS estimates for a curated set of lung cancer genes. This
list was formed of lung cancer genes as described in refs. >*°?%° which
were subsequently filtered based on expression in the TRACERx 421
cohort (median transcripts per million (TPM) > 0.2). This approach
was run separately on mutations found in the seeding cluster and
primary-unique mutations, as well as on subclonal mutations of
non-metastatic primary tumours, as well as for LUAD and LUSC.
Genelevel. The dNdScv function was run on mutations associated with
the seeding clusters, as well as on the combination of mutations clas-
sified as primary-unique and subclonal mutations of non-metastatic
tumours, for a curated set of lung cancer specific genes. This list
was formed of lung cancer genes as described in refs. >?°2%° which
were subsequently filtered based on expression in the TRACERx 421
cohort (median TPM >0.2).

The dN/dS point mutation estimate was calculated by combining
the dN/dS estimates of missense and truncal mutations. The odds
ratio of each gene was computed as the dN/dS estimate within the
seeding mutations divided by the dN/dS estimate within the com-
bined primary-unique and non-metastatic mutations. If the odds ratio
was >2, the gene was classified as seeding favoured; if the odds ratio
was <0.5, the gene was classified as primary favoured; and, otherwise,
the gene was classified as primary and seeding favoured. The results
were plotted for all genes with global g < 0.1as calculated by dNdScv.

This analysis was performed separately for LUAD and LUSC tumours,
as well as by combining both histological subtypes.

To statistically compare dV/dS values across the two groups (seed-
ing mutations versus combined primary-unique and non-metastatic
mutations), a published approach outlined in ref. ¢° (https://zenodo.
org/record/3966023#.YanjS_HP2cZ) was used (variable_dNdS_two-
datasets). Thisapproach compares dN/dS ratios of two datasets using
alikelihood-ratio test. For a given gene g, the one-sided test uses the
following null and alternative hypotheses®:

Hp: g <0,

H;:unconstrained w,; and w,,

Where w,;is the dN/dS estimate for gene gin dataset . Thisapproach
corrects for differences in mutation density due to coverage or muta-
tional signatures, as well as removes the effect of global differences in
dN/dS ratios across the genes.

Therefore, dNdScv was run on the two datasets (seeding muta-
tions := mutations from seeding clusters; non-seeding muta-
tions := mutations from primary-unique clusters and mutations from
non-metastatic tumours) independently. All genes with g< 0.1 as
calculated by dNdScv were selected from both datasets and used for
subsequent comparison. To calculate which genes were significantly
enriched in seeding mutations, the function variable_dNdS_twodata-
sets was applied to seeding mutations as dataset 1 and non-seeding
mutations as dataset 2 using the genes that were significant (g < 0.1)
in the seeding mutations. Conversely, to calculate which genes were
significantly enriched in non-seeding mutations, the function vari-
able_dNdS_twodatasets was applied to non-seeding mutations as
datasetlandseeding mutations as dataset 2 using the genes that were
significant (g < 0.1) in the non-seeding mutations. For both analyses,
multiple-testing correction (BH) was performed for the final list of
significantly enriched genes.

Paired mutation analysis. Each mutation cluster was classified as
metastasis favoured if it was absent in the primary and subclonal or

clonal in the metastasis, or subclonal in the primary and clonal in the
metastasis; primary favoured if it was clonal in the primary and sub-
clonal or absent in the metastasis, or subclonalin the primary and ab-
sentin the metastasis; and maintained otherwise. The mutation cluster
definition was then applied to each mutation within that cluster. The
cohortwas separatedinto LUAD and LUSC.

First, non-driver mutations were used to calculate the ‘background’
rate of metastasis favoured, primary favoured and maintained muta-
tions. Subsequently, the number of metastasis favoured, primary
favoured and maintained driver mutations was calculated for each
gene containing atleast 5Sdriver mutations and compared to the back-
ground proportion of non-driver mutations.

This was used to estimate the proportions of metastasis favoured,
primary favoured and maintained mutations using a multinomial test;
Pvalue correction using the Benjamini-Hochberg® method was sub-
sequently performed.

Unpaired SCNA analysis. To identify genomic regions that demon-
strated a significant SCNA positive-selection score at each genomic
location, GISTIC2.0 (v.2.0.23)** was run on the following two cohorts
independently to produce SCNA positive-selection scores (G-score
values), treating LUAD and LUSC separately: primary tumour sam-
ples from non-metastatic patients, excluding patients that presented
with LN metastases at surgery; and metastasis samples fromrecurrent
patients, including primary LN metastases.

GISTIC2.0 takes as input a copy-number profile across the genome
fromone sample per patient. Toinvestigate genomic regions of recur-
rentamplifications (/losses and deletions, respectively), we constructed
the single-sample copy number profile for each tumour by selecting
the maximum (/minimum, respectively) ploidy-corrected total copy
number per segment across the genome.

To compare the GISTIC2.0 output between the metastasis and
non-recurrent primary cohorts, we compared the G-score of all genes
between the two cohorts. To measure the G-score per gene, we matched
overlapping GISTIC2.0 segments with gene genomic positions. For
genesthat did not overlap any GISTIC2.0 output segments, we used the
mean G-score of the two neighbouring segments. We theninvestigated
oncogenes and tumour suppressor genes fromour curated driver gene
list in amplifications and losses, respectively, taking forward those
that were found to have significant G-scores in our metastasis cohort
for further analyses. For these genes, we calculated the difference in
G-score values (G-score difference, GSD) between the metastasis and
non-recurrent primary cohorts, to measure the difference in positive
selection at these loci for the two cohorts.

When performing the unpaired SCNA analyses separately for pri-
mary LN/satellite lesions and recurrence/progression samples, we
constructed asingle copy number profile foreach sample type (thatis,
primary tumour, primary LN/satellite lesions and recurrence/progres-
sionsamples), and performed comparison analyses as described above.

Paired SCNA analysis. Using the driver genes found to be significantly
recurrent in the unpaired analyses, we performed paired analyses of
metastasizing primary tumour regions and their matched metasta-
ses to determine where in the metastatic transition these events had
occurred. We first classified the copy number status of all segments
overlapping these genes in the matched primary-metastasis cohort
as lost or amplified relative to the sample ploidy®’. Next, for tumours
that had an eventin a gene in at least one sample, we classified the
event as primary favoured, metastasis favoured or maintained: if the
event was present in both metastasizing primary regions and matched
metastases, it was classified as maintained; if the event was presentin
metastasizing primary regions but absent from matched metastases,
itwasclassified as primary favoured; and finally, if the event was absent
from the metastasizing primary regions but present in the matched
metastases, it was classified metastasis favoured. For each driver gene
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withan event presentin atleast five tumours, we then performed a mul-
tinomial test to determine whether the number of event classifications
in this gene was significantly different compared to the background
proportion of maintained, metastasis favoured and primary favoured
classificationsin all non-driver genes.

When performing the above paired SCNA analysis separately for
primary LN/satellite lesions and recurrence/progression samples, we
considered only patients whose set of metastatic samples were either
all primary LN/satellite lesions or all recurrence/progression samples.

Depiction of clonal structure in tumour samples using clone maps.
In Figs. 3 and 4, we depict the CCFs of subclones estimated using our
WES pipeline accounting for the nesting structure determined by phy-
logenetic tree building. These depictions were generated using the
cloneMap R package® (v.1.0.0), which is available at GitHub (https://
github.com/amf71/cloneMap).

Statistical information

All statistical tests were performed in R (v.3.6.3 and 4.1.1). No statis-
tical methods were used to predetermine sample size. Tests involv-
ing comparisons of distributions were performed using two-sided
Wilcoxon tests (‘wilcox.test’) using paired or unpaired options where
appropriate. Tests involving comparison of groups were performed using
two-sided Fisher’s exact tests (‘fisher.test’). Hazard ratios and P values
were calculated using the survival package (v.3.2.13). For all statistical
tests, the number of data pointsincluded is plotted or annotatedin the
corresponding figure; and all statistical tests were two-sided unless
otherwise specified.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The WES data (fromthe TRACERx study) used during this study have been
deposited at the European Genome-Phenome Archive (EGA), whichis
hosted by the European Bioinformatics Institute (EBI) and the Centre for
GenomicRegulation (CRG) under accession code EGAS00001006494;
accessis controlled by the TRACERx data access committee. Details on
how to apply for access are available on the linked page.

Code availability

All code to reproduce figures is available at Zenodo (https://doi.
org/10.5281/zenodo.7649257) .
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Extended DataFig. 4| Timing of metastatic divergence.a.Sample level
divergence timing (early and late). Where both early and late divergenceis seen
inmultiple metastasis samples of one case, the overall timingis defined as
early.b. Orthogonal method to time metastatic divergence using primary
ubiquitous arm-level loss of heterozygosity (LOH). Armlevel LOH was
significantly morelikely to be fully clonalinlate compared to early divergence
(caselevel median early = 0.94, late =1, Wilcoxon rank-sum test, p =1.6e-5;
samplelevel median, early = 0.92, late = 1, Wilcoxon rank-sum test, p = 4.7e-15).
c.Orthogonal method timing divergence using primary clonal whole genome
doubling (WGD). Thereis enrichment of early divergence in pre-WGD
divergence (Fisher’sexacttest,p=0.0017).d. Orthogonal method to time
metastatic divergence using simple absence/presence of mutationsin the
primary tumour, to define primary ubiquitous mutations. Early divergent
tumours have alower proportion of shared primary ubiquitous mutations
(caselevel medianearly =92.1%, late = 99.3%, Wilcoxon rank-sum test, p = 5.6e-8;
samplelevel median, early =90.7%, late = 99.6%, Wilcoxon rank-sum test,
p=4.20e-17).e. Examples of pre- and post-WGD divergence (CRUK0485 and
CRUKO0022, respectively). Thered line represents the branch with WGD.
f.Detected mutational signatures using sample unique mutations for each of
the metastatic samples with sufficient mutations (more than 50). SBS31and

SBS35represent the platinum mutation signatures. g. In patients treated with
platinum chemotherapy and where platinum signature was detected in the
metastases (9 samples), anenrichment was seenin sample-specificdouble
base substitutions (Mann-Whitney-U test; treated and detected platinum
signature vs. treated and no signature detected (25samples), p =2.58e-5; treated
and detected platinum signature vs. untreated (181 samples), p =1.32e-10).
h.Incases where platinum signature was detected, putative metastasis-unique
driver mutations were mapped to the most likely signature. Example case of
CRUKO0557 where mapping such mutations (PMS1,ASXL2, DOTIL, GRIN2A)
revealed PMSItolikely be platinum-driven.i. Schematic representation of the
agent-based modelling approach used to investigate timing and patterns of
metastatic seeding.j. Number of shared primary clonal mutations between
simulated primary-metastasis pairs and the different mutations and selection
rates. Additionally, the number of shared primary clonal mutations from
TRACERx dataisindicated. k. Kaplan-Meier analysis demonstrating no
significant differenceinearly vs. late divergence (Logrank test, p=0.47).1. Early
divergenceisassociated withahigher proportionof currentsmokers (nearly =32,
nlate =94; Fisher’s exact test, p = 0.005). The box plots represent the upper and
lower quartiles (box limits), the median (centre line) and the vertical bars span
the 5thto 95th percentiles. All tests were two-sided unless otherwise specified.
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Extended DataFig.5|Modes of dissemination. a. Sample level definitions of
dissemination patternsrelative to the primary tumour phylogeny. b. Sample
level dissemination patterns with overall caselevel defined beneath c.Proportion
of cases defined as polyclonal or monoclonal divided by whether asingle or
multiple metastatic samples were available (nsingle = 77, nmultiple = 49). There
isincreased power to detect polyclonal seeding when multiple metastatic
samples were sequenced (indark red, we see approximately 22.4% of polyclonal
cases result from multiple monoclonal seeding patterns).d. Proportion

of observed polyclonal metastases when simulating differing numbers of
disseminating primary tumour cells (y-axis) and varying the number of primary
regions from which this occurs (top and bottom panel). The primary tumour
was always simulated with 1% selection while the selection coefficients were
varied in the metastasis (x-axis). Increasing selection pressure in the metastasis
isassociated with the appearance of monoclonal dissemination evenifthe
dissemination from the primary tumour is polyclonal. The fewer the number

of disseminating cells, the stronger the effect. e. Kaplan-Meier analyses
demonstrate no significant differencein lung-cancer specific disease-free
survival across the different dissemination patterns (Log rank test, p = 0.5).

f.Proportion of dissemination type onacaselevel, as seen in the main histologic
subtypes (LUAD, n=65; LUSC, n=39; Fisher’s exact test, p > 0.05). g. Tumours
with polyclonal dissemination and extrathoracic metastases have more
metastaticsamplesacquired (Wilcoxon rank-sum test). h. Comparison of the
TRACERX dissemination definitions with MACHINA' shows that the majority
of dissemination patterns are consistent across the two methods, with only
12/126 cases differing; with the TRACERx definitions being more conservative
by classifying these cases as monoclonal whereas MACHINA defines these as
polyclonal.i. Summary of MACHINA analysis of a metastasis seeding other sites
of diseasein46 cases with multiple metastatic samples. ‘Other’ represents cases
where the primary tumour seeds the recurrence and additional metastasis
seeding patterns are concurrently observed (e.g., recurrence/progression
sampleseedingthe primary LN, primary LN to primary LN seeding, recurrence
seeding aprogression sample). The box plots represent the upper and lower
quartiles (box limits), the median (centre line) and the vertical bars span the 5th
to95th percentiles. All tests were two-sided unless otherwise specified; LN,
lymphnode.
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Extended DataFig. 6 | Mutation selectionin metastases.a. Comparison of
maximum cancer cell fraction (CCF) in subclonal primary-unique and seeding
clusters (Wilcoxonrank-sumtest, p = 6.4e-5) and clonal dispersion of primary-
unique and seeding clusters (Wilcoxon rank-sumtest, p =1.6e-8).b. Higher
dispersionand CCFisseeninthe seeding clusters of both primary LN/satellite
lesions and recurrence/progression samples compared to non-seeding
clusters. Clusters that are found inboth primary LN/satellite lesions and
recurrence/progression samples were excluded from this analysis. ¢. Cohort
level selection (ngenes =111) of only subclonal mutationsin seeding vs.
primary-unique mutations vs. mutations in non-metastasizing primary
tumours.d. Cohortlevel selection (n genes =111) of primary LN/satellite lesions
vs.recurrence/progression seeding mutations vs. primary-unique mutations
vs. mutations in non-metastasizing primary tumours. Dots represent dN/dS
estimates; the asterisksindicate values thatare significantly different from1.
e.Gene-level dN/dS values of seeding mutations vs primary-unique and non-

metastasizing primary tumour mutations split by lungadenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC). Genes are classified as
seeding favoured ifthe odds ratio (OR) of dN/dS of seeding vs. primary-unique
mutations>2, primary favoured if OR<0.5, and otherwise classified asboth
primary and seeding favoured. Genes highlighted in purpleand green are
significantly enriched in seeding and non-seeding mutations respectively.
f.Phylogenetic tree of CRUK0587. Clusters annotated in green are primary-
unique, clustersinlight purple are shared, while clustersin dark purpleare
metastasis-unique. There is ametastasis-unique TP53splice site mutation
whichoccurredindependently of a primary-unique S34X TP53 mutation. Lines
indicate the 95% confidence intervals for ¢,d and e. The box plots represent the
upper and lower quartiles (box limits), the median (centre line) and the vertical
barsspanthe 5Sthto 95th percentiles. All tests are two-sided unless otherwise
specified.
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Extended DataFig.7|Somatic copy number aberrationselectionin
metastases. a. Across-genome GISTIC2.0 scores are plotted for amplifications
and deletions for lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC). Annotated cytobands contain genes overlapping loci with
significant G-scoresin the metastasis cohort and that have a GISTIC2.0 score
difference (GSD) >0 between unpaired metastases and non-metastasizing
tumours. b. Individual chromosome plots highlighting genes overlapping
significantlociin the metastasis cohort with GSD > 0 that were detected in the
unpaired analysis performedina.c. Across-genome GISTIC2.0 scores are
plotted for amplifications and deletions for LUAD and LUSC separating

primary LN/satellite lesions and recurrence/progression samples. d. Individual
plot highlighting GSD between primary LN/satellite lesions, recurrence/
progressionsamples and non-metastatic primary regions on chromosome 6
encompassing HISTIH3B. Thelocusis significantly amplified in the primary
LN/satellite lesions (GSD =1.90,g=1.30e-7). e. Across genome plot showing the
frequency of parallel gains/amplification eventsinred, and frequency of
parallelloss/LOH eventsinblue. The top and bottom panels show the parallel
evolution between primary regions harbouring the seeding clone and their
paired metastasesin LUAD and LUSC respectively; Amp, amplification; Del,
deletion; Chr,chromosome; Mb, megabase.



Article

Extended Data Table 1| Clinical and histopathological characteristics of the TRACERX 421 cohort

All patients Recurrence No recurrence
p.value Test
n=421 n=142 n=279
Clinical Demographics
Age (years) median (range) 69(34-92) | 705 (34-92) 69 (39-91) 0.1695 Ma“"":!:t't"ey d
Sex ¥ 189 38 132 0.1518 Chi squared test
M 233 86 147
ECOG g 220 - 455 0.07243 Chi squared test
1 201 77 124
Never Smoker 31 8 23
Smoking Ex-Smoker 210 77 133 0.3635 Chi squared test
Smoker 180 57 123
White-British 371 124 247
White-Irish 17 3 14
White-European 13 8 5
White-Other 3 2 |
White and Asian 2 0 2
Ethnicity White and Black 2 0 2 0.1652 Chi squared test
Caribbean 4 E: | 1
Black-Other 1 0 1
Indian 3 1. 2
Middle Eastern 4 1 3
SouthAmerican 1 0 1
Histopathological Characteristics
Invasive Adenocarcinoma 241 74 167
) . Squamous Cell Carcinoma 134 47 87
Hlstopa: hological Large Cell Carcinoma 6 3 3 0.5039 Chi squared test
Sty Adenosquamous Carcinoma 14 6 8
Pleomorphic Carcinoma 14 7 7
Other 12 5 7
1A 104 17 87
1B 106 25 81
TNM Stage ::: ;i ;g :2 1.87E-10 Chi squared test
A 78 50 28
1B 1 1 0
la 49 7 42
1b 79 21 58
pTStage :: 16544 ii 14%0 0.002409 Chi squared test
3 69 32 37
4 6 4 2
Tumour Size (mm) median (range) 35(5-140) | 41.5(7-130) 32(5-140) 1.05€-06 Ma“”"t’::t'mey Y
NO 294 71 223
pNStage N1 67 31 36 1.08E-10 Chi squared test
N2 60 40 20
Pleural Invasion es 147 2 o8 0.3969 Chi squared test
No 274 88 186
Lymphovascular Yes 187 83 104 :
Y Elvasion No 34 59 175 5.57E-05 Chi squared test
Resection Margin RO 259 iZ5 213 0.0001822 Chi squared test
R1 22 16 6
Adjuvant Therapy
None 287 81 206
Platinum Chemotherapy 118 52 66
Adjuvant Therapy Radiotherapy 8 3 5 0.001317 Chi squared test
Platinum Chemotherapy & 3 6 2
Radiotherapy

Comparison of baseline clinical and histopathological characteristics of patients who develop recurrent disease versus those who do not. All significant (p<0.05) results are shown in red with
corresponding statistical tests used. All tests performed were two-sided. F: Female, M: Male; ECOG, Eastern Cooperative Oncology Group performance status.



Extended Data Table 2 | Overview of metastasis-unique drivers

Patient Metastasis unique drivers
CRUKO003 |CNOT3

CRUKO035 |EGFR

CRUKO036 |STK11

CRUK0052 |LATS1

CRUKO063 |NBN

CRUKO087 |ARID2|SMARCA4 |XPC
CRUKO090 |NF1/CBLB|/APC|NBN
CRUK0097 |DDX3X

CRUKO099 |FAT1

CRUKO0178 |CHD8

CRUK0250 |STX2/COL2A1|PMS1|APC
CRUKO0256 |EP300

CRUK0286 |PPP3CA|/NOTCH1
CRUK0296 |ATF7IP

CRUK0299 [CDK12

CRUKO0301 |ARID1B

CRUKO0337 |BRIP1

CRUKO0344 |BRIP1

CRUKO0372 |SETDB1

CRUKO0418 |ATF7IP|MAP3K13|FBXW?7
CRUKO0422 |JVHL

CRUKO0451 |PIK3CA|FBXW7
CRUKO0467 |RIT1

CRUK0484 |BRCA2

CRUKO0496 |ARID1A|TET2|UBR5
CRUKO514 |TP53BP1[CUX1
CRUKO516 |CHD8

CRUKO519 |KMT2D|[NCOR1|ARHGAP35[STAG2 [ECT2L
CRUKO530 |KDM5C

CRUKO557 |GNPTAB|GRIN2A|DOT1L[PMS1 [ASXL2
CRUKO559 |RBM10

CRUKO567 |STK11

CRUKO587 |TP53|FBXW7

CRUKO0596 |AXIN2

CRUKO598 |ATR/ARID1B

CRUKO0609 |AKT1/DOTiL

CRUKO0691 |STK11

CRUKO0707 |CHD4

CRUKO736 |KMT2B

CRUKO745 |RASA1|PTCH1

CRUKO766 |FAS

CRUKO799 |ARID1A|ARID1IA|MAP3K1

Where a gene is listed twice, multiple predicted driver alterations within the same gene were identified.
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Extended Data Table 3 | Clinical Associations with timing and modes of metastatic divergence

Timing of divergence (early vs
late)

Dissemination pattern (mono-
vs polyclonal)

Patient Age (years)

Mann-Whitney U test, p=0.189

Mann-Whitney U test, p=0.428

Smoking (Never, Ex-smoker,
smoker)

Fisher's exact test, p=0.00480

Fisher's exact test, p=0.15

Histology (Adenocarcinoma,
Squamous cell, Other)

Fisher's exact test, p=0.0720

Fisher's exact test, p=0.761

Stage (I, I, 1)

Fisher's exact test, p=0.673

Fisher's exact test, p=0.628

Pleural invasion (Yes, No)

Fisher's exact test, p=0.675

Fisher's exact test, p=0.695

Lymphovascular invasion (Yes, No)

Fisher's exact test, p=0.839

Fisher's exact test, p=0.847

Resection Margin (RO, R1)

Fisher's exact test, p=1

Fisher's exact test, p=0.108

Pre-operative ctDNA shedding
status (Yes, No)

Fisher's exact test, p=0.671

Fisher's exact test, p=0.701

Location of disease recurrence (No
recurrence/progression cases
excluded; intrathoracic,
extrathoracic, both)

Fisher's exact test, p=0.397

Fisher's exact test, p=0.00560

Timing of divergence

Not applicable

Fisher's exact test, p=1

Age, smoking status, histology, disease stage, pleural and lymphovascular invasion, resection margin, presence of pre-operative circulating tumour DNA (ctDNA) and location of disease

recurrence were explored. Early divergence was associated with being a smoker, and polyclonal dissemination was associated with extrathoracic disease recurrence. All significant (p<0.05)

results are shown in red with corresponding statistical tests used. All tests performed were two-sided.
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Data collection  No software was used to collect data

Data analysis R (version 3.6.3 & 4.1.1)
Python (version 2.7.12 and 3.10.1)

Alignment and QC:

FastQC (version 0.11.8)
FastQ Screen (version 0.13.0)
bwa-mem (version 0.7.17)
Sambamba (version 0.7.0)
Picard Tools (version 2.21.9)
GATK (version 3.8.1)
Somalier (version 0.2.7)
Samtools (version 1.9)
Conpair (version 0.2)

Variant Calling:

SAMtools (version 1.10)

VarScan2 (version 2.4.4)

MuTect (version 1.1.7)
bam-readcount (version 0.7.4 & 0.8.0)
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Heterozygous single nucleotide polymorphism (SNP) identification:
Platypus (version 0.8.1)

Somatic Copy Number aberration detection:
VarScan2 (version 2.4.4)

ASCAT (version 2.3)

Sequenza (version 2.1.2)

Mutation Clustering:
Pyclone (version 0.13.1)
SciClone (version 1.1.0)

R packages used in version 3.6.3:
fst (version 0.9.4)

tidyverse (version 1.3.0)
survival (version 3.2.13)
ggplot2 (version 3.3.2)

dplyr (version 1.0.2)

tidyr (version 1.1.2)
gridExtra (version 2.3)
cowplot (version 1.1.0)
survminer (version 0.4.9)
ggpubr (version 0.4.0)
ggalluvial (version 0.12.3)
gtsummary (version 1.5.0)
reshape? (version 1.4.4)
tibble (version 3.0.4)

gtable (version 0.3.0)
RColorBrewer (version 1.1-2)
plyr (version 1.8.6)

dndscv (version 0.0.1.0)
deconstructSigs (version 1.9.0)
gerepel (version 0.8.2)
GenomicRanges (version 1.38.0)
rlist (version 0.4.6.2)
tidytext (version 0.2.3)
stringr (version 1.4.0)
magick (version 2.7.3)
data.table (version 1.13.2)
EMT (version 1.2)

gedendro (0.1.23)

plotly (4.10.0)

NMF (0.24.0)
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R packages used in version 4.1.1:
cloneMap (version 1.0.0) (https://github.com/amf71/cloneMap)

Python packages for version 2.7.12:
pandas (version 0.18.1)

numpy (version 1.11.1)

cPickle (version 1.72)

Python packages for version 3.10.1:
pandas (version 1.3.5)

numpy (version 1.22.0)

matplotlib (version 3.5.1)

scipy (version 1.7.3)

graphviz (version 0.19.1)

seaborn (version 0.11.2)

sklearn (version 1.0.2)

Other methods:
MACHINA (version 1.2)
GISTIC2.0 (version 2.0.23)

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
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Whole Exome Sequencing data (from the TRACERx study) used during this study 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 the accession codes EGASO0001006494; access is
controlled by the TRACERx data access committee. Details on how to apply for access are available on the linked page.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size The sample size (421 patients) represents the half-way point of the TRACERx longitudinal study. In total, we analyse metastases from 126
patients.

TRACERx is a programme of work of multiple projects built around a single observational cohort study. It is not possible to perform a sample
size calculation for each project, especially post hoc. The study size of the cohort was done in relation to tumour heterogeneity and disease
free survival:

The sample size is based on demonstrating a relationship between tumours with divergent intratumour heterogeneity index values and
clinical outcome. Patients will be split evenly into those with a low and high intratumour heterogeneity index value (and other splits will be
considered). Assuming a median Disease Free Survival (DFS) of 30 months and a hazard ratio (HR) of 0.77, with a 2-sided 5% significance level,
90% power, accrual period of 3 years and 5 years follow-up after the end of accrual, the sample size required is almost 400 per group (total of
800 patients). Assuming a 5% dropout rate, a total of 842 patients (421 per group) are required. At 85% power, 705 patients would be
required in total, which could be the minimum target. However, we will instead aim for 750 patients and recruitment will continue for the
length of time which is funded for accrual in order to get as close as possible to the ideal target of 842 patients. A study size of 842 is also
large enough to detect a 10% improvement in a 5 year OS rate from 46% in the high Intratumour Heterogeneity Index (ITB) to 56% in the low
Intratumour Heterogeneity Index group (HR=0.75), with 80% power and a 2 sided type | error set at 5% (logrank test). A high/low ITB value
will be defined as values above/below the 50th percentile (median ITB). We have a target DFS effect of a 23% reduction in risk (hazard ratio
0.77), which means that our study is powered for an effect at least this large, including a 30% difference (which has been the target for
progression-free survival in trials of advanced NSCLC, in relation to expected effects on OS).

Data exclusions  Please see study inclusion/exclusion criteria below. Additionally, samples which fail quality control metrics were also excluded from analysis.

Replication TRACERX is a prospective longitudinal study. As such, the results shown here are not the result of an experimental set up. This is the half-way
point of the TRACERx study and reflects hypothesis generating analysis.

Randomization  Randomization is not relevant as this is an observational study.

Blinding Blinding is not relevant as this is an observational study. Patients were not allocated to any intervention and they were followed up and
assessed as per routine practice. No biomarker results (tissue and bloods) are reported back to patients, so there is no likelihood of people
changing their behaviours based on these findings. The laboratory analyses were all performed without knowing the outcome (DFS or
survival) status of the patients, which represents a form of blinding.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study
Antibodies

Eukaryotic cell lines

Clinical data
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n/a | Involved in the study

IZ D ChiIP-seq
IZI |:| Flow cytometry

Palaeontology and archaeology IZI |:| MRI-based neuroimaging
Animals and other organisms

Human research participants

Dual use research of concern

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

421 patients are included in this TRACERx cohort. 44.6% are females , 55.4% males; 93% are smokers of have a smoking
history, 7% are never smokers; 25% of patients were diagnosed at stage IA, 25% at IB, 17.8% at I1A, 13.5% at IIB, 18.5% at IlIA
and 0.2% at 11IB; 52% of diagnosed tumours were adenocarcinomas, 28.8% were squamous cell carcinomas and 19.2% were
of other histological subtypes; 93% of the cohort is from a white ethnic background and the mean age of the patients is 69,
ranging between 34 and 92.

Please note that the study started recruiting patients in 2016, when TNM version 7 was standard of care. The up-to-date
inclusion/exclusion criteria now utilizes TNM version 8.

TRACERX inclusion and exclusion criteria

Inclusion Criteria:

_Written Informed consent

_Patients 218 years of age, with early stage I-1IIB disease (according to TNM 8th edition) who are eligible for primary surgery.
_Histopathologically confirmed NSCLC, or a strong suspicion of cancer on lung imaging necessitating surgery (e.g. diagnosis
determined from frozen section in theatre)

_Primary surgery in keeping with NICE guidelines planned

_Agreement to be followed up at a TRACERx site

_Performance status O or 1

_Minimum tumor diameter at least 15mm to allow for sampling of at least two tumour regions (if 15mm, a high likelihood of
nodal involvement on pre-operative imaging required to meet eligibility according to stage, i.e. TIN1-3)

Exclusion Criteria:

_Any other* malignancy diagnosed or relapsed at any time, which is currently being treated (including by hormonal therapy).
_Any other* current malignancy or malignancy diagnosed or relapsed within the past 3 years**.

*Exceptions are: non-melanomatous skin cancer, stage O melanoma in situ, and in situ cervical cancer

**An exception will be made for malignancies diagnosed or relapsed more than 2, but less than 3, years ago only if a pre-
operative biopsy of the lung lesion has confirmed a diagnosis of NSCLC.

_Psychological condition that would preclude informed consent

_Treatment with neo-adjuvant therapy for current lung malignancy deemed necessary

_Post-surgery stage IV

_Known Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV) or syphilis infection.
_Sufficient tissue, i.e. a minimum of two tumor regions, is unlikely to be obtained for the study based on pre-operative
imaging

Patient ineligibility following registration

_There is insufficient tissue

_The patient is unable to comply with protocol requirements

_There is a change in histology from NSCLC following surgery, or NSCLC is not confirmed during or after surgery.
_Change in staging to IlIC or IV following surgery

_The operative criteria are not met (e.g. incomplete resection with macroscopic residual tumors (R2)). Patients with
microscopic residual tumors (R1) are eligible and should remain in the study

_Adjuvant therapy other than platinum-based chemotherapy and/or radiotherapy is administered.

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 then provided with written
information about the TRACERx study and he/she can ask the research nurse any questions.

Patients have to agree to provide serial blood samples whenever they attend clinic for routine blood sampling, so this
represents the only main potential self-selecting bias (i.e. only patients willing to do this would participate). However, it is
unclear how this would affect the biomarker analyses. Also, the gender and ethnicity characteristics are in line with patients
seen in routine practice.

Inclusion and exclusion criteria are summarised above.
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Ethics oversight The 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

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

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  TRACERx Lung https://clinicaltrials.gov/ct2/show/NCT01888601, approved by an independent Research Ethics Committee, 13/
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Study protocol https://clinicaltrials.gov/ct2/show/NCT01888601
Data collection Clinical and pathological data is collected from patients during study follow up - this period is a minimum of five years. Data collection

is 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. Recruitment started in April 2014 and is still ongoing
(in London and Manchester).

Qutcomes The main clinical outcomes are:
Disease-free survival (DFS) — measured from the time of study registration to date of first lung recurrence or death from any cause.
Patients who do not have these events are censored at the date last known to be alive (including patients who developed a new
primary tumour that has been shown biologically to not be linked to the initial primary lung tumour).
Overall survival - measured from the time of study registration to date of death from any cause.

In this paper, lung cancer specific survival metrics were also used to assess risk of disease recurrence.
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