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The evolutionary processes that underlie the marked sensitivity of small cell lung
cancer (SCLC) to chemotherapy and rapid relapse are unknown'. Here we determined
tumour phylogenies at diagnosis and throughout chemotherapy and immunotherapy
by multiregion sequencing of 160 tumours from 65 patients. Treatment-naive SCLC
exhibited clonal homogeneity at distinct tumour sites, whereas first-line platinum-
based chemotherapy led to aburst in genomic intratumour heterogeneity and spatial
clonal diversity. We observed branched evolution and a shift to ancestral clones
underlying tumour relapse. Effective radio- orimmunotherapy induced a re-expansion
of founder clones with acquired genomic damage from first-line chemotherapy.
Whereas TP53 and RBI alterations were exclusively part of the common ancestor,
MYCfamily amplifications were frequently not constituents of the founder clone.
Atrelapse, emerging subclonal mutations affected key genes associated with SCLC
biology, and tumours harbouring clonal CREBBP/EP300 alterations underwent
genome duplications. Gene-damaging 7P53 alterations and co-alterations of TP53
missense mutations with TP73, CREBBP/EP300 or FMN2 were significantly associated
with shorter disease relapse following chemotherapy. In summary, we uncover key
processes of the genomic evolution of SCLC under therapy, identify the common
ancestor as the source of clonal diversity at relapse and show central genomic
patterns associated with sensitivity and resistance to chemotherapy.

Small cell lung cancer (SCLC) is one of the deadliest human cancers,
with a 5 year survival rate of less than 7%' *. The standard of care for
extensive-stage SCLC consists of systemic treatment with platinum
and etoposide, recently combined with programmed death-ligand 1
(PD-L1) immune checkpointinhibitors (ICls)% One peculiarity of SCLC is
itstypically high sensitivity to platinum-based chemotherapy followed
by rapid recurrence, which distinguishes it from most other human
cancers. Unfortunately, second-line treatment with other chemothera-
peutics orimmunotherapy is only marginally effective and patients
ultimately succumb to their disease'**.

We and others have previously performed large-scale genome
sequencingtocomprehensively characterize cancer genomealterations

in SCLC, which showed universal biallelic losses of the tumour sup-
pressors TP53 and RBI1, additional alterations to histone-modifying
enzymes and cell cycle regulators, and MYCtranscription factor ampli-
fications®”. Furthermore, SCLC subgroups were defined on the basis of
the expression of neuroendocrine lineage transcription factors, which
impact tumour biology and treatment outcome*®®, Finally, preliminary
studies have provided initial clues in regard to molecular pathways
associated with resistance to chemotherapy'*™.

Despite progress in characterization of the molecular basis of SCLC,
the underlying patterns of clonal evolution and the mechanisms caus-
ing drug resistance have remained unclear. We suggest that cancer
genome alterations not only drive malignant transformationin SCLC
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butalsoinfluence the clinical phenotypes of chemotherapy sensitivity,
tumour progression and relapse. We therefore performed comprehen-
sive multiregional and longitudinal studies of tumours obtained from
65 patients to decipher the evolutionary and genomic principles that
governresponse and resistance to therapy in SCLC.

Tumour specimens and clinical data

We collected 160 tumour specimens from 65 patients with SCLC under
institutional review board approval and performed whole-exome,
genome and transcriptome sequencing of samples with an average
tumour purity of 85% (Fig. 1a-c and Supplementary Tables 1-3). We
most frequently sampled the primary lung tumour, pulmonary lymph
nodes, liver, pleuraand brain metastases. Furthermore, patient-derived
xenotransplants were established from fine-needle biopsies or circulat-
ingtumour cells (CTCs), which have been previously shown to recapitu-
late the genomic profiles of patients’ tumours'>® (Fig. 1aand Methods).
The histology of SCLC was confirmed in all cases; additional compo-
nents of adenocarcinoma or large-cell neuroendocrine carcinoma
(LCNEC) were identified in three patients (Supplementary Table 1).
The clinical history was typical of SCLC and the majority of patients
hadreceived first-line treatment with platinum-based chemotherapy,
achieving amedian relapse-free interval of 88 days (Fig. 1b, Extended
Data Table 1and Supplementary Table 1). In line with clinical guide-
lines™ we grouped patients according to their duration of response to
first-line chemotherapy, referring to the chemotherapy-free interval
(CTFI) of 45,90 and 180 days (Fig. 1b). At relapse, 80% of these patients
(n=44of 55) received additional lines of therapy, which included other
chemotherapeutics or treatment with anti-PD-1 and/or anti-CTLA-4
ICIs (Supplementary Table1).

We analysed at least two tumour samples per patient, obtained at
either single or multiple time points throughout the course of treat-
ment. For interpatient comparisons we focused on paired studies of
tumours acquired under distinct scenarios throughout the clinical
course of the patients: (1) spatially distinct tumour samples in the
treatment-naive setting at the time of first diagnosis (n =16); (2) tem-
porally distinct tumours acquired at first diagnosis before initiation
oftherapy and either during first-line platinum-based chemotherapy
(n=5) or following completion of chemotherapy (n = 42); (3) spatially,
but not temporally, separate tumours analysed solely at the time of
relapse (n =14); and (4) tumours obtained before and after subsequent
lines of treatment withimmunotherapy (n =7) (Fig.1c, Extended Data
Table1and Methods).

Tumour phylogenies of metastatic SCLC

Aimingtoshed light onthe dynamics of genome evolutionin metastatic
SCLC, we performed genome sequencing of all tumour specimens to
identify genomic alterations. Whole-exome sequencing data at an
average coverage of 127-fold were used to compute cancer cell fraction
(CCF) for somatic mutations, ametric of relative abundance of mutant
alleles corrected for purity, ploidy and absolute copy number, which
affords the assignment of mutations to individual tumour clones and
enables tracking of single clones in spatially and temporally distinct
tumours® (Methods). We assigned mutations to the most recent com-
mon ancestor (CO) if mutations were shared and clonal with CCFs of
100% across all samples analysed, and to subclones (C1, C2 and C3)
if clusters of mutations were either private to specific tumour sites
or found at lower CCF. We thus reconstructed the clonal lineage and
determined tumour phylogenies for all 65 patients (Supplementary
Appendix, Supplementary Tables 2 and 4 and Methods).

Previous genomicstudies conducted for single tumour sites obtained
from treatment-naive patients indicated low levels of genomic intra-
tumour heterogeneity in SCLC compared with lung adenocarcinoma®.
Through analysis of spatially and temporally distinct tumours, we now
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observed awiderangeinthe absolute number of subclonal mutations
and subclones previously observed in other cancers as well* (Extended
DataFig.1a,b). Tumour phylogenies across all patients exhibited pat-
terns of linear and branched evolution, in some cases indicating a
sequential acquisition of genome alterations and thereby giving rise
toadominantclone. In other patients, emerging subclones branched
from ancestral clones thus creating multiple lineages'. For systematic
study of the evolutionary patterns we assigned tumour phylogenies to
distinct classes (Fig.2b,c): class A, if nosubclones were identified, which
was frequently observed when comparing more than one anatomicsite
atasingle time point (Fisher’s exact test, **P < 0.01; Fig. 2c); classes B
and C, with one or at least two subclones, respectively, compatible
withlinear phylogenies; classes D and E, phylogenies with one branch-
ing event in which tumour clones descend from either C1 subclones
(class D) or the common ancestral clone CO (class E); and class F, phy-
logenies with at least two branching events exclusively identified in
patients, with higher numbers of specimensreferring to at least three
spatially or temporally distinct tumours (Fisher’s exact test, P < 0.001;
Fig.2cand Extended DataFig.1c), thus providing further information
on phylogenetic complexity. To permit interpatient comparisons we
therefore sought to perform paired analyses, considering amaximum
of two samples per patient (Fig. 2d and Extended Data Table 1), which
did not show any significant change inthe absolute number of subclonal
mutations but led to reduced phylogenetic complexities assigned to
classes A-E (Methods and Extended Data Fig. 1a,b). We thus observed
a significantly lower clonal diversity in treatment-naive patients
across different tumour sites than in temporally and spatially distinct
tumours from patients undergoing treatment (**P < 0.01; Fig. 2d,e).
Consequently the genomic heterogeneity of the tumour—although
limited at diagnosis—increased markedly as a result of therapeutic
intervention.

We sought to determine the subclonal composition at the time of first
diagnosis to study the evolutionary dynamics of tumour progression
in a highly metastatic disease. Our analysis in these treatment-naive
patients included spatially distinct intra- and extrapulmonary sites
exhibiting either no evidence of subclones (class A) or limited muta-
tional changes with patterns of linear evolution (Fig. 2d, left). Clonal
diversity was lower when comparing metastatic sites with one another,
which frequently included CTC-derived tumours and confirmed earlier
observations", However, tumour regions simultaneously obtained
from the primary site and intrapulmonary metastases exhibited
increased subclonal mutations (**P < 0.01) and branched evolution-
ary processes (classes D and E; Fig. 2e). Thus, following the successful
establishment of metastases, the subclonal composition appeared
largely unchanged. Additionally, increased clonal heterogeneity and
ongoingevolutionappeared to occur during the first steps of metastatic
seedinginthe physical proximity of the original founder clone, driving
the outgrowth of one rapidly expanding tumour.

We next analysed the impact of chemotherapy on the dynamics
of tumour evolution and compared tumours before therapy with
tumour sites acquired during treatment and at the time of relapse.
Most tumours exhibited clonal branching from ancestral clones C1
or CO (67%, n=310f 46, P< 0.05) under therapy, causing increased
site-specificintratumour heterogeneity (sample 2; Fig.2d,e) and spatial
clonal diversity when comparing specimens sampled simultaneously
from different sites at relapse (**P < 0.01; Extended Data Fig.1d). Intwo
patients we tracked the evolutionary processes at the site of the primary
tumour before and during therapy, following neo-adjuvant chemo-
therapy and at the time of subsequent relapse (Fig. 2h and Extended
Data Fig. 1e). In both cases we found phylogenies of class D showing
several distinct clones at the site of the primary tumour and repres-
sion of the initial dominating clone by chemotherapy, followed by the
emergence and expansion of subclones descending from ancestral
clone Clthat had caused relapse. Class D phylogenies were frequently
identified in comparison with primary lung specimens (Fig.2g; n=6
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Fig.1| Tumour samples and clinical history of 65 patients with SCLC.

a, Tumour sites sampled from 65 patients with SCLC. Frequently sampled sites
are highlighted inbold. Tumours were acquired either at the time of first
diagnosis (treatment-naive) or following initiation of treatment (post-treatment).
Tumour samples analysed as patient-derived xenotransplant (PDX) models are
indicated.b, Schematic overview of the clinical course of 65 patients with SCLC.
Patients were ordered accordingto their duration of response tofirst-line
platinum-based chemotherapy, referringtoa CTFl of 45,90 and 180 days
(National Comprehensive Cancer Network (NCCN) guidelines). Patients who,
followinginitiation of first-line treatment, were either lost to follow-up or
underwent surgical resection of the primary tumour were sorted to separate
panels. The treatment administered to each patientis annotated and the

of seven cases), again emphasizing that the site of the primary tumour
serves as a source for ancestral clones that cause metastatic seeding
and tumour recurrence. Atrelapse, both tumour sites exposed to treat-
ment and newly formed metastatic lesions harboured a substantial
fraction of pre-existing ancestral clones, most frequently the common
ancestor CO (n =16 of 42, 38%), confirming its critical role in relapse

Clinical course (days)

clinicalresponseisdescribed as either complete response (CR), partial
response (PR), stable disease (SD), progressive disease (PD) or mixed response
(PR/PD).Adetailed description of all clinical characteristics is provided in
Supplementary Table1and Methods. ¢, Schematic overview showing the
analysis of paired, patient-matched tumour sites: paired studies of spatially
distinct tumours at the time of first diagnosis (treatment-naive, n = 16); paired
studies of tumour sites pretreatment and during treatment (n = 5) or at clinical
relapse following completion of first-line platinum-based chemotherapy (n = 42);
paired analyses of spatially distinct tumour sites at relapse (n =14); and analyses
oftumoursacquired before and after subsequent lines of treatment with ICls
(n=7).The scheme shows tumour sites in the lung, referring to primary and
metastaticsites (larger and smaller red circles, respectively). LN, lymph node.

(Fig. 2i). Because these branching events were frequently detected in
comparisons from different sites, we next analysed repeated biopsies
from the same site over time (n =9) and found branching events and
the presence of ancestral clones at relapse in these as well (Extended
Data Fig. If). Furthermore, focusing the analysis on samples derived
from xenotransplant models similarly showed a significant increase
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Fig.2| Tumour phylogenies and clonal dynamicsin 65 patients withSCLC.
a, Schematic of clone phylogeny depicting the most recent common ancestral
clone, CO, descending C1,C2 and C3 and subsequent subclones numbered
accordingly. b, Phylogeny classes: class A, no subclones; linear phylogenies with
onesubclone (class B) or atleast two subclones (class C); phylogenies withone
branching event from Clsubclones (class D) or the common ancestral clone CO
(class E), or at least two branching events (class F). ¢, Number of samples and
distinct time points associated with phylogeny class for each patient (Fisher’s
exacttest, two-sided, **P< 0.01).d, Tumour phylogenies at distinct clinical
scenorios determined for each patient from paired analyses of WES data
(samples S1and S2; Fig.1cand Methods), sorted according to the number of
clones and subclonal mutations (top), showing site-specific CCF of identified
clones (intratumour heterogeneity, middle) and phylogeny class (bottom). Cases
pre-and post-platinum-based chemotherapy are sorted according to clinical
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response and exposure of tumour sites to radiation (Rx, green line). Double-
headed arrows represent comparisons of distinct samples from the primary
tumour and either intrapulmonary metastases (dark blue) or extrapulmonary
metastases (lightblue), or withinintermetastatic sites (red). Asterisks mark
samples from PDX models. e-g, Subclonal mutations, tumour clones and
phylogeny class (median with whiskers representing minimum and maximum
values) under distinct clinical scenarios. e, Branching evolution (classes D and E).
Fisher’sexact test, two-sided, *P < 0.05.f,g, Spatially distinct sites from treatment-
naive setting (f) and pre-/post-first-line platinum-based chemotherapy (g).
**P < 0.01; Mann-Whitney U-test, two-sided, not significant. h, Clonal dynamics
of patient S02706 for tumours acquired before (S1), after neo-adjuvant
chemotherapy (S2) and atrelapse (S3).1, Proportion of ancestral CO or C1clones
inrelapsing tumours.



in subclonal mutations following treatment (Extended Data Fig. 1g),
suggesting no bias with regard to sample type.

Our datathussuggest that neither is the observed level of evolution-
ary heterogeneity driven by different anatomic sites nor does first-line
chemotherapy primarily drive linear evolution of tumour clones to
the state of relapse. By contrast, our data support the view that one
highly proliferating clone dominates the tumour at the time of first
diagnosis, representing pseudo-clonality’® which is then suppressed
and eliminated by therapy. At clinically overt recurrence, a multitude
of subclones has emerged that are driven by the most recent common
ancestor, which markedly increases spatial and intratumour hetero-
geneity.

Mutation signatures of clonal diversity

To pinpoint the underlying processes that cause the observed
treatment-dependent increase in clonal diversity, we determined
signatures for mutations defining the common ancestor and sub-
clones”. Confirming previous studies in lung cancer'® %, age-like and
tobacco-associated processes dominated within the mutations of the
common ancestor, which correlated with the level of smoking in these
patients (Spearman correlation = 0.39, **P < 0.01; Fig. 3aand Extended
DataFig.2a,b). Furthermore, clonal mutational processes in some
patients were related to apolipoprotein B messenger RNA-editing
enzyme, catalytic polypeptide (APOBEC), defective DNA repair and
aflatoxin, the latter previously associated with lung cancer®. Muta-
tional processes assigned to subclones were less frequently associated
with tobacco exposure, and we observed apredominance of clock-like
signatures shaping subclonal mutations in both treatment-naive and
recurring tumours (Fig. 3a-c and Extended Data Fig. 2¢), implying that
branching from ancestral clonesinvolved acquisition of mutationsata
steady rate, which may have happened earlier throughout the patient’s
lifetime?. We furthermore identified, ina subset of patients, mutational
patterns associated with platinum-based chemotherapy (single-base
substitutions SBS31and SBS35), which were presumably acquired dur-
ing first-line chemotherapy®?* (Fig. 3a and Extended Data Fig. 2d).

We proposed that the extent of subclonal diversity and associated
mutational signatures at relapse relate directly to the type and effi-
cacy of previous treatment. Patients with clinical response to systemic
treatment with first-line platinum-based chemotherapy exhibited a
significant increase in subclonal mutations when analysing tumours
before treatment and at relapse (**P < 0.01); by contrast, the number of
subclonal mutations in specimens before and after chemotherapy from
patients with refractory SCLC did not differ significantly compared
with the level of subclonality determined for multiregional samples
intreatment-naive patients (Fig. 3b). These observations support the
notionthat treatment fails to suppress the original dominating clonein
chemorefractory patients whereas successful chemotherapy eliminates
the most abundant clone, whichis followed by the observed expansion
of amultitude of subclones.

The level of subclonal mutations differed substantially across
samples (Fig. 3b), and we could not identify specific mutational pro-
cesses that related to the efficacy of chemotherapy in these patients
(Extended Data Fig. 2e). By contrast, independent of the overall clinical
response, we found a significantincrease in subclonal mutations when
analysing those tumour sites at relapse that had also been exposed to
radiotherapy (Fig. 3b and Methods). lonizing radiation does not typi-
cally induce signatures marked by single-base substitutions, and we
could not identify other signs of radiation-induced DNA damage in
tumours at relapse® (Extended DataFig. 2f). To our surprise, however,
paired studies of pre- and post-therapy tumours frequently showed
platinum-associated genomic scarsin those sites previously exposed
toradiotherapy (Fig. 3c and Extended Data Fig. 2g-i). The mutational
patterns that underlie platinum damage have previously been identi-
fied both analytically and experimentally?**, and our own confidence

in the respective assignments is based on both the large number of
specimens (26%, n =12 of 46) and significant increase in platinum dam-
ageintumoursatrelapse (**P < 0.01; Fig. 3¢, Extended Data Fig.2d and
Supplementary Table 5). Although we have no formal explanation for
this observation, our data are compatible with the view that marked
tumour growth suppression by radiotherapy permits the outgrowth of
diverse subclones, including tumour clones that had acquired genomic
scars from previous lines of chemotherapy?.

Tumour evolution under immunotherapy

We reasoned that the burstin clonal diversity induced by chemotherapy
might impact the efficacy of any subsequent treatments such as ICI.
We therefore analysed the evolutionary dynamics in seven patients
whohadreceived, as second- or third-line treatment, the PD-1inhibitor
nivolumab, alone or in combination with the CTLA-4 inhibitor ipili-
mumab (clinical trial no. NCT03083691). We sampled tumour biop-
sies before and after treatment with ICI, and in five patients we also
performed comparisons with the treatment-naive tumour acquired
at the time of first diagnosis (Figs. 1b,c, 2d and 3d and Extended Data
Fig. 3a). Two patients experienced disease stabilization throughout
treatment withICland, inagreement with radiological disease assess-
ment, subclonal tumour cell populations before and throughout immu-
notherapy were conserved (Fig. 3d and Extended Data Fig. 3b,c). Two
patients who progressed underimmunotherapy exhibited alimited but
detectable change in subclonal mutations, and assignment of tumour
clones showed shifts to ancestral clones already existing before the
initiation of ICI (Fig. 3d,e and Extended Data Fig. 3b). Thus, tumour
progression underimmunotherapy led to the expansion of subclones
already extant at the time of relapse. This was similarly observedin one
patient who experienced an initial clinical response to ICI (S02775;
Extended Data Fig. 3d). By contrast, two patients who experienced
tumour shrinkage under ICIshowed anincrease in subclonal mutations
atthe time of relapse (502764 and S03325; Fig. 3d and Extended Data
Fig.3b).In comparison with corresponding treatment-naive tumours,
we found that these subclones originated from ancestral clones that
were dominant at the time of first diagnosisin these patients (Fig. 3f).
Thus, tumour clones that initially dominated tumour sites at the time
of first diagnosis—and that had effectively been suppressed by first-line
chemotherapy and not identified at the time of relapse—reappeared
and provided the seed for tumours causing relapse following subse-
quent lines of immunotherapy. Furthermore, similar to our obser-
vation inirradiated tumours, recurring tumour clones dominating
atrelapse following effective immunotherapy exhibited imprints of
platinum-based DNA damage (n = 4 of five patients with stable disease
and partial response; Fig. 3f,g, Extended Data Fig. 2c and Supplemen-
tary Table 5). The emerging subclone with signs of platinum-based DNA
damage was not detectable at the time of relapse from first-line chemo-
therapyintwo patients—before initiation of successful treatment with
ICI (Fig.3g). Of note, the tumour obtained beforeimmunotherapy from
patient S03325 contained a subclone with asignature of platinum-based
DNA damage, which was different from that detected at the time of
relapse postimmunotherapy. Furthermore, patient S02764 was refrac-
tory to chemotherapy, with alimited subclonal drift following first-line
chemotherapy (Fig. 3g and Supplementary Appendix). However, in
both patients, at relapse from initially effective second-line immuno-
therapy, ancestral clones emerged with acquired platinum-related
DNA damage, presumably acquired throughout ineffective first-line
treatment with chemotherapy.

Taken together, our data show that derivatives of earlier ancestral
clones persisted, despite the disappearance of the original dominating
clone following first-line therapy, and then reappeared under sub-
sequent lines of therapy thus causing clinical relapse. We could not
identify any specific mutational processes or genomic patterns that
resulted only from treatment with ICl and that might be indicative for
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assigned to clonal (ancestral clone CO) and subclonal mutations in treatment-
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multiregional samples from treatment-naive patients (grey, left) and for
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samples from patients receiving chemotherapy. Relative contributions assigned
to clonal (grey) and subclonal mutations of pre-therapy (blue) and post-therapy
tumours exposed to platinum-based chemotherapy (blue, n=21) and to
additional site-specific radiation (pink, n=25). Median and interquartile range
and whiskers (minimum and maximum values). Paired two-sided Wilcoxon test,
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effective ICItherapy. However, our dataemphasize that, regardless of
theefficacy of first-line treatment, ancestral clones appear to acquire
platinum-induced DNA damage throughout first-line chemotherapy.
Radiation, or other effective second- or third-line line therapies, can
permit the subsequent expansion of these clones, even in the evolu-
tionary short time interval of clinical care.

Clonality of central genome alterations

We next sought to identify those genomic alterations that segregate
with treatment-associated clonal diversity in SCLC. We confirmed a
key role of TP53 and RB1, which were altered as part of the common
ancestral cloneinall patients (Fig.4a, Extended Data Figs.4aand 5a-c
and Methods). In agreement with previous studies?®, tumours with a
combined histology at the time of first diagnosis (502500, S02814 and
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ICI, and the scheme for their clinical course is shown in Fig. 1b. Waterfall plot
showing tumour site-specific response to ICI (lower right). Numbers of private
subclonal mutations pre-and post-ICI, grouped according to clinical response
(lower right, median with maximum and minimum values). e,f, Clonal dynamics
atfirstdiagnosis (treatment-naive, grey box), at relapse following first-line
chemotherapy (post-chemotherapy, orange arrows and dashed box) and
following treatment with ICI (post-ICI, blue arrows and dashed box). Arrows
assigned tobranches of clone trees indicate the relative contribution of
mutational signaturesinancestral clone CO and subclones. Site-specific CCFs
of tumour clonesare plotted. Clinical response to the respective treatment is
indicated, distinguishing patients with progressive disease (e) and partial
response (f) under ICI. g, Relative contribution of mutational signatures in
patientsreceivingICl assigned to clonal and subclonal mutations of tumours
post-chemotherapy and post-ICI. NS, not significant.

$02917) also harboured TP53 and RB1 alterations as part of the common
ancestor (Supplementary Appendix) whereas oncogenic mutations,
such asin KRAS, were no longer apparent in relapsing tumours with
SCLC histology"¥ (Fig. 4b).

Our genome data confirmed a significant role of key genes previ-
ously identified in cohorts enriched for early-stage tumours®®. We
also applied different approaches to identify significantly mutated
genes with various levels of stringency and found that the core set of
mutated genes was shared between other models and ours (Methods,
Supplementary Tables 6-9 and Extended Data Figs. 4 and 6). Whereas
the functional relevance of CREBBP/EP300 and TP73was identified pre-
viously when analysing locally clustered hotspot and damaging muta-
tions>®, our present cohort enriched for metastatic SCLC showed higher
mutation frequencies of these genes (Q < 0.01; Methods and Extended
DataFig.4b). We also identified significant focal chromosomal losses



of TP73and recurrent mutations of position R273 and other conserved
residues in TP73, which are homologous to known hotspot mutations
of TP53 (ref. 28) (Extended Data Figs. 4c,d and 6a,b). Our data thus
further emphasize the functional relevance of TP73and CREBBP/EP300
inadvanced-stage SCLC.

We performed a combined analysis of this cohort and previously
published datasets*® (Methods), which showed significant mutations
in ephrin-type B receptor 1 (EPHBI) and neuronal cell-adhesion gene
CNTNAP2 (Supplementary Table 8 and Extended Data Figs. 4a,e and
6d,e). Although the majority of these significantly mutated genes were
frequently part of the common ancestor (Fig. 4a), some exhibited signs
of ongoing subclonal evolution including protein-damaging altera-
tions, hotspot mutations and focal losses affecting CREBBP/EP300,
TP73,KMT2D and NOTCH genes (Fig. 4c and Extended Data Fig. 5a-d).
Several of these alterations were enriched in the outgrowing tumour
atrelapse, thus further indicating arole in conferring acquired resist-
ance to chemotherapy. To our surprise, significant high-level focal
amplifications of all three MYC family genes (MYC, MYCL1 and MYCN)
were frequently identified as subclonal events private to one tumour
site sampled (56%, n =9 of 16 cases), occurring either before (n=3)
or after therapy (n = 6), whereas patient-matched spatially or tempo-
rally distinct tumours lacked the amplification event (Fig. 4c,d and
Extended Data Figs. 4c and 5e,f). Thus, despite their undoubted role
in SCLC?*2, MYC gene amplifications are often not part of the most
recent common ancestor.

SCLC genomes are frequently polyploid, which is typically associ-
ated with inferior clinical outcome in cancer®>*. In our cohort, 36% of
untreated tumours (n =15 of 42) exhibited with higher ploidy, which
had noimpacton clinical response to first-line therapy and clonal diver-
sity throughout treatment (Extended Data Fig. 5g). However, in these
42 pairs of tumours obtained before and after chemotherapy, tumours
in eight patients exhibited events of acquired genome duplication at
thetime of recurrence. The majority of these tumours harboured either
functionally relevant HAT domain mutations® or damagingalterations
in CREBBP/EP300, all of which were part of the common ancestor (n=6
of 8,*P < 0.05; Fig.4e and Extended DataFigs. 5g and 6¢). Thus, acquired
resistance in tumours bearing clonal CREBBP/EP300 alterations may be
driven by genome duplication, which could potentiate the oncogenic
functions of CREBBP/EP300 already present in the founder clone®*,

We could not identify significant mutations that occurred exclusively
insubclonal fractions across all patients, or those that may be related
to specificmutational processes. Thus, overall, our observations pro-
vide further support foracentral role of the founder clone, universally
defined by mutations of TP53and RB1, indriving relapse. Furthermore,
in several instances specific somatic alterations in genes implied in
the biology of SCLC are enriched—but not exclusively—in recurring
tumours and are therefore also likely to play a mechanistic role in the
processes of drug sensitivity.

Impact of mutations on drug sensitivity

We next sought to study how molecular features in SCLC determine
the response of patients to first-line platinum-based chemotherapy.
Recent studies have proposed a major role for the expression of lineage
transcription factorsin treatment response in SCLC®***%, In the present
study, too, cases with predominant expression of POU2F3 or NEUROD1
showed atrend towards inferior relapse-free survival; however, sample
size was small (n = 3) and correlations did not remain significant fol-
lowing correction for clinical parameters (Extended Data Fig. 7a-d
and Supplementary Table 10). Furthermore, although studies inmice
have suggested a plasticity in the expression of lineage transcription
factors due to tumour progression and chemotherapeutic interven-
tion*>*, spatially and temporally distinct tumours from patients with
SCLC in our cohort did not show changes in the expression of these
key transcription factors®** (Extended Data Fig. 7e). Finally, we could

not observe a correlation of MYC family gene amplification with the
expression of key transcription factors or subtype conversion in our
cohort (Extended Data Fig. 7f).

We therefore proposed that the overall genomic make-up of the com-
mon ancestral clone is the main driver of the sensitivity of patients to
first-line chemotherapy. TP53and RBI alterations were universally part
of the common ancestral clone, and we sought to further classify
alterationsinboth genes accordingto theirimpact on the functionality
ofthe encoded protein. We distinguished between missense mutations
creatingafull-length protein and other somatic alterations as probably
‘gene damaging’ due to either out-of-frame transcription, early termi-
nation or larger insertions or deletions impacting protein expression
(Fig.5a, Supplementary Table 11 and Methods). When assessing clinical
outcome as a function of the qualitative nature of all significant gene
alterations, we thus identified a higher risk of relapse in patients with
these ‘other gene-damaging’ alterations in TP53 (**P < 0.01; Fig. Sband
Extended Data Fig. 8a,b), which had similarly been observed in other
lung cancers®. Although patients frequently harboured point muta-
tions in the DNA-binding domain of TP53 affecting well-known hotspot
sites?®, gene-damaging alterations occurred in40% of patients and we
confirmed either truncated or absent protein products in tumours of
these patients (Fig. 5a and Extended Data Fig. 9a). By contrast, damag-
ingalterations constituted the vast majority of all RB1 lesions (95%; Sup-
plementary Table 11) and no difference inresponse could be identified.
Although frequently part of subclones, MYCgene amplifications were
also not found to correlate with chemotherapeutic response (Extended
DataFig. 8). TP53 gene-damaging alterations associated with marginal
ornoresponse tochemotherapy (*P < 0.05; Fig. 5¢) resulted ina median
time to disease recurrence of 63 days and almost all patients relapsed
within 6 months (n =22 of 23; Fig. 5d). This observation remained sig-
nificant in Cox regression models considering all genomic patterns
after adjusting for age, sex and tumour stage (hazard ratio 2.12and 95%
confidence interval 1.06-4.23; Extended Data Fig. 9b,c). On the basis
of these findings, we analysed an independent cohort of 63 patients
with SCLC who were treated with first-line platinum-based chemother-
apy, tovalidate the clinical relevance of destructive TP53mutations. In
this cohort, too, damaging alterations of TP53 segregated withashort
duration of relapse-freeinterval (Fig. 5b and Supplementary Table 12).

Because some key mutations were acquired throughout the course
of treatment, we next proposed that co-alterations of relevant genes
might also impact patient survival. We therefore performed regres-
sion models and found that co-alterations of CREBBP/EP300, TP73
or FMN2increased the relative risk of disease recurrence in patients
without TP53-damaging alterations, which remained significant when
adjusting for clinical parameters (HR 2.74, 95% confidence interval
1.01-7.44,*P < 0.05); asimilar trend was observed in the independent
patient cohort (Fig. 5e,f and Extended Data Fig. 9c-e). Furthermore,
co-alterations of CREBBP/EP300, TP73 or FMN2 suggested epistasis
(Extended DataFig. 9f). Of note, in addition to stage, our datashowed
longer relapse-free survivalinwomen not related to smoking behaviour
inthese patients, and may point to asex bias (Fig. 5e and Extended Data
Fig.9g). Takentogether, our genome analyses show that TP53-damaging
alterations associate with resistance to chemotherapy and that coex-
isting alterations of TP73, CREBBP/EP300 or FMN2 compromise the
clinical efficacy of chemotherapy in patients with SCLC—even in the
absence of gene-damaging TP53 alterations.

Discussion

Our findings provide amechanistic explanation for the clinical phenom-
enon of theinitial high sensitivity of SCLC to first-line platinum-based
chemotherapy followed by rapid relapse. We show that effective chemo-
therapy leads to elimination of arapidly growing, pseudo-clonal popu-
lation of cancer cells that dominates the tumour at diagnosis, followed
by expansion of alarge number of subclones derived from the common
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Fig.4|Clonal occurence of key gene alterations. a, Gene alterations referring
to significant mutations (*), hotspots (#) and damaging mutations (§), and copy
number alterations. NOTCH genes include all alterations affecting NOTCH
family members (Methods and Extended Data Fig. 4). Corrected Q <0.05.

b, Tumour phylogeny of patient S02814 with mixed SCLC/LCNEC histology
harbouring KRAS p.G13D at first diagnosis, and SCLC histology and acquired
EP300p.Q160E at relapse. Additional mutations annotated as ms (missense),
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acrossdistinct tumour samplesina patient (S1,S2,S3) acquired either at first
diagnosis (treatment-naive), post-treatment or at relapse. Mutations are shown
aseither clonal (part of the common most recent ancestor, grey), subclonal

ancestor. We identify the primary tumour as a site with ongoing evo-
lutionary adaption: following treatment-induced evolutionary pres-
sure, ancestral clones already present in the primary tumour emerge
fromthe common ancestor and give rise to subclones shaping clinical
relapse. Our study thus establishes a critical role for the genomic con-
text of the common ancestor in drug resistance, and we uncover its
genomic portrait thatislargely confined to biallelic losses of TP53and
RBI1. Gene-damaging alterations in TP53 associate with a particularly
chemotherapy-resistant state in patients with SCLC, which isin line
with studies establishing a role of functionally distinct TP53 altera-
tionsimpacting the response to chemotherapy and clinical outcomein
cancer*3® However, patients with TP53 missense mutations can suffer
asimilarly poor response if co-occurring alterations of TP73, CREBBP/
EP300 or FMN2 complement the dysfunction of TP53. Of note, the high
frequency of mutations in these genes in the advanced-stage popula-
tion of this study corroborates our previous reports of an important
role of TP73, CREBBP/EP300 or FMN2in SCLC>®. Furthermore, adding to
our previous discovery of somatic rearrangements of TP73 (ref. 5), we
now reportrecurrent 7P73hotspot mutations at highly conserved resi-
dues. Althoughitis known that genome ploidy contributes to tumour
malignancy and inferior survival®***, we found that clonal mutations
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withlower CCFs (yellow) or higher CCFsidentified in distinct samples (blue).
Foramplifications, changesinintegral copy number (iCN) are plotted for distinct
patient-matched samples, indicating either no amplification (white) or focal
amplifications (red) exceedingiCN > 5 (red dashed line). d, Scheme for patients
with subclonal occurrence of focal MYCL amplifications annotated for sampled
tumour sites (dark grey wedges). e, Genome ploidy observed in paired tumours
from patients at first diagnosis (treatment-naive) and following chemotherapy
(post-chemo., n =42). Tumours with acquired genome doubling are highlighted
(pink, right), and cases with CREBBP/EP300 alterations areindicated (blue).
Fisher’s exact test, two-sided, *P < 0.05.

of CREBBP/EP300 associated with acquired genome duplication cause
relapse and thereby provide a clear genetic mechanism of drug resist-
ance®. Finally we demonstrate that although MYC family genes play
animportantrole in SCLC biology, amplification events were often
not part of the founder clone, and, furthermore, no associations with
selection pressure and drug resistance were identified. Thus, our data
provide a core set of recurrently altered genes that have a particular
impact on drug sensitivity and resistance in SCLC.

Recentstudies have established animpact of the expression of line-
age transcription factors on drug response®®*2%, In this study we could
notidentify notable transcriptional subtype conversion or correlation
of major subtypes with treatment response, but found a strong rela-
tionship of certain genome alterations with clinical outcome. Future
studies focused on combining genome evolutionary processes with
single-cell transcriptome data are therefore warranted to elucidate
the interplay of genomic and transcriptional heterogeneity in SCLC.

New drugs aretypically tested in the second or third line of treatment,
almost always with limited efficacy. We speculate that this phenom-
enon may be due, at least partially, to the massive increase in clonal
heterogeneity following first-line chemotherapy described herein.
Subclonal diversity following treatment was largely attributable to



a b c TP53
Point mutations, DNA-binding domain Study cohort (n = 55 of 65)
100 P53 missense Point mutations (n = 32) Other gene-damaging (n = 22)
. ¥ ']
/ ¢ < —1— Other TP53 mCR " SD
- R249 S r
7;‘ =\ M % 80 gene-damaging Clinical ‘ . = PR - "\:"ged
/ % N SN} A . $ 60 refporlse
/ 7 N\ 41 N 7 3 40
- S { XM T - - & T 20 damaging - 4| P<0.05
‘ O/ v z (o 24
R175 G245 oy S
153 \ ("\ ® R175 200 400 600 800
s CTFI (days) d
Other gene-damaging alterations N Independent cohort (n = 64) E’ . ._@E. E f
+ Nonsense . 2 =
A126 A218 _ 100 —L— p53 missense g - { [ ) o
L WF 182 o, 224 e Frameshift & 80 —— Other TP53 ; l
: 9 iene-damagin
W Py 1y iALg Insertions 2 60 g 9ing S |- :P——( + Co-alterations in
@ o 3 CREBBP/EP300/
N P =0.009 © |- ° ® ¢o0 -
{7 Deletions g 40 2 ] po—s TP73/FMN2
1 2 3 4 5 6 7 8 9 10 11 © 20 1
A0 - Splice: intron o« Qd » & (90 S
-bindi i retention S
DNA-binding domain 200 400 600 800 (309 \@@Q ) =
CTFI (days) Qg}* Q?? Platinum-sensitive
e HR (95% CI) P value f
Age 65 (n =31 Reference
9 Sl ) 100 —1_ p53 point mutations
>65 (n = 22) 0.84 (0.47-1.51) i P =0.563 . .
1 p53 point mutations +
Sex Male (n = 39) Reference _ 801 CREBBP/EP300/
X TP73/FMN2
Female (n = 14 0.41 (0.20-0.85) —a— *P=0.016 o
( ) ( ) 8 60 -+ Other TP53
Tumour stage I+ 11l (n =10) Reference 3 gene-damaging
IV (n = 43) 2.82 (1.03-7.68) e *P =0.043 § 40
TP53 + co-alterations p53 point mutations Reference 2 " P <0.001
p53 point mutations + CREBBP/EP300/TP73/FMN2 2.74 (1.01-7.44) —a—— *P =0.049
Other TP53 gene-damaging 4.34 (1.561-12.52) ——8— *P=0.007 T T T )
R e — 200 400 600 800
0.1 10 *P=0.023 CTFI (days)
HR for CTFI

Fig.5| TP53 and significant co-alterationsimpacting chemotherapeutic
response.a, Somaticalterations in TP53. Point mutations mappedtothe
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residues annotated), other point mutations (blue) and interaction with DNA
(teal) areshown. Damaging gene alterations creating deletions, insertions
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b, Kaplan-Meier curve of patients grouped for p53 point mutations (blue)

and other gene-damaging TP53 alterations (red). Relapse-free survival refers
to CTFland s plotted for patientsin this cohort who received only first-line
systemic platinum-based chemotherapy (top, n = 55 of 65 patients; grey points,
n=2censoredsubjects); and foranindependent cohort (bottom, n= 64
patients). Log-rank test, **P < 0.01.c,d, Clinical response (defined as complete
response/partial response) to first-line systemic chemotherapy for n =54 of
65 patients grouped for p53 point mutations and other gene-damaging TP53

clock-like mutational processes, thusindicating that subclones at clini-
calrelapse had existed before therapy. Independent of the sensitivity
to first-line platinum-based chemotherapy, we found that ancestral
clones acquire platinum-induced DNA damage throughout first-line
therapy and emerge at relapse, which is more pronounced after effec-
tive radiation. We similarly observed platinum-based genomic damage
in patients relapsing following effective ICI. Although we could not
determine genomic or molecular patterns associated with response
to IClin these patients, our data demonstrate that genomic damage
from first-line chemotherapy can complicate the efficacy and duration
of response to other treatmentsinitiated in subsequent lines. Despite
the overall short time window of clinical care, effective treatment—
including radiation or successfulimmunotherapy—canaccelerate the
emergence of ancestral clones with platinum-induced genomic scars
that subsequently cause relapse. Although we could not identify spe-
cific gene mutations associated with these mutational processes, our
datawarrant studies focused onthe consequences of platinum-induced
changes on genome integrity and maintenance.

Overall, our findings related to the most recent common ancestor
also have clinical implications. First, it may be an attractive concept
for the discovery of new therapies to focus on alterations specifically

alterations. Fisher’s exact test, two-sided, *P=0.022. Patients with information
available forrelapse-free survival (n = 53) were grouped for TP53 gene-damaging
(n=22) or p53 point mutations (n =31) (c) and further stratified for co-alterations
in CREBBP/EP300, TP73 or FMN2 (n=20) or none (n=11) (d). CTFIrange was 45,
90and 180 days (red, yellow and light blue background, respectively). Boxplot,
medianandinterquartile range, minimum and maximum values. e,f, Relapse-
freesurvivalin patients of this cohort receiving only first-line systemic platinum-
based chemotherapy (n=550f65,n=2patients censored). e, Patients are
grouped accordingto clonal other gene-damaging alterationsin 7P53and p53
point mutations that were further stratified for significant co-alterations of
CREBBP/EP300, TP73and FMN2. Cox regression model adjusting for age, sex
and tumour stage. HR showing the median and 95% confidence interval (CI).
f,Kaplan-Meier curve (n =55 of 65 patients; grey points, censored subjects,
n=2);log-rank Mantel-Cox test, ***P=0.0003.

present in the common ancestor. These may also serve as markers to
monitor response and resistance to treatment. Second, we consider
effective first-line treatment to be critical also for subsequent lines of
therapy, because of the sheer increase in clonal diversity that drives
drug resistance. Third, drugs in development may still be efficacious
when tested early in the first-line setting, without being affected by a
clonally diverserelapse that complicates subsequent lines of treatment.

In summary, we uncover genomic alterations underlying poor
response and rapid relapse, which put the most recent common ances-
tral clone atthe centre of cancer genome evolution. Our study therefore
emphasizes the need for future therapeutic strategies to be tailored
to target the detrimental cellular component of the founder clone to
improve the outcome of patients with SCLC.
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Methods

Human lung tumour specimens

This study was approved by the institutional review board of the
University of Cologne. We analysed 160 tumours and patient-matched
blood samples from 65 patients with SCLC (Fig.1a). The samples were
collected from multiple collaborating hospitals and clinical facilities
under institutional review board-approved protocols, and all patients
provided written informed consent. For some patients the material
was collected as part of an ongoing clinical trial (BIOLUMA, study no.
NCTO03083691), and those patients received as second- or third-line
treatment anti-PD-1 either alone or in combination with anti-CTLA-4
immune checkpointinhibitors. The course of treatment for all patients
andinformation on all samples are detailed below and summarizedin
Extended Data Table 1and Supplementary Tables1and 2.

All tumour samples were pathologically reviewed by at least two
independent expert pathologists who inspected the histomorphology
based on haematoxylin and eosinand immunohistochemical staining.
Alltumours were confirmed with SCLC histology; tumours from three
patients were diagnosed with additional morphological components
of LCNEC or adenocarcinoma (Extended Data Table 1and Supplemen-
tary Table 1). All patient-matched, multiregional tumour and normal
blood samples were confirmed as belonging to the same patient by
shorttandemrepeat (STR) analysis conducted at the Institute of Legal
Medicine at the University of Cologne, Germany, and further confirmed
by genome sequencing data.

Inthe majority of cases we analysed at least two tumour samples per
patient, which were acquired at either single or multiple timepoints
throughout the clinical course of treatment (Supplementary Table 2).
More than two tumour samples were acquired for 37% of patients (n =24
of 65). For five patients we analysed tumour samples at three distinct
time points (n =5 of 65, 8%; Extended Data Table 1and Supplementary
Table 2). Samples were acquired as biopsies and lung resections, and
we additionally engrafted tumour tissue from fine-needle biopsies
(n=2, one pleural and one lymph node metastasis) and CTCs (n =29
0f 160, 18%) onto immune-compromised mice (NSG mice) to estab-
lish PDX (in total n =31 0f 160, 19%; Fig. 1a); this approach allowed for
enrichment of limited tumour material for in-depth genomic studies.
Samples analysed as PDX are listed in Supplementary Tables 2 and 3
and are highlighted in Fig. 2d. As previously described™?, sampling
a patient’s blood for CTCs provides a minimally invasive approach
towards analysis of tumour cells under therapy, and xenotransplant
models have been shown to recapitulate the genomic profiles of the
patient’s tumour. Xenotransplant models were established follow-
ing an approach previously described'; tumour cells were engrafted
subcutaneously into the flanks of 7-14-week-old NSG mice (male and
female, NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ; Jackson Laboratories), and
tumours were harvested at a maximum volume of 1.5 mm?>. Tumour
histology was confirmed by pathological review, and STR profiling
with patient-matched normal and tumour samples confirmed the
identity of the engrafted patient-derived material. All animals were
housed in a specific-pathogen-free facility under ambient tempera-
ture and humidity while maintaining a12/12 hlight/dark cycle. Animal
experiments were approved by, and conducted inaccordance with, the
regulations of the local animal welfare authorities (State Agency for
Nature, Environment and Consumer Protection of the State of North
Rhine-Westphalia, nos. AZ: 84-02.04.2012.A281, 84-02.04.2015.A172
and 84-02.04.2018.A002).

Samples were categorized by location: we referred to the primary
lung tumour and grouped metastatic sites as intrapulmonary metas-
tases, including pulmonary and lung and mediastinal lymph node
metastases; tumour sites grouped as extrapulmonary metastases
include intrathoracic distant metastases of the pleura and extratho-
racic distant metastases affecting abdominal sites, the brain or other
less common metastatic sites (breast, skin, sternum), as well as CTCs

propagated as CTC-derived xenotransplant models, which represent
cellsthat spread to the bloodstream with the potential to seed distant
metastases. In patients with highly metastatic disease we furthermore
assessed whether, based onradiologicalimages, tumour sites sampled
throughout therapy were pre-existing at the time of first diagnosis or
before treatment, and whether these sites were exposed to any given
therapy (chemotherapy, radiation orimmune checkpoint blockade).
Furthermore, we assessed whether any samples were taken from a
newly formed metastatic site which, according to radiological imag-
ing, was not pre-existing at the time of first diagnosis or before any
other treatment exposure. For CTC-derived models, because we had
no information regarding whether the tumour site may have shed cells
to the bloodstream, we classified any CTC-derived sample as tumour
cellsthat may have been exposed to any given treatment. A schematic
overview of the acquired samples and affected organsitesis depicted
for each patient in the Supplementary Appendix.

Clinical characteristics

The clinical characteristics of the patients in our cohort are in line
with those typically found in SCLC (Fig. 1b, Extended Data Table1and
Supplementary Table 1). Median age at the time of first diagnosis was
64 years, and patients were predominantly male (n =43 of 65, 66%)
with ahistory of heavy smoking and amedian number of 40 pack years
(smoking history was known for 89% of patients, n = 58 of 65; the num-
ber of pack years was determined for 85% of patients, n = 55 of 65). For
clinical correlations the following categories were defined: age groups
of 65 years or more and under 65. Smoking status was classified as
‘current smoker’, ‘former smoker’ or ‘never smoker’.

The majority of the patients presented with a highly metastatic
tumour classified as stagesIlland IV (n = 57 of 65, 88%; additional infor-
mation on tumour, node and metastasis staging is provided in Sup-
plementary Table 1). Seven patients were diagnosed with limited-stage
disease or with tumour stagel, Il or llIA, and were therefore amenable
tosurgical lung resection.

Although one patient declined further therapy, all other patientsin
our cohortreceived systemic treatment with platinum-based chemo-
therapy. The majority of patients were treated with a combination of
cisplatin/carboplatinand etoposide (n = 610f 65; 94%); withregard to
recent changes in the treatment of SCLC?, additional PD-L1 inhibition
was administered to five of these patients. Due to the initial diagno-
sis with histological components of non-SCLC (adenocarcinoma or
LCNEC), two patients were treated with cisplatin/carboplatin com-
bined with vinorelbine (patients S02814 and S02917). Furthermore,
one patientreceived only monotherapy with carboplatin. Throughout
the course of treatment 72% of patients (n =47 of 65) received addi-
tional radiation, mainly of the chest/lung/mediastinum (n =35 or 47)
or brain (n =38 of 47); four patients underwent stereotactic surgery
of brain metastases.

The clinical response to treatment was assessed by radiologi-
cal imaging and classified as either complete response (CR), par-
tial response (PR), stable disease (SD), progressive disease (PD) or
mixed response (PR/PD). The clinical response to systemic first-line
platinum-based chemotherapy was analysed for n = 55 patients; these
patients receiving treatment with only systemic chemotherapy and
were therefore considered for subsequent correlations of genomic and
molecular phenotypes with clinical response. Genomic and molecular
correlations with clinical response to chemotherapy were not con-
sidered for n =10 patients in our cohort, because these patients were
either lost to follow-up (n =2), declined further treatment (n =1) or
received a lung resection resulting in differences in the dynamics of
disease progression (n=7).

Of the 55 patients who received only first-line systemic platinum-
based chemotherapy, 60% (n = 33 of 55) responded to treatment
with PR (n=32) or CR (n=1), 9% had stable disease (n =5 of 55), 11%
showed mixed response (n = 6 of 55) and 20% (n = 11 of 55) experienced
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aprogressive disease, of which three succumbed to the disease during
first-line treatment. Following treatment, two patients experienced
fatal sepsis (patient S02608 while receiving treatment and experienc-
ing disease progression; and patient S02658 following completion
of chemotherapy; Supplementary Table 1); both patients were con-
sequently censored when performing correlations with relapse-free
survival, and the therapy response of patient S02608 was not evalu-
ated. Median progression-free survival was 6.3 months. In addition
we determined CTFI as an independent measure of sensitivity and
duration of response to first-line platinum-based chemotherapy;
median CTFI was 88 days. Fifty-three per cent of patients (n =28 of
53) either did not respond, relapsed or succumbed to the tumour dis-
ease within 90 days following completion of first-line chemotherapy
(following the guidelines of NCCN)™, and these patients were thus
clinically classified as either chemorefractory or -resistant). Of the
remaining patients who, based on NCCN guidelines, were considered
as ‘platinum-sensitive’, 30% (n = 16 of 53) relapsed within 6 months fol-
lowing completion of chemotherapy and17% were relapse-free for more
than 6 months (n=9 of 53). At relapse, 83% of patients (n = 44 of 53)
received second-line systemic therapies thatincluded treatment with
anti-PD-1and/or anti-CTLA-4 immune checkpoint inhibitors (n=27)
or other chemotherapeutics, including topotecan (n = 8), rechallenge
with carboplatin and etoposide (n =2) or combinations of adriamycin,
cyclophosphamide and vincristine (n=7) (Fig.1and Supplementary
Table1). Following tumour progression, ten patients were amenable
toadditionallines of therapy includingimmune checkpoint inhibitors
(n=6) or chemotherapeutics (n =4).

The analysis of multiregional and longitudinal tumour sites from
65 patients with SCLC focused on distinct clinical scenarios. For
interpatient comparisons we focused on studies of tumour pairs
(‘Analysis of clonal architecture from multiregional and longitudinal
tumour samples’; Fig. 1c). We focused on distinct clinical scenarios:
(1) analysis of tumour samples from spatially distinct sites obtained
from treatment-naive patients at the time of first diagnosis (n=16);
(2) analysis of temporally distinct tumour sites referring to samples
acquired before treatment and during therapy, including those from
patients undergoing neo-adjuvant treatment (n = 5); and (3) samples
acquired before treatment and at relapse following completion of
first-line platinum-based chemotherapy (that is, either following an
initial response or disease progression despite treatment, n =42). The
analysis further focused on (4) spatially, but not temporally, separate
tumours analysed solely at the time of relapse (n =14), and (5) tumour
sitesacquired at the time of relapse from platinum-based therapy and
following subsequent lines of treatment with immune checkpoint
inhibitors (pre- and post-treatment withICl, n = 7). We thus performed
intotal n = 84 paired analyses of tumour sites in 65 patients with SCLC
(Supplementary Table 4).

In addition we performed clinical correlations in an independent
cohortof patients with SCLC, who all received first-line systemic treat-
mentwith platinum-based chemotherapy; we performed whole-exome
sequencing of the tumour samples and identified key genome altera-
tions (n = 64 patients; Supplementary Table 12). This cohort was ana-
lysed to validate findings described in Fig. 5b; at least 56 samples are
required tovalidate the findings at asignificance level of 5% and a power
of 80%; thus, we validated our findings at apower of greater than 80%.

DNA and RNA extraction

Nucleicacids were extracted from fresh-frozen blood or tissue or from
formalin-fixed, paraffin-embedded (FFPE) tissue specimens (Sup-
plementary Table 3). Tumour tissues were analysed by haematoxy-
lin and eosin staining and nucleic acids were extracted from regions
with a tumour content of at least 70%. All tumour samples derived
from murine xenotransplant models showed a tumour content of at
least 95% with no discernible innervation of murine cells, which was
similarly observed in previous studies'>?, Fresh-frozen samples were

processed by preparation of tissue sections, each of 20 pm thickness,
on acryostat (Leica) while maintaining a temperature of —20 °C. In
the case of FFPE samples, sections of 20 pm thickness were prepared
onslides on amicrotome. DNA was extracted from both fresh-frozen
tissues and EDTA blood with the Gentra Puregene DNA extraction kit
(Qiagen) according to the protocol of the manufacturer.

To allow for high-quality sequencing data of FFPE material we
applied ultrasonic acoustic energy, using the adaptive focused
acoustics technology from Covaris and following the protocol of the
manufacturer. DNA isolation was then performed with a bead-based
approach (AMPure XP Beads, Beckman) and any fractions con-
taining paraffin material were excluded from subsequent DNA
isolation steps.

For samples with limited tumour material we further adjusted pro-
tocols, which included repeated rounds of protein and nucleic acid
precipitation, to increase the DNA yield for subsequent sequencing
studies. All DNA isolates were hydrated in TE buffer and molecular
weight was assessed using the Agilent TapeStation system (Genomic
DNA ScreenTape no. 5067-5365, Agilent Technologies). DNA isolates
from fresh-frozen samples were confirmed as being of high molecular
weight (above 10 kb), and samples with evident signs of degradation
were excluded from further sequencing studies.

For RNA extraction, tissue sections were first lysed and homogenized
with the Tissue Lyzer (Qiagen). Subsequent RNA extraction was per-
formed with the Qiagen RNAeasy MiniKitaccordingto theinstructions
of the manufacturer. Alternatively we used the RNAeasy Micro Kit to
extract RNA from small tissue biopsies. RNA quality was assessed with
RNAScreen Tape (no.5067-5576, Agilent Technologies) at the TapeSta-
tion. Samples withRNA integrity number above 7 were further analysed
by RNA sequencing (RNA-seq).

Next-generation sequencing

Allsequencingreactions were performed on either the lllumina HiSeq
or NovaSeq sequencing platform. Details on genome sequencing data
and quality metrics are provided in Supplementary Table 3. Sequencing
dataaredepositedinthe European Genome-Phenome Archive (acces-
sion no. EGAS50000000169).

Whole-exome sequencing. We performed whole-exome sequenc-
ing for all patient samples with the SureSelect Human All Exon V6 Kit
(Agilent) following the protocol of the manufacturer. Exon-enriched
libraries were subjected to paired-end sequencing oneither the lllumina
NovaSeq or llluminaHiSeq platform. For the former, libraries were pre-
pared toreachameaninsertsize of 200 base pairs (bp) for sequencing
with aread length of2x 100 bp. For the latter, DNA was prepared with
ameaninsert size of 160 bp for 2x 75 bp paired-end sequencing. Both
tumour and normal DNA material were sequenced aiming for a cover-
age of atleast 150 which, following filtering of PCR-duplicated reads
and alignment to the annotated human genome (hg19), resultedinan
average coverage of 127x. Tumour samples showed a median purity of
88% (interquartile range 78-96%), thus minimizing problems in the
assessment of tumour-specific mutations. This allowed for sufficient
sequencing depth for reliable analysis for allelic fractions and clonal-
ity, as described below. Median genome ploidy was determined at 2.5
(interquartile range 1.9-3.2; Supplementary Table 3).

WGS. Whole-genome sequencing (WGS) was performed for samples
with sufficient DNA material and quality, additionally providing infor-
mation on genomic rearrangements not identified by WES. Short-insert
DNA libraries from fresh-frozen samples were prepared with the TruSeq
DNA Nano PCRfree sample preparation kit (Illumina), and FFPE samples
were prepared with the Aceel-NGS 2S Plus DNA library Kit. Paired-end
sequencingataminimum readlength of 2x 150 bp was performed, and
human DNA libraries were sequenced to an average coverage of 31x for
both tumour and matched normal tissue (Supplementary Table 3).
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RNA-seq. Whole-transcriptome sequencing was performed to deter-
mine expression profiles for SCLC tumours in this cohort. RNA-seq
was performed with RNA extracted from fresh-frozen human tumour
tissue samples. Complementary DNA libraries were prepared from
poly-A-selected RNA, applying the Illumina TruSeq protocol for mes-
senger RNA. Libraries were then sequenced witha2x 100 bp paired-end
protocol, generating 50 Mio reads and thus accounting for a mini-
mum mean coverage of 30x of the annotated transcriptome. Samples
analysed by transcriptome sequencing are shown in Supplementary
Table 2.

Dideoxynucleotide sequencing for validation of somatic altera-
tions. If available, transcriptome or additional genome sequencing
datawere used to validate somatic mutations determined by genome
sequencing. In cases without additional sequencing data, dideoxy-
nucleotide chain termination sequencing (Sanger sequencing) was
performed to validate key mutations, genomic rearrangements
and chimeric fusion transcripts. Specifically, shared clonal muta-
tions of key mutated genome alterations were confirmed by Sanger
sequencing as being present in all tumour samples from a patient.
For genomic rearrangements determined by WGS in a subset of sam-
ples per patient (Supplementary Tables 2 and 3), PCR reactions were
performed and the genomic breakpoint was probed and analysed in
that subset of samples. Complex genome alterations affecting 7P53,
RBI and TP73 were thus confirmed in all samples of the respective
patient (annotation provided in Extended Data Fig. 4). Clonal assess-
ment of genomic rearrangement affecting key genes was determined
with SVclone*® (see below). For subclonal and private mutations of
key gene alterations, Sanger sequencing was performed to confirm
both the mutation call and absence of these alterations in matching
tumour samples. Primer pairs were designed to amplify the target
region encompassing the somatic alteration. PCR reactions were
performed with either genomic DNA, whole-genome-amplified DNA
or cDNA. Amplified products were subjected to Sanger sequencing
and the respective electropherogram was analysed with Geneious
v.8 (Wwww.geneious.com).

Data processing of transcriptome sequencing data

As previously described®>¥, transcriptome sequencing data were
processed with TRUP (tumour-specimen suited RNA-seq unified
pipeline). Paired-end reads were mapped to the human reference
genome (GRCh37/hg19). Samples obtained from patient-derived
xenotransplant models were mapped to acombined humanand murine
reference genome (GRCh37/hgl9 and GRCm38/mm10). Expression
levels were determined for uniquely mapped paired-end reads using
Cufflinks referring to the human reference genome, and expression
levels were quantified as fragments per kilobase exon per million
mapped reads (Supplementary Table 10).

Data processing of genome sequencing data

Raw sequencing reads were processed as previously described>*%,
Reads were aligned to the human reference genome (GRCh37/hg19).
Our cohort additionally included patient tumours expanded in
immune-compromised mice (n =32 samples; Fig. 1a and Supplemen-
tary Table 2). In these cases, sequencing reads of all samples from a
given patient (including the normal reference sample and tumour
samples obtained directly from the patient and derived from murine
xenotransplant models) were aligned to a combined human and
murine reference genome (GRCh37/hgl19 and GRCm38/mm10), to
exclude sequencing reads from murine cells and to allow for uni-
form processing of all samples from a given patient. Concordant
read-pairs were identified as potential PCR duplicates and were sub-
sequently masked in the alignment file and annotated as the number
of masked reads. The quality of the sequencing datais summarized in
Supplementary Table 3.

Humansequencing reads (mapped to the human reference genome)
were analysed for tumour purity, tumour ploidy, somatic mutations
and copy number alterations®. In addition, WGS data were analysed
for genomic rearrangements with the previously described analy-
sis pipeline>®>*2, Mutation calling was performed as previously
described***. In brief, variant counts were assessed for tumour and
matching normal samples, corrected for sequencing noise and com-
pared with a database of 300 whole-exome and genome sequenced
normal samples to filter and determine somatic mutation calls. Vari-
antsatlow allelic fractions are often prone to result from sequencing
artefacts, which occur as a consequence of sequencing noise arising
from high-coverage WES due to either fragmented DNA as part of FFPE
material or low-level contamination with murine reads in tumours
derived from murine xenograft models. We therefore implemented
strict filtering criteria for mutations occurring at allelic fractions
of less than 0.2. Mutations were then filtered out if (1) the forward-
reverse score was below 0.2 (forward-reverse score is1.0 if 50% of vari-
antreadsare found onthe forward or reverseread, and O if all variant
reads are on one orientation); and (2) the allelic fraction of the variant
vin consideration of minimal coverage C of the normal or matching
tumour sample at position i (C/mintmeurnormaby diq not exceed the read
count (rc) threshold with a default value of 10. This was calculated as
C;minttumour/normal) » ;, < rc, We thus introduced a decisionboundary that
filters out mutations at relatively low allelic fractions and low sequenc-
ing coverage; mutations with low allelic fractions but high coverage
were retained for further analyses. In addition we adjusted the strin-
gency of this cut-off for individual samples. Although this stringent
cut-off limits the identification of subclonal mutations, we have thus
controlled for potential sequencing noise and false-positive mutation
calls. As described below, multiregional studies may suggest muta-
tions at very low allele fractions in one tumour that might be more
abundant at another tumour site. In this instance, truly subclonal
mutations at low allelic fractions that were filtered out in one sample
atthis step of the analysis were reintroduced as somatic mutation calls
if the same mutation passed all stringent filtering criteria in another
matched tumour sample.

Analysis of clonal architecture from multiregional and
longitudinal tumour samples

We have developed a computational approach to identify individual
clones fromtumour sequencing data by applying amodel that assigns
anexpected allelic fraction to each mutation under the assumption of
clonality (that s, all tumour cells carry this mutation). The expected
allelic fractionis corrected for tumour purity, average tumour ploidy
and copy number state at the respective genomic coordinates of the
said mutation. Relating the observed to the expected allelic fraction
results in an estimated CCF that is a specific metric pertinent to each
mutation™***>, Subsequent clustering of CCFs enabled identification
of cell clones represented by subsets of individual mutations. The
CCFsand associated clones present ina given tumour thus define the
overall clonal composition at the time point of sampling. Through
a one-dimensional approach to CCF clustering, we determined for
each single tumour its clonal composition (one-dimensional muta-
tion clustering®), a method benchmarked in pan-cancer studies for
tumour heterogeneity***.

To study tumour evolution from multiregional or longitudi-
nal tumour samples from a given patient, we further developed a
two-dimensional approach to analysing pairs of samples from the
same patient (two-dimensional clustering) and thus to the reconstruc-
tion of clonal dynamics™*® (manuscript in preparation). Information
on tumour phylogenies, subclonal mutations, subclones and clonal
composition of sites issummarized in Fig. 2 and detailed information
is provided in Supplementary Table 4. In addition, tumour phylog-
enies determined for each patient are provided in the Supplementary
Appendix.
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The sequencing data of tumour samples in our cohort showed an
average purity of 85% (Supplementary Table 3). Thus WES at an average
coverage of 127x provided the required sequencing depth to determine
subclones in our data. The analysis of tumour subclones focused on
mutation calls as determined by exome sequencingin each sample to
track individual tumour clones.

The computational method for tumour phylogeny reconstruc-
tion starts by executing an extensive set of comparisons and qual-
ity controls of copy number states, and a set of mutations and their
respective CCFs for each sample. Rather than working with mutation
calls and copy number states assessed individually for each tumour
sample, we first performed comparisons and adjustments across all
samples of a given patient. This included generating a unified copy
number segmentation for all samples, whichis critical for assigning
within each chromosomal segment allele-specific mutation calls, and
subsequently to compute CCFs for each mutation. We furthermore
created for each patient a unified list of all somatic single-nucleotide
mutations (SNMs) determined from each sample, and in all samples
we reprobed the presence of somatic mutations of the unified list
with relaxed filter criteria for calling somatic mutations at low allelic
fractions from sequencing data. This approach allowed us to confirm
whether high-confidence mutation calls from one sample were either
private events or also present in other patient-matched samples but
occurring atlower allelic fractions. Following the refined assessment
of copy number states and somatic mutation calls, we determined
for each mutation both the observed and expected allele frequency
under the assumption of clonality (that is, a cancer cell fraction of 1),
sothat the CCF of the mutation can be calculated as the ratio between
observed and expected allele frequency”. We applied additional filter
criteriato mark somatic mutations calls occurring near telomers (that
is, located in the tails determined by 1.5% of chromosome length) or
centromeric regions on the chromosome, where copy number estima-
tions are frequently error prone and therefore lead to a potentially
incorrect calculation of CCF.

Somaticinsertions and deletions (indel calls) can lead to additional
false-positive calls of SNMs as a consequence of improper mapping
of reads with inserted or deleted bases. To reduce the number of
false-positive SNM calls resulting fromindels, we filtered out all SNMs
inclose proximity (less than 10 bp away) to any mutation call for inser-
tions and deletions.

We applied filtering criteria for mutation calls present on chro-
mosomal areas and which, in multiregional analyses, were found to
undergo loss of heterozygosity (LOH) in at least one, but not all, of
thesamples of agiven patient®*, Samples with LOH may not harbour
certain mutational calls due to the LOH event, whereas patient-matched
samples without LOH may show those mutations. Consequently
observed private, or almost private (CCF < 0.2), mutations in one
sample lacking LOH events (whereas other patient-matched samples
show the LOH event) may indicate ashared clone that undergoes copy
number losses, and argue against the subclonal private acquisition
of these mutations in this chromosomal area. A clear phylogenetic
reconstructioninthese casesisnot straightforward: dueto theinher-
entuncertainty if the mutations were not present in the other sample
(thatis, truly private) or lost via the LOH event, these mutations were
excluded from phylogenetic tumour clone reconstructions. Follow-
ing the same criteria, mutations in areas with subclonal copy number
eventsinwhich one of the copy number clones was hit by an LOH event
were also filtered out to avoid further uncertainty in the reconstruc-
tion of tumour phylogenies. As previously described®, our method
also considered subclonal copy number changes in single-tumour
samples. In consideration of copy number status and the observed
allele frequency, the number of mutated copies was estimated and the
CCF of the mutation determined. Somatic mutations that were found
asclonal and that were the subject of subclonal copy number changes
within single samples were filtered out.

Inaddition, we used the mapping qualities of the aligner (bwamem,
v.0.7.13-r1126) to filter out mutations in regions where more than10%
of uniquely mapped reads had a mapping quality below 10 (that is,
less than 90% probability of having identified the correct mapping
position).

With regard to potentially shared mutations, we also performed a
power analysis to compare the CCFs of a given mutation between two
samples withregard to their sequencing depth: we calculated a score
persample to consider the contribution of asingle mutated read to the
CCF. Persample, the distribution of these scores could be estimated by
alog-normal distribution whose 2.5% tails (z-score =1.96) were cut off
to filter out subsets of over- and underpowered mutations.

Last, to check further whether mutations observed as being private
to one of the samples were truly private or simply not detected in the
other sample (for example, due to insufficient coverage), we applied
this statistical test: under the null hypothesis, the mutation is shared
with an allelic fraction at least as high as that observed in one of the
samples, and the probability (P value) of not detecting it within the
given number of sequencing reads can be estimated using a binomial
model. If the null hypothesis is rejected, the mutation is considered
asbeing truly private, or otherwise is being filtered out. To determine
those mutations that are rejected we apply the false discovery rate
control at 5% by Benjamini-Hochberg correction.

Subsequent two-dimensional cluster analyses were performed with
the set of mutations that passed all filters. This set was binned into a
two-dimensional histogram of CCFs representing the observed data,
which were modelled as a surface using two-dimensional smooth-
ing splines with a common smoothing parameter. Based on an error
estimate of the samples’ CCFs, this method deconvolutes part of the
sequencing noise from the data. Subsequently the peaks of the surface
were identified and interpreted as cluster centres (marked as red tri-
angles in the cluster images for each patient; Supplementary Appen-
dix), and allmutations were assigned to their nearest cluster centre by
Euclidean distance. During the assignment procedure we require that
shared mutations are assigned only to shared clusters whereas private
mutations (that is, those exclusively called in one of the two samples)
are assigned only to private clusters. Moreover, we set a minimum
threshold of four mutations per cluster and disregarded identified
surface peaks otherwise. Considering the cluster centre’s CCF asbeing
representative of the corresponding cell clone, we applied the infinite
sites hypothesis assuming that mutations appear oncein the evolution-
ary history, and then determined the CCF sum rule*** to infer the most
probable phylogenetictree and, in particular, clonal composition per
sample at the time pointwhensampling was derived. Intherare event
that tumour phylogenetic rules allow for multiple solutions of tumour
phylogeny, we assume maximum parsimony and prefer linear evolution
over branched evolution within one sample.

Inthe case of CCF clusters that conflicted with phylogenetic rules we
reanalysed somatic mutation calls initially computed with expected
allele frequencies under the assumption of clonality. However, chromo-
somal segments with polyploidy allow for multiple values of absolute
numbers of mutated copies (the so-called mutation multiplicity of each
mutation call™*8). We therefore accounted for all potential solutions
for mutation multiplicity of a given somatic mutation call and com-
puted CCFsthat rejected the assumption of clonality (null hypothesis)
within the sample and which, in subsequent paired two-dimensional
cluster analyses, resolved conflicts in phylogenetic tumour clone
reconstruction.

Analysis of tumour phylogenies

Our approach thus enabled us to assign tumour phylogenies for all
65 patients, and to track individual clones from multiregional and
longitudinal data. We assigned mutations to the most recent com-
mon ancestor (CO) if they were shared and found to be clonal across
all tumour sites sampled (that is, having CCFs of approximately 1.0).



Alterations with lower CCFs, or those found to be private to single-
tumour sites, were determined as subclones. Clusters of atleastn =35
subclonalmutations were defined and labelled as subclone C1,C2 or C3,
and derivates of these subclones were assigned accordingly (Fig. 2a).
The resulting tumour phylogenies for all 65 patients are provided in
the Supplementary Appendix, detailing all spatially and temporally
distinct sites analysed and depicting the clinical treatment history for
each patient. Additional information is provided in Supplementary
Table 4.

To study patterns of tumour evolution we assigned tumour phylo-
genetic trees to the following classes (Fig. 2a): class A if no subclones
were identified; class Bif one subclone was identified, allowing only for
linear evolvement of this subclone; class Bif at least two subclones were
found with linear phylogenies; class D, phylogenies with one branching
event from Clsubclones; class E, phylogenies with one branching event
from the most recent common ancestor clone CO; and class F, tumour
phylogenies showing two or more branching events.

Inthis regard, increasing the number of tumour samples per patient
will enhance the ability to determine subclonal mutations and sub-
clones’. Because we analysed various numbers of samples for each
patient (in 37% of cases, more than two samples per patient) we addi-
tionally downscaled our analyses to only two samples per patient to
permit interpatient comparisons (Fig. 2d); we thus performed a total
of n =84 paired analyses (Fig. 1c and Supplementary Table 4). In the
paired analysis for each patient we chose as representative the analy-
sis showing the highest level of subclonal complexity, defined by the
number of subclones and subclonal mutationsidentified. Downscaling
the number of tumour samples per patient did not show any signifi-
cant changeinthe absolute number of subclonal mutations butled to
reduced numbers of assigned subclones with phylogenetic complexity
of classes A-E only (Extended Data Fig. 1a,b). Downscaling the analysis
to two samples per patient for interpatient comparison enabled the
study of distinct scenarios throughout the clinical course of the patients
(Fig.1b). To study the full complexity of a patient’s tumour, all available
samples were taken into consideration (Supplementary Appendix).

Analysis of cancer cell fractions for structural rearrangements

The analysis of the clonal architecture from multiregional and longitu-
dinal tumour samples focused on the study of CCFs assigned to SNMs. In
addition, to assess the clonality of structural rearrangement we applied
SVclone (with default settings) to the whole-genome sequencing data of
cases harbouring genomicrearrangementsinkey genes including RB1,
TP53, TP73 and CREBBP/EP300. We first performed local remapping
to the human genome for genomic rearrangements identified by our
in-house pipeline** and assigned CCFs for both chromosomal pairs of a
given rearrangement with SVclone* (Supplementary Table 7). The data
arepresented in Extended DataFig. 5c; the gene alterations identified
were found to be part of the clonal proportion of the respective sample.

Analysis of mutational signatures
We analysed our datafor the activity of mutational signatures available
in COSMIC, referring to SBS (COSMIC_v3.3_SBS_GRChr37_exome”).
Mutational signatures were analysed for the following categories:
(1) the clonal proportion of all treatment-naive tumours, (2) the sub-
clonal proportion of all treatment-naive tumours and (3) the subclonal
proportion of all post-treatment tumours acquired following first-line
platinum-based chemotherapy (Fig.3a). The analysis of treatment-naive
tumours refers to all naive samples available in this cohort (n = 58);
signatures assigned to post-treatment tumours included all patients
whoreceived first-line platinum-based chemotherapy (n = 45), and we
further distinguished whether tumour sites were exposed to chemo-
therapy alone (n =20) or were potentially exposed to additional ion-
izingradiation (n =25; Supplementary Table 2). Due to the high tumour
mutational burden, signature assignments to clonal mutations were
performed in cases with a median of over 300 mutations. To avoid

overfitting and noise, assignments for subclonal mutations were per-
formed only for cases with at least n > 20 mutations.

To fit mutational signatures to our samples we applied SigProfil-
erAssignment (that is, Analyze.cosmic_fit function'*’) to identify
arepresentative subset of signatures. We initially fitted SBS muta-
tional signatures to the mutation catalogue of each sample assigned
to the categories. Selecting mutational signatures found in at least
n=>5 cases, we thus identified the most prevalent subset of signa-
tures in the clonal and subclonal proportions of treatment-naive
and post-treatment tumours (SBS1, SBS2, SBS3, SBS4, SBS5, SBS13,
SBS15, SBS16, SBS24, SBS29, SBS39, SBS40 and SBS92), to which all
mutations were then fitted. Post-treatment samples additionally
showed platinum-based signatures (SBS31 and SBS35), which were
thereforeincluded for the assignment of signatures for the subclonal
proportion of post-treatment tumours. In addition we applied the
in-house-developed computational tool CaMuS*® to confirm signature
assignments. With CaMuS we first linearly fitted the COSMIC signatures
to all mutations for each sample (including clonal and subclonal muta-
tions) using a backward selection procedure. We next selected only
those signatures that markedly reduced the cost of the model calcu-
lated over the whole dataset. Both tools generated similar results. The
results of SigProfilerAssignment are provided in Fig. 3 and Extended
DataFigs.2and 3. Comparisons with CaMuS are provided in Extended
Data Fig. 2h and the data are summarized in Supplementary Table 5.

To track the dynamic activity of mutational signatures in patient-
matched tumour samples over the course of the disease, we specifi-
cally assigned the subset of signatures identified with SigProfil-
erAssignment to patient-matched clonal and subclonal mutations
pre- and post-treatment, including SBS31 and SBS35 (both related to
platinum chemotherapy treatment) for all assignments of signatures.
We thus confirmed the presence of platinum-based signatures only
in post-treatment subclonal mutations of tumour samples but not
in the patient-matched treatment-naive clonal or subclonal propor-
tion of the tumour. In addition we analysed tumour samples from a
cohort of patients undergoing subsequent second- or third-line treat-
ment with immune checkpoint inhibition (n = 7). Tumour samples
acquired before treatment with ICI were analysed in the categories
above (corresponding to samples acquired at the time of relapse
following first-line platinum-based chemotherapy). Samples pre-and
post-treatment with ICI were analysed with the subset described
above (Supplementary Table 5).

We furthermore tested our whole-genome and whole-exome
sequencing data for mutational processes related to ionizing radia-
tion. Following previous studies in this field”, we determined the ratio
ofinsertions to deletions (indels) versus substitution burden and the
ratio of deletions versusinsertions based on exome- and genome-wide
data (Extended Data Fig. 2f).

Analysis of significant mutations, copy number alterations and
genome ploidy

To assess therelevance of key gene alterationsin our cohort we referred
to our previous study of significant gene alterations determined for
110 human SCLC samples® (Supplementary Table 8). In addition we
expanded this analysis to our present cohort of 65 patients. We deter-
mined the mutational landscape for each patient by creating the union
of all mutations identified in multiple samples—this refers to the sum
of mutually inclusive and private events (Supplementary Table 6).
We combined the data from our current cohort of 65 patients with
mutational data for 110 human SCLC samples’® (n =175 patients) and
determined significant gene alterations at a significance threshold
of Q< 0.05 following our previously described method®. In brief, our
approach estimates the background mutation rate for each gene and
corrects for both synonymous mutations and the expressionin human
SCLC, referring to the transcriptional data of human SCLC. The analysis
included genes with fragments per kilobase exon per million mapped
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reads values of overlinatleast 50 samples. Furthermore we analysed
the data for significant mutational hotspots and significant enrich-
ment of gene-damaging mutations. Mutations that significantly cluster
withinagenewere determined at Q < 0.05 (mutational hotspots). The
analysis of gene-damaging mutations refers to (1) nonsense mutations
resultinginearly stop codons, (2) splice site mutations resulting in aber-
rant splicing, intron retention or in-frame losses of larger regions within
the protein product and (3) frameshift mutations leading to early stop
codonsand thus resultingin greater changesinthe gene and encoded
transcript, presumably leading to either no protein product, to proteins
with larger deletions within the protein structure or to truncated pro-
teins. The enrichment of gene-damaging alterations was determined
at Q< 0.05. We focused our studies on genes recurrently mutated in
at least 8% of cases (affecting at least n = 14 patients in the combined
analysis of this cohort and the previous cohort®); this allowed us to
perform interpatient comparisons and to study a sufficient number
of cases in our present cohort of n = 65 patients. To complement our
analytical approach we also used other computational tools to study
significant gene alterations, including MutSig2CV*, dNdSCV*?and
OncodriveFML*. In brief, MutSig2CV and dNdSCV were run using their
default configuration; for OncodriveFML we used the ‘complement’
method for the signature and ‘amean’ as statistics. Taking into account
differentlevels of stringency, all computational models showed a high
degree of overlap. All relevant and significant gene alterations are listed
inSupplementary Table 8.Inaddition we studied gene alterations pre-
viously reported for targeted sequencing data from larger cohorts of
patients with SCLC*; we scored the frequency and significance level of
reported alterations for the samplesin our cohort. Comparison of these
datais provided in Extended Data Fig. 4e and Supplementary Table 8.

Withregard to frequent alterations affecting TP53, RB1 and TP73 (Sup-
plementary Table 8), which also included larger genomic rearrange-
ments of these genes (Supplementary Table 7), we further analysed
the gene-damaging effect of alterations. The impact of any genome
alterations was evaluated in combination with the transcriptome
sequencing data of these tumours, thus further informing on the pre-
sumed damage to the gene transcript and resulting protein product
(Supplementary Table 11).

Significant copy number alterations were determined from uncor-
rected unsegmented copy number signals obtained from whole-exome
sequencing data by applying the method CGARS>*. We determined
the analysis separately for pre- and post-treatment tumour samples,
referringto one sample per patient case in both scenarios. Significant
amplifications were determined with the upper quantiles 0.30,0.10 and
0.05; deletions were computed inreference to lower quartiles 0.30, 0.15
and 0.05. Significance threshold was set at Q = 0.05. Significant copy
number alterations are listed in Supplementary Table 9.

Overall genome ploidy was assigned for all patient tumours (Sup-
plementary Table 3), with athreshold of 2.8 or above set to define those
with higher genome ploidy?®’. Higher ploidy in cancer genomes can
result either from multiple successive and independent copy num-
ber gains or through events of whole-genome doubling. To further
determine events of genome duplication (or whole-genome doubling),
tumours found to undergo ploidy changes were further analysed for
the fraction of the genome with LOH to assign an event of genome
doubling® (Extended Data Fig. 5g,h).

Clinical correlations with chemotherapy relapse-free survival

We sstudied correlations of genomic subsets with relapse-free survival
inpatients receiving first-line systemic treatment with platinum-based
chemotherapy. The analysis focused on the study of n = 55 patients for
whom the clinical response to first-line platinum-based chemotherapy
was determined. Ten patients from our cohort were not considered
for this analysis because of either loss to follow-up (n = 2), declined
further treatmentand nolonger in clinical care (n=1) orreceived alung
resectionresultinginlonger disease-free survival and differencesin the

dynamics of disease progression (n = 7). We determined relapse-free
survival by referring to CTFI, defined as the time between the end of
chemotherapy and tumour recurrence, including for patients with
disease progression resulting in death. Two patients in our cohort were
reported with sepsis-related mortality and were censored in the analysis
for recurrence-free survival, leaving a final total of n = 53 patients. All
survivalanalyses were performed with SPSS. Survival distributions were
plotted as Kaplan-Meier curves, with P values determined by log-rank
test (Extended Data Fig. 8a). Hazard ratios with a 95% confidence inter-
val and P values were further derived from Cox proportional hazard
models. We performed correlations with key genomic parameters refer-
ring to significant gene mutations identified in Extended Data Fig. 4
and, in addition, we stratified patients according to genome ploidy
(information available for n = 53 patients). Weincluded in our analysis
as clinical characteristics information on sex, age and tumour stage.
We performed additional analyses on both smoking status and pack
years of patients (available for n = 50 and n = 47 patients, respectively).
Furthermore we included in our analyses the gene expression of key
lineage transcription factors ASCL1, NEURODI and POU2F3 (available
for n=45 patients).

We checked that the assumption of proportional hazards was
provided by log-minus-log survival plots and by the addition of
time-dependent covariates to models. We performed multicollinear-
ity assessment of predictors. We identified relevant gene alterations
by performing regressions with backward elimination of insignifi-
cant predictors (backwards Wald, at aretention threshold of P < 0.05).
The results of the Cox proportional hazard model are shown as
forest plots.

Clinical correlations of genomic alterations with relapse-free sur-
vival were additionally analysed in anindependent cohort of patients
with SCLC (n = 64) who all received first-line systemic treatment with
platinum-based chemotherapy. Note that we used WES and WGS to
determine the full spectrum of alterations in key genes in our discov-
ery cohort. By contrast, data for the independent cohort refer to WES
data, which limits the detection of complex gene rearrangements
that frequently affect CREBBP, EP300, TP73and, to some extent, TP53
(ref.5) (Extended Data Fig. 4a). The somatic alteration status for TP53,
TP73, CREBBP, EP300 and FMNZ2 as determined by WES is provided in
Supplementary Table12.

Immunoblot analysis

Immunoblots were performed to probe tumour cell lysates for the
expression of p53 (Extended Data Fig. 9a). Tissue samples from this
cohort containing sufficient material were processed to 5 pumsections
onacryostat maintained at —20 °C. The non-SCLC cell line A549 served
as control for the expression of wild-type p53 (ref. 55); we confirmed
the identity of this cell line by STR profiling and performed tests to
ensure no contamination with mycoplasma. Between 40 and 50 tis-
sue sections per sample were sonicated for 3x 10 min and incubated
for an additional 30 min in RIPA buffer supplemented with protease
inhibitors (cOmplete Mini Protease Inhibitor Cocktail, Roche) and
nuclease (benzonase, Millipore) at 4 °C. A549 cells were incubated in
RIPA for 30 min at 4 °C. Supernatants were collected following cen-
trifugation at 4 °C for 10 min at 20,000g and protein concentrations
determined by bicinchoninic acid assay (Pierce). Either 15 pg (tissue
samples) or 90 pg (A549) of proteinin 3x Laemmli buffer was separated
on 4-12% Tris-glycine SDS-polyacrylamide gel electrophoresis gels
(Thermo Fisher Scientific) and transferred to polyvinylidene difluoride
membranes (Millipore). PageRuler 10-180 kDa (Thermo Scientific)
served asthe protein ladder for size determination. Membranes were
blocked with Tris buffered saline with 5% milk powder for 1 h at room
temperature and incubated overnight with a1:1,000 dilution of anti-p53
(clone D07, mouse monoclonal antibody, abcam, no. ab80644) and
anti-HSP90 (clone C45G5, rabbit monoclonal antibody, Cell Signal-
ing, no. 4877) at 4 °C, washed in Tris buffered saline with Tween 20



andincubated for1hwitha1:10,000 dilution of fluorescence-labelled
secondary anti-mouse (IRDye 800CW goat anti-mouse, LI-COR,
no.926-32210) and anti-rabbit (IRDye 800CW goat anti-rabbit, LI-COR,
no. 926-32211) antibodies. Blots were analysed with the Odyssey CLx
imaging system (LI-COR).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data are deposited in the European Genome-
Phenome Archive under accession no. EGAS50000000169. Supporting
dataare provided as Supplementary Tables.

Code availability

Computational approaches applied in this manuscript are described
in Methods and were previously published**"**>**, Our genome
data-processing workflow ‘peiflyne’, which we use to perform duplicate
masking, mutation calling, mutation filtering and annotation, as well
as the algorithm used to identify significant mutational drivers, are
available at http://www.uni-koeln.de/med-fak/peiflyne/peiflyne.tgz.
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Extended DataFig.1| Clonality analysis on tumours from 65 patients with
SCLC. a, Number of subclonal mutations (left panel, box plot displaying median
withinterquartile range) and number of subclones (right panel, displaying the
median); whiskers indicate the range of minimum and maximum value. Mann-
Whitney U-test, two-sided, at P < 0.05. NS, not significant. b, the assignment of
phylogeny classes (b) for 65 patients with SCLC and for the analyses of n = 84
paired tumour analyses to permitinterpatient comparisons for distinct the
clinical scenarios described in Fig.1b (Methods, Supplementary Table 4).

¢, Patient cases assigned to distinct classes of tumour phylogenies plotting

the number of distinct timepoints and samples considered for the assignment.
Themedianisindicated by greylines.d, Level of subclonal mutations determined
from multi-regional samples at relapse, focusing on paired analyses of distinct
samples acquired fromagiven tumour site (n =9 patients, dark blue) and for
spatially distinct inter-metastatic sites (n = 5 patients, red). For comparisons,
subclonal mutations determined from spatially distinct sites in treatment-naive
patients (n=16) are plotted (grey). Datais presented as median with whiskers

indicating theinterquartile range. Mann-Whitney U-test, two-sided, P**< 0.01.
e, Clonal dynamicsin patient S02783 with phylogeny class D, tracking tumour
clonesatthesite of the primary after neo-adjuvant chemotherapy (sample S1) and
atrelapse (samples S2and S3). The clonal dynamics and the clonal composition
areprovided for all three samples. f, Level of subclonal diversity determined
from the same tumour site (primary tumour, LN or liver metastases) sampled
pre-and post-first-line chemotherapy referring to the number of subclonal
mutations (left panel), the number of clones (middle panel), and to the
assignment of phylogeny classes (right panel). Relapsing tumours revealing
ancestral COand C1tumour clones are plotted (figure at the right). Datais
presented as median with whiskers indicating the interquartile range. g, Level
of subclonality referring to the number of subclonal mutations assigned for
distinctclinical settings. The data presentedis asubset of the data presentedin
Fig.2e, and refers only to cases for which the paired include samples from PDX
models. Mann-Whitney U-test, two-sided, P**< 0.01;.
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Extended DataFig. 2| Mutational signaturesin 65 patients with SCLC.

a, Relative contribution of mutational processes in treatment-naive tumours,
referring to clonal mutations as part of the common ancestral clone (left panel,
determined for n = 58 treatment-naive patient tumours) and to subclonal
mutations (right panel, determined for n =20/58 patient tumours). Mutational
signatures refer to single base substitutions (SBS) defined in COSMIC
(Alexandrovetal, Nature2020; Supplementary Table 5). b, Correlation of the
amount of smoking determined as packyears (PY) with the relative contribution
of mutational processes defined for clonal mutations. Correlations with
tobacco exposure were performed for n = 48 cases for which the amount of
smoking was documented. Spearman’srho correlation coefficient determined,
significance at P*< 0.05. ¢, Activity of mutational signatures assigned to clonal
(grey, n=58) and subclonal proportion of tumours determined for n =20
treatment-naive (blue) and n =35 post-treatment tumours (orange). Datais
presented asbox plot displaying median with interquartile range and whiskers
indicating maximum and minimum values. Mann-Whitney U-tests, two-sided, at
P*<0.05and P***< 0.001.Significant differences for allgroups are highlighted
by dashed boxes. NS, not significant.d, Activity of platinum-based mutational
signatures (SBS31, SBS35) in patient-matched paired analysis of the clonal
proportion, and the subclonal proportion of treatment-naive tumours and of
tumours after first-line platinum-based therapy. Significance determined for

n =24 patients with pre-/post-therapy tumours, Wilcoxon test, two-sided,
P***<0.001. Datais presented as box plot showing median with interquartile
range and whiskers indicating maximum and minimum values. e, Activity of
mutational signatures assigned to the subclonal proportion of post-treatment

tumours following first-line platinum-based therapy. Patient samples are
grouped according to clinical remissions or stable disease (blue, PR, SD) or
progressive disease (red, PD and mixed responses). Mann Whitney U-test, two-
sided, significance determined at P* < 0.05, NS not signficant. Datais presented
asbox plot showing median with interquartile range and whiskersindicating
maximum and minimum values. f, Rates of insertions and deletions (indels)
versus single base substitutions (SBS), and rates for deletions versus insertions
intumours acquired from treatment-naive patients and post-treatment
following platinum-based chemotherapy without and with additional site-
specificexposuretoradiation (“no Rx” and “with Rx”). Data presented as box
plot withmedian and interquartile range and whiskers for maximumand
minimum value. Ratios were determined for whole genome sequencing data
(genome-wide, top plots, Mann Whitney U-test, two-sided,) and whole exome
sequencing data (exome-wide, bottom plots, Wilcoxon matched pair test).

NS, not significant at P < 0.05. g, Relative contribution of mutational processes
assigned to clonal and subclonal mutationsin paired studies of pre-treatment
(treatment-naive) and post-treatment tumours following platinum-based
chemotherapy (cases, left panel) and additional site-specific exposure to
radiation (Rx) (cases, right panel). h, Relative contribution of mutational
signatures assigned to platinum chemotherapy (SBS31) for paired studies

of tumours from n = 25 patients with subclonal mutationsidentified in

the treatment-naive setting and after treatment with chemotherapy
(post-chemotherapy) and additional site-specific exposure to radiation (Rx).
The analysis was performed with CaMusS (Cartolano et al., Scientific Reports,
2020;right plot; Supplementary Table 5, Methods).
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Extended DataFig. 3| Clinical response and clonal dynamics in patients
receiving second- or third-line treatment withimmunotherapy. a, Scheme
for clinical course of seven patients receiving 2" or 3" line treatment with ICI.
Annotation asinFig.1b. Wedgesindicate sample acquisitons at first diagnosis
(blue) and pre-and post-ICl (red). b, Clinical response in seven patients receiving
2" or3"line treatment withimmune checkpointinhibitors (ICI). Patients
revealed eitherastable disease (n=2), progressive disease (n =2) or a partial
response (n=3). Timepoints for sample acquisitions are indicated (grey wedges).
Site-specific tumour responses are plotted. Genomic analysis of tumours
pre-and post-IClis described as 2-dimensional contour plots in which cancer
cellfractions (CCF) for each mutation are plotted and assigned to clusters of
mutations as ancestral clones CO (grey) and subclones (colored dashed circles,

compare “Supplementary Appendix-Patient Cases”). ¢,d, Tumour phylogenies
for patients with stable disease (SD, c) or for one patient with partial response
(PR, d) following ICI treatment. Samples were acquired at first diagnosis
(treatment-naive, grey box), at tumour recurrence after first-line platinum-based
chemotherapy (pre-ICl, red arrows, red dashed box) and after treatment with
ICI (post-ICI, blue arrows, blue dashed box). The response to the respective
treatmentisindicated. Dashed arrows assigned to the branches of the
phylogenetic trees refer to the relative contribution of mutational signatures
assigned to the common ancestral clone CO and to subclones. Temporal distinct
tumours arenumbered S1,S2and S3, and the site-specific clonal compositionis
plotted for all samples.
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Extended DataFig. 4 |Genomic alterationsin 65 patients with SCLC.

a, Significant genome alterations identified in 65 patients with SCLC. Patients
arearranged according to the chemotherapy-freeinterval (CTFI). Theresponse
tofirst-line chemotherapy is annotated as circles referring to complete response
(CR, darkblue), partial response (PR, blue), stable disease (SD, light blue),
progressive disease (PD, red) and mixed response (PR/PD, orange). Patient
casesatthefarleft received lungresections and at the far right were alive or
lost-to-follow up and the first-line response to chemotherapy was not assessed
(N/A), Significant mutations and copy number alterations are annotated
accordingto Supplementary Tables 8 and 9. For TP53 and RB1I, alterations for
alleles Aand B are provided. Additional annotation for significant alterations
previously published (George et al, Nature, 2015) is provided. Somatic alteration
frequenciesare providedin the panelontherightside. b, Frequency of genome
alterations in TP73and CREBBP/EP300identified ina previous cohortenriched
forearly-stage SCLC (n =110, Georgeet al, Nature, 2015) and in the present

cohortofn=65patients withmostly advanced stage SCLC. ¢, Focal copy number
alterationsidentified in treatment-naive tumours (left panel) and in post-
treatment (right panel). Amplifications are plottedinred, and deletionsin blue.
Dashedbluelinesrefer to the significance threshold at corrected Q-values < 0.05.
Genes which are part of chromosomal segments with significant focal copy
number changes are highlighted. d, Focal copy number loss of the chromosomal
segment encompassing TP73. The copy number state is displayed as aheatmap
for treatment-naive and post-treatment tumours. e, Comparisons of somatic
mutation frequencies identified in this cohort (blue) with our previous WGS
sequencing dataset (dark blue, George et al, Nature, 2015) and with mutation
frequencies determined by targeted sequencing panels (Rudin et al., Nat. Rev.
Dis. Primers, 2021). Genes affected inmore than 5 patients within this current
cohortarearrangedtotheleft. Gene alterations which were found to not

show expressionare displayed on the right. Significant gene alterations are
highlighted inbold (marked with *, Supplementary Table 8).



Article

a SPLFINIIFSSH DS b P53 RB1 RGS7 FMN2 ASPM CNTNAP2
I e o=11) (=54) (0=3) 0=7) (1=40) (n=3) =7 0=6) (=3 (0=12) 0=2) (n=8)
51.0 ;:{:é%@* T I-:[!?T 10 1oﬁ u =8 0 1-0ﬁ ﬁ @ cional mutation
Sos g 05 g 05 go.s @ subclonal mutation
O not identified
100 X e e ad =
;75 Spre et s1 s2 S1 s2 81 82 s1 82 SL;Z 1 82 s1 82 s1 82 §1 82 /7N treatment-naive
gs s A\ A A A A A A RN /7 preJpostreatment
E 2 EPHB1 CoL22A1 ALMS1 KIAA1211 PDE4DIP 7N atrelapse
=5 (=5 @=1) (0=9) (1=6) (n-|2) (n=3) =5 (=t1), (@=1) (0=2) (@=10) (r=2)
ThaNSNTTQ i 104 {
S HEH 7 '»4:;- e ok R
=3 ez : §os § 05
8¢ gk N
Qe o y 2
= common ancestor wo v
== subclonal (at high CCFs) gz s1 82 S1 82 st s2 81 s2 $1 82 81 82 S1 82 st s2 s1 s2 s1 s2 S1 82 s1 82 S1 82
subclonal (at low CCFs) A\ A\ A A\ A A N
c e MyCL MYCN myc
$02496
® RB1 2 $02618 $02563
20} 70 - 0]
uTP53 & 50)
ATP73 3 50 z 4
g v CREBBP 19 3w = 30
] 5 30. 20|
% 2 'y 20 10f
-a 10.
05 10 1.5 20 15502784 a0, 502782
pairi:average proportion (CCF) 1
10}
z z
) 20 502896 | g
d 5 10
2 15 -
2K
TP73 2 g1
2 o $02500
?, \A entnaive 10802164 : 15
s
= pre-fpost- 10
T ’ e 3. 186 sz
£ Qe —_— =
; \J atrelapse chr 2 (Mb) 5
zo @ deletion/LOH 2 T = Sample S1 2
T $1S28351525351525384 « Sample S2
O no change 40 42 $03325
A AL AL identified > = Sample S3 150
chr 1 (Mb) 130
= 1
2 7
50
30
9
126 1 1 132
chr 8 (Mb)
f MYCL amplification MYCN amplification ]
§02784 /\ 802618 802896 ,\
6 ‘\“ / ’” . amP‘ i no amp no T
MYCL*™
i | } MYCMMYCW no amp_ MYCN"”"_
treatment-naive post-chemo treatment-naive post-chemo treatment-naive post-chemo
mMyc amplif cation
$02500
S02782 MYC"'V 803325 \‘ $02563
(scLe/ \ / ’
adeno- / A\ o "° ""P
carcinom) nlo amp / , ‘.‘ . {
MYC""’ | (scLe) no amp | _,
[ wer o/ CTCdno amp [iver v .Ne, uver;a,,o amp z Mycm »lNeI; o=yl
treatment-naive treatment-naive pos(.chamo treatment-naive post-chemo post-ICI treatment-naive post-chemo
g S02764
ns CREBBP/EP300
250 alterations
2 200 z O no genome doubling
g ° @ genome doubling
g 150 z
5 §
§ 100 % 2
5 g
i = s
s $02883
0 .
ploidy ploidy  cases with ploidy ploidy  cases with 1 Sy
<28 >=28 acquired <28 >=28 acquired \..\
(n=19) (n=15) genome (n=19) (n=15) genome .
doubling doubling T T T T
(0=8) (0=8) 20 40 60 80
percentage LOH (%)

Extended DataFig

.5|See next page for caption.



Extended DataFig. 5|Key genome alterations as part of clonal and subclonal
proportionsinpatient tumours. a, Clonal occurrence of significantly
mutated genes distinguishing alterations as part of the common ancestor or of
subclones with mutations identified at high CCFs (blue) or low CCFs (yellow).
Therespective CCFs were determined for somatic single nucleotide variants
occurring affecting key genes (top panel). Datais presented as median with
interquartile range and whiskers to minimum and maximum value. b, CCFs
determined for significantly mutated genes in distinct tumour samples (S1, S2).
Alterationsin these genes were assigned to the common ancestor (grey) or
identified as subclonalin only one patient case either at higher CCFs (blue) or
lower CCFs (yellow). Connected lines describe the change of the CCF of agiven
mutation across different sitesina patientin the treatment-naive setting, pre-/
post-treatment or at relapse. ¢, CCFs determined for genomic rearrangements
identified inkey genes. CCFs were determined with SVclone (Methods) referring
towhole genome sequencing data (Supplementary Table 7). Allgene alterations
were assigned to the clonal proportion of the respective sample.d, Copy
number states for TP73 plotting copy number losses of one allele (referred to
asthe minor allele Bwith loss of heterozygosity, LOH). Copy numbers were
determined asintegral copy numbers (iCN) for patient-matched samples
(S1,S2,S3). e,f, Copy number states of MYCtranscription factors. Copy numbers

were determined asintegral copy numbers (iCN) and plotted for all samples
(S1,S2,S3) analysed in patients with private focal and high-level copy number
amplifications. Therespective chromosomal position for MYCL (chromosomel),
MYCN (chromosome 2) and MYC (chromosome 8) isindicated and the gene
locusis highlighted (pink) (e). Aschematic overview of the affected sites in
patients with subclonal occurrence of focal MYCL, MYCN and MYCtranscription
factor amplificationsis provided and the sampled tumourssiteisindicated
(dark grey wedges) (f). g, Level of subclonal mutations (left panel) and
distribution of phylogeny classes (right panel) in the paired analysis of tumours
pre-and post-chemotherapy (n = 42), further distinguishing ploidy states of
cancer genomes (lower ploidy with ploidy <2.8, and higher ploidy with ploidy
2.8 orabove) and cases whichacquired genome doubling. Datais presented as
medianwithinterquartile range and whiskers to minimum and maximum value.
Two-sided Mann-Whitney U-test, NS, not significant at P* < 0.05.h, Whole
genome doubling (WGD) determined according to genome ploidy (y-axis) and
thefraction of the genome with LOH (x-axis). The dotted blue line distinguishes
tumours with (pink) and without (white) genome doubling, following previously
described approaches (Dentro et al., Cell, 2021, Bielski et al. Nature Genetics,
2018). Connected linesrefer to paired tumours pre-and post-treatment. Sample
IDs are provided highlighting in blue patients with CREBBP/EP300 alterations.
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Extended DataFig. 6| Genome alterationsin TP73, CREBBP/EP300 and
novelkey genes. a, Protein sequence alignment of p53 family members referring
to the DNA binding domain of p53 (NP_000537), p63 (NP_003713) and p73
(NP_005418). Conserved residues are highlighted in dark blue. Orange boxes
indicate hotspotresiduesin p53 (Stieweet al., Drug Resistance Updates, 2018),
forwhich equivalent positionsin p73 were mutatedin our cohort. b, Overview
TP73alterations. Patient samples identified with genome alterations are
indicated. Recurrent changesincluded TP73-deltaEx2/3 (Georgeet al., Nature
2015),and mutations affecting residue R293. ¢, Schematic representation of
proteindomainsin Crebbp and Ep300 withinformation on mutated regions
identified in CREBBP (annotated above) and in EP300 (annotated below).
Damagingalterations are highlighted inred. Hotspot and damaging alterations

are presented inbold. Mutations found in tumours with acquired whole genome
doubling during treatment are highlighted in blue. d, Expression levels of key
genealterations in EPHBI and CNTNAP2identified in the combined analysis of
thiscohortand earlier studies (Supplementary Table 8). Gene expression levels
were determined based on the transcriptome data of SCLC tumours (n =81,
Georgeetal., Nature2015),and displayed as median with interquartile range
and whiskers to minimum and maximum value. e, Schematic representation of
mutated residues affecting protein domains in EPHBI (left panel) and CNTNAP2
(right panel). Patient samples identified with genome alterations are indicated.
Samples denoted with § were studied as part of earlier cohorts (Georgeetal.,
Nature2015).
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Extended DataFig.7| Gene expression ofkey lineage transcriptionfactors
inSCLC. a,bExpression of the four key lineage transcription factors ASCLI,
NEURODI, POU2F3 and YAPIin our cohort (n = 52 patients), categorized as:
ASCLI1+,ASCL1+/NEURODI+ double-positive, mainly NEURODI+ and mainly
POU2F3+ positive tumours (heatmap representation, a). The distribution

of patient samples with the expression of key transcription factors to an
independentlarger cohort of n=81samples (Georgeet al. Nature 2015, b).
c,dKaplan-Meier curve and Cox regression model for relapse-free survivalin
patients stratified according to the expression of key transcription factors.
c,Log-rank Mantel-Cox testat P***=0.0009, d,Significant associations are
highlightedinbold. Hazard ratios (HR) were determined at 95% confidence
interval and significance was determined by Log-rank tests at P** < 0.01.

e, Expression of ASCL1, NEURODI, POU2F3 and YAPI in patient-matched spatially
or temporally distinct tumours. Samples were analysed across distinct sites
intreatment-naive patients, or pre- and post-treatment with platinum-based
chemotherapy orimmune checkpointinhibition (ICI). Sampled tumour sites
andtheresponsetotherespective treatmentisindicated.f, Expression of MYC
transcription factor family members and lineage transcription factorsin cases
found with focal and high-level amplification of MYC genesin at least one of the
multi-regional tumour sites. Sample names and the MYC gene amplification
statusis providedinthe top panel furtherindicatingif the tumour was samples
inthe treatment-naive setting or at relapse after treatment with platinum-based
chemotherapy. The expression levels are provided as aheatmap.
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Extended DataFig. 8| Genomic alterations associating with duration of
response tofirst-line platinum-based chemotherapy. a, Kaplan-Meier curves
of relapse-free survival for patients with SCLC receiving first-line systemic
treatment with platinum-based chemotherapy. Patient were grouped based on
clinical variables and significant genome alterations identified in Extended

DataFig.5. P-values and hazard ratios determined by Log-rank tests and at 95%
confidenceinterval univariable Cox regression models. b, Backward Wald tests
within Cox models (retention threshold P < 0.05, two-sided) testing allgenome
alterationsdescribedin (a).
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Extended DataFig. 9|See next page for caption.

P=0.631
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P=0.106
P=0.096
P=0.862
P**=0.001
P**=0.001
P*=0.036

P***=0,000
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Extended DataFig.9|Associations of TP53and other key patterns with
duration of response to first-line platinum-based chemotherapy. a, p53
protein expressionin tumour cell lysates of this cohort. Western blot analysis
probing with anti-p53 and anti-HSP90 (loading control). TP53 alterations
resulting in gene damaging (red) or other point mutations (blue) areindicated.
Lysates ofthe NSCLC cell line A549 served as a control for wild-type p53
(rightlane). Samples were analyzed on two blots, quantitave comparisons are
performed onthe sameblot. Gel source data, see Supplementary Fig. S1.

b,c Coxregression model for relapse-free survivalin patients (n = 53) with SCLC
stratifying for gene alterations in TP53and adjusting for age, sex and stage

(b), and analyzing those patients without gene damaging alterationsin TP53
(n=30) (c) withrespect tosignificant genome alterations and clinical variables.
Significantassociations are highlighted inbold. Hazard ratio (HR) displaying
median, 5% and 95% confidence intervals. Log-rank Mantel-Cox test at P* < 0.05,
P**<0.01and P***<0.001.d-e, Genome alterations significantly associating
withanincreased hazard of disease recurrence for patients receiving first-line

systemic therapy with platinum-based chemotherapy referring to the current
study cohort (n= n=55/65 patients, Kaplan-Meier curve: grey points for censored
subjectsn=2).Log-rank testsat P***<0.001 (d), and for theindependent cohort
of patients with SCLC (e). f, TP53, FMN2, TP73 and CREBBP/EP300 alteration
status in patients receiving first-line systemic treatment with chemotherapy
(n=55). Cases arearranged from left to right, and the chemotherapy-free
interval (CTFI)is provided for each patient (*n =2 patients censored). The bar
graph atthebottom plots the CTFIfor patients with TP53 point mutations
grouped accordingto theindicated co-alterations. Datais presented as median
withinterquartile range and whiskers to minimum and maximum value,
P*=0.036; Mann-Whitney U-test, two-sided. g, Associations of male and female
patients with the smoking status documented as “former” or “current” smoker
(Fisher’sexact test, P* < 0.05; left panel). The smoking quantity as measured

by the number of packyears is plotted for male and female patients with
medianandinterquartile range, whiskers to minimum and maximum value
(Mann-Whitney U-test at P* < 0.05, two-sided; right panel). n.s.=not significant.



Extended Data Table 1| Information on clinical characteristics and tumour samples acquired from 65 patients with SCLC

Characteristic Total
Age -yr
Median (range) 64 (44-88)
Sex — No. (%)
Male 43 (66%)
Female 22 (34%)
Smoking status — No. (%)
Current or former smoker 56 (86%)
Never smoker 2 (3%)
Unknown 7 (11%)
Tumour Histology — No. (%)
SCLC 65 (100%)
Additional histological components 3 (4.6%)
Surgery — No. (%)
Lung primary tumor resections 7 (11%)
Stereotactic metastatic brain resections 4 (6%)
None 56 (86%)
Tumour Stage — No. (%)
Limited disease or stage I-II 8 (12%)
Stage IlI-IV 57 (88%)
Treatment chemotherapy — No. (%)
Platinum-based chemotherapy 59 (91%) (adjuvant/neo-adjuvant: n=7)
Platinum-based chemotherapy + anti-PD-L1 5 (8%)
No therapy 1 (1%)
Radiation (chest/lung/mediastinum/brain) — No.
Lung (chest/mediastinum#horax) 35
Brain 38
Other (soft tissue, bone, ribs, skin) 7
None 18
Clinical response to 1% line chemotherapy for n = 55 patients — No.
Complete response (CR) 1
Partial response (PR) 32
Mixed response (PR/PD) 6
Stable disease (SD) 5
Progressive disease (PD) 11
2" line treatment for n=47 patients — No. (3 patients receiving prior lung resections)
anti-PD-1 +/- anti-CTLA-4 29
Additional Chemotherapy 18
3" line treatment for n=12 patients — No. (2 patients receiving prior lung resections)
Anti-PD-1 +/- anti-CTLA-4 8
Additional Chemotherapy 4
Tumour Samples Total
Sampling timepoint for n=65 patients — No.
Single timepoints 14
2 distinct timepoints 46
3 distinct timepoints 5
Acquired tumour samples for n=65 patients — No.
N=2 41
N=3 20
N>=4 4
Paired studies on tumour samples at distinct clinical scenarios — No.
N=2 tumor samples at first diagnosis (treatment-naive) 16
During first-line chemotherapy (pre-treatment vs. during treatment) 5
Pre- and Post-chemotherapy 42
N=2 tumor samples at relapse (after chemotherapy) 14
Pre- and post-secondhird-line ICI 7

Upper panel, overview on the clinical information for 65 patients with SCLC. Additional information is provided in Supplementary Table 1.
Lower panel, overview on multi-regional tumour sites acquired from 65 patients with SCLC. The number of tumour samples acquired at distinct timepoints throughout the clinical course of
treatment is indicated. Paired tumour analyses were performed focusing on distinct clinical scenarios to thus permit interpatient comparisons (compare Fig. 1b, Supplementary Table 2).
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groupings

Population characteristics The median age at the time of first diagnosis was 64 years. Additional information is provided in Methods.
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Randomization  Randomization was not applicable in this study, because we describe an exploratory analysis in a discovery cohort.

Blinding Blinding was not applicable to this study, because we did not perform a clinical study with a specific clinical question, and instead performed

Reporting for specific materials, systems and methods

availability of multi-regional tumor material for sequencing purposes. This cohort of 65 patients provided sufficient number of cases for the
analyses described (mostly n=5; at least n>3).

calculation, and which indicated that at least 56 samples are required to validate the findings at a significance level of 5% and a power of 80%

an exploratory analysis in a discovery cohort.
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Antibodies

Antibodies used

Validation

anti-p53 (clone DO7, Abcam, catalogue number: #ab80644, 1:1000 dilution), anti-HSP90 (clone C45G5, Cell Signaling, catalogue
number: #4877, 1:1000 dilution), IRDye 800CW goat anti-mouse (LI-COR, catalogue number #926-32210, 1:10000 dilution), IRDye
800CW goat anti-rabbit (LI-COR, catalogue number #926-32211, 1:10000 dilution)

Antibodies are commonly used in routine diagnositics and for control stainings, and have been validated by the manufacturer. For
anti-p53: manufacturer guarantess use for IP, WB, IHC, Flow Cyt and ICC/IF); anti-HSP: manufacturer's information - HSP90 (C45G5)
Rabbit mAb detects endogenous levels of total HSP90 protein. This antibody does not cross-react with other HSPs.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

A549 cell lines (NSCLC)

We applied STR profiling to authenticate the cell line.

Mycoplasma contamination Regular mycoplasma tests were performed and cell were confirmed to be negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified cell line was used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Immune compromised NSG mice, 7-14 weeks old, All animals were housed in a specific-pathogen-free facility at ambient
temperature and maintaining a 12h light/12h dark cycle.

No wild animals were used in this study.

Immune compromised NSG mice were used for establishing patient-derived xenotransplant models, male and female mice were
used, no specific data has been collected for male and female mice used in this study.

No field-collected samples were used in this study.

State Agency for Nature, Environment and Consumer Protection (LANUV) of the State of North Rhine-Westphalia

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