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Circulating tumor DNA analysis depicts subclonal
architecture and genomic evolution of small cell
lung cancer
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Subclonal architecture and genomic evolution of small-cell lung cancer (SCLC) under treat-

ment has not been well studied primarily due to lack of tumor specimens, particularly

longitudinal samples acquired during treatment. SCLC is characterized by early hemato-

genous spread, which makes circulating cell-free tumor DNA (ctDNA) sequencing a pro-

mising modality for genomic profiling. Here, we perform targeted deep sequencing of 430

cancer genes on pre-treatment tumor biopsies, as well as on plasma samples collected prior

to and during treatment from 22 SCLC patients. Similar subclonal architecture is observed

between pre-treatment ctDNA and paired tumor DNA. Mean variant allele frequency of

clonal mutations from pre-treatment ctDNA is associated with progression-free survival and

overall survival. Pre- and post-treatment ctDNA mutational analysis demonstrate that

mutations of DNA repair and NOTCH signaling pathways are enriched in post-treatment

samples. These data suggest that ctDNA sequencing is promising to delineate genomic

landscape, subclonal architecture, and genomic evolution of SCLC.
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Small-cell lung cancer (SCLC) accounts for ~15% of newly
diagnosed lung cancers. SCLC is a very aggressive malig-
nancy characterized by rapid growth and early hemato-

genous spread. At initial diagnosis, about 1/3 of patients
presented with limited-stage disease (LD) that can be treated with
chemoradiation, while the remaining patients presented with
extensive-stage disease (ED), which are usually treated with pal-
liative chemotherapy. Although an initial response to che-
motherapy and/or radiotherapy can be achieved in most patients,
nearly all patients recur with resistant disease, and the 5-year
overall survival (OS) is 5–10%1–4. Clinical advances in SCLC
remain an unmet need, as the treatment paradigm has not sig-
nificantly changed over the past several decades5.

Given the pattern of initial response to chemotherapy and/or
radiotherapy and nearly invariable relapse, it has been speculated
that treatment-naive SCLC harbors subclones of inherently
refractory (resistant) cancer cells that give rise to the relapse in
these patients. Therefore, delineating the subclonal architecture of
SCLC and its molecular evolution during treatment by comparing
genomic profiles of recurrent (and often chemo/radiation-resis-
tant) SCLC tumors to paired treatment-naive tumors may pro-
vide new insight into the mechanisms underlying recurrence and
therapeutic resistance and guide the development of novel
treatment strategies.

Over the past decade, comprehensive genome-wide profiling
has substantially advanced our understanding of the genomic
landscapes of various cancer types and led to the identification of
novel predicative/prognostic biomarkers and therapeutic targets6–
9. However, compared to many other solid tumors, there have
been only a few studies investigating the genomic landscape of
SCLC10–12. This is primarily due to the lack of adequate tumor
tissues because the majority of SCLC patients are not treated with
surgical resection. Moreover, because recurrent SCLC usually
progresses relatively quickly, recurrence suspected on imaging is
typically followed by immediate second-line treatment without
biopsy. Therefore, our knowledge of the genomic landscape of
recurrent SCLC is very limited. There is an urgent need for
alternative approaches for genomic profiling of SCLC, particu-
larly in patients under treatment.

Sequencing circulating cell-free tumor DNA (ctDNA)—frag-
mented DNA shed from tumors into circulating system—may be
such an alternative. ctDNA sequencing was reported in many
cancer types to have potentials in disease monitoring13–15 and
detection of minimal residual disease16,17. Because SCLC has a
rapid growth rate and is highly metastatic with early hemato-
genous spread, ctDNA may be readily detectable in SCLC
patients. In addition, since ctDNA sequencing is noninvasive and
“real-time”, it could be an ideal tool for investigating genomic
evolution of SCLC over time, particularly during treatment.
Herein, we report a study on deep sequencing of 430 cancer-
related genes in 43 ctDNA samples collected prior to treatment
and at different time points during treatment from 22 SCLC
patients. We show that circulating tumor DNA sequencing is
promising to delineate genomic landscape, subclonal architecture
and investigate genomic evolution of small-cell lung cancer under
therapy.

Results
Genomic profiling of SCLC from pre-treatment ctDNA. To
investigate whether it is feasible to perform genomic profiling of
ctDNA from SCLC patients, pre-treatment plasma samples from
22 SCLC patients (Supplementary Data 1) were subjected to DNA
extraction and next-generationsequencing (NGS) of all coding
exons and selected introns of 430 cancer genes (Supplementary
Data 2) with a target region about 2.3 Mb for an average

sequencing depth of 873× (538×–1169×). DNA from paired
peripheral blood mononuclear cells of the same patient was
sequenced as the germline control. A total of 342 somatic
mutations were identified with a median of 16 mutations per
sample (ranging from 5 to 38) and an average mutation burden of
6.8 per Mb (Supplementary Data 3), which are comparable to
previous reports12. C > A transversions that are associated with
smoking and C > T transitions that may be associated with
aging18 were the dominant aberrations, accounting for 39.5% and
27.2% of the total somatic SNVs, respectively. Twenty-nine genes
were found to be mutated in more than 10% of patients (Fig. 1),
including many commonly mutated genes in SCLC12. As
expected, TP53 and RB1 are the most frequently mutated genes in
this cohort of patients. TP53 gene point mutations were identified
in 91% of patients (20/22), including 4 patients with mutations in
both alleles based on informative SNPs (Supplementary Fig. 1A).
Point mutations in RB1 were identified in 64% (14/22) of patients
(Supplementary Fig. 1A). In addition, loss of heterozygosity
(LOH) of TP53 was detected in one patient and LOH of RB1 was
found in five patients based on informative SNPs (Supplementary
Fig. 1A). Mutations in other frequently mutated genes in SCLC
such as NOTCH1–4, CREBBP, and EP300 (Supplementary
Fig. 1B) and copy number alterations of MYC, MYCL1, and
MYCN12 were also observed in our cohort (Supplementary
Fig. 1C).

Concordance of somatic mutations between tumor DNA and
ctDNA. Although encouraging progress has been made, relia-
bility of ctDNA sequencing is still in question and tumor tissue
sequencing remains the gold standard. In a previous report, the
concordance rate between tumor DNA and ctDNA was as low as
12%19 highlighting the technical challenges in ctDNA sequencing
technologies. To assess the reliability of the ctDNA assay applied
in this study, genomic profiling using the same gene panel and
same sequencing platform was performed with DNA of paired
pre-treatment tumor samples from eight patients, where tissues
were available, for an average sequencing depth of 870×
(348×–1281×). Somatic mutations were identified in all eight
tumors with an average of 13 mutations per sample (ranging from
3 to 26, Supplementary Data 4). Overall, a median of 94% of
mutations (ranging from 0 to 100%) detected in tumor DNA were
also detected in paired ctDNA samples (Fig. 2 and Supplementary
Fig. 2) suggesting ctDNA sequencing is sensitive for detecting
somatic mutations in the majority of SCLC patients in this
cohort. Patient CA170 was an exception in that none of the 26
mutations detected in tumor DNA were detected in matched
plasma DNA at the initial sequencing depth of 943×. Two of the
26 mutations were detected by increasing the sequencing depth to
1866× along with 17 other mutations that were present in ctDNA
but below the calling threshold.

Furthermore, the variant allelic frequencies (VAF) of the
69 shared mutations between ctDNA and paired tumor DNA
moderately correlated to each other (Spearman r= 0.558, p <
0.0001) (Supplementary Fig. 3) indicating that the genomic
landscape derived from ctDNA reflects that from SCLC tumors to
a certain degree. However, a subset of mutations was exclusively
detected in ctDNA (Fig. 2), with a median concordance rate of
60% (ranging from 5 to 77%). Taken together, these data
suggested that there is genomic intra-tumor heterogeneity (ITH)
of SCLC in this cohort of patients and highlighted the potential
advantage of sequencing ctDNA over a single tumor biopsy to
reveal the global genomic landscape of SCLC.

Subclonal architecture of ctDNA from SCLC. The variable
VAFs in different mutations from ctDNA implied variable
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clonality of different mutations. To explore the subclonal archi-
tecture of SCLC from ctDNA sequencing, we used PyClone20 to
infer cancer cell fraction (CCF) of each mutation in each ctDNA
sample. Mutations were then clustered based on corresponding
CCF, and subclonal architecture of ctDNA from SCLC was

subsequently inferred20. The results demonstrated distinct sub-
clonal architecture in different patients. Different numbers of
mutation clusters were present in individual patients with a
median of 11 (ranging from 2 to 26) clusters per patient. Of
particular interest, the subclonal architecture derived from
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ctDNA demonstrated high similarity to those derived from paired
tumor DNA in 6 of the 8 patients (Fig. 3) and the number of
mutation clusters was correlated between tumor DNA and
ctDNA (Spearman r= 0.7099, p= 0.0485). These results suggest
that ctDNA may be a reasonable alternative to tumor DNA for
delineating the subclonal architecture of SCLC. On the other
hand, ctDNA demonstrated more mutation clusters than tumor
DNA (median of 11 clusters per ctDNA sample versus 4 per
tumor DNA sample, p= 0.047, wilcoxon matched pairs signed
rank test) highlighting again the advantage of ctDNA over single
biopsies in revealing the global genomic landscape of SCLC.

Association between ctDNA and clinical parameters. Next, we
assessed whether ctDNA is associated with patient characteristics.
We did not find any association between the yield of DNA per 1
ml plasma sample, total mutation burden, mutations of particular
genes, or VAF of certain mutations with patient age, gender,

smoking status, cancer stage, recurrence status, or survival,
although the small sample size limits the power to detect these
associations. In view of the substantial variation in ctDNA sub-
clonal architecture as mentioned above, we next investigated
whether ctDNA subclonal architecture correlated with clin-
icopathological parameters. We utilized the average VAF of
mutations from the major clones (the cluster with the greatest
CCF) as a surrogate for overall ctDNA level. Varied ctDNA levels
were observed among patients, with a median value of 0.18 (95%
CI, 0.08 to 0.36) and ctDNA level was moderately correlated with
tumor burden (sum of the longest diameters of the target lesions
on CT scans) (Spearman r= 0.413, p= 0.056, Supplementary
Fig. 4). Of particular interest, patients with higher than median
(≥0.18) ctDNA level had significantly shorter progression-free
survival (PFS) and OS (p= 0.002 for PFS and p= 0.012 for OS;
Fig. 4). The median PFS among patients with higher versus lower
than median ctDNA level was 5.3 months (95% CI,
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5.0–5.6 months) versus 10.0 months (95% CI, 9.5–10.5 months)
(Fig. 4, left panel). The median OS was over 15 months shorter in
the high (9.3 months; 95% CI, 1.6–17.0 months) versus low
(25.0 months; 95% CI, 4.8–45.2 months) ctDNA level group
(Fig. 4, right panel). The difference remains significant in mul-
tivariate analysis after adjusting for age (<60 or ≥60), stage (LD or
ED) and tumor burden (HR= 8.4, p= 0.008 for PFS and HR=
4.7, p= 0.021 for OS; Supplementary Data 5). In our cohort, there
are three patients with ED disease who remain alive for longer
than 20 months. ctDNA levels of these three patients are all below
0.18 (0.04, 0.08, and 0.12, respectively). In addition, comparing
samples collected at different time points during the clinical
course, we observed dynamic changes in ctDNA levels, which are
well correlated with tumor measurements on imaging (Supple-
mentary Fig. 5), suggesting that ctDNA sequencing has the
potential for monitoring the clinical course of SCLC.

Depicting genomic evolution of SCLC under therapy using
ctDNA. Although SCLC is very sensitive to initial therapy, nearly
all patients experience relapse with broadly resistant cancer. Thus,
investigating the molecular evolution of SCLC during treatment
may provide new insight into the mechanisms underlying ther-
apeutic resistance and guide the development of novel treatment
strategies. To that end, we compared the genomic profiles derived
from pre-treatment ctDNA to the genomic profiles from ctDNA
at different time points during treatment from 11 patients with
post-treatment plasma samples available. As shown in Supple-
mentary Data 6 and Supplementary Fig. 6, variable dynamic
changes were observed in different mutation clusters from each
individual patient. In general, the average VAF of major mutation
clusters substantially decreased after platinum treatment, possibly
reflecting the decrease in tumor burden with treatment in these
patients. However, certain clones subsequently reemerged (e.g., in
patients CA5, CA44, and CA141) coinciding with disease pro-
gression. Mutations were detected in 9 of 11 patients with post-
treatment samples. Thirty-three mutations were exclusively
detected in the post-treatment samples and 13 mutations clus-
tered into subclones that were dominant in the post-treatment
compared to pre-treatment samples (Supplementary Data 6).
Among mutations exclusively detected in post-treatment samples,
there were 3 truncating mutations and 17 missense mutations
predicated to impact the functions of associated genes by
PolyPhen-221 and 9 genes were previously reported to be

associated with chemoresistance in several types of cancer (Sup-
plementary Data 7).

Discussion
Mutations from ctDNA are usually easier to detect in late-stage
malignancies than early-stage diseases13. However, SCLC is a
rapidly proliferating malignancy with early hematogenous
spread5, suggesting that ctDNA might be readily detectable in
SCLC patients, regardless of stage. Indeed, we detected mutations
in all pre-treatment plasma samples in this cohort of patients at a
relatively low sequencing depth compared to previous studies on
ctDNA sequencing of solid tumors22,23. A median of 94% of
mutations detected in paired tumor samples was also detected in
the plasma samples in our cohort. However, only 5 mutations
were detected from the plasma of patient CA170 and none of the
26 mutations detected in the tumor sample was also detected in
the plasma sample at the initial sequencing depth. At a higher
sequencing depth, only 2 of the 26 mutations in tumor were also
detected in plasma despite the total mutations detected in plasma
increasing to 15. One possible explanation is that the majority of
mutations detected in tumor and plasma were subclonal and
restricted to spatially separated tumor regions. Furthermore,
CA170 had a 2.3 cm primary tumor without lymph node or
distant metastasis (AJCC stage IA: T1bN0M0) and is alive
17 months post resection without evidence of recurrence. In
comparison, CA181, another patient with limited-stage disease
(AJCC stage IIIA), had only three mutations detected in the
tumor, all of which were also detected in the corresponding
plasma sample. These results suggest that the sensitivity of
ctDNA sequencing depends on the proportion of tumor-derived
DNA in the plasma, which is influenced by factors such as tumor
burden24 and subclonal architecture.

Subclonal architecture may have profound impact on cancer
biology and thus clinical outcomes of cancer patients. Recent
studies25–27 have reported on the potential clinical and biological
impact of the genomic subclonal architecture of non-small-cell
lung cancer. The genomic subclonal architecture of SCLC has not
been well studied, primarily due to the lack of large resected
tumor specimens for multiregion sequencing. In this study, we
demonstrated very similar subclonal architecture between ctDNA
and paired tumor in most patients, suggesting that ctDNA can be
used not only to detect somatic mutations, but also to study
subclonal architecture of SCLC. In addition, ctDNA levels as
measured by the average VAF of clonal mutations, rather than
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surgery, and one could not offer out-patient otherapeutic records. Right, Patients were divided into two groups using the median ctDNA level of 0.18.
Significantly shorter OS was observed in patients with higher ctDNA level (dot line). Small-cell lung cancer (SCLC) may evolve under treatment. But tumor
tissues are often not available to study evolution of SCLC. Here, the authors utilize circulating tumor DNA to investigate the genomic evolution and
subclonal architecture of SCLC during therapy
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any single gene mutation, were found to be associated with PFS
and OS, suggesting that subclonal architecture may provide
deeper prognostic information than any single gene mutation.

Shedding of ctDNA is a complicated process affected by many
factors and tumor burden is one of the most important deter-
minants24. On the other hand, tumor burden is also a well-known
prognostic factor associated with patient survival across different
cancer types28–31. Therefore, it is not unreasonable to hypothesize
that ctDNA levels may simply reflect tumor burden that in turn is
associated with survival. We did observe a moderate correlation
(Spearman r= 0.413, p= 0.056, Supplementary Fig. 4) between
pre-treatment ctDNA levels and tumor burden. However, we did
not observe an association between tumor burden and survival (p
= 0.184 for PFS and p= 0.367 for OS, Supplementary Data 5). It
is likely due to the small sample size of this cohort. Because of the
limitation of current imaging modality, particularly in detecting
small metastases, tumor burden measurement is not optimal. On
the other hand, patient survival can be impacted by many factors
including tumor burden, patient age, and treatment etc. There-
fore, a large cohort will be needed to reveal the correlation
between tumor burden and survival. Furthermore, tumor stage is
one of the most important prognostic factors for SCLC. In the
current study, the association between ctDNA levels measured by
average VAF of clonal mutations and survival held true in mul-
tivariate analyses after adjusting for major prognostic factors
including stage, age, and tumor burden (Supplementary Data 5),
suggesting that genomic subclonal architecture may provide
important prognostic information independent of these factors.

The current standard of care for therapeutic response assess-
ment and disease monitoring for SCLC patients is cross-sectional
imaging. While it is an essential clinical tool, imaging has
important limitations. For examples, it has low sensitivity/speci-
ficity when tumor size is <10 mm; it can be problematic to dis-
tinguish disease progression from treatment effects, infection, or
inflammatory changes; it does not reflect treatment-induced
changes in tumor genotype. Therefore, real-time and highly
accurate modalities for therapeutic response assessment and
monitoring of tumor burden are needed to provide early insight
into treatment efficacy and recurrence of disease. ctDNA
sequencing has shown its potential in detection and disease
monitoring in multiple cancer types15,17,24,32. In this study, we
have demonstrated that ctDNA level correlates well with changes
in tumor on computerized tomographic imaging (Supplementary
Fig. 5). Given the early hematogenous spread of SCLC and rapid
advancement in sensitivity, as well as specificity of ctDNA
sequencing technologies, ctDNA analysis also has the potential to
serve as a real-time and highly sensitive modality for SCLC
monitoring. Studies are ongoing to assess whether ctDNA can
detect disease recurrence/progression prior to conventional ima-
ging studies and whether early detection will improve clinical
outcomes.

The biology behind the broadly resistant phenotype of recur-
rent SCLC is well-documented, but poorly understood. Molecular
aberrations that are specific to, or enriched (i.e., change from
subclonal to clonal) in, recurrent tumors compared to treatment-
naive tumors are potential candidates for driving this broad
therapeutic resistance. Due to the difficulties inherent in sampling
tumor at progression, serial analysis of plasma DNA before and
after treatment provides an opportunity to study the genomic
evolution of SCLC during and after treatment. Using this
approach, we identified many mutations that were enriched in the
post-treatment samples and some of these genes, such as
NOTCH1, ERCC1, and STED2, have been previously reported to
be associated with chemoresistance33–36. As many of the post-
treatment plasma samples in this study were collected long before
clinical recurrence, we cannot conclude that these mutations are

associated with therapeutic resistance. In addition, the enrich-
ment of mutations in post-treatment samples could also be
confounded by small sample size and mutagenic effects from
chemotherapy and/or radiation, therefore, comparing genomic
landscape of longitudinally collected SCLC samples before and
after treatment is needed to validate these intriguing findings.
Nevertheless, our results suggested that ctDNA analysis for
investigating the genomic evolution of SCLC is feasible.

A significant obstacle to advancing translational SCLC research
is the challenge in obtaining tumor material. In this study, we
provide proof-of-concept evidence that ctDNA sequencing may
be a reliable modality for detecting somatic mutations, depicting
the subclonal architecture and investigating the genomic evolu-
tion of SCLC. To our knowledge, this is the first study that
employed ctDNA sequencing in SCLC patients using a large gene
panel capable of identifying sufficient mutations for subclonal
analysis. Another foreseen advantage of a large gene panel is a
more accurate estimation of tumor mutation burden (TMB), a
potential biomarker for response to immune checkpoint blockade
in many cancer types37–41. Recently presented early phase clinical
trials have shown encouraging activity of immune checkpoint
blockade in treatment of SCLC patients42–44, and high TMB has
been demonstrated to be associated with superior response and
prolonged survival in SCLC45. Therefore, ctDNA sequencing
using a large gene panel, such as the one presented here, could be
used to assess TMB for SCLC patients, particularly when biopsy is
not clinically feasible or the quantity and/or quality of biopsy is
not satisfactory.

Methods
Patients and sample collection. Patients with SCLC diagnosed at Beijing Chest
Hospital between 2014 and 2015 were enrolled. The study was approved by the
institutional review board and all patients provided written informed consents. A
volume of 10 ml of blood was collected within 2 weeks before treatment from each
patient. Serial post-treatment blood sample collection was also planned before the
2nd, 3rd, 4th, and 5th cycle of chemotherapy and at disease progression for each
patient. Tumor burden were calculated according to RECIST 1.1 (sum of the
longest diameters of the target lesions on CT scans). In addition, pre-treatment
formalin-fixed paraffin-embedded (FFPE) specimens obtained by biopsy or sur-
gical resection were collected from eight patients with a median of 5-day interval
(0 day to 10 days) between the collection of pre-treatment blood samples.

Sample processing and DNA extraction. Peripheral blood was collected in EDTA
Vacutainer tubes (BD Diagnostics, Franklin Lakes, NJ, USA) and processed within
4 h. Plasma was separated by centrifugation at 1600× g for 10 min, transferred to
new microcentrifuge tubes, and centrifuged at 16,000× g for 10 min to remove
remaining cell debris. Peripheral blood lymphocytes (PBLs) from the first cen-
trifugation were used for the extraction of germline genomic DNA. PBL DNA was
extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). DNA
was isolated from plasma using QIAamp Circulating Nucleic Acid Kit (Qiagen,
Hilden, Germany). Genomic DNA was extracted from FFPE samples using Max-
well® RSC DNA FFPE Kit (Promega, Madison, WI, USA). DNA concentration was
measured using a Qubit fluorometer and the Qubit dsDNA HS (High Sensitivity)
Assay Kit (Invitrogen, Carlsbad, CA, USA). The size distribution of plasma DNA
was assessed using an Agilent 2100 BioAnalyzer and the DNA HS kit (Agilent
Technologies, Santa Clara, CA, USA).

Sequencing library construction and target enrichment. Before library con-
struction, 1 μg each of genomic DNA extracted from PBL and FFPE specimen was
sheared to 300-bp fragments with a Covaris S2 ultrasonicator (Covaris, Woburn,
MA, USA). A volume of 20–80 ng DNA from plasma were used for library con-
struction. Indexed Illumina next-generation sequencing (NGS) libraries were
prepared from PBL DNA, tumor DNA, and plasma DNA using the KAPA Library
Preparation Kit (Kapa Biosystems, Wilmington, MA, USA).

Target enrichment was performed with a custom SeqCap EZ Library (Roche
NimbleGen, Madison, WI, USA). To explore the comprehensive genetic properties
of SCLC, the capture probe was designed based on ~2.3 Mb genomic regions of 430
genes frequently mutated in SCLC and other common solid tumors. Capture
hybridization was carried out according to the manufacturer’s protocol. Following
hybrid selection, the captured DNA fragments were amplified and then pooled to
generate several multiplex libraries.
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NGS sequencing. Sequencing was carried out using Illumina 2 × 75 bp paired-end
reads on an Illumina HiSeq 3000 instrument according to the manufacturer’s
recommendations using TruSeq PE Cluster Generation Kit v3 and the TruSeq SBS
Kit v3 (Illumina, San Diego, CA, USA).

Sequence data analysis. After removal of terminal adaptor sequences and low-
quality data, reads were mapped to the reference human genome (hg19) and
aligned using BWA (0.7.12-r1039)46. MuTect2 (3.4–46-gbc02625)47 was employed
to call somatic small insertions and deletions (InDels) and single nucleotide var-
iants (SNVs). Contra (2.0.8) was used to detect copy number variations48 and an
algorithm was used to identify LOH based on informative SNPs49. For structure
variations (SV), baits were designed to capture selected exons and introns of RET,
ALK, ROS1, and NTRK1 oncogenes based on previously reported SVs in these
genes and an in-house algorithm was used to identified split-read and discordant
read-pair to identify SVs. All final candidate variants were manually verified with
the integrative genomics viewer browser.

Subclonal analysis. Pyclone was employed to infer the subclonal architecture of all
DNA samples from plasma and available SCLC tumors20. The copy number
information of each SNV was used as input for PyClone analysis27,50 and the CCF
was inferred and variants were clustered as previously described20. PyClone was
run with 20,000 iterations and default parameters. For comparing CCF in matched
tumor DNA and ctDNA, the parental_copy_number mode and a burn-in of 2000
were added. Variants located in the cluster with greatest mean CCF were defined as
clonal, the rest were subclonal20.

Statistical analysis. Survival analysis was performed by multivariate Cox pro-
portional hazards regression analysis and Kaplan–Meier survival analysis with log-
rank test. IBM SPSS software (23.0) and GraphPad Prism (6.01) were used in
statistical analysis. All tests were two-sided and considered statistically significant
at p < 0.05.

Data availability. All mutations reported in this study were provided in the
supplementary information. De-identified patient clinical information was pro-
vided in the supplementary information. All other relevant data could be obtained
from the corresponding authors of this study.
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