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INTRODUCTION
Small cell lung cancer (SCLC) remains one of the most 

common and deadly human cancers. Each year, it afflicts 
30,000 to 35,000 patients in the United States (200,000–
250,000 patients worldwide) with a median survival of 7 to 
11 months that has not improved significantly over the past 
40 years (1–5). In 2012, the United States Congress designated 
SCLC as a “recalcitrant cancer” due to high incidence, poor 
prognosis, and stalled progress (6). More than 95% of patients 
with SCLC present with disseminated disease (7, 8), and even 
among the rare surgical cases with no detectable metasta-
ses, only 40% are cured with resection alone (9). However, 
untreated SCLC is remarkably sensitive to DNA damage, and 
for these reasons, chemotherapy is recommended regardless 
of stage (10). First-line regimens combining etoposide with 
cisplatin (EP) or carboplatin (EC) yield overall response rates 
(ORR) of 60% to 70%, rivaling the most effective oncogene-
targeted therapies in non–small cell lung cancer (NSCLC; 

refs. 11–14). A variety of agents can yield similar efficacy, 
including platinum–irinotecan combinations and cyclophos-
phamide- or methotrexate-containing regimens (15–18). This 
broad sensitivity to DNA damage distinguishes untreated 
SCLC from NSCLC, where responses are far less frequent 
(ORR, 15%–30%; refs. 19, 20).

For a small minority of patients, concurrent thoracic radia-
tion or immune-checkpoint blockade can extend the initial 
response to chemotherapy for years or indefinitely (21–25). 
However, for most patients, SCLC relapses within months as 
a far less manageable disease. Topotecan and lurbinectedin 
are approved second-line agents, but treatment responses 
are infrequent and brief (ORR, 24% and 35%, and dura-
tion, 3.3 and 5.3 months, respectively; refs. 26, 27). Other 
drugs have similar modest efficacy, including temozolomide 
(TMZ), amrubicin, gemcitabine, bendamustine, vinorelbine, 
and taxanes (28, 29). In addition to sharing similar efficacy, 
second-line agents share the same functional biomarker, the 
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chemotherapy-free interval (CTFI), between the conclusion 
of first-line chemotherapy and progression (29). Tumors with 
a CTFI of less than 90 days, termed “platinum resistant,” 
are unlikely to respond to any further chemotherapy (ORR, 
14% across regimens). In contrast, “platinum-sensitive” SCLC 
(CTFI > 90 days) may remain sensitive to first-line chemother-
apy and can be rechallenged (ORR, 49%; ref. 30). However, this 
approach is only transiently effective, as patients with plati-
num-sensitive SCLC rarely survive more than 7 to 8 months 
regardless of regimen (30). This common trajectory suggests 
two categories of SCLC: cancers that remain sensitive to DNA 
damage and cancers that have acquired broad cross-resistance.

Acquired cross-resistance renders SCLC untreatable and 
rapidly fatal, as patients rarely receive more than 2 to 3 lines 
of therapy (31). Despite decades of research, the drivers of this 
transformation remain unknown. Research has been hindered 
by a scarcity of tumor samples, as there is no clinical indica-
tion to rebiopsy SCLC after relapse. Furthermore, labora-
tory models that recapitulate clinical cross-resistance are not 
defined, as genetically engineered mouse models lack clinical 
histories, and cell lines derived before treatment or after 
relapse have similar chemosensitivity in vitro (32). Patient-
derived xenograft (PDX) models may overcome these barriers. 
PDXs can be established after relapse from circulating tumor 
cells (CTC), bypassing the need for rebiopsy (33) and main-
taining genomic fidelity to their donor tumors (34). More 
importantly, PDX models recapitulate the responses of their 
corresponding patients to DNA-damaging regimens such as 
first-line EP or EC, and olaparib plus TMZ (OT), a promising 
experimental regimen for relapsed SCLC (34, 35). This func-
tional fidelity is necessary to capture acquired cross-resistance.

To investigate cross-resistance, we generated comprehen-
sive clinical, molecular, and functional profiles of 51 SCLC 
PDX models. Each model was treated with three clinical 
regimens in vivo to quantify cross-resistance, and these values 
were compared with patient treatment histories to confirm 
clinical fidelity. A pair of serially derived PDXs from the 
same patient revealed that a focal amplification of MYC on 
extrachromosomal DNA (ecDNA) was acquired on treat-
ment to confer cross-resistance. The full PDX panel demon-
strated that this was not isolated to one patient, as ecDNA 
amplifications of MYC, MYCN, and MYCL were recurrent 
among cross-resistant models derived after relapse. Genomic 
analysis of tumor biopsies obtained from patients with SCLC 

showed recurrent focal amplifications of MYC paralogs in the 
relapsed samples but not in pretreatment samples, consistent 
with the PDX results. We conclude that ecDNAs harboring 
MYC paralogs drive acquired cross-resistance in SCLC.

RESULTS
Serial PDX Models Demonstrate Acquired 
Cross-Resistance and High-Level MYC Expression

The clinical trajectory of SCLC is biphasic and defined by 
acquired cross-resistance (Fig. 1A). To discover genetic altera-
tions that underlie this transition, we compared serial PDX 
models derived from the same patient, MGH1518, before 
first-line therapy with EC (MGH1518-1BX) and again after a 
durable response to second-line OT (MGH1518-3A; Fig.  1B; 
Supplementary Table  S1). These models recapitulated the 
patient’s clinical history, with MGH1518-3A acquiring resist-
ance to both EP and OT (Fig.  1C; Supplementary Fig.  S1A–
S1C). Resistance in this model extended beyond the regimens 
received by the patient to include topotecan, demonstrating 
acquired cross-resistance (Fig. 1C). Of note, we used EP in vivo 
throughout this study to model sensitivity to both first-line EC 
and EP because the clinical efficacy of these regimens is equiva-
lent (11). We confirmed this experimentally for three PDX 
models, including the MGH1518 serial pair, with nearly identi-
cal responses to EC and EP in vivo (Supplementary Fig. S1D).

The underlying gene-expression changes that might 
account for cross-resistance were investigated through tran-
scriptome sequencing. This revealed a striking upregulation 
of the basic helix–loop–helix transcription factor MYC in 
MGH1518-3A, with nearly absent expression in MGH1518-
1BX and only modest expression of its paralog, MYCL 
(Fig. 1D). Upregulation of MYC was highly impactful, driving 
a global shift in gene expression (Supplementary Table  S2) 
that was led by changes characteristic of MYC induction 
(Fig. 1E and F; Supplementary Fig. S2A; ref. 36). This MYC-
driven transcriptomic change was reflected in the divergent 
cellular morphologies of the tumors (Fig.  1G). MGH1518-
1BX demonstrated features of classic SCLC, with sheets of 
fusiform cells with scant cytoplasm, nuclear molding, and 
inconspicuous nucleoli. In contrast, MGH1518-3A demon-
strated the variant morphology originally associated with 
MYC amplification, with more abundant cytoplasm, round 
nuclei, and occasional nucleoli (37).

Figure 1. Serial PDX models of SCLC demonstrate cross-resistance and high-level MYC expression acquired after two lines of therapy. A, The 
biphasic clinical trajectory of SCLC, from broad chemosensitivity to acquired cross-resistance. Ribbon thickness depicts the proportion of patients. 
Purple = relapse. CTFI = chemotherapy-free interval. B, Clinical treatment history of patient MGH1518. Prior to therapy, PDX model MGH1518-1BX 
was derived from core biopsy. Patient then received 5 cycles of EC, followed by 65 days off therapy and progression at first restaging. Second-line 
OT resulted in a durable partial response of 6.8 months. PDX model MGH1518-3A was derived after progression on OT. C, PDX responses to EP, OT, 
and topotecan (Topo), as described in detail in Supplementary Fig. S1A–S1C for MGH1518-1BX treated with EP (top left). Solid color lines = tumor-
volume (TV) curves for treated xenografts starting from initial tumor volume (ITV) of 300–600 mm3. Dashed color lines + color shading = average TV 
curves ± 95% confidence interval (CI). Tan dashed lines + shading = untreated TV curves ± 95% CI from model growth coefficients calculated from 94 
MGH1518-1BX xenografts and 60 MGH1518-3A xenografts. Dark gray shading = difference in the area under treated and untreated average TV curves 
(ΔAUC). D, PDX MYC paralog transcripts per million (TPM). Circles = replicate xenografts. Error bars = mean and SEM. E, PDX differential gene expres-
sion. Red = genes upregulated upon overexpression of MYC per the MSigDB gene set “MYC_UP.V1_UP,” which is derived from ectopic MYC expression 
in primary breast epithelial cells (36). F, Gene set enrichment plot in MGH1518-3A vs. MGH1518-1BX for genes upregulated and downregulated with 
MYC overexpression. G, PDX morphology by hematoxylin and eosin stain, and MYC expression by IHC. H and I, PDX Histone H3K27ac ChIP-seq, Hi-C, 
and virtual 4C viewed in a 6 MB region on chromosome 8q24 containing the MYC locus. H, Normalized input and H3K27ac signals between models. Peak 
heights = counts per million mapped reads (CPM). Orange shaded region = MYC locus. I, MGH1518-3A Hi-C contact map and degree of interaction with 
the MYC locus by virtual 4C. Hi-C map color intensity = frequency of interaction between 2 loci. Virtual 4C peak height = relative interaction frequency 
with the MYC locus. Green boxes and blue-shaded regions = loci with strong interactions with the MYC locus, high H3K27ac peak, and chromatin input 
indicative of focal amplification. Created with BioRender.com.
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Increased MYC transcription resulted in elevated MYC pro-
tein levels and nuclear concentration, as measured by immu-
noblot and IHC (Fig.  1G; Supplementary Fig.  S2B). MYC 
staining was surprisingly heterogeneous, with nuclear signal 
nearly absent in some cells and intensely positive in others. To 
discover epigenetic changes that might account for high but 
variable MYC induction, we profiled transcriptionally active 
chromatin through histone H3K27 acetylation chromatin 
immunoprecipitation and sequencing (H3K27ac ChIP-seq). 
This revealed a massively increased H3K27ac mark on the 
MYC locus in MGH1518-3A as compared with MGH1518-
1BX, in agreement with their sharp difference in MYC tran-
scription (Fig.  1H). The global shift in gene expression 
between these models was mirrored by a profoundly altered 
epigenetic landscape, with  >29,000 unique H3K27ac peaks 
in MGH1518-3A that include MYC targets such as KLF16, 
whose expression increased 11-fold (Supplementary Fig. S2C 
and S2D; Supplementary Table S2; ref. 36). These epigenetic 
and transcriptional changes align with a well-described role 
for MYC as a global transcriptional amplifier (38).

In addition to the H3K27ac peak at MYC in MGH1518-3A, 
the input chromatin was also markedly elevated in the sur-
rounding region (Fig. 1H, compared with a control region in 
Supplementary Fig.  S2E). The segmentally increased input 
signal suggested a focal amplification, but not all of the high-
input regions surrounding MYC contained strong H3K27ac 
peaks, raising the possibility of specific interactions between 
MYC and distant loci. To further investigate the 3D architec-
ture of this region, we generated high-throughput chromo-
some conformation capture (Hi-C) maps and performed virtual 
circular chromosome conformation capture (4C) for the MYC 
locus (Fig. 1I). This showed strong contact between MYC and 
two regions, one in the neighboring topologically associating 
domain (TAD) and the other in a distant TAD, both with high 
input and H3K27 peaks. These interactions could be explained 
by structural rearrangements within the amplification to allow 
MYC to access both local and distant enhancers.

Together, these results suggested a focal amplification of 
MYC and surrounding enhancers, resulting in high-level but 
heterogeneous gene expression that radically altered the epi-
genetic landscape of the tumor. This could be explained by 
either subclonal amplification or by amplification on circular 
ecDNA, which is known to drive tumor heterogeneity (39).

High-Level MYC Amplification on ecDNA Was 
Acquired after the Start of Second-Line Therapy

To investigate the focal MYC amplification further, MGH1518-
1BX and MGH1518-3A were compared by whole-genome seq-
uencing (WGS). Most copy-number variations were conserved 
between the models, but MGH1518-3A demonstrated a 
private 58-copy amplification of 2.09 Mb on chromosome 
8 containing the MYC locus (Fig. 2A; Supplementary Fig. S3A). 
Reconstruction of this amplification with the AmpliconArchi-
tect (AA) computational tool revealed an ecDNA composed 
of 22 fragments that included MYC in contact with its pre-
sumed enhancers, as mapped by H3K27ac ChIP-seq and Hi-C 
(Fig.  1H and I; Fig.  2B; Supplementary Fig.  S3B; refs. 40, 
41). The ecDNA was confirmed by MYC fluorescence in-situ 
hybridization (MYC-FISH) in metaphase cells, which showed 
multiple dispersed extrachromosomal foci in MGH1518-3A 

but not MGH1518-1BX (Fig.  2C). Furthermore, MYC-FISH 
performed on the patient tumor biopsy that gave rise to 
MGH1518-3A revealed numerous diffuse nuclear foci, dem-
onstrating this amplification was present in the patient’s 
tumor and not an artifact of model derivation (Fig. 2D). High-
level focal amplifications of oncogenes and resistance factors 
on ecDNAs are common across cancer subtypes, including 
SCLC (42–44). Asymmetric mitotic segregation and positive 
selection allow ecDNAs to reach extremely high copies per cell, 
and also generate intratumoral copy-number heterogeneity 
(39). This may explain the heterogeneity of MYC expression 
observed in MGH1518-3A cells (Fig. 1G).

Formation of circular ecDNAs usually involves DNA damage 
in the context of tumor suppressor inactivation and frequently 
occurs through chromothripsis, in which a chromosome is 
shattered, and the fragments are rearranged or lost (43, 45). 
SCLC is primed for these events, as the genomic hallmarks of 
the disease are loss of RB1 and TP53 and the mainstays of ther-
apy are DNA-damaging agents and ionizing radiation (7). We 
investigated the rearrangements that formed the ecDNA con-
taining MYC (ecMYC) in MGH1518-3A through analysis of ger-
mline heterozygous loci (single-nucleotide polymorphisms, or 
SNPs; Supplementary Fig. S3C). This revealed loss-of-heterozy-
gosity (LOH) around but not within the amplified segments, 
but it remained unclear whether these deletions occurred on 
the chromosome that formed ecMYC. To investigate further, 
the allelic fractions (AF) of the SNPs were compared between 
MGH1518-1BX and MGH1518-3A (Supplementary Fig. S3D). 
On the chromosome that formed ecMYC, the SNPs between 
amplified segments were undetectable in MGH1518-3A, con-
sistent with deletions, whereas the SNPs on the unampli-
fied chromosome remained intact (Supplementary Fig.  S3E). 
Importantly, the retention of an intact copy of chromosome 
8 in MGH1518-3A resulted in a bimodal distribution of SNP 
AFs within the amplified regions, either very low on the unam-
plified chromosome or very high on ecMYC.

The ecMYC amplification was detected in MGH1518-3A but 
not in MGH1518-1BX (Fig. 2A and C). This could mean that 
it was acquired on therapy, but there are other possibilities, 
such as the presence of ecMYC in a small subclone that was 
omitted from MGH1518-1BX. We reasoned that the mutant 
allele fractions (MAF) of therapy-induced mutations could 
be measured to distinguish these possibilities (Fig. 2E and F). 
If the ecMYC formed after the therapy-induced mutations, 
then the MAFs of these preexisting mutations would mirror 
the SNP AFs (Supplementary Fig. S3E): mutations on ampli-
fied sequences would be coamplified, increasing their MAFs, 
and mutations on the unamplified allele would be diluted by 
the amplification, decreasing their MAFs to yield a bimodal 
distribution (Fig.  2E). In contrast, if the ecMYC amplifica-
tion were preexisting, new therapy-induced mutations would 
be diluted regardless of location, with uniformly low MAFs 
(Fig.  2F). Even a modest preexisting amplification would 
limit subsequent MAFs to less than 0.5.

Patient MGH1518 was treated with OT for more than 
6 months, and the comparison of the serial models gen-
erated from this patient revealed the emergence of TMZ-
induced hypermutation, as is well described for glioblastoma 
(46). More than 280,000 new mutations were detected in 
MGH1518-3A, constituting a 5.75-fold increase in tumor 
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mutational burden (TMB; Fig.  2G and ref.  47). Nearly all 
new mutations were C>T transitions characteristic of TMZ 
(SBS11 in COSMIC), which became so abundant that they 
supplanted the tobacco-induced C>A transversion signature 
(SBS4 in COSMIC; Fig. 2G; Supplementary Fig. S4A; ref. 48). 
We analyzed the MAFs of C>T mutations to determine the 
timing of ecMYC amplification relative to the start of OT. 
The distribution of C>T MAFs across the genome was uni-
modal with a median of 0.37, reflecting overall near-triploidy 
(Fig. 2H; Supplementary Fig. S3A). In contrast, the distribu-
tion of C>T MAFs within the ecMYC region was bimodal, 
mirroring the SNP AFs in this region (Fig. 2H; Supplemen-
tary Fig.  S3D; Supplementary Table  S3). The bimodal C>T 
MAF distribution is consistent with TMZ hypermutation 
occurring before ecMYC formation (Fig.  2E). The difference 
between the peaks, with MAFs most frequent below 0.07 and 
above 0.90, reflects the high copy number of ecMYC.

A second set of serial PDX models provides the counterex-
ample, in which ecDNA amplification precedes TMZ-induced 
hypermutation (Fig.  2F). After patient MGH1531 received 2 
cycles of EC at a reduced dose, MGH1531-1B was derived 
from an effusion specimen (Fig. 2I; Supplementary Table S1). 
After 2.5 years of further therapy ending with 7.2 months of 
OT, MGH1531-5BX was derived from a resected brain metas-
tasis. WGS and AA reconstruction revealed an ecDNA from 
chromosome 17 containing AXIN and CASC17 (Fig.  2I; Sup-
plementary Fig.  S4B and S4C). Unlike the MGH1518 serial 
models, this ecDNA was detected and highly conserved in both 
models, derived before and after OT (similarity score, 0.746; 
P  =  7.26e−05). The post-OT model MGH1531-5BX demon-
strated extreme TMZ-induced hypermutation, with  >400,000 

new mutations (15.6-fold TMB over MGH1531-1B) and a clear 
transition from C>A to C>T predominance (Fig. 2I). In contrast 
with the ecMYC amplification in MGH1518-3A, the preexist-
ing chromosome 17 ecDNA in MGH1531-5BX demonstrated 
a C>T MAF distribution that was low and unimodal (Fig. 2J; 
Supplementary Table  S4), as predicted for therapy-induced 
mutations on preexisting ecDNA amplifications (Fig. 2F).

Finally, a small number of TMZ-induced mutations in 
MGH1518-3A could be localized directly to either ecMYC or 
the unamplified chromosome. Ten mutations on chromo-
some 8 were close enough to rearrangement junctions to be 
included on the same reads. These mutations could be local-
ized to ecMYC by the presence of fusion sequences on reads 
that spanned the junctions (Supplementary Fig. S4D and S4E; 
ref. 49). 8 mutations were detected exclusively on junction reads 
that contain an ecMYC fusion, and for 7 of 8, the MAF was 
greater than 0.95 (Supplementary Fig. S4F and Supplementary 
Table  S5). Two mutations were detected exclusively on junc-
tion reads that lack a fusion, both with MAF less than 0.05, 
as expected if they occurred on the unamplified chromosome. 
The high clonality of TMZ-induced mutations on ecMYC sup-
ports a model in which amplification occurred after the start 
of therapy. We concluded that the SCLC in patient MGH1518 
acquired an ecMYC amplification after the start of second-line 
OT, and this drove the extreme epigenetic and transcriptional 
changes that accompanied acquired cross-resistance.

High-Level ecMYC Amplification Confers 
Cross-Resistance to DNA-Damaging Therapies

ecDNAs lack centromeres to mediate spindle attachment 
during mitosis. Instead, they segregate randomly during cell 

Figure 2. Serial PDX models demonstrate MYC amplification on ecDNA acquired after the start of second-line therapy. A, Copy-number varia-
tion on chromosome 8 demonstrated focal amplification of discontinuous segments including MYC in MGH1518-3A but not MGH1518-1BX. Peak 
heights = counts per million mapped reads (CPM). B, AmpliconArchitect (AA) reconstruction of circular ecDNA containing MYC. C, FISH using probes 
for MYC in metaphase cells from MGH1518-1BX (left) and MGH1518-3A (right) xenografts following dissociation. MYC foci apart from DAPI-stained 
chromosomes confirm the presence of ecDNAs in MGH1518-3A but not MGH1518-1BX. D, FISH of probes for MYC in the patient tumor biopsy sample 
that gave rise to MGH1518-3A. (continued on next page)
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fication before the start of TMZ as depicted in F. Created with BioRender.com.
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division to generate a binomial distribution of copy numbers 
in daughter cells (ref. 50; Supplementary Fig. S5A). This natu-
ral heterogeneity provides an opportunity to investigate the 
effects of copy-number variation on adjacent cells within the 
same tumor, without further genetic manipulation (Supple-
mentary Fig. S5B). We exploited this powerful tool to address 
whether ecMYC drives cross-resistance in SCLC.

We first asked whether chemotherapy induced less DNA 
damage in cells that inherited higher ecMYC copy numbers 
(Fig. 3A; Supplementary Fig. S5C). MGH1518-3A xenografts 
were treated with one day of EP or OT, resected within 24 
hours of the final dose, and compared with untreated controls 
(Fig.  3B–D). Each resected xenograft was probed for phos-
phorylated H2AX (γH2AX), MYC protein level, and ecMYC 
abundance by dual immunofluorescence and MYC-FISH (Sup-
plementary Fig. S5D). Discrete nuclear foci of phosphorylated 
H2AX (γH2AX) form rapidly at double-stranded breaks, and 
their levels provide an indirect measure of the generation and 
repair of these lesions. In interphase nuclei, ecDNAs can be 
measured readily by FISH, and results correlate strongly with 
metaphase FISH from the same tumors (39, 51).

In untreated tumors, cells with multiple γH2AX foci were 
rare but became abundant after EP or OT (Fig.  3B–D), and 
the comparison of treated and untreated xenografts revealed 
a clear threshold to delineate damaged cells (Fig.  3E). MYC 
protein levels correlated strongly with ecMYC abundance in 
both treated and untreated cells (Fig.  3F), consistent with 
the known capacity of ecDNAs to drive high-level oncogene 
expression (42). Strikingly, DNA damage induced by EP and 
OT was concentrated in the MYClow cells, and almost all cells 
with the highest MYC expression were spared (Fig. 3G). This 
difference could reflect ecMYC-driven therapy resistance, but 
could also result from diminished MYC protein synthesis or 
stability in cells responding to DNA damage. To distinguish 
these possibilities, we compared ecMYC abundance with 
γH2AX foci directly. Undamaged cells had markedly higher 
ecMYC levels than damaged cells, and as with MYC protein, 
the cells with the highest ecMYC levels were spared regard-
less of regimen (Fig.  3H). Variation in ecMYC copy number 
between tumor cells in the same xenograft results from 
random segregation, and the cells that inherited more copies 
of ecMYC incurred less DNA damage from both EP and OT.

Figure 3. ecMYC protects cells from DNA damage induced by chemotherapy. A, Schema to determine whether ecMYC protects cancer cells from DNA 
damage. Daughter cells inherit variable numbers of ecDNAs due to random segregation during mitosis. This generates natural copy-number heterogeneity 
that can be exploited experimentally to measure the effects of ecDNA dosage on therapy-induced DNA damage in individual tumor cells. B–D, MGH1518-
3A xenografts (mean 58 copies ecMYC per cell) received either no treatment, a single day of OT, or a single day of EP and then were resected and fixed in 
formalin. Each xenograft tissue section was imaged by immunofluorescence for MYC protein and γH2AX, and by MYC-FISH for ecMYC content, with DAPI 
nuclear stain. γH2AX foci denote sites of DNA damage signaling, whereas homogenous γH2AX nuclear signals denote apoptotic nuclei. Dashed borders 
mark ecMYChigh cells, and solid borders mark ecMYClow cells. Scale bar = 10 μm. (continued on next page)
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Figure 3. (Continued) E, Distributions of γH2AX foci/nucleus. Treatment resulted in bimodal distributions with a clear threshold between damaged and 
undamaged cells (dashed line). F, Normalized MYC immunofluorescence vs. MYC-FISH area per nucleus. r = Pearson correlation coefficient, p = signifi-
cance of correlation. G and H, MYC immunofluorescence (G) or MYC-FISH area (H) in nuclei with high or low γH2AX foci (with or without DNA damage), as 
measured by γH2AX foci/nucleus threshold in E. Created with BioRender.com.

MGH1518-3A xenografts are cross-resistant compared with 
MGH1518-1BX, but they are still affected by chemotherapy 
(Fig. 1C). Tumor growth stalls transiently during treatment, 
with occasional brief regressions in some xenografts. Because 
a single day of EP or OT selectively damages ecMYC low tumor 
cells (Fig.  3H), we reasoned that the growth delay induced 
by the full regimens could represent selection against these 
damaged cells, which would result in higher overall copy 
numbers (Fig. 4A; Supplementary Fig. S5E). To test whether 
ecMYC confers a survival advantage, we performed MYC-
FISH on MGH1518-3A xenografts resected after regrowth 
following full OT and EP regimens and compared them with 
untreated xenografts (Fig.  4B–D). To assess the persistence 
of any change in ecMYC copy number, EP-treated xenografts 
were passaged to new mice and regrown off therapy (Fig. 4E). 
Following treatment, the ecMYC copy-number distributions 
of xenografts increased significantly, and these changes in 
copy number were consistent between individual xenografts 
(Fig. 4F and G; Supplementary Fig. S6A–S6D). The increase 
in copy number after EP was particularly striking, and this 
increase persisted through at least one subsequent passage. 
This demonstrated a selective advantage for cells with high 
ecMYC in the presence of these drugs. Together with the low 
number of γH2AX foci in ecMYChigh cells during treatment, 
these results suggest that ecMYC confers dose-dependent 
resistance to DNA-damaging agents.

PDX Models of SCLC Recapitulate Acquired 
Cross-Resistance to DNA-Damaging Agents

In patient MGH1518’s SCLC, an ecMYC amplification was 
acquired during treatment and conferred resistance to both 

EP and OT. To understand whether ecDNA amplifications are 
generalized drivers of cross-resistance, we developed a PDX-
based experimental system to quantify therapy responses in 
SCLC and to investigate their association with molecular 
features. A panel of 51 PDX models were derived from 42 
patients with SCLC, 19 models before treatment and 32 
after at least one line of therapy. For each model, the clinical 
history was annotated retrospectively to catalog all systemic 
therapies administered before and after model derivation, 
whether these resulted in clinical benefit, and the duration of 
therapies (Fig. 5A; Supplementary Table S1). For all but four 
patients (MGH1517, MGH1535, MGH1586, and MGH1719), 
a four-year window captured these clinical histories.

To measure cross-resistance directly, each model was 
treated in vivo with two to three clinical regimens that induce 
DNA damage through distinct mechanisms: EP, OT, and 
topotecan. Treatment was initiated at a large tumor volume 
(300–600 mm3) to measure regression precisely. Tumor-vol-
ume curves were compiled for each regimen, and an area-
under-the-curve (AUC) bounded by 50 days and 200% initial 
tumor volume (ITV) was calculated for each xenograft (Sup-
plementary Fig.  S1B). The AUC metric was less subject to 
single-measurement variation than maximum regression or 
time-to-volume endpoints that are typically reported. Mul-
tiple xenografts were treated for each model and regimen, 
resulting in 694 tumor-volume curves (Fig.  5B). To control 
for intrinsic growth rate, the untreated AUC for each model 
was calculated from 1,184 control xenografts (Supplemen-
tary Fig. S7A and S7B).

Model drug effect was calculated as the difference in mean 
AUC between drug-treated and control xenografts (ΔAUC; 
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Figure 5. Clinical and functional annotation of PDX panel to measure acquired cross-resistance in SCLC. A, Patient treatment histories before and 
after model derivation, for 48 months following the start of first-line therapy. Xenograft color denotes models derived before (yellow) or after (purple) 
first-line chemotherapy. Segment length = therapy duration. Segment shade = early progression (tan) vs. disease stabilization or regression (black) vs. 
unknown benefit (gray). Therapy abbreviation key below. B, PDX responses in vivo to EP, OT, and topotecan. TV curves for individual treated xenografts, 
average TV curves for models with or without treatment ± 95% CI, and ΔAUC as depicted for MGH1518 models in Fig. 1C; Supplementary Fig. S1A–S1C. 
PDX models are arranged by increasing chemosensitivity (ΔAUCavg, Fig. 6A) from top left to bottom right. Created with BioRender.com.
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Supplementary Fig.  S1A–S1C). There was a strong correla-
tion between ΔAUC values for each pair of regimens, with 
the correlation between EP and topotecan particularly strong 
(Pearson r = 0.69, P = 6.2e−8; Supplementary Fig. S8A–S8C). 
Furthermore, the in vivo regimens for EP, OT, and topotecan 
were calibrated such that the means and distributions of their 
ΔAUC values across the PDX panel were indistinguishable 
(Supplementary Fig. S8D). Therefore, we use a simple average 
of ΔAUC as a metric for modeling cross-resistance (ΔAUCavg; 
Fig. 6A; Supplementary Table S6). When models were ordered 
by ΔAUCavg, cross-resistance between EP, OT, and topotecan 
became apparent (Fig. 5B).

To determine whether PDX ΔAUCavg recapitulated clinical 
features of cross-resistance in SCLC, we compared this metric 
against known clinical determinants of treatment efficacy. 
Unlike established SCLC cell lines (32), PDX models derived 
from relapsed patients are significantly more cross-resistant 
than models from chemo-naïve patients (Fig. 6B). The over-
lap of ΔAUCavg between these cohorts reasonably approxi-
mates the proportions of chemoresistance among untreated 
SCLC and chemosensitivity in the relapsed population. To 
further test the fidelity of PDX model drug responses to clini-
cal histories, we compared models by CTFI and by whether 
the patient’s next regimen was effective. Models derived after 
the first relapse from patients with a CTFI > 90 days (“plati-
num-sensitive”) had significantly higher ΔAUCavg values that 

were comparable to models derived from untreated patients 
(Fig.  6C). Similarly, models derived from relapsed patients 
who responded to their next line of therapy were more 
chemosensitive than models derived just before an ineffec-
tive therapy (Fig. 6D). Clinical history distinctions were not 
confounded by PDX source, as there was no difference in 
ΔAUCavg between CTC- and biopsy- or effusion-derived mod-
els (Supplementary Fig. S8E).

These results demonstrate a remarkable degree of fidelity 
for PDX model drug responses to the clinical histories of 
their patients. They also demonstrate the value of functional 
testing, as the history of relapse alone is less predictive of 
cross-resistance. Based on the history of relapse, highly sensi-
tive models derived from patients after a prolonged CTFI 
or from patients who responded to further chemotherapy 
would be grouped with cross-resistant SCLC, and would con-
found the search for candidate drivers of resistance (Fig. 6E). 
We conclude that the PDX panel with both clinical and func-
tional annotation is suitable for investigating the molecular 
features of cross-resistant SCLC.

Relapsed Cross-Resistant SCLC Is Enriched for MYC 
Paralog Amplifications on ecDNA (ecMYC/L/N)

To address whether ecDNA amplifications are recurrent 
with acquired cross-resistance in SCLC, we generated compre-
hensive genomic and transcriptomic profiles of each model 

Figure 6. ecDNA amplifications of MYC paralogs are recurrent in cross-resistant PDX models derived from patients with relapsed SCLC. A, Integrated 
clinical–functional–molecular landscape of MYC paralogs across the SCLC PDX panel. Top scatter plot: In vivo cross-resistance metrics. Models are 
arranged left-to-right by increasing the average of ΔAUC for EP, OT, and topotecan (ΔAUCavg). Error bars = SEM of ΔAUC for each regimen. Bars below (9 
total): (1) Annotated clinical treatment history (chemo-naïve vs. post-relapse), (2) PDX source (CTC vs. biopsy vs. effusion), (3) ecDNA status (ecMYC/L/N 
vs. other ecDNA vs. no ecDNA), (4–6) MYC paralog copy numbers, and (7–9) MYC paralog transcript levels. (continued on next page)
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by WGS and paired-end RNA sequencing. AA reconstruc-
tion from WGS revealed ecDNAs in 23 of 51 PDX models 
(45%; Fig.  6A; Supplementary Figs. S9A–S9E; S10A–S10B), 
with MYC and its paralogs MYCN and MYCL as the most 
frequently amplified genes (ecMYC/L/N; Supplementary 
Fig.  S11A). Only the presence of a MYC family member 
on these ecDNAs was recurrent, as their structures were 
otherwise highly divergent (Supplementary Fig.  S11B). All 
but one ecMYC/L/N+ model was derived after relapse (7/8), 
whereas ecDNAs lacking MYC paralogs were evenly distrib-
uted between treated and untreated patients (Fig.  6A; Sup-
plementary Figs. S9 and S10).

The relationship between MYC paralog expression level and 
copy number was compared across the PDX panel (Fig. 6F). 
Sixteen of 51 PDX models harbored amplifications of one 

MYC paralog [copy number (CN)  >  4], and eight of these 
models clustered apart with extreme amplifications and tran-
script levels. ecDNAs accounted for all but one extreme 
amplification, a breakage–fusion–bridge (BFB) structure that 
resulted in 88 copies of MYCL in the highly resistant model 
MGH1531-5BX. PDX models with a MYC paralog amplifica-
tion (CN > 4) were more resistant than unamplified models, 
with ecMYC/L/N marking the most resistant (Fig.  6G; Sup-
plementary Table S6).

Comparison of model chemosensitivity by ecDNA status, 
regardless of CN or expression, yielded similar results (Fig. 6H; 
Supplementary Table S6). Models with ecMYC/L/N were signif-
icantly more cross-resistant than models that lacked ecDNAs, 
whereas there was no significant association between non-MYC 
ecDNAs and cross-resistance. The single chemo-naïve model 

Figure 6. (Continued) B–E, Performance of PDX ΔAUCavg as a metric of clinical cross-resistance by comparison with patient clinical histories. 
B, Comparison of ΔAUCavg of PDX models derived from patients with untreated vs. relapsed SCLC. C, Comparison of ΔAUCavg of PDX models derived from 
patients after first-line therapy with CTFI > 90 days (platinum-sensitive) vs. ≤ 90 days (platinum-resistant). D, Comparison of ΔAUCavg of PDX models 
derived from patients with relapsed SCLC who responded to the next line of chemotherapy after model derivation vs. those who received chemotherapy 
but did not have significant tumor regression. E, Refinement of Fig. 6B to compare PDX ΔAUCavg between models derived from untreated patients, 
relapsed patients with positive prognostic features described in C and D (platinum sensitivity and response to next therapy), or relapsed patients with 
unknown or negative prognostic features. F, Comparison of transcript level vs. copy number for the MYC paralog with the highest expression level in each 
model. Amplicon type is annotated. Solid vertical line at CN = 4, beyond which we classify MYC paralogs as amplified. Models with > 30-copy amplifica-
tions form a clear separate cluster (“extreme amplifications,” dashed circle). G, Comparison of ΔAUCavg between models with or without MYC paralog 
amplifications (CN > 4), with annotation of gene and amplification structure. H, Comparison of ΔAUCavg between models without ecDNAs and models with 
ecDNAs with or without MYC paralogs. Statistical tests: Mann–Whitney test P values for B–D and G, and Kruskal–Wallis test P values for E and H. Created 
with BioRender.com.
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harboring ecMYCL, MGH1501-1A, was also relatively resistant 
(Fig. 6A; Supplementary Fig. S9C and S9D), suggesting that de 
novo ecMYC/L/N amplifications may underly poor responses 
to first-line therapy. The presence of ecMYCL in MGH1501-1A 
was confirmed by MYCL FISH in metaphase tumor cells (Sup-
plementary Fig.  S9E). It is unknown how patient MGH1501 
would have responded to chemotherapy, as he passed away 
due to critical illness shortly after the first doses were admin-
istered (Fig. 5A; Supplementary Table S1). Regression analysis 
of CN, transcript level, and presence on an ecDNA revealed 
that all three features were significantly associated with cross-
resistance (low ΔAUCavg), and ecMYC/L/N was associated with 
resistance to each regimen (EP, OT, and topotecan; Supple-
mentary Fig. S11C). We conclude that ecDNA formation is the 
most common mechanism for extreme amplification of MYC 
paralogs, and ecMYC/L/N amplifications are recurrent among 
relapsed cross-resistant SCLC tumors.

The association of ecMYC/L/N with acquired cross-resist-
ance was bolstered by a second set of serial models from 
patient MGH1578 (Fig. 7A). MGH1578-1A was derived from 
CTCs before first-line EC. After initial tumor regression, 
early relapse (CTFI ≤ 90 days), and progression through sec-
ond-line nivolumab, MGH1578-3B was derived from CTCs. 
MGH1578-3B demonstrated acquired resistance to EP as 
well as cross-resistance to OT and topotecan (Fig. 7B). WGS 
analysis revealed a massive 186-copy MYCN amplification 

in MGH1578-3B that was not present in the pretreatment 
model (Supplementary Fig.  S12A), and AA reconstruction 
revealed an ecDNA amplification confirmed by MYCN FISH 
in metaphase tumor cells (Fig.  7C and D; Supplementary 
Fig.  S12B). Transcriptome comparison between MGH1578-
1A and MGH1578-3B revealed a 15.5-fold increase in MYCN 
expression (Fig. 7E) that was reflected in differential expres-
sion of MYC-regulated gene sets (Supplementary Fig. S12C–
S12E), as was observed in the MGH1518 serial models.

Of note, MYC paralog expression has been associated with 
transcriptional subtype differences in SCLC, with reported 
coexpression of ASCL1 and MYCL in SCLC with classic his-
tology, versus NEUROD1 and MYC in SCLC with variant 
histology (37, 52–55). The serial model pairs with acquired 
ecMYC/L/N did not follow this trend (Supplementary 
Fig.  S12F and S12G). In MGH1518-3A, acquired ecMYC 
was accompanied by increased expression of ASCL1, and in 
MGH1578-3B, there was no change in NEUROD1 expression 
with ecMYCN. Across the PDX panel, expression of ASCL1 
and NEUROD1 were significantly anticorrelated, and positive 
correlations were detected between the expression of MYC 
and POU2F3, as has been reported in cell lines (56), and 
between MYCN and NEUROD1 (Supplementary Fig.  S12H). 
However, there was no significant difference in the expression 
of ASCL1, NEUROD1, or POU2F3 in models with ecMYC/L/N 
(Supplementary Fig. S12I–S12K).

Figure 7. ecDNA amplifications of MYC paralogs are recurrent in tumor samples from patients with relapsed SCLC. A–E, Serial PDX models derived 
from the second patient, MGH1578, in which ecDNA amplification of an MYC paralog was detected only following relapse and acquired cross-resistance. 
A, Clinical treatment history of patient MGH1578. Prior to therapy, PDX model MGH1578-1A was derived from CTCs. The patient then received five 
cycles of EC reduced for cytopenias, followed by 14 days off therapy before progression. Second-line nivolumab was ineffective, and then MGH1578-3B 
was derived from CTCs. B, MGH1578 serial PDX responses to EP, OT, and Topo as in Fig. 1C, demonstrating acquired cross-resistance. C, AA reconstruc-
tion of ecMYCN detected in MGH1578-3B but not MGH1578-1A. D, Confirmation of ecMYCN in MGH1578-3B with MYCN-FISH in metaphase cells, as in 
Fig. 2C for ecMYC, and Supplementary Fig. S9E for ecMYCL. E, MGH1578 PDX MYC paralog transcripts per million (TPM). Circles = replicate xenografts. 
Error bars = mean and SEM, as in Fig. 1D. (continued on next page)
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Patient-derived SCLC cell lines echo our results in PDX 
models. They harbor frequent ecMYC/L/N amplifications, and 
this frequency is highest among cell lines derived after relapse 
(Supplementary Fig. S13A; Supplementary Table S7 and refs. 
57–60). However, it is possible that this reflects a competitive 
advantage in cell line or PDX derivation conferred by ecMYC/
L/N that is not representative of SCLC in patients. Genomic 
profiles of relapsed SCLC tumors are rare, but we analyzed 
the available data. In the largest WGS study of patients with 
SCLC, only 5 of 96 samples were derived after relapse, with 2 
additional autopsy samples with unknown treatment histories 
(61). MYC paralog ecDNAs were identified in 12 of 89 pretreat-
ment samples, mostly ecMYCL with up to 33 copies, but the 
two highest ecDNA copy numbers were observed in a relapsed 
sample (ecMYCN with 104 copies) and an unknown treatment 
history (ecMYCL with 61 copies; Supplementary Fig. S13B and 
Supplementary Table  S7; ref.  44). Although anecdotal, these 
two amplifications are comparable in magnitude with the 
ecMYC/L/N amplifications in relapsed PDX models.

The largest genomic study of relapsed SCLC, by Wagner 
and colleagues, reported whole-exome sequencing of elec-
tive research biopsies from 30 previously treated patients, 
with paired pretreatment biopsies from 12 patients (62). The 

authors did not report any high-level MYC paralog amplifica-
tions. However, in PDX models, we observed that segmented 
copy-number analysis (CNA) of exons failed to identify 5 of 
8 ecMYC/L/N amplifications that were nonetheless detected 
by AA reconstruction (Supplementary Fig.  S13C and Sup-
plementary Table S7). These include ecMYC in MGH1518-3A 
and ecMYCL in MGH1501-1A, both of which were con-
firmed by FISH on metaphase cells (Fig. 2C; Supplementary 
Fig. S9E). In contrast, raw exon counts faithfully detected all 
8 focal ecMYC/L/N amplifications, without false positives 
(Supplementary Fig. S13D).

We reanalyzed the Wagner and colleagues’, data set and 
observed the same phenomenon. Only 2 MYCN amplifica-
tions were detected with segmented CNA, both in relapsed 
patients (Supplementary Fig. S13E and S13F; Supplementary 
Fig. S14A and S14B; Supplementary Table S7). However, raw 
exon CNA detected 4 additional focal amplifications, includ-
ing 97 copies of MYC in patient SCLC25, 94 copies of MYCN 
in patient SCLC22, and 49 copies of MYC in patient SCLC15 
(Supplementary Fig.  S14C–S14E). Of particular interest, 
paired biopsies from patient SCLC6 demonstrated a 53-copy 
MYCN amplification that was not detected in the pretreat-
ment biopsy but acquired post-relapse (Fig. 7F; Supplementary 

Figure 7. (Continued) F, Maximum copy number of MYC, MYCL, or MYCN in SCLC patient tumor samples, with whole-exome sequencing and annotated 
treatment histories (untreated vs. relapsed) as reported in Wagner et al. (62). Post-relapse samples were reported for 30 patients, with multiple relapsed 
biopsies from 2 patients (SCLC11 and SCLC18). For 12 of 30 patients, paired pretreatment biopsies were also reported. Reanalysis of MYC paralog copy 
number by unsegmented exon counts as described in text and Methods. G, The biphasic clinical trajectory of SCLC, progressing from broad chemosensi-
tivity to acquired cross-resistance, as presented in Fig. 1A, with our proposal that ecMYC/N/L amplifications are recurrent drivers of cross-resistance 
after relapse. Created with BioRender.com.
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Fig. S14F). Overall, high-level amplifications of MYC paralogs 
were detected in 6 of 30 patients after relapse versus 0 of 12 
prior to therapy (Fig.  7F; Supplementary Fig.  S13F; Supple-
mentary Table S7). This frequency is not significantly different 
than in relapsed PDX models (8/32). Together with the direct 
detection of ecMYC in the biopsy that gave rise to MGH1518-
3A (Fig. 2D), this strongly suggests that the genomic features 
of the PDX models are faithful to SCLC in patients.

In summary, ecMYC/L/N amplifications were enriched in 
cross-resistant PDX models of relapsed SCLC, and focal 
MYC/L/N amplifications consistent with ecDNAs were 
enriched in patients with relapsed SCLC. For two sets of serial 
PDX models, MGH1518 and MGH1578, the MYC paralog 
ecDNA was detected only after relapse and resistance. For 
MGH1518, the emergence of ecMYC after relapse could be 
demonstrated from mutation signature analysis, and ecMYC 
conferred cross-resistance to EP and OT (Figs. 2–4). These 
results show that ecMYC/L/N amplifications are recurrent 
drivers of cross-resistance in SCLC (Fig. 7G). However, most 
cross-resistant PDX models lack any MYC paralog amplifica-
tion, and there was no difference in overall survival between 
patients who contributed ecMYC/L/N-positive or negative 
models (Fig. 6A; Supplementary Fig. S14G). Acquired cross-
resistance is nearly inevitable in SCLC with successive lines 
of therapy, and there are likely multiple alterations beyond 
ecMYC/L/N amplifications that are responsible for treatment 
failure (Fig. 7G).

DISCUSSION
For most solid tumors, including NSCLC, chemotherapy 

is contraindicated if cancer progression has incapacitated a 
patient to the point of hospitalization. Chemotherapy acts 
too slowly to reverse advanced disease before the side effects 
exact a toll that the patient cannot endure. This rule is broken 
for SCLC because first-line chemotherapy works so reliably 
and quickly that the benefit outweighs and outpaces the 
side effects (63). Critically ill patients can recover to leave the 
hospital after one cycle of treatment. Equally reliable is that 
this response is transient, and after relapse, the benefit of 
additional lines of therapy diminishes rapidly.

One of the enduring mysteries in SCLC is that when it 
acquires resistance to one DNA-damaging regimen, it usually 
acquires cross-resistance to others. This aspect of the disease 
has proven stubbornly difficult to recapitulate in the labora-
tory, and the molecular alterations underlying this transforma-
tion remain unknown. Here, we reported 51 SCLC PDX models 
with comprehensive genomic, transcriptomic, functional, 
and clinical annotation. For individual patients, serial PDXs 
derived before therapy and after acquired resistance repro-
duced this transition. For population-level characteristics of 
acquired resistance, the full panel of PDX models captured the 
distinctions between untreated and relapsed SCLC, between 
relapsed platinum-sensitive and platinum-resistant cancers 
(CTFI ≤ 90 days), and between relapsed SCLC that continues 
to respond to therapy and SCLC that no longer responds. 
These models constitute an experimental system that captures 
clinical cross-resistance in SCLC with high fidelity.

We used this system to test the recurrence of candidate 
drivers of cross-resistance. To discover these candidates, we 

performed an integrated genomic comparison of serial mod-
els derived from patient MGH1518. Following second-line 
OT, this patient’s SCLC acquired cross-resistance, and dur-
ing OT, it acquired an ecDNA amplification of MYC (ecMYC) 
that radically altered the epigenome and transcriptome. 
We exploited the intrinsic random segregation of ecDNAs 
to demonstrate that ecMYC was a dose-dependent driver 
of cross-resistance. Of note, this approach can be applied 
broadly to assess the impact of ecDNAs on cancer cell fitness 
under a variety of experimental conditions. Across the PDX 
panel, we found additional cross-resistant PDX models with 
ecMYC, ecMYCL, and ecMYCN, including a second serial pair 
from patient MGH1578, in which ecMYCN was acquired after 
therapy. Overall, ecDNA amplifications of MYC paralogs were 
enriched in cross-resistant models from relapsed patients.

The current consensus on the molecular evolution of SCLC 
during disease progression is that genetic alterations drive 
initial tumorigenesis and possibly metastasis, but thereaf-
ter, epigenetic mechanisms drive resistance to therapy (7). 
Promising candidates include the upregulation of multidrug-
resistance efflux pumps (64), soluble guanylate cyclase (sGC; 
ref. 65), the WNT signaling pathway (62), and the epithelial-
to-mesenchymal transition (66, 67), as well as downregula-
tion of the putative RNA/DNA helicase SLFN11 (67–70) and 
neuroendocrine differentiation factors (71). However, discov-
ering the initiating events that induce these gene-expression 
changes has proven challenging.

To the best of our knowledge, ecMYC is the second genomic 
driver of resistance to be discovered in a patient with SCLC 
for any therapy, and the first acquired driver of cross-resist-
ance. The previous driver was discovered in 1983, also on 
an ecDNA (72). A cell line, NCI-H249P, was derived from a 
patient with SCLC after one year of high-dose methotrex-
ate (MTX). This line harbored an ecDNA amplification of 
dihydrofolate reductase (ecDHFR), the target of MTX. Unlike 
ecMYC, ecDHFR is specific for MTX resistance, and retention 
in NCI-H249P required continuous MTX treatment. MTX 
has since fallen out of the SCLC armamentarium, but the 
ecDHFR example raises the possibility that other ecDNAs 
with drug-specific resistance genes may vanish during model 
derivation unless drug treatment is maintained.

Both ecDNAs and MYC paralog amplifications have a 40-year 
history of research in SCLC. Amplification of MYC was the 
first genomic alteration to be identified in SCLC (also in 1983; 
ref. 73), followed by MYCL (74) and MYCN (75), preceding the 
discoveries of biallelic loss of RB1 and TP53 that have become 
the genomic hallmarks of this disease (76, 77). Cytogenetic anal-
yses revealed frequent MYC paralog amplifications on ecDNAs 
(double-minute chromosomes; refs. 73, 75), and these were 
corroborated by genome sequencing of an SCLC cell line as one 
of the first examples of chromothripsis (78). The pathologic 
functions of these genes have been investigated continuously in 
SCLC, with roles described in tumorigenesis, metastasis, intra-
tumoral heterogeneity, and lineage plasticity (53, 54, 79–82). 
However, the ecMYC amplification in MGH1518-3A played no 
role in initial tumorigenesis or metastasis. It was acquired dur-
ing therapy and conferred drug resistance, and the roles of MYC 
paralogs in drug resistance are less clear.

Early suspicion that MYC amplifications might drive cross-
resistance arose from cell lines established at the NCI–Navy 
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Medical Oncology Branch from 1977 to 1992 (83). Amplifica-
tions of MYC paralogs were more frequent in cell lines derived 
from patients with relapsed SCLC (57–59), and two cell 
lines treated in vitro until cisplatin resistance demonstrated 
elevated MYC protein levels (84). However, further discov-
ery was limited because cell lines derived from untreated or 
relapsed patients demonstrate similar responses to chemo-
therapy in vitro (32). Our main advance was to develop PDX 
models that recapitulate clinical cross-resistance and, among 
them, isogenic serial models in which ecMYC was acquired 
after relapse. Within the relapsed model, cells that inherited 
more ecMYC copies incurred less DNA damage and sur-
vived chemotherapy. This naturally occurring gene dose–drug 
response relationship captures the evolution of drug resist-
ance and complements the seminal finding by Grunblatt and 
colleagues, that ectopic expression of both MYCN and MYCL 
in a chemosensitive PDX can confer resistance to EP (85). 
Together, these results show that ecMYC/L/N amplifications 
can drive cross-resistance in disease models that recapitulate 
the clinical phenomenon.

It will be important to demonstrate that ecMYC/L/N 
amplifications drive cross-resistance in patients with SCLC, 
in addition to models, but this will not be easy. Relapsed 
tumor samples are scarce, and not all relapsed SCLC is resist-
ant to further therapy. The largest WGS profile of patient 
tumors revealed recurrent amplifications of MYC paralogs on 
ecDNAs (44, 61), but these were primarily surgical resection 
specimens, representing fewer than 5% of SCLC cases (7, 8). 
Within the only published genomic comparison of SCLC 
tumor samples obtained before and after chemotherapy (62), 
we found a strong enrichment of MYC paralog amplifica-
tions in relapsed samples, at a similar frequency to our 
relapsed PDX models. These amplifications were both focal 
and extreme, consistent with ecDNAs, but WGS would be 
required to demonstrate circular structures. A well-powered 
comparison of untreated and relapsed SCLC by WGS will 
represent a major step forward for the field.

We show that ecMYC/L/N amplifications render SCLC 
broadly cross-resistant to chemotherapy and inhibitors of 
DNA repair. This discovery opens major epidemiologic, 
mechanistic, and therapeutic questions. The fraction of 
refractory SCLC cases that can be ascribed to ecMYC/L/N, 
and whether each paralog contributes equally, remains to be 
determined. Furthermore, the inciting events that produce 
these amplifications are not clear. Some SCLCs may harbor 
preexisting ecDNAs that confer drug resistance, which would 
undergo positive selection in the presence of the drug. In 
other cases, therapy-induced DNA damage may drive the for-
mation of ecDNAs that confer resistance to further therapy. 
Our results are consistent with both processes, and nonin-
vasive CTC-based assays may enable prospective monitoring 
of ecDNAs to address these questions. The mechanism by 
which ecMYC causes resistance is largely unexplored, includ-
ing whether the cross-resistance functions are distinct from 
those that drive tumorigenesis, whether complete elimina-
tion of ecMYC is necessary to resensitize, and whether cross-
resistance extends to experimental therapies such as BH3 
mimetics or DLL3-targeted agents. Pharmacologic targeting 
of MYC is one of the enduring challenges in cancer research, 
but strategies to disrupt ecDNA maintenance mechanisms 

could also be effective. Agents that induce replication stress, 
such as hydroxyurea, can reduce ecMYC in cell lines in vitro 
(86), but this may not translate to cancers that have already 
acquired resistance to DNA-damaging agents. Finally, the 
discovery of one category of cross-resistance will help to 
distinguish others and to determine whether they are over-
lapping or mutually exclusive. A landscape of cross-resistance 
drivers will be a major step toward personalized therapy for  
relapsed SCLC.

METHODS
PDX Model Generation

All tissue and blood samples from patients were collected per 
IRB-approved protocols at Massachusetts General Hospital and 
the University of Texas Southwestern Medical Center, with written 
informed consent from the patients and in accordance with the 
Declaration of Helsinki. Major inclusion criteria were age  ≥18 and 
diagnosis of lung cancer, with further inclusion and exclusion cri-
teria as previously described (34). Deidentified subject demographic 
data including age at diagnosis, sex as a biological variable, ethnic-
ity, and race are reported in Supplementary Table  S1. As these are 
tissue procurement protocols, randomization, blinding, and power 
analysis are not relevant. All mouse studies were conducted through 
Institutional Animal Care and Use Committee–approved animal 
protocols in accordance with Massachusetts General Hospital and 
University of Texas Southwestern Medical Center institutional guide-
lines. PDX models were generated from CTCs, biopsy/resection 
specimens, or malignant effusions as described previously (34). The 
following 9 PDX models are first reported in this study: MGH1505-
1A, MGH1508-1A, MGH1517-1A, MGH1567-1A, MGH1572-4A, 
MGH1578-1A, MGH1709-2A, MGH1717-1A, MGH1719-1A. All 
other models have been reported previously (34, 35, 87). Palpable 
tumors were measured with electronic calipers until tumor volume 
exceeded 1,500 mm3. Measurement frequency was weekly unless 
drug treatment was initiated. Tumor volume was estimated by using 
the spheroid formula: tumor volume  =  [(tumor length)  ×  (tumor 
width2)]  ×  0.52. Upon mouse euthanasia and xenograft resection, 
scalpel-dissected fragments were either implanted immediately into 
the right flank of an NSG mouse (NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ) for passaging, processed for downstream molecular analysis or 
short-term culture growth, or preserved in cryopreservation media 
for future use. For downstream molecular analyses, xenograft tissue 
samples were either fixed or flash-frozen within 5 minutes of mouse 
euthanasia. Tissue samples were fixed overnight in 10% neutral buff-
ered formalin for histology and IHC studies, or fresh-frozen in liquid 
nitrogen for western blot and nucleic acid assays.

PDX Model Drug Testing
Drugging studies were initiated at xenograft volumes  =  300 to 

600 mm3, and tumors were measured twice weekly at least three 
days apart. Drugs were used as follows (unless otherwise stated): EP 
treatment regimen: cisplatin (7 mg/kg, intraperitoneal) once on days 
1 and 8, and etoposide (10 mg/kg, intraperitoneal) once on days 1 
to 3 and 8 to 10. Two exceptions to this regimen. Exception #1 EP 
regimen in Fig. 4E and Supplementary Fig. S6D: cisplatin (5 mg/kg, 
intraperitoneal) once on days 1 and 8, and etoposide (8 mg/kg, intra-
peritoneal) once on days 1 to 3 and 8 to 10. Exception #2 EP regimen 
in Fig.  3D: cisplatin (7 mg/kg, intraperitoneal) and etoposide (10 
mg/kg, intraperitoneal) each once on day 1. EC treatment regimen: 
carboplatin (40 mg/kg, intraperitoneal) once a day 1, and day 8, and 
etoposide (10 mg/kg, intraperitoneal) once on days 1 to 3 and 8 to 10. 
OT treatment regimen: olaparib (50 mg/kg, oral gavage) twice daily 
for 5 days and TMZ (25 mg/kg, oral gavage) for 5 days once daily. 
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Drugging with TMZ was performed 4 hours after olaparib treat-
ment, and a gap of 8 to 9 hours was maintained between two olaparib 
administrations. Exception OT regimen for Fig. 3C: olaparib (50 mg/
kg, oral gavage), followed 4 hours later by TMZ (25 mg/kg, oral gav-
age), followed 4 hours later by a second dose of olaparib (50 mg/kg, 
oral gavage), on day 1 only. Topotecan regimen: topotecan (1 mg/
kg, intraperitoneal) was administered once daily on days 1 to 5 and 
8 to 12. For analysis, tumor measurements were included for tumor 
volume > 2×  ITV or 50 days after the start of treatment, whichever 
was attained earlier.

PDX Model Drug-Response Analysis
PDX drug responses were quantified as a function of change in 

tumor volume with or without treatment over time, as depicted for 
MGH1518-1BX treated with EP in Supplementary Fig.  S1A–S1C. 
Tumor volume was expressed relative to ITV on the first day of 
treatment, within endpoints of 50 days or 200% ITV. For treated 
xenografts, the area under the tumor volume curve (AUC) was esti-
mated as the sum of right trapezoids between volume measurements, 
bounded by endpoints. The AUC for a model–regimen combina-
tion (AUCdrug) was calculated as the mean AUCs of all xenografts 
treated with that regimen. In the absence of treatment, some PDX 
models grew too rapidly for precise measurement of tumor doubling 
(200% ITV) using twice-weekly caliper measurements. Therefore, the 
exponential growth rates of untreated xenografts were calculated by 
linear regression of log-transformed volume measurements during 
growth from a starting range of 100 to 300 mm3 to a final range 
of 1,200 to 1,500 mm3. The mean growth constant for each model 
was calculated from 6 to 94 replicate xenografts (median, 16 per 
model) and used to estimate the AUC without treatment to 200% 
ITV over 50 days (AUCno.drug). The effect of a drug regimen on model 
tumor volume was calculated as the difference between AUCno.drug 
and AUCdrug, ΔAUC. All volume calculations, tumor volume curves, 
and derived metrics were generated in R from compiled spread-
sheets containing xenograft identities and biweekly electronic caliper  
measurements.

PDX Short-Term Cultures
Xenografts were resected and collected in cold PBS and the cells 

were manually dissociated using a scalpel. Live-cell clusters were 
enriched by repeated passes of gravity sedimentation in 15 mL conical 
tubes, with interval assessment of supernatant to identify fractions 
with live-cell clusters and minimal debris. ACK lysis buffer (Gibco, cat 
no. A1049201) was used to remove red blood cells. Cell clusters were 
plated and grown in HITES media with 5% FBS until use.

WGS
Genomic DNA was extracted from flash-frozen PDX tumor tissue 

and germline controls using the Qiagen DNeasy Blood and Tissue 
Kit (cat no. 69506). WGS of the 51 PDX models (41 with matched 
germline control) was performed by Novogene (www.novogene.com; 
NovaSeq 6000 PE150 with 60×  coverage). Sequencing reads were 
aligned to the human reference genome GRCh38.v21 or the mouse 
reference genome GRCm38.p3 using bwa-0.7.12 (github.com/lh3/
bwa). Mouse reads were filtered when the mouse alignment score 
(AS flag in bam files) was greater than the human alignment score. 
Duplicated reads were then marked using Picard MarkDuplicates 
(v2.27.5; https://broadinstitute.github.io/picard/).

Somatic Variants
Somatically acquired variants in the 41 germline-matched samples 

were determined with Mutect2 and FilterMutectCalls from GATK 
(gatk-4.1.2; github.com/broadinstitute/gatk). For the 10 nonmatched 
samples, we used HaplotypeCaller, SelectVariants, and VariantFiltra-
tion from GATK. Gene annotation was then done for both matched 

and unmatched samples with SnpEff (pcingola.github.io/SnpEff/). 
Potential germline variants in unmatched samples were removed 
using the NCBI dbSNP database of common germline variants: 
(ftp.ncbi.nih.gov/snp/organisms/human_9606_b151_GRCh38p7/
VCF/common_all_20180418.vcf.gz, minus variants from COSMIC 
[cancer.sanger.ac.uk/cosmic]) as well as our own set of 187 germline 
controls. Further variant filtering was done by removing variants 
with allele fraction <0.01 and allele depth <2, by removing variants 
with LOW impact (in SnpEff output).

Copy-Number Variants
Copy-number variation (CNV) was estimated from the distribu-

tion of exon read depth in WGS using circular binary segmenta-
tion (implemented in the R package “DNAcopy”; ref.  88) with the 
following adjustments: Choice of diploid controls: Because of possible 
batch effects, diploid controls were generally selected from the same 
sequencing run as tumor samples (but not necessarily from the same 
patient DNA). Recalibration: Because tumor samples are generally 
not diploid overall, CNs were recalibrated by visual inspection of 
each DNAcopy-generated plot so that areas of the genome with 2 
copies should have log2(tumor/control) = 0. Two CNV outputs were 
obtained, one with “raw” exon copy numbers that are highly variable 
and one with “segmented” copy numbers that contains large areas 
of constant copy number. Because the latter tends to obscure small 
focal amplifications, these were put back by searching the raw CNV 
data for areas of at least 3 highly amplified consecutive exons.

Amplicon Structural Analysis
For amplicon analysis, aligned WGS bam files were processed by 

AmpliconSuite-pipeline (v0.1477.1, previously named PrepareAA) to 
generate seeds for AmpliconArchitect (AA; v1.3.r3), which returned 
the architectures of amplicons. Then, outputs of AA were interpreted 
by AmpliconClassifier (v0.4.16) to annotate the types of amplicons 
(ecDNA, BFB, complex noncyclic, and linear amplification). Finally, 
circular plots of ecDNAs were generated by CycleViz (v0.1.3).

Mutation Signature Analysis
Mutations called with Mutect2 were filtered by a variant allele frac-

tion of greater than or equal to 0.01 and those with a VAD greater 
than or equal to 2. To deconvolve mutation signatures, single-nucle-
otide substitutions from 39 SCLC whole-genome sequences with 
matched normal were tallied by their 3′ and 5′ reference base result-
ing in a 96-category base substitution matrix. Using nonnegative 
matrix factorization (k  =  4), mutational signatures were calculated 
in MATLAB (v2017b). Mutational signatures are displayed based 
on the trinucleotide context and substitution type, with the fre-
quency of mutations represented by the bar height (“Lego” plot). The 
four major deconvolved mutational signatures were those associated 
with smoking, APOBEC, aging, and TMZ. MGH1518-1BX showed 
a mutational pattern associated with smoking, SBS4, dominated 
by C:G  >  A:T mutations regardless of 3′  or 5′  context. MGH1518-
3A showed a striking pattern of numerous C:G  >  T:A mutations, 
SBS11, associated with temozolomide methylation of guanines. To 
determine the variant allele fraction distribution across the identified 
MYC-containing ecDNA, mutations were filtered to single-nucleotide 
variants representing the associated TMZ substitutions C:G  >  T:A 
and restricted to those within the regions identified by AA as part of 
the complex ecDNA.

Allelic Imbalance Analysis
Counts of base calls (A, C, G, T) were tallied at all positions within 

the 15-megabase stretch of chromosome 8 affected by rearrangement 
and amplification in patient MGH1518, separately for the germline, 
treatment-naïve, and posttreatment samples. Amplified segments 
were annotated according to AmpliconArchitect. Heterozygous SNP 

http://www.novogene.com;
https://broadinstitute.github.io/picard/
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sites were identified in the germline sample as follows: At each posi-
tion, a major allele and minor allele were identified, by taking the 
first- and second-most commonly called base. Sites at which total 
coverage was at least 10 reads, and the major and minor alleles 
each contributed at least 3 reads and at least 25% of the total reads, 
were designated heterozygous sites. Loss of heterozygosity (LOH) 
or retention of heterozygosity (ROH) in each of the tumor samples 
(pre- and posttreatment) was determined as follows: Sites that were 
heterozygous in the germline sample, but in a tumor sample had zero 
counts for either the major or minor allele, were designated as LOH 
in that tumor sample. Sites that retained at least 3 reads of coverage 
for each allele were designated as ROH in that tumor. Supplementary 
Fig. S3C shows the regions affected by LOH or amplification in the 
posttreatment tumor. Supplementary Fig.  S3D compares the pre- 
and posttreatment tumors, showing the minor allele fraction of each 
heterozygous SNP, in each tumor. Positions in segments affected by 
either LOH or amplification are colored red or blue, respectively. The 
three-copy state of chr 8 in the pretreatment tumor allows phasing 
of the two parental alleles. SNPs that had a minor allele fraction 
of ∼0.33 in the pretreatment tumor (left cloud of points) were located 
on parental allele “B.” They disappeared posttreatment (if located in 
LOH regions) or got enriched to  ∼98% allele fraction (if located in 
an amplified segment). SNPs with a minor allele fraction of  ∼0.67 
pretreatment (right cloud of points) pretreatment were located on 
parental allele “A” and showed the opposite pattern: they became the 
only remaining allele posttreatment (if located in LOH regions), or 
else got diluted to ∼2% allele fraction (if located in an amplified seg-
ment, where the other allele got amplified).

RNA Sequencing Alignment, Mutation Calling and 
Transcript Abundance Measurement

RNA was extracted from flash-frozen PDX tumor tissue using the 
Qiagen RNeasy Mini Kit (cat no. 74104). RNA quality assessment (1% 
agarose gel electrophoresis, Nano-drop for RNA amount and purity, 
Agilent2100 for RNA integrity number), library preparation (poly-A 
enrichment: 250–300 bp insert cDNA library), and paired-end RNA 
sequencing (NovaSeq PE150 strategy) were performed by Novogene 
or as previously described (34, 35). Samples with an RNA integrity 
number of  >8 were selected for library construction. Sequencing 
reads were aligned to the human reference genome GRCh38.v21 
or the mouse reference genome GRCm38.p3 using STAR-2.7.1a 
(github.com/alexdobin/STAR). Mouse reads were filtered when the 
mouse AS (flag in bam files) was greater than the human alignment 
score. Duplicated reads were then removed using Picard Mark-
Duplicates (v2.27.5; broadinstitute.github.io/picard/). FPKM val-
ues were generated with cufflinks-2.2.1 (cole-trapnell-lab.github.io/
cufflinks/) and then normalized to transcripts per million (TPM). 
Alternatively, mouse-filtered bam files were reverted to fastq for-
mat with samtools fastq (samtools-1.16; www.htslib.org) then used 
to generate TPMs with salmon-1.9.0 (github.com/COMBINE-lab/
salmon) and R package tximport (ioconductor.org/packages/release/ 
bioc/html/tximport.html).

Chromatin Immunoprecipitation Sequencing
Nuclei and cross-linked chromatin were prepared from flash-

frozen xenograft tissue as previously described (89). Briefly, frag-
ments were cut by scalpel, resuspended in a buffer containing 0.1% 
NP40, 0.1% Tween-20, and 0.01% Digitonin, homogenized using a 
TissueLyser II (Qiagen) set at 30 Hz for 1 minute and incubated on 
ice for 10 minutes. Lysates were filtered through a 40-μm strainer. 
Nuclei collected after cold centrifugation were cross-linked with 
1.5% formaldehyde for 10 minutes and quenched with 0.125 mol/L 
glycine. Sonication was performed on a Bioruptor (Diagenode) on 
high power, 30 seconds on/off (50/50) for 25 minutes at 4°C, and 
samples were centrifuged 20,000 g × 10 minutes at 4°C. An aliquot 

of supernatant was frozen for chromatin input control. Chroma-
tin was immunoprecipitated overnight with an H3K27ac antibody 
(Abcam, cat no. ab4729) conjugated to Dynabeads (LifeTech). Sam-
ples were eluted at 65°C in 50 mmol/L Tris, 10 mmol/L EDTA, 1% 
SDS, and cross-links were reversed overnight. DNA was extracted 
using MaXtract High Density tubes (Qiagen) and ChIP-seq libraries 
were prepared using the ThruPLEX DNA-Seq Kit (Takara). 75 bp 
single-end reads were sequenced on a Nextseq instrument (Illumina). 
Reads were aligned by bwa-mem2 (v2.2.1) to the hg38 reference 
genome. Reads were then sorted, and duplicates were removed, by 
sambamba (v1.0.0).

Hi-C and 4C
Hi-C libraries were generated using the Arima HiC kit (Arima 

Genomics) from two replicates. One million cells were cross-linked 
with 2% formaldehyde, followed by restriction enzyme digestion, end 
filling and biotin-labeled DNA incorporation, and proximal ligation. 
1.5 μg of ligated DNA was then sheared by the Covaris ME220 (peak 
power: 75W; duty factor, 20%; cycles per burst: 200; treatment time, 
3.5 minutes), size-selected around 300 bp using DNA purification 
beads, and enriched for biotin-labeled proximity-ligated DNA by 
using T1 streptavidin beads. Sequencing libraries were generated 
using the Arima library prep module from these biotin-enriched Hi-C 
DNA. The quality of the final libraries was examined with Agilent 
TapeStation 4150. Libraries were then pooled and sequenced on the 
Illumina NextSeq 2000 with the paired-end 100 mode. At least 600 
million reads were sequenced for each library. Raw Hi-C sequencing 
reads were first processed by fastp (v0.22.0) to trim adapters and then 
analyzed by the HiC-Pro pipeline (v3.1.0) using hg38 as the refer-
ence genome. The Hi-C contact heat map and virtual 4C track were 
generated by the hicpro2juicebox.sh and make_viewpoints.py scripts, 
respectively, which were included in the HiC-Pro suite.

Western Blotting
Whole-cell protein was extracted from flash-frozen PDX tumor 

tissue. Tissue samples were lysed in RIPA buffer supplemented with 
protease and phosphatase inhibitors (Roche, cat no. 04693159001, 
04906837001) using TissueLyser II (Qiagen) homogenizer at 4°C 
following the manufacturer’s instructions. Samples were then cen-
trifuged for 10 minutes at 15,000 × g and supernatant was collected 
for the assay. Protein concentration was measured by the Pierce BCA 
protein assay (Thermo Fisher, cat no.23225). Samples were separated 
on 4% to 20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) 
after heat denaturation in Laemmli sample buffer, and proteins were 
transferred to nitrocellulose membranes. Membranes were blocked 
with EveryBlot Blocking Buffer (Bio-Rad, cat no. 12010020) for 10 
minutes at room temperature. The membrane was probed overnight 
at 4°C with the following antibodies: Myc (1:1,000; Cell Signaling 
Technology, 5605S), cyclophillin A (1:1,000, Cell Signaling Technol-
ogy, 2175s) followed by incubation with secondary antibody [Li-Cor, 
IRDye 800CW Goat anti-Rabbit IgG (1:15,000) and IRDye 680RD 
Goat anti-Mouse IgG (1:15,000)] in EveryBlot Blocking Buffer for 1 
hour at room temperature. Following washes in TBST, membranes 
were imaged using the Bio-Rad ChemiDoc MP imaging system.

Tissue Fixation and Sectioning
Freshly dissected xenograft samples were fixed overnight at 4°C in 

10% neutral buffered formalin, rinsed in PBS 3 ×  5 minutes on ice 
and stored in 70% ethanol for up to 1 week. Dehydration and paraffin 
embedding were performed by standard method with an automated 
machine by the UT Southwestern Tissue Management and Pathol-
ogy Core. Formalin-fixed paraffin-embedded (FFPE) tissue blocks 
were incubated in room-temperature water for 2 minutes followed 
by 2 minutes in ice-cold water before sectioning. Tissue sections were 
cut at 4-μm in thickness with a microtome. Sections were transferred 

http://www.htslib.org
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to positively charged slides (Fisher Scientific, cat no. 1255015) and 
allowed to air-dry overnight before staining.

Hematoxylin and Eosin Staining and IHC
Slides with FFPE sections were warmed for 20 to 30 minutes in a 

60°C oven before deparaffinization. The sections were then deparaffi-
nized with xylene 3 × 5 minutes, rehydrated by incubation in 100% 
ethanol 2 × 5 minutes, 90% ethanol 1 × 3 minutes, 70% ethanol 2 × 3 
minutes, 50% ethanol 1 × 3 minutes, 30% ethanol 1 × 3 minutes, and 
2  ×  10 minutes in deionized water and stained with hematoxylin 
and eosin (H&E). Post rehydration, antigen retrieval was performed 
in SignalStain Citrate Unmasking Solution (Cell Signaling Tech-
nology, cat no. 14746S) at 98°C for 10 to 20 minutes. Following 
antigen retrieval and inhibition of endogenous peroxidase activity 
with 3% H2O2 for 15 minutes, the slides were incubated with 10% 
normal goat serum for 1 hour at room temperature. Tissue sections 
were incubated with primary antibody: Myc (1:100; Cell Signaling 
Technology, 5605S) diluted in SignalStain Antibody Diluent (Cell 
Signaling Technology, cat no. 8112) overnight at 4°C in a humid 
chamber. Following 3  ×  5-minute washes in TBST, tissue sections 
were incubated with HRP-conjugated secondary antibody (Vector 
Laboratories) for 1 hour at room temperature followed by develop-
ment using chromogenic substrate DAB (SignalStain DAB Substrate 
Kit, Cell Signaling Technology, cat no. 8059s) for 10 minutes at room 
temperature. Slides were scanned and images were captured using a 
NanoZoomer (Hamamatsu).

Dual Immunofluorescence and FISH on FFPE
For dual staining of FFPE sections, slides were stained for immu-

nofluorescence (IF) first following staining for FISH as shown in 
Supplementary Fig.  S5D. Tissue deparaffinization, rehydration, 
and antigen retrieval were performed using the same protocol as 
described for IHC. Following antigen retrieval, sections were permea-
bilized for 45 minutes in 0.2% Triton X in PBS. Sections were blocked 
in 10% goat serum, 0.05% Triton X, and 0.05% Tween 20 in PBS for 
1 hour followed by incubation in primary antibodies (MYC 1:100, 
Abcam, cat no. 32072; γH2AX 1:100 Abcam, cat no. 303656) for over-
night at 4°C in a humid chamber. Following 3 × 10-minute washes 
in PBST sections were then incubated with secondary antibodies for 
60 minutes at room temperature. After 3×10-minute washes in PBST, 
sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 
10 minutes. To quench autofluorescence, slides were treated with the 
Vector TrueVIEW autofluorescence quenching kit (Vector Labora-
tories, cat no. SP-8400) as per the manufacturer’s instructions and 
mounted using Vectashield Vibrance antifade mounting media (cat 
no. H-1700). Slides were cured for at least 2 hours or overnight before 
imaging. Images were taken at 100× using Keyence BZX microscope 
and the navigation setting was used to identify and save the XY 
coordinates for each image. To prepare the slides for FISH, coverslips 
were removed by incubating the slides in PBS overnight. Slides were 
then treated with 0.2N HCl at room temperature for 20 minutes and 
followed by incubation in SignalStain Citrate Unmasking Solution 
at 95°C for 20 minutes. This step removes any IF signal from the 
slides. Slides were then rinsed 2×  SSC for 5 minutes and digested 
by 1% Proteinase K (NEB) in TE buffer at room temperature for 1 
minute, and then rinsed again in 2× SSC for 5 minutes. Slides were 
dehydrated with 70%, 90%, and 100% ethanol for 2 minutes each and 
let completely dry for 10 minutes. Of note, in addition to dehydrat-
ing the slides, the alcohol series also eliminates any residual IF signal 
that remains after the citric acid treatment. Following the application 
of the MYC probe (Empire Genomics, cat no. MYC-20-RE), slides 
were then denatured at 75°C for 5 minutes and hybridized at 37°C 
overnight. Slides were washed twice in 0.4× SSC with 0.3% IGEPAL 
CA-630 at 40–60°C for 5 minutes each and once with 2× SSC with 
0.1% IGEPAL CA-630 for 5 minutes and stained again with DAPI. 

Autofluorescence was quenched as described previously and slides 
were mounted using Vectashield Vibrance. FISH images were taken 
for the same microscopy fields for which IF images were taken 
previously using the same microscope and magnification. MYC IF 
intensity, the number of γH2AX foci, and MYC-FISH area within each 
nucleus were analyzed by CellProfiler (v4.2.4). Image registration was 
performed to correct any alignment issues using the DAPI images 
within IF and FISH data conditions. The reference image selected 
for this alignment process was the DAPI FISH image, and the align-
ment was performed using “the “imreg’form” function of MATLAB 
version R2023 (MathWorks, Inc.). An “affine” transformation was 
chosen, enabling adjustments in translation, rotation, anisotropic 
scaling, and shearing. We optimized the transformation metric by 
maximizing mutual information between the two images in mul-
timodel mode. At least 200 cells were analyzed for each condition, 
from 3 to 7 fields on 2 slides (3 fields for control, 6 fields for OT, and 
7 fields for EP).

FISH
For metaphase FISH, cultured cells were treated with 30 ng/mL 

KaryoMAX Colcemid overnight and washed once by PBS. Cells were 
then resuspended in 75 mmol/L KCl and swollen at 37°C for 30 min-
utes. Next, cell samples were fixed by 3:1 methonal:glacial acetic acid 
(v/v) for 4 times and dropped onto microscopic slides. Prior to FISH 
probe (purchased from Empire Genomics) hybridization, slides were 
dried overnight, equilibrated by 2×  SSC buffer, and serially dehy-
drated by 70%, 85%, and 100% ethanol. Slides were then denatured 
at 75°C for 2 minutes and hybridized at 37°C overnight. Finally, 
slides were washed twice with 0.4×  SSC with 0.3% IGEPAL CA-630 
and once with 2× SSC with 0.1% IGEPAL CA-630, stained with DAPI, 
and mounted with anti-fade media. For FISH on interphase nuclei 
in FFPE samples, slides were aged at 75°C for 20 minutes and depar-
affinized by xylene. After being washed with 100% and 70% ethanol, 
slides were treated with 0.2N HCl at room temperature for 20 
minutes, 10 mmol/L citric acid at 90°C for 20 minutes, rinsed with 
2× SSC, and digested briefly (< 1 minute) by 1% Proteinase K (NEB) in 
TE buffer at room temperature. Next, slides were serially dehydrated 
with ethanol and hybridized as above. To quench autofluorescence, 
slides were treated with Vector TrueVIEW (Vector Laboratories) fol-
lowing the instructions from the manufacturer. FISH images were 
taken by ZEISS Apotome 3 wide-field microscope with a 63× oil lens. 
The total area of the FISH signal within each nucleus was analyzed 
by CellProfiler (v4.2.4).

Statistical Analysis
Statistical methods are indicated in the corresponding figure leg-

ends. All statistical tests are two-sided. Unless otherwise indicated 
in figure legends or methods, all statistical tests were performed 
in GraphPad Prism 10. Differential gene-expression analysis was 
performed with R (v4.2.3) using package DESeq2. Gene set enrich-
ment analysis was performed using the GSEA function in the clus-
terProfiler R package. Regression analyses were performed with R 
using the linear model fitting function lm(). For patients with SCLC 
who donated PDX models, OS rates were estimated by the Kaplan–
Meier method, and log-rank (Mantel–Cox) test was used to detect 
any significant difference in survival curves between patients whose 
models lacked ecDNAs, or harbored ecDNAs with or without MYC 
paralogs. Survival analysis was performed using GraphPad Prism 
10, and data cutoffs of 48 months after diagnosis, or August 14th, 
2023, were used.

Figures
All main and supplementary figures were assembled or created 

with BioRender.com (www.biorender.com) and are presented under 
academic license.

http://www.biorender.com
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