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A biobank of small cell lung cancer CDX models
elucidates inter- and intratumoral phenotypic
heterogeneity
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Although small cell lung cancer (SCLC) is treated as a homogeneous disease, biopsies and preclinical models reveal heteroge-
neity in transcriptomes and morphology. SCLC subtypes were recently defined by neuroendocrine transcription factor (NETF)
expression. Circulating-tumor-cell-derived explant models (CDX) recapitulate donor patients’ tumor morphology, diagnostic
NE marker expression and chemotherapy responses. We describe a biobank of 38 CDX models, including six CDX pairs gener-
ated pretreatment and at disease progression revealing complex intra- and intertumoral heterogeneity. Transcriptomic analysis
confirmed three of four previously described subtypes based on ASCL1, NEUROD1 and POU2F3 expression and identified a pre-
viously unreported subtype based on another NETF, ATOH1. We document evolution during disease progression exemplified
by altered MYC and NOTCH gene expression, increased ‘variant’ cell morphology, and metastasis without strong evidence of
epithelial to mesenchymal transition. This CDX biobank provides a research resource to facilitate SCLC personalized medicine.

mal prognosis, characterized by rapid growth, prevalent cir-

culating tumor cells (CTCs) and early metastasis'~. SCLC is
diagnosed by expression of NE markers including neural cell adhe-
sion molecule (NCAM/CD56), chromogranin A (CHGA), synapto-
physin (SYP) and of thyroid transcription factor-1(NKX2-1)". The
genomic landscape of SCLC is characterized by almost universal and
frequent loss of tumor suppressors TP53 and RBI, respectively>>®;
amplified MYC family oncogenes (MYC, MYCL and MYCN) in
~20% cases>>”® and frequent mutations in NOTCH family genes*.
Abnormal epigenetic regulation is also a recurrent feature”'***.

The pulmonary NE cell is the cell of origin for most SCLC'"*?
where the transcription factor achaete-scute complex homolog-like
1 (ASCL1) induces neuronal and NE differentiation'**. ASCL1 is
expressed in 75% of human SCLC. Cell lines derived from ASCL1"s"
tumors grow with ‘classic’ morphology, as loosely adherent clusters,
often with MYCL amplification'. Ascll is required for tumorigene-
sis in genetically engineered mouse models (GEMMs) generated by
triple knockout of Trp53, Rb1 and RbI2 where Mycl is amplified'*-%.
A second NETE, Neurogenic Differentiation Factor 1 (NEUROD1)
is expressed in ~24% of SCLC tumors and in 19% of SCLC cell
lines (with or without ASCL1 coexpression)‘. SCLC cells express-
ing NEURODI1 display morphologies ranging from ‘classic’ to
‘variant, growing as loosely adherent monolayers, often with MYC

f CLC is an aggressive neuroendocrine (NE) cancer with dis-

amplification'*'*"**, NEURODI1"¢" tumors typically have lower
diagnostic NE marker expression compared to ASCL1"" tumors.
‘Variant’ histopathology is recapitulated in a SCLC GEMM upon
enforced Myc expression?, leading to elevated Neurod1, reduced NE
markers and more aggressive tumors. Approximately 10% of human
SCLCs express neither ASCL1 nor NEUROD1 (ref. ?). A Tuft Cell
transcription factor POU class 2 homeobox 3 (POU2F3) defines a
further subtype® and a consensus on SCLC subtype classification
was recently reported?.

For the past 30 years, metastatic SCLC was treated with a plati-
num agent plus etoposide as standard of care (SoC)*. Immune
checkpoint inhibitors (ICIs) benefit some patients and were recently
licensed for SoC in the United States”**. DNA damage repair
inhibitors (DDRi) show efficacy in preclinical models and as DDR
inhibition promotes STING-dependent activation of cytotoxic
T cells there is rationale for DDRi and ICI combination therapy?.
Differential vulnerability to aurora kinase inhibitors was observed
in preclinical models based on MYC family member expression®"*.
However, a comprehensive understanding of SCLC biology to sup-
port personalized therapy is hindered by difficulties obtaining
sufficient biopsies adequate for research, especially at post-SoC dis-
ease progression®.

SCLC research tools comprise established human cell lines and
derived xenografts'*"", GEMMs'*!®!%2%1 Patient-derived xenografts
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Fig. 1| CDX generation and overview. a, CDX workflow. A single mouse per donor patient was engrafted with CTCs enriched from SCLC patient blood
samples either at baseline (treatment naive) or at post-treatment disease progression to generate the p1 CDX. Following successful engraftment
p1tumors were passaged into 3 X p2 animals. Resultant p2 tumors were either frozen or passaged into p3 animals for molecular characterization.

b, Comparison of CDX and donor tumor specimen morphology. H&E staining of CDX donor diagnostic tissue and their CDX at passage p]1. In each case, a
whole-tumor section was analyzed and images shown are a representative area of these, shown for four patients where both a pretreatment baseline and
disease progression CDX was generated. Scale bars, 50 um. ¢, Classic and variant morphologies. H&E staining of selected CDX models. CDX17, CDX18P,
CDX20 and CDX30P show typical classic morphology representative of most of the CDX panel and contain features present in patient samples such as
pseudorosettes (for example, CDX18) and palisading (for example, CDX20). The rarer variant cellular morphology is depicted for CDX13 and CDX17P
and intratumoral heterogeneity is shown for CDX29 (mixed), which contains both classic and variant cell morphologies (separated by dotted yellow line).
CDX30P has large nuclei but classic morphology. Whole sections were analyzed per CDX tumor with three independent animals at p3 analyzed and a
representative area is shown for each. Scale bars, 20 um except variant examples; CDX13 and CDX17P and mixed CDX29, scale bars, 50 um.

(PDXs) generated from patient tumor biopsies or pulmonary effu- ies, they do not recapitulate the extensive tobacco-induced muta-
sions”'**~** and models generated from patients’ CTCs, so-called  genic landscape of clinical SCLC present in human cell lines, PDX
CDX**** While GEMMs enable gene-disease causation stud- and CDX models®**>. While cell lines are instructive and ame-
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nable to experimentation, they suffer from ‘genomic drift’ during
passage’” and are rarely obtained from the same patient before and
after acquired chemoresistance. Cell lines and PDX can be forced to
acquire chemoresistance in tissue culture or in mice”*, but whether
those mechanisms commonly occur within patients is unclear.
CDX models from serial blood samples before and after the patient
develops progressive disease post-SoC**** now allow interrogation
of the evolved SCLC biology present during clinical trials of new
therapies. We described four CDX, which recapitulated the mor-
phology and chemoresponse of their patient donor and genomic
profile of donors’ CTCs"”, extended to ten CDX and ex vivo short
term CDX cultures evaluating the combined efficacy of olaparib
(a poly-ADP ribose polymerase inhibitor) and adavosertib (WEE1
inhibitor), which emphasized the importance of administering this
combination before disease progression®. Others have now adopted
our CDX approach to augment their SCLC research™.

Combined use of available SCLC models is enabling biomarker
supported early clinical trials of targeted therapies. Deconvoluting
heterogeneous SCLC phenotypes in large panels of patient
relevant models will be essential for improved patient outcomes.
We present a biobank of 38 CDX models from 31 SCLC patients
who subsequently developed either chemosensitive or chemo-
refractory disease, including six paired baseline and disease
progression models.

Results

Patient donors and generation of the CDX panel. Supplementary
Table 1 summarizes clinical characteristics of the 31 patient
donors, which successfully generated CDX (14 females, 17 males,
average age 68years), all former or current smokers (with the
exception of CDX13, smoking history not recorded) who received
SoC (patient treatment timelines shown in Supplementary Fig. 1).
Most patients (28/31, 90%) presented with extensive stage (ES)
disease with metastases to common sites; three patients presented
with limited stage (LS) disease, two of those had no detectable
metastases at diagnosis and one had local mediastinal lymph
node metastasis.

We generated 38 CDX (Fig. la, Supplementary Table 1 and
Supplementary Fig. 1). The number of implanted tumor cells for
successful CDX generation is unknown although CDX generation
rate was 17% (Extended Data Fig. 1). A diagnostic primary tumor
biopsy was acquired in only 15 out of 31 patients (Supplementary
Table 2). CDX were generated at a single time-point from 24
patients, 17 at pretreatment baseline and seven post-chemother-
apy with disease progression (designated ‘P’). Six CDX were from
longitudinally sampled patients at baseline and again after post-
chemotherapy relapse, and for a seventh patient a paired model
was generated from two post-chemotherapy relapse samples
(15P/15PP) (Supplementary Table 1 and Supplementary Fig. 1).
Of the three patients with LS SCLC, only CDX29 was derived
at baseline and three CDX (15P, 15PP and 22P) were derived at
disease progression. CellSearch (CS)-CTC counts (EpCAM and
cytokeratin positive, CD45 negative) in a parallel blood sample
for each CDX were variable (median 677, range 0-15,352 CTCs
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per 7.5ml blood) (Supplementary Table 2). Notably, the LS SCLC
CDX29 donor had no CS-CTCs. Samples with a parallel CS-CTC
number >49 per 7.5 ml blood resulted in a 49% CDX success rate
compared to <1% for those with a parallel CS-CTC count of 0-49
(Extended Data Fig. 1). CS-CTC counts in longitudinal model
donors did not always increase during progression with no obvi-
ous correlation between CS-CTC trajectories and overall survival
(Supplementary Table 2).

Morphology and NE markers in CDX and matched diagnos-
tic patient specimens. Pathology evaluation (D.N. and A.EG.)
of donor patient biopsies confirmed SCLC (Fig. 1b) but there
was insufficient specimen to assign classic and/or variant mor-
phologies robustly. Previous studies using SCLC cell lines'*** and
GEMM models'®'"*" revealed frequent ‘classic’ and rarer ‘vari-
ant’ morphologies. CDX provides more tumor tissue for analysis
than bronchoscopic biopsies®” and morphologies were assessed
by H&E staining at passage 1. Multiple morphological features
of SCLC were observed, including ‘sheet-like’ cellular architec-
ture (CDX3), pseudorosettes (CDX18), palisading and trabecu-
lar growth (CDX20; Fig. 1¢). Most CDX (35 out of 38) contained
neoplastic cells with small nuclei (20-40 pm), (Extended Data
Fig. 2) consistent with ‘classic SCLC, as reported in 35 out of
50 (70%) human SCLC cell lines”. CDX13 and CDX17P had
comparatively large nuclei (40-50 um diameter, see Fig. 1c and
Extended Data Fig. 2) consistent with ‘variant’ SCLC morphol-
ogy'®'**" but although CDX30P had large nuclei, pathology review
(A.EG.) reported classic morphology (Fig. 1c). CDX17 exhibited
classic morphology suggesting that a switch to the variant mor-
phology of CDX17P occurred during disease progression (Fig.
1c). CDX29 (limited stage donor) contained cells with classic and
variant morphologies (Fig. 1c). Overall, this CDX biobank shows
a range of classic to variant morphologies and that classic and
variant cells can coexist within a tumor. Consistent with clinical
data, all CDX except CDX13 expressed at least two out of the three
diagnostic NE markers NCAM, CHGA and SYP by immunohis-
tochemistry (IHC; Extended Data Fig. 3). Hierarchical clustering
revealed overall that expression (loss or gain) of NE markers was
unchanged between baseline and disease progression in paired
models (Extended Data Fig. 3b).

Global transcriptomics analysis. The morphological differ-
ences and histopathological variations in NE markers (Fig. 1b,c
and Extended Data Fig. 3) may reflect (in part), the recently
described SCLC subtypes”. We explored this possibility using
unbiased hierarchical clustering of CDX transcriptomes that
revealed four distinct clusters (Fig. 2a). Clusters 1, 3 and 4 com-
prised genes already associated with reported SCLC molecular
subtypes, namely ASCL1 (cluster 4, 31/38), NEUROD1 (cluster 3,
3/38) and POU2F3 (cluster 1, the most divergent, 1/38)**** (Fig. 2b).
Cluster 2 (4/38) represents an unrecognized subtype containing
genes including the NETF ATOH] (the most significantly up-reg-
ulated cluster 2 gene relative to other clusters (adjusted P value =
4.58 x 10~*) (Fig. 2b). ATOHI is both necessary and sufficient for

>

>

Fig. 2 | Global transcriptomic analysis of CDX models. a, Gene expression analysis of the 38 CDX models, demonstrating four clusters/subgroups derived
from hierarchical clustering of the top 1,686 most variable genes across the CDX models with three independent CDX tumors analyzed per model. Cluster
1, light blue, POU2F3; Cluster 2, light green, ATOHT; Cluster 3, pink, NEURODT1 and Cluster 4, purple, ASCL1. b, Expression of four transcription factors:
ASCL1, NEURODI1, POU2F3 and ATOHT are significantly associated with four distinct subtypes of SCLC CDX. For the ASCL1 subtype, ASCL7 is the most
highly associated gene, for the NEUROD1 subtype NEURODT is ranked 271st, for the POU2F3 subtype, POU2F3 is ranked 56th, and for the ATOH1 subtype,
ATOHT is the most highly associated gene. Cluster 1, light blue, POU2F3; Cluster 2, light green, ATOH1; Cluster 3, pink, NEUROD1 and Cluster 4, purple,
ASCL1. ¢, RT-gPCR for ATOHT and POU4F3 in CDX confirms high ATOHT and POU4F3 expression in the ATOH1 subgroup compared to low expression in
CDX4, CDX17 and CDX26 (ASCL1 subgroup) and with the cell line HCC33 as a positive control (high expression of ATOHT according to the CCLE). Relative
fold change in gene expression is shown as 2°2%, y axis, for each CDX model/cell line. n=3 independent CDX tumors per model and n=3 independent cell
culture samples per cell line were analyzed, each in triplicate. Black bars represent mean +s.d.
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hair cell differentiation in the mammalian auditory epithelium*
and Mathl, the mouse homolog of ATOH]I, is essential for neuro-
nal differentiation and mouse cerebellar development'. Reverse
transcriptase-quantitative PCR (RT-qPCR) analysis validated high
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expression of ATOH1 and its target POU4F3 (ref. **) in CDX17/17P,
CDX25 and CDX30P and in the ATOH1 expressing SCLC cell line
HCC33 compared to CDX models with no ATOHI expression
(CDX4 and CDX26) (Fig. 2¢).
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NE transcriptional regulators. The relative abundance of previ-
ously reported SCLC subtypes™ was determined by IHC for ASCL1,
NEURODI, REST and POU2F3 (Fig. 3). The biobank represents
a range of ASCLI/NEURODI expression profiles that segment
into three groups (Fig. 3¢). Twenty-two CDX (58%) were ASCL1*/
NEURODI1, eight CDX (21%) were ASCL1-/NEUROD1*and eight
CDX (21%) were ASCL1*/NEUROD1*. Where CDX were double
positive by IHC, multiplex immunofluorescence revealed mutually
exclusive intracellular expression of these NETFs (Fig. 3d). ASCL1/
NEURODLI status between baseline and progression was unaltered
in five out of six models (Fig. 3a). At the time of writing there were
no suitable antibodies to assess ATOHI protein.

RE1 Silencing Transcription Factor (REST) is a master regulator
of neurogenesis and a suppressor of NE differentiation in SCLC**>*
that directly targets ASCL1, CHGA and SYP*. REST expression
across the CDX biobank was either absent or low. Apart from
CDX13 (86% REST-positive cells), the other six REST-expressing
CDX had <10% REST-positive cells (Fig. 3a). CDX13 was negative
for ASCLL1, predicted by high REST expression (Figs. 2 and 3a), but
low levels of REST across the CDX biobank precluded correlation of
REST with known NE targets.

A scoring algorithm for NE classification aids characterization
of SCLC". Genes within this algorithm exhibited similar coex-
pression patterns in the CDX as seen in other preclinical models
(Extended Data Fig. 4). Based on RNA-seq data with the excep-
tion of CDX13 (NE score, —0.14)all CDX had a positive NE score
(Fig. 3e; range 0.28 (CDX22P) to 0.89 (CDX2, CDX18, CDX38) and
68% of CDX (26/38) had high NE scores of >0.80 (except CDX13
and CDX22P) in line with SCLC cell lines, GEMMs and resected
tumors from patients with LS SCLC*. The low score for CDX22P
(Fig. 3e, asterisk), which has classic morphology, expresses NE
markers, with low REST, high ASCL1 and low NEUROD1 expres-
sion was unexpected. The negative score for CDX13 (Fig. 3¢, aster-
isk) was expected as it has a variant morphology (Fig. 1c), high
REST and lacks ASCL1 and NEURODI1 (Fig. 3a). The donor was
diagnosed as having SCLC, with the pathology of CDX13 consis-
tent with that diagnosis. Furthermore, this model is the only model
that expresses POU2F3 (Fig. 3f) with the transcriptomic signature
for the recently described Tuft Cell phenotype®, consistent with
CDX13 belonging to the POU2F3 subtype (Extended Data Fig. 5).
Further characterization of this model indicates that RB1 status
is wild-type as shown by IHC (Fig. 3f) and confirmed by whole-
exome sequencing, which also showed CDX13 was TP53 null
(data not shown). While RBI loss is common in SCLC, evidence
that CDX13 represents a bona fide Tuft Cell variant (as opposed
to a previously uncharacterized extreme nonNE SCLC variant)
is supported by the SCLC Tuft Cell variant cell line NCI-H211
(one of four known Tuft Cell SCLC cell lines) that also expresses
wild-type RB1 (ref. *).

RESOURCE

Expression of MYC gene family. To investigate MYC family
gene expression in CDX, we assessed bulk tumor RNA expression
for each gene (in absence of robust antibodies suitable for THC
for MYCN and MYCL*). MYCL was most frequently expressed
(Fig. 4a) with the highest expression in CDX17P. MYC and MYCN
expression were relatively low; only two models express MYC
(CDX13 and CDX17P) and three models express MYCN (CDX10,
CD29 and CDX45; Fig. 4a). The relative distribution of MYC family
genes is concordant with data from 81 resections from patients with
SCLC? (Fig. 4b).

MYC protein was detectable in eight out of 38 (21%) CDX
(Fig. 4c); in the six models where MYC transcripts were undetect-
able there were very low numbers of MYC positive cells (range
1-3%), and in CDX13 and CDX17P protein and RNA-seq data
were concordant (Fig. 4a,b). Consistent with its variant, nonNE
phenotype, in CDX13 63% of cells were MYC positive. MYC posi-
tive cells increased during progression from 1% in CDX17 to 10%
in CDX17P where MYC was observed in ‘cell islands’ rather than
dispersed throughout the tumors (Fig. 4d). MYC amplification is
associated with more aggressive SCLC' and CDX17P is likely to
represent clonal expansion of a small preexisting subpopulation
present in CDX17.

MYC family gene amplification is widely reported as mutually
exclusive in SCLC>"*, although MYCL coexpression with either
MYC or MYCN has been demonstrated in a few SCLC cell lines".
Assessment of MYC family gene coexpression in CDX tumors
revealed a similar predominantly mutually exclusive pattern, with
the exception of CDX17P that co-expressed MYCL and MYC, and
CDX26 that coexpressed MYCN and MYCL (Fig. 4a), confirmed by
western blot of CDX lysates (Fig. 4e).

Classic SCLC is associated with expression of ASCL1 and
MYCL", whereas MYC associates with the variant phenotype in
SCLC cell lines”. High MYC levels have also been associated with
nonNE REST and POU2F3 and also with the reduced NE phe-
notype associated with NEURODI expression'*”. In a GEMM,
MYC drives an aggressive, variant form of SCLC associated with
increased expression of NeuroD1 (ref. *!). Unsupervised clustering
of CDX based on expression of these genes revealed an association
between MYC, POU2F3 and REST (Extended Data Fig. 6). Highest
MYCL expression was most closely associated with the ATOH1 sub-
type; although the ASCLI subtype also expressed MYCL as in cell
lines and GEMMs'®". NEURODI was more closely associated with
MYCN rather than MYC, in contrast to the GEMM model acceler-
ated by MYC?' (Extended Data Fig. 6).

Epithelial to mesenchymal transition (EMT). EMT is a fea-
ture of variant SCLC where loss of NE markers is associated with
loss of epithelial cell markers including EpCAM and cytokeratins
(CKs) and gain of the mesenchymal intermediate filament protein

>
>

Fig. 3 | Inter- and intratumoral heterogeneity of NE transcriptional regulators. a, Representative images of selected CDX models showing ASCL]T,
NEUROD1 and REST expression by IHC (brown stain). Scale bars, 50 um. In each case a whole-tumor section from three individual mice was analyzed.
b, Heatmap showing hierarchical clustering and relative expression (0% positive cells, white, 100% positive cells, red) of ASCL1T, NEUROD1 and REST in
each CDX. For each IHC assay a whole-tumor section from three individual mice per CDX was analyzed, the mean value generated in HALO and shown
on the heatmap. ¢, Pie chart showing the prevalence of SCLC subtypes regarding ASCL1 and/or NEUROD1 expression in CDX models. The pie chart was

derived from data generated in a. d, Multiplex immunofluorescence assay showing mutually exclusive expression of ASCL1 (red) and NEUROD1 (purple) in
CDX18P, CDX20P and CDX26. Human mitochondria antibody was also used (green) to show NEUROD1 and ASCL1 was present in cells of human origin.
DAPI, blue. Scale bars, 20 um. Representative images are shown and each experiment constituted analysis of one whole-tumor section taken from three
individual mice bearing CDX tumors. e, NE scores” of each CDX derived from RNA-seq data (see Methods). All models have positive values confirming NE
phenotypes with the exception of CDX13 (asterisked) with a negative score indicative that it is strongly nonNE. CDX22P (asterisked) is a noted outlier with
a low but not negative NE score. Data were obtained from n=3 independent tumors per CDX model (shown) and red lines represent the mean. f, CDX13
expresses POU2F3, the Tuft Cell marker and RB1 as determined by IHC (brown). Representative images are shown and for POU2F3 CDX7 and CDX3P are
shown as examples of negative staining seen throughout the rest of the CDX panel. Scale bars, 50 um. For RB1, CDX22 and CDX34 are shown as examples
of negative staining. Scale bars, 100 um. All analyses were performed on a whole-tumor section from two individual mouse tumors per CDX shown, with
the exception of CDX13 RB1 staining, which was performed on a whole-tumor section from four individual mouse tumors.
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vimentin**. Variable expression of vimentin (using a human spe-
cific antibody) was present in 13 out of 38 CDX (34%, Fig. 5a,b)
of which most contained <5% positive cells. CDX30P, CDX25
and CDX1 were 96, 58 and 9% positive for vimentin, respectively

0

(Fig. 5a,b). CDX13 that exhibits all known features of the vari-
ant, low NE subtype had undetectable vimentin and high expres-
sion of EpCAM and panCKs (Fig. 5a,b). With the exception of
CDX42/CDX42P, hierarchical clustering of EPCAM, CK and VIM
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expression showed that the paired models did not cluster together,
indicating that changes had occurred during disease progression
without consistent trends (Fig. 5b). CDX29 (matched CS-CTC
count (EpCAM*/CK™) of zero) was the only model that did not
express EpPCAM/CKs or vimentin (Fig. 5a,b).

Principal component analysis of RNA-seq data shows an asso-
ciation between ASCLI (red circles) and EPCAM, while NEURODI1
(blue circles) and ATOH]I (orange circles) clusters associate with
mesenchymal markers (Fig. 5b). The ATOHI and VIM associa-
tion is concordant with protein expression and the two models
with highest vimentin expression (CDX25 and CDX30P) are in the
ATOHI cluster (Figs. 2 and 5).

Paired baseline and progression models. Longitudinal CDX
facilitate assessment of SoC responses during disease progression
(Fig. 6a). Chemotherapy response data were evaluated using a
preclinical RECIST score*** and normalized time to progression
(nTTP) for five baseline/paired progression models (CDX3/3P,
CDX8/8P, CDX17/17P, CDX18/18P, CDX42/42P) and confirming
previously published data for CDX8/8P**. Baseline CDX tended
to be more chemosensitive than their progression counterparts
(Fig. 6). CDX20/CDX20P data are not yet available and relative sen-
sitivity for CDX42/42P is inconclusive due to censoring of mice in
the drug treatment arm of CDX42P (Fig. 6b).

To identify transcriptomic changes associated with progression
and for future studies of therapy targets, differential expression
analysis was conducted for the six paired CDX (Fig. 6¢). Diverse
changes in gene expression were observed during progression in
each paired model, although few common changes across the six
pairs were seen. Some trends toward differential gene expression
during progression were observed across the six paired models
(82 genes up-regulated and 270 genes down-regulated by paired sta-
tistical analysis); for example, up-regulation of NOTCH receptors
in 4/6 pairs (NOTCHI in three pairs: CDX8/8P, CDX20/20P and
CDX42/42P and NOTCH?2 in three pairs: CDX8/8P, CDX18/18P,
CDX42/42P) (Fig. 6d). There were no consistent trends in SLFN11
(ref. °), the MYC regulon® or WNT family genes®, all previously
reported as associated with drug resistance (data not shown).

CDX metastasis. Metastasis is a frequent and early event in SCLC™.
Although not studied in all CDX models, mice bearing subcutane-
ous (s.c.) CDX14P, CDX17, CDX17P and CDX25 tumors showed
evidence of metastatic dissemination (Fig. 7), with macro-metas-
tases present in the brain and liver of mice bearing CDX14P
(Fig. 7a). Dual immunofluorescence for NCAM and phosho-his-
tone H3 (pHH3) demonstrated disseminated proliferating cells in
the brain of a CDX14P-bearing mouse and liver metastases in a
CDX17-bearing mouse (Fig. 7b). In all four models disseminated
NCAM positive human cells were detectable within the mouse
lungs (Fig. 7c).

Discussion
An increasing appreciation of SCLC phenotypic heterogeneity
is emerging from studies of cell lines, GEMMs, patient-derived
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preclinical models and patients’ tumor specimens**’. The ability
to subtype SCLC is an important first step to stratified treatment
approaches, particularly now that new therapies are approach-
ing and/or have entered early clinical trials where biomarkers are
urgently required***. Unbiased transcriptomic analysis of our
CDX biobank revealed four molecular subtypes (Fig. 2): in agree-
ment with previous studies the majority subgroup was dominated
by ASCL1I, with a smaller group expressing NEURODI and a single
model, CDX13, expressing POU2F3. Cumulative data regarding
variant morphology (Fig. 1¢), lack of NE marker expression (Fig. 3a
and Extended Data Fig. 3), negative NE score (Fig. 3e), high
POU2F3 expression by IHC (Fig. 3f) and RNA-seq (Fig. 2b) and
high expression of SOX9, TRPM5 and AVIL compared to all other
models (Extended Data Fig. 5) convincingly classify CDX13 as
belonging to the SCLC Tuft Cell subtype”. Further character-
ization of CDX13 confirmed that it was null for TP53 and wild-
type for RBI with readily detectable RB1 protein expression
(Fig. 3f). The short overall survival of the CDX13 donor is of interest
given the proposed link between poor prognosis and wild-type
RBI in SCLC*.

We also describe a previously unrecognized subgroup of SCLC
based on high ATOH]I expression and its reported downstream tar-
get POU4F3 (Fig. 2). ATOH] is under-represented in other data-
sets>®, and present in only ~1% (1/81) surgically resected SCLC
samples’. Although larger datasets are required to confirm these
findings, the higher prevalence of ATOH1I in CDX may reflect their
CTC origin with a potential for clonal selection and expansion
in vivo, and/or in combination with the fact that these CDX donors
had extensive stage rather than resectable disease, reflecting a hith-
erto unrecognized phenotypic diversity. High YAPI expression
was used to define a SCLC subtype**. YAPI expression is either
extremely low (CDX4, CDX22P and CDX42P) or absent in our CDX
biobank and YAP] expressing CDX do not correspond with ATOH1
models (Extended Data Fig. 7a). ATOHI expression does not cor-
relate with YAPI in either the surgically resected sample from the
patient with SCLC reported by George et al., or in SCLC cell lines
from the Cancer Cell Line Encyclopedia (CCLE)* (Extended Data
Fig. 7b,c). Although most studies of ATOHI relate to its spatiotem-
poral expression required to drive differentiation and long term
viability of auditory hair cells®, it is also expressed in the intesti-
nal epithelium where it plays an essential role in development of
secretory cell lineages and control of proliferation®>”’. ATOHI
is regulated by NOTCH and WNT signaling in prosensory audi-
tory cells**" that are pertinent pathways in SCLC biology. ATOH1
has been implicated in development of various cancers including
medulloblastoma and Merkel cell carcinoma (a NE tumor), where
it appears to act as an oncogene, while in colorectal cancer it resem-
bles a tumor suppressor gene®'.

Intratumoral heterogeneity was evident at the level of ASCL1/
NEURODI expression in multiple CDX. IHC identified three
subtypes (ASCL1*/NEURODI1-, ASCL*/NEURODI1*, ASCL1-/
NEURODY) and consistent with previous studies, CDX models with
ASCL1 expression (with or without co-expressed NEUROD1) were
most common (Fig. 3). Intratumoral heterogeneity was observed

>
>

Fig. 4 | Expression of MYC family members. a, Normalized expression levels (cpm) of MYC, MYCL and MYCN RNA in CDX models from RNA-seq analysis
from n=3 independent tumors per model. b, Heatmap showing normalized expression of MYC family genes across the CDX models and within the data
reported in ref. 2. ¢, MYC protein levels across the CDX panel quantified using HALO Software (see Methods). n=3 whole-tumor sections (biological
replicates, different animals) were analyzed per CDX, with the exception of CDX17P where n= 6 independent CDX tumors were analyzed. Mean values
are shown with error bars representing +s.e.m. d, Immunohistochemistry of MYC for selected CDX: CDX13 has the highest MYC expression in the panel;
an example of increasing MYC expression over time, from CDX17 (low expression) to CDX17P (intermediate expression) where focal MYC positive cells
are observed; and CDX20 and CDX20P, a second pair of longitudinal models with no up-regulation of MYC. Scale bars, 50 um. Images are representative
of analysis of three whole-tumor sections, with the exception of CDX17P where six whole-tumor sections were analyzed. e, Western blots for MYC, MYCL
and MYCN in whole-CDX-tumor lysates from those CDX where RNA expression (in b) implies more than one family member is expressed (CDX17P and
CDX26), or with high expression of MYC (CDX13) or MYCN (CDX29). Blots are representative of lysates from three independent tumors per model.
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within ASCL1*/NEUROD1*CDX, showing mutually exclusive heterogeneity in NE transcriptional profiles affects or is affected
regions of ASCL1 and NEURODI positive cells that have not pre- by chemotherapy or changes during disease progression is under
viously been noted (Fig. 3d). Whether and how this intratumoral  continued investigation. Drapkin et al.”* found no evidence for
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differential responses to SoC chemotherapy in ASCL1 versus
NEURODI expressing patient-derived models, although there
is evidence of cell lines gaining NEUROD1 and a more mesen-
chymal phenotype after treatment®’. Several examples of altered
NETF expression in paired CDX were observed; such changes
should be considered if future therapies are targeted to specific
and distinct NETF regulated pathways (Fig. 3a), as was recently
demonstrated for the antitumor effects of LSD1 inhibition due to
NOTCH-induced suppression of ASCL1 (ref. ©*). NE scores across
the CDX panel (Fig. 3e¢) more closely resembled established cell
lines (with values close to 1) than previously reported for samples
from patients with SCLC* (maximum value 0.89). We speculate
that particular SCLC phenotypes are fit' enough to propagate
in vitro to become established cell lines and overlapping elements
of that “fitness’ enables survival in the circulation and tumorigenic-
ity in mice.

The effects of different MYC family genes on SCLC behavior
are beginning to be explored. With the exception of the Rb~~/
p53~~/Myc™4 (RPM) GEMM?', SCLC GEMMs express high lev-
els of Mycl'***% that is required for tumor progression'”**. MYCL
was the most prevalent MYC family member expressed across the
CDX biobank (Fig. 4). MYC family gene amplification in SCLC is
thought to be mutually exclusive>*, however, CDX17P expressed
both RNA and protein for MYC and MYCL (Fig. 4). MYC is asso-
ciated with a variant morphology, a nonNE phenotype and closer
linkage to NEURODI rather than ASCLI (ref. *'). As predicted,
unsupervised clustering of RNA-seq data revealed that the nonNE
CDX13 expressed high levels of MYC, while high MYCL was more
closely associated with ATOHI than ASCLI (refs. '*'"), although
MYCL was also expressed in ASCLI models. MYCN was only asso-
ciated with NEURODI models (Extended Data Fig. 6) although
the small number of MYCN expressing models preclude robust
conclusions. We hypothesize that although functional redundancy
has been reported for murine Myc and Mycn*, our data support a
model in which MYCL and MYCN may mediate related but distinct
NE programs, while MYC regulates a NonNE program in human
SCLC. Studies are ongoing to determine whether CDX13 responds
to Aurora Kinase A/B inhibition, as predicted by its elevated MYC
expression®"*,

EMT provokes lack of cell-cell adhesion and substrate adher-
ence and enhanced migratory and invasive capacity, collectively
forming a hallmark of cancer®” and may be particularly relevant in
SCLC where metastasis is early and frequent®. In the p53/-RbI~~
GEMM, a mechanism of cooperation between NE and mesen-
chymal-like nonNE cells is required for distant metastasis and
EMT has been associated with the nonNE, variant subtype*. Both
NEURODI and ATOHI are associated with mesenchymal mark-
ers in CDX models (Fig. 5¢); NEURODI is linked with migration
and invasion in SCLC* and ATOH]1 associated with VIM RNA and
protein expression (Fig. 5). Further studies will explore the pro-
pensity for EMT in ATOHI-high CDX. However, lack of vimentin
expression in CDX13, CDX17P and CDX29 suggests that a mes-
enchymal phenotype and variant morphology are not obligato-
rily linked. Multiple CDX underwent metastasis in vivo forming
tumors at distant sites, notably those commonly seen clinically
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including brain, liver and lungs and provides a patient-derived
model of SCLC that metastasizes to the brain (Fig. 7) that was
previously unavailable. Adopting the simplified definition of EMT
(loss of CKs/EpCAM and gain of vimentin), the lack of evidence of
EMT in CDX14P (ASCL1*/NEUROD1", low/no MYC family gene
expression) that routinely metastasizes to the brain shows that for
this model at least, EMT may not be required for metastasis. The
hypothesis that EMT associates with chemotherapy resistance® is
also not clearly borne out by data generated in longitudinal CDX
that acquire chemoresistance (Fig. 6a,b) and of the 15 post-che-
motherapy progression models, only CDX30P had high vimentin
and low CKs, consistent with chemotherapy-resistant EMT. CDX4
(ASCL1*/NEUROD1") with low MYC, classic morphology and no
evidence of EMT is one of the most inherently chemorefractory
CDX within the biobank™.

The comparative tumorigenicity of EpCAM positive and
EpCAM negative human SCLC CTCs in immune-compromised
mice is unknown as we do not select for either when CTCs are
enriched for implantation. We had surmised that there might
be a correlation between the EpCAM positive CS-CTC count
made in the matched blood sample and our ability to generate a
CDX model and this was the case overall (Extended Data Figs. 1
and 3). However, the donor of CDX29 had zero CS-CTCs sug-
gesting additional factors beyond EpCAM expression contribute
to tumorigenicity that warrant further study. Overall, our data are
consistent with the notion that EMT (defined by vimentin high,
EpCAM/CK low) is not required for CDX generation, is not always
observed in nonNE cells, is not required for metastasis and is not
the sole mechanism underpinning chemoresistance. The caveat
that EMT is dynamic leaves the possibility that EMT occurs before
our observations and is followed by a reversing mesenchymal to
epithelial transition.

The important advantage of CDX models is the ability to make
longitudinal models. In vivo studies treating CDX bearing mice
with combination cisplatin/etoposide designed to mimic clini-
cal SoC treatment show good concordance between preclinical
response and patient overall survival (Fig. 6a,b). Furthermore, in
paired models, the relapse model was generally more resistant to
therapy than the baseline model, reflecting the advanced status
of the patients’ disease (Fig. 6a) and supporting their use for pre-
clinical modeling in the absence of patient biopsies. Transcriptomic
analysis of the six longitudinal CDX pairs identified NOTCHI and
NOTCH?2 up-regulation at progression (Fig. 6d) warranting further
study. Although inactivating NOTCH mutations have been identi-
fied in up to 25% of SCLC? endogenous NOTCH activity activates
a NE to nonNE transition in the RPP GEMM associated with the
emergence of chemoresistance®.

Overall, our CDX biobank recapitulates many previously
reported features of SCLC with caveats that they are s.c., lacking
the influence of the lung microenvironment and within immune-
compromised hosts. Nevertheless, they represent a broad range
of phenotypes encompassing established classic and variant mor-
phologies, a range of NETF expression and the Tuft Cell lineage.
This biobank highlights the complexity of CDX models com-
pared to SCLC cell lines and GEMMs™*7" and confirms CTCs as

Y

Fig. 5| EMT gene expression. a, IHC (brown stain) for selected CDX of the epithelial markers EpCAM and panCK and the mesenchymal marker
vimentin. Scale bars, 50 um. Representative images are shown where a whole-tumor section from each of three independent CDX tumors per model
was analyzed. b, Heatmap showing hierarchical clustering and relative expression (0% positive cells, white, 100% positive cells, red) of EpCAM, CK
and VIM for each CDX. For each assay a whole-tumor section from three individual mice per CDX were analyzed and the mean value was generated in
HALO and shown on the heatmap. ¢, Principal component analysis of RNA-seq expression in the CDX models, on 11 selected genes. Points represent
individual CDX, colored according to normalized ASCLT (red), NEURODT1 (blue), POU2F3 (green) or ATOHT (orange) expression. Arrows correspond to
PCA loadings for the four transcriptional factors, the epithelial marker EPCAM, mesenchymal markers VIM, ZEB1, TWIST1 and SNAI2, and the nonNE

marker REST.
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a valuable alternative source of primary patient material. We have  occur within a CDX. We did not demonstrate a convincing role for
identified a previously unrecognized SCLC subgroup, designated ~EMT in CDX although ATOH]I expressing CDX were associated
ATOH], and show that coexpression of MYC family proteins can  with high vimentin expression and metastases were present in two
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Fig. 6 | Analysis of paired CDX models. a, CDX Response to cisplatin/etoposide in vivo. Chemosenstivity of a range of CDX models according to pRECIST
criteria and nTTP (months) reveal good concordance with patient overall survival (OS). Key: dark blue, progressive disease 1 (PD1) and nTTP, 0-2 months;
light blue, progressive disease 2 (PD2) and nTTP, 2-4 months; white, stable disease (SD) and nTTP, 4-6 months; pink, partial response (PR) and nTTP,
6-8 months; light red, complete response (CR) and nTTP, 8-10 months and dark red, maintained complete response (MCR) and nTTP, >10 months).
Number of mice per treatment group per CDX model were as follows: CDX12, CDX15P, CDX15PP, CDX18, CDX18P, CDX42, CDX42P, n=3; CDX7,n=4;
CDX9; CDX17P, n=6; CDX17, n=10, CDX1, CDX3, CDX3P, CDX8P, CDX10, n=11; CDX2, n=12; CDX8, n=13 and CDX4, n=14. b, Kaplan-Meier survival
curves for CDX17/CDX17P, CDX18/CDX18P and CDX42/CDX42P shows relative chemosensitivity of paired baseline and relapse models. Number of mice
per vehicle and drug treated groups, CDX17, CDX17P, n=10 per group; CDX18, CDX18P, CDX42, CDX42P, n=10 per group. cis, cisplatin; etop, etoposide.
¢, Heatmap displaying the fold change in transcript level of differentially expressed genes between baseline and progression for each of the six paired
CDX models. Patient variation was controlled, and the variance stabilizing transform of the mean counts was used for visualization. d, Increased NOTCH1
and NOTCH2Z expression in progression models compared to their matched baseline. Circles represent independent CDX tumors; consisting of n=3
independent CDX tumors per model, with the exception of CDX3 and CDX3P, which had n=4 independent replicates. Red bar, mean value.
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Fig. 7 | Metastasis of s.c. CDX cells to brain, liver and lung. a, Whole-organ sections and selected areas of H&E stained mouse brain and liver
after resection of CDX14P grown s.c. on the flank to 1,200 mm?. Tumor cells are indicated by the presence of the NE marker NCAM and antihuman
a-mitochondrial staining (IHC, brown stain). Scale bars for whole-tumor sections of the brain, 2mm and of the liver, 5mm,; all other panels, scale bars,

50 um. Three animals were resected when the s.c tumor reached 1,200 mm?® and were culled after an additional 43, 115 and 130 d due to welfare/s.c., tumor
regrowth to 1,200 mm? and representative images are shown. b, Immunofluorescence analysis of the s.c. CDX14P tumor and brain metastases arising after
its resection, and of a CDX17 liver metastasis detected on necropsy when the s.c. tumor had reached maximum volume (1,200 mm3). Cell nuclei are DAPI

stained blue, NCAM positive NE cells are stained pink and proliferating cells are indicated by the presence of pHH3 foci stained green. Scale bars,

50 um, bottom left panel. A whole-tumor section from three individual tumors per CDX were analyzed and representative images are shown.

¢, Clusters of disseminated human tumor cells (marked by red asterisks) detected by immunohistochemistry of NCAM and human a-mitochondria
(brown stain) present in lungs of mice bearing s.c. CDX14P, CDX17, CDX17P and CDX25. Scale bars, 50 um, bottom left panel. A whole-tumor section from
three individual tumors per CDX were analyzed and representative images are shown.

of these models (CDX25 and CDX17P), which may implicate an
aggressive phenotype linked to mesenchymal gene expression for
further interrogation.

Only 10ml of a patient’s blood is taken to make CDX. This
approach is being reproduced in many research centers worldwide
and, with this biobank, forms a valuable addition to the preclinical
models available for SCLC research. Detailed histopathology with

448

dovetailed gene expression studies in longitudinal models will sup-
port studies addressing important clinical questions: mechanisms
of metastasis, development of chemotherapy resistance and the
effects of intratumoral heterogeneity on therapy responses. They
will also support an evaluation of the potential to stratify SCLC for
personalized medicine with parallel development of predictive and
response biomarkers.

NATURE CANCER | VOL 1| APRIL 2020 | 437-451 | www.nature.com/natcancer


http://www.nature.com/natcancer

NATURE CANCER

Methods

Patient samples. The 31 patients described in this study had samples and
(resultant data) obtained between February 2012 and August 2016 following
informed consent and according to ethically approved protocols: European Union
CHEMORES FP6 Contract number LSHC-CT-2007-037665 (NHS Northwest 9
Research Ethical Committee) and The TARGET (tumor characterization to guide
experimental targeted therapy) study, approved by the North-West (Preston)
National Research Ethics Service in February 2015, reference 15/NW/0078. Patient
metadata can be found in Supplementary Table 1.

CDX generation. CDX models were generated as previously described’” and the
workflow is summarized in Fig. 1a. In brief, EDTA blood from each donor patient
(10ml) was enriched for CTCs by negative selection of blood cells using RosetteSep
(negative selection with antibodies against CD2, CD16, CD19, CD36, CD38,
CD45, CD66b and glycophorin A, product no. 15167, Stem Cell Technologies)

and s.c. injected into the flank of a 8-16 week old nonobese diabetic (NOD)

severe combined immunodeficient (SCID) interleukin-2 receptor y-deficient
(NSG) mouse. When passage one (p1) CDX tumors reached 600 mm? they were
harvested and dissected into 3 X 3 mm? fragments and each fragment surgically
reimplanted s.c. into five NSG mice, designated p2 tumors. To generate sufficient
material for histological and molecular characterization and enable future studies
p2 tumors were first dissociated by gentleMACS dissociation (Miltenyi Biotec

Ltd) and then depleted of red cells, dead cells and mouse cells according to
manufacturer’s instructions. In brief, tumors were cut into 2-4 mm pieces and
transferred to a gentleMACS C tube containing 200 ul of enzyme H, 100 ul of
enzyme R and 25 pl enzyme A from the MACS tumor dissociation kit (Miltenyi
Biotec Ltd) in 4.7 ml serum free RPMI medium. Tumors were dissociated using

the Program h_tumor_01 on the gentleMACS (Miltenyi Biotec catalog no. 130-
093-235). The sample was then incubated for 30 min at 37 °C under continuous
rotation followed by further dissociation by the program h_tumor_02 gentleMACS
program and a second incubation for 30 min at 37 °C under continuous rotation.

A final dissociation was performed using the gentleMACS h_tumour_03 program
run twice. Samples were resuspended in RPMI medium then passed through a

70 um cell strainer (BD catalog no. 352350) before washing twice in serum free
RPMLI. Cells were pelleted by centrifugation at 500g for 5min and the remaining
red blood cells were lysed in 1X red blood cell lysis buffer (G-Biosciences) at room
temperature for 5 min followed by stoppage by the addition of 30 ml PBS. Cells were
then mixed 50:50 with trypan blue and a live/dead cell count obtained. Depletion
of dead cells and mouse cells was performed using the MACS dead cell removal

kit (Miltenyi Biotec Ltd) and the antimouse IgG2a+b (Miltenyi Biotec Ltd) kit,
respectively. After dissociation and counting, samples were pelleted at 500g 5 min
and resuspended in 200 pl of 1x dead cell binding buffer containing 100 ul of
prelabeled mouse cell beads and 100 pl of dead cell beads per 107 cells. Samples were
incubated at room temperature for 15min then eluted using a MACS LS column.
Following counting, cells were then reimplanted into five NSG mice, designated p3.

Metastatic spread was evaluated in all organs following full necropsy
after euthanasia of animals when the s.c. tumors reached maximum volume
(1,200 mm?*). CDX14P was an exception; when s.c. tumors reached 1,200 mm?® they
were surgically removed and animals kept on study, these animals were culled
either due to evident tumors reaching maximum volume or for welfare reasons.
Metastases were then assessed after full necropsy.

All procedures were carried out in accordance with Home Office Regulations
(UK), the UK Coordinating Committee on Cancer Research guidelines and by
approved protocols (Home Office Project license 40-3306/70-8252 and Cancer
Research UK Manchester Institute Animal Welfare and Ethical Review Advisory
Board). In vivo studies were conducted to comply with The Animal Research:
Reporting of In Vivo Experiments Guidelines. A parallel blood sample was also
taken for CTC enumeration using the CellSearch CTC platform (CS, Menarini
Silicon Biosystems) that captures EpCAM expressing cells and classifies CTCs as
cells with an intact DAPI stained nucleus staining positively with a panCytokeratin
(panCK) antibody and negatively for the white blood cell marker CD45.

CDX samples are available on reasonable request via discussion with the
corresponding author (CDive).

In vivo drug studies. Therapeutic studies were carried out essentially as previously
described™. A total of 100,000 viable CDX cells in 100ml 1:1 RPMI:matrigel

were injected s.c. into the right flank of 8-10-week-old (20-25g) female NSG
mice. Mice were randomized when tumors reached 150-250 mm?®, to be treated
each morning with vehicle or cisplatin and etoposide as described in*’, with the
following modifications: Three or more mice per cohort received from 1-3 cycles
of cisplatin/etoposide dependent on tolerability. In all cases, 1 ml saline was
administered on cycle 1, day 1 to improve platinum tolerance’. Mice were observed
for a period of time after dose to ensure no adverse effects were seen. Tumors

were measured twice a week by caliper until they reached four times initial tumor
volume (4 X ITV), as determined by the formula V= (L X W?)/2, where V is volume,
L is length and W is width, or until animal health deteriorated.

Histology, immunohistochemistry and digital pathology. Histology and
immunohistochemistry was performed on formalin-fixed paraffin embedded
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tissue from CDX, 4 pm sections were stained using antibodies detailed in
Supplementary Table 3. Antibodies to Vimentin and to REST were human specific,
removing ambiguity about contribution from tumor infiltrating mouse stromal
and other mesenchymal murine cells. Chromogenic IHC assays were performed
on a Leica Bond Max Platform with Bond Polymer Refine Detection kit (DS9800)
or on a Roche Ventana Ultra with UltraMap DAB IHC Detection kit (760-151).
Multiplex immunofluorescence staining was performed on a Leica Bond RX using
PerkinElmer Opal 4-Color Automation IHC Kit (NEL800001KT). Isotype controls
were performed on representative tissue sections to ensure antibody specificity.
Whole sections were scanned and digitized using a Leica SCN400 for IHC, a Leica
Versa was used for immunofluorescence. A minimum of three biological replicates
per chromogenic assay were performed on all samples with the exceptions of one
biological replicate for TTF1 (CDX4 and 33-45) and two replicates for Cytokeratin
(CDX12), VIMENTIN (CDX15P, 20, 20P and 32) and EPCAM (CDX18). POU2F3
expression was examined in three biological replicates of CDX13, where RNA-

seq indicated that POU2F3 would be highly expressed, as well as in an additional
nine randomly selected CDX models as experimental controls. Chromogenic
staining was quantified using Definiens Developer XD v.2.7.0 Tissue Studio v.4.4.2
(Definiens AG). Regions of interest (ROI) within tissue sections were identified
using Definiens Tissue Studio via machine learning across pathological samples
and tissue controls to define the full range of contrast. Within these ROI, tumor
cells were detected and classified as positive or negative based on IHC thresholds.
Expression level was quantified as percentage positive cells within the ROL For
each CDX, sections were manually and independently scored by two experienced
analysts. A NE score for each CDX was calculated as described previously”.

RNA-seq analysis. RNA was extracted from 3-6 independent replicate tumors

per CDX and RNA-seq was performed as previously described*. Data were
filtered to remove reads aligning preferentially to the mouse genome using the
‘bamemp’ algorithm, previously described”’. Reads were aligned to the GRCh38
assembly from Ensembl and counts per million (cpm) were determined”.
Clustering of CDX models was generated using the Pearson correlation to generate
distances and the average clustering method, using the R stats package. Heatmaps
were generated using mean cpm from each set of replicates, transformed into
normalized counts. Data were plotted using ‘heatmap.2’ from the R package ‘gplot’
with default parameters, unless otherwise stated. A model of mean expression
versus coefficient of variation was fitted for all CDX models. The 1,912 genes that
showed a significant variance, of which 1,686 were protein coding, from this fitted
model (P<0.001) were used as input for the clustering algorithm. Differentially
expressed genes in each cluster were ranked and evaluated to begin to explore their
potential for driving the molecular profiles of each cluster. Each cluster was then
labeled based on conformance with known drivers of NE gene expression and/or
established roles in SCLC".

Gene expression analysis. Differential gene expression between baseline and
progression models was performed using DESeq2 (ref. ”*) with log fold changes
shrunk using apeGLM"*, incorporating patient as a factor in the design matrix.
Genes were filtered on having an absolute fold change of at least 1, and an adjusted
P value of <0.05.

Reverse transcriptase-qPCR. RNA was isolated from RNAlater-treated or snap
frozen tissue via the Tissuelyser LT and RNeasy mini kits according to Qiagen
recommendations. cDNA synthesis was performed with the High-Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific). RT-qPCR was performed
using Tagman gene expression master mix and gene expression assays for ATOH1
(Hs00944192_s1), POU4F3 (Hs00231275_m1), GAPDH (Hs02786624_gl) and
ACTB (Hs01060665_g1) according to the manufacturer’s recommendations.

Data were analyzed with the dCt method by normalizing to ACTB and GAPDH
housekeeping genes.

Statistics and reproducibility. With the exception of primary patient material
and p1 mice generated from CTCs where only one sample was available, all
analyses were performed on minimum n =3 independent CDX tumor replicates
or in the case of cell lines on three independent cell cultures per cell lines.

In vivo responses to SoC were carried out ranging from n=3 to 14 animals per
group depending on availability of animals bearing CDX tumors at the time of
randomization, with group sizes based on data in ref. ”°. Details of exact n numbers
and statistical analyses used, including P values can be found in the relevant figure
legends. All RNA-seq data presented were cross-checked against their respective
passage 1 CDX tumor, and the respective donor’s germline where available using
NGSCheckMate™. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

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

Data availability
RNA-seq data that support the findings of this study (Figs. 2, 3e, 4a,b, 5c and 6¢,d
and Extended Data Figs. 2, 4 and 5-7a) have been deposited in the EMBL-EBI
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ArrayExpress database under accession code E-MTAB-8465, with the title RNA
of Small Cell Lung Cancer Circulating Tumor Cells Derived Explants, and can be
accessed at http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8465. Source
data for Fig. 4c and Extended Data Fig. 7b can be accessed from ref. * and source
data for Extended Data Fig. 7c are publicly available from The Broad Institute
CCLE at https://portals.broadinstitute.org/ccle.

Source data for Figs. 3-5 and Extended Data Figs. 2 and 3 are presented with the
paper. All other data supporting the findings of this study are available from the
corresponding author on reasonable request.

Code availability

No algorithms or software were developed in this study. Software that was used is
free and open source and details on acquiring them can be found in the associated
references. All code that was used to generate the figures can be found at https://
doi.org/10.5281/zenodo.3574846.
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Extended Data Fig. 1| Engraftment Rate For CDX Generation. For each CDX attempt, the CTC number was quantified by CellSearch in a parallel 7.5ml
blood sample. Successful CDX generation was based on whether a measurable tumor grew within one year of implantation. Total samples implanted
with matched CTC count <49 =146, resulting in 2 successful CDX models, total samples implanted with matched CTC count >50 = 71, resulting in 35
successful CDX models.

NATURE CANCER | www.nature.com/natcancer


http://www.nature.com/natcancer

NATURE CANCER RESOURCE

50 -
*
45 4
— *
5 .
~ 40 - -
(] * *
N - & . . o
w *
- 4 £ LA ¢ ¢ *
> . .
*
S 351 * ¢ ¢
3 .
pza * * . *
* * .
** B *
30 4
YT [ S L A . g L 0 O .. ..
=
><><><%><><><%XFFF%%&\-&\-%N%&NNN%&%nmm%v&v&vﬁ
oo XaoooAOXAXXXecrggXeX e XANXXXOMMXXXMmX<sXagXX
ooonooonoooOoXXesaXaXxXaxXxXxaooaxXxXxxXxoaooaoxXxaxXxaxoon
(3} O oooooaoaoxXonononoooooovoonoooonNnoNooOoo
008 O O 0o (SNS NS O O o

Extended Data Fig. 2 | CDX Cell Nuclear Size. Average Nuclear area (um2) was calculated for the CDX panel and used as a surrogate for total cell size and
shows that the majority of CDX contain SCLC cells of a comparable size to human SCLC (approximately 40 um2, ~size of 3-4 resting lymphocytes). Some

CDX with relatively large cell nuclei were present (CDX3, CDX13, CDX17P, CDX30P and CDX38 and CDX41P > 40 um, horizontal line). Mean value was
calculated from is shown with error bars representing + SEM.
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Extended Data Fig. 3 | see figure caption on next page.
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Extended Data Fig. 3 | Expression of SCLC Diagnostic Biomarkers. a Representative Immunohistochemistry (IHC, brown stain) for selected CDX models
for NKX2-1 and the neuroendocrine markers CHGA, NCAM, and SYP. White scale bar, 50 um. b Quantification of IHC data using Definiens software
followed by hierarchical clustering (white, low, pink, intermediate, red, high expression, see methods). For a and b 3 whole tumour sections (biological
replicates, different animals) were scanned and scored and the average value was used to generate the heatmap. Quantification was carried out according
to the methods.
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Extended Data Fig. 4 | Correlation of NE and non-NE genes in CDX. A previously derived 50 gene panel comprising NE and non-NE genes “ was mapped
to CDX RNA sequencing data. Pearson correlation across the CDX dataset was calculated between all pairs of genes in the NE gene panel. Cells are
coloured according to Pearson correlation between each pair of genes.
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Extended Data Fig. 5 | Putative SCLC tuft cell markers in CDX Models. RNA-seq data of putative tuft cell marker expression in the CDX panel with cells
coloured according to normalised z-scores. Data were pre-processed to remove reads of mouse origin, as described in ’°. Many of the key tuft markers are
restricted to CDX13, which shows low expression of key transcription factors ASCL1 and NEUROD1.
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Extended Data Fig. 6 | Comparison of MYC family expression with ASCL1, NEUROD1, POU2F3 and ATOH1 expressing CDX. RNA Expression analysis of
ASCL1, NEUROD1, ATOHT1, POU2F3 and REST with MYC family members. The bar at the top of the heatmap shows NE score. CDX13 has the only negative
NE score and is unique in expressing POU2F3 and REST.
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Extended Data Fig. 7 | ATOH1 and YAP1 Expression is Distinct in CDX, Patient Samples and Cell Lines. a Scatterplot RNA Expression (CPM) of ATOH1
and YAP1in CDX. Samples are colour coded according to sub-groups defined by previous transcriptomics analysis: Purple, ASCL1, Blue, POU2F3, Pink,
NEUROD1, Green, ATOHT; note that POU2F3 and NEUROD1 subgroups are obscured as the majority of samples represent the double negative population.
b Scatterplot RNA Expression (RPKM) of ATOH1 and YAP1 in Surgically Resected SCLC Patient Samples. ¢ Scatterplot RNA Expression (RPKM) of ATOH1
and YAP1in SCLC Cell lines in the CCLE. In both (b) and (c), samples are colour coded according to 4 sub-groups defined by Rudin et al**; ASCL1, light
blue, NEUROD?, green, POU2F3, dark blue, YAP1, orange.
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Software and code

Policy information about availability of computer code

Data collection Data were collected as described in Khandelwal, G., et al., Next-Generation Sequencing Analysis and Algorithms for PDX and CDX Models.
Mol Cancer Res, 2017. 15(8): p. 1012-1016 and Hodgkinson, C.L., et al., Tumorigenicity and genetic profiling of circulating tumor cells in
small-cell lung cancer. Nat Med, 2014. 20(8): p. 897-903.

Data analysis Data were filtered to remove reads aligning preferentially to the mouse genome using the ‘bamcmp’ algorithm, as described in
Khandelwal et al., (2017) Mol Cancer Res: 15:1012. Reads were aligned to the GRCh38 assembly from Ensembl and Counts per million
(CPM) values were determined. Heatmaps were generated using mean CPM values from each set of replicates, transformed into
normalised counts. Data were plotted using ‘heatmap.2’ from the R package ‘gplot’ with default parameters, unless otherwise stated
(Wasserman et al (1994) Cambridge: Cambridge University Press). Expression analysis was performed using a previously reported gene
panel for NE classification (zhang et al., (2018) Transl. Lung cancer Res: 7:32). Different levels of variation are observed between CDX
model replicates and between different CDX models, to account for this underlying structure within the data the ‘duplicate correlation’
function within limma was applied (Ritchie et al.,Nucleic Acids Research, Volume 43, Issue 7, 20 April 2015, Page e47, https://
doi.org/10.1093/nar/gkv007). Differential expression analysis was performed using Voom to transform the next generation sequencing
data for subsequent processing with limma. Comparisons between baseline and progression models were performed using DESeq255.
These comparisons were initially made individually between matching baseline and progression models, then in a combined analysis
between model pairs. In all protocols, analysis was restricted to protein coding genes.

Gene set enrichment analysis was performed using Generally Applicable Gene-set Enrichment (GAGE)(Luo W1 et al., BMC Bioinformatics.
2009; 10: 161). Enrichments in KEGG, GO biological process, GO cellular component and GO molecular function sets were analysed.
When assessing gene set enrichment in each of the CDX clusters analysis was performed using the mean expression of the model
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replicates. Comparisons between baseline and progression models and CDX clusters were performed using the “as.group” option in
GAGE. Results were reduced to non-redundant gene sets using the “esset.grp” function.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Raw sequencing data for RNASeq can be accessed via array expresss with accession number E-MTAB-8465
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Life sciences study design

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

Sample size The CDX Biobank is a collection of CDX models which are generated from CTCs from SCLC patients enrolled in the CHEMORES and TARGET
Trials at the Christie Hospital, UK. CDX models reported here are from successful engraftment of CDX from SCLC patients enrolled on study
between 2012 and 2017. No sample size calculations were carried out as this is a hypothesis-generating study which seeks to evaluate the
presence of diagnostic and novel SCLC biomarkers for future validation. Samples are continually collected and mice are monitored for tumour
growth. p1 models were compared to donor patient biopsy histopathology analyses and by two trained pathologists, who verified that the
resultant CDX matched the donor patient's disease using the clinically recognised diagnostic criteria. Subsequent passage then resulted in p3
tumours which were also compared back to the donor/p1 tumours and verified to be consistent with the initial features of that patient's
disease. Transcriptomics analysis and exploratory analyses (IHC/IF etc) were carried out on 3 independent CDX tumours per model and and
found to be concordant between replicates (see source data). For in vivo efficacy studies sample sizes per cohort varied from 3 per group to
14 per per group depending on number of animals with tumours available at the time of randomisation. Sample size justification for in vivo
studies was according to Murphy et al., Can Res 76(19) 5798-5809 (2016).

Data exclusions  No data were excluded from the study

Replication Biological replicates of 2-9 independent tumours from each CDX model were generated and tested (stated in relevant methods).
Histopathology was carried out on whole tumor sections and western blotting was carried out out on lysates from 3 independent biological
replicates per model. RNAseq analyses were conducted on 3-6 independent biological replicates per model as described in relevant methods
and legends. Replicate data was not excluded from the study as this was primarily hypothesis generating, i.e in order to determine the
feasibility of generating a SCLC CDX biobank as a surrogate for patient biopsy.

Randomization  There was no randomisation in this study. The study is an attempt to phenotypically characterise a number (n=37) of novel SCLC models for
hypothesis generating and future validation of pre-clinical/clinical compounds/combinations and optimisation of biomarkers.

Blinding During analysis all samples were given an unique identifier, but these were not blinded. This was not relevant as a) the study was for

hypothesis generation and b) the clinical meta-data associated with each sample were not available/complete until the end of study.
Furthermore all antibodies were fully validated prior to use in this study.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Unique biological materials |X| |:| ChlIP-seq
Antibodies |X| |:| Flow cytometry
|:| Eukaryotic cell lines |X| |:| MRI-based neuroimaging

|:| Palaeontology
Animals and other organisms
Human research participants
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Obtaining unique materials  The unique CDX models described in this manuscript are property of the Dive Laboratory. Prof. Dive is open to discuss
collaborations which may involve sharing of CDX resources with the SCLC community (see contact information on manuscript).

Antibodies

Antibodies used Antibody information is as follows (name, maufacturer, catalogue no., clone name, dilution: CD56: Leica Biosystems, PA0191,
CD564, ready to use. Chromogranin A: ventana, 760 2519, LK2H10, ready to use. Cytokeratin: Dako, M3515, Y69, 1/100. c-Myc:
ventana, 7904628, Y69, ready to use and Abcam, ab39688, Y69, 1:75. EpCAM: Cell Signalling, 2929, VU1D9, 1:100. MASH1: BD
Pharmingen, 556604, 24B72D11.1, 1:250. mitochondria: Abcam, ab213725, 113-1, 1:500. NeuroD1: Abcam, ab213725,
EPR20766, 1:100.PhosphoHistoneH3: Millipoer, 06-570, Ser10, 1:250. POU2F3: sigma-Aldrich, HPA019652, polyclonal, 1:250.
Retinoblastoma: Leica Biosystems, RB-358-L, 13A10, 1:50. REST: ThermoFisher Scientific, MA5-24606, CLO381, 1:250.
Synpatohysin: Leica Biosystems, pA0299, 27G12, ready to use. TTF1: DAKO, M3575, 8G7G3/1, 1:200, Vimentin: Ventana,
7902917, V9, ready to use.

Validation In the case of each primary antibody (CD56, Chromogranin A, Cytokeratin, cMYC, EpCAM, MASH1, Mitochondria, NeuroD1,
PhosphoHistone H3, POU2F3, Retinoblastoma, REST, Synaptophysin, TTF1 and Vimentin) validation was carried out using
positive and negative control human cancer cell lines with known +/- expression of the analyte in question as defined by the
CCLE and/or the manufacturer/datasheet. Validation was also carried out in CDX tissue and xenografts from SCLC cell lines, as
well as isotype control. Validation of antibodies was carried out according to methods described in: Smith and Womack,A matrix
approach to guide IHC-based tissue biomarker development in oncology drug discovery. J Path. 2014 Jan;232(2):190-8. MYC IHC
was carried out by the Christie Hospital Pathology Laboratory and is an accredited diagnostic test.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8-16 week old female NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ (NSG) mice. All procedures were carried out in accordance with Home
Office Regulations (UK), the UK Coordinating Committee on Cancer Research guidelines and by approved protocols (Home Office
Project license 40-3306/70-8252 and Cancer Research UK Manchester Institute Animal Welfare and Ethical Review Advisory
Board). In vivo studies were conducted in order to comply with The Animal Research: Reporting of In Vivo Experiments (ARRIVE)
Guidelines. Mice numbers per group were n=1 (in the case of initial CDX implantation) to 3 per group for molecula rprofiling
studies to at least 3 per group for therapeutic testing studies.

Wild animals study did not involve wild animals

Field-collected samples study did not involve field-collected samples

Human research participants

Policy information about studies involving human research participants

Population characteristics The patient data relating to this study can be found in Supplementary Figure 1 and Supplementary Table 2 which includes age,
sex, diagnosis, sites of metastases, 1st line treatment, number of cycles, treatment response and survival (months). Broadly
speaking there were 32 patients recruited following informed consent under CHEMORES or TARGET ethics (European Union
CHEMORES FP6 Contract number LSHC-CT- 2007-037665 (NHS Northwest 9 Research Ethical Committee) and The TARGET
(Tumour chARaceterisation to Guide Experimental Targeted Therapy) study, approved by the North-West (Preston) National
Research Ethics Service in Feb 2015, reference 15/NW/0078) and were between 55-79 years old (mean and median 68 years)
with Extensive Stage SCLC, with metastasis to the lymph nodes, lung, liver, brain and bone. patients received 1-4 cycles of
Carboplatin and Etoposide as Standard of Care for SCLC in the UK and survived between 1.3 - 28.9 months (mean= 7,9, median =
6.3) months post-diagnosis.

8102 [dy

Recruitment Participants were recruited by physician referral as described in the methods as follows: Patient samples and data were obtained
between February 2012 and August 2016 according to ethically approved protocols: European Union CHEMORES FP6 Contract




number LSHC-CT- 2007-037665 (NHS Northwest 9 Research Ethical Committee) and The TARGET (Tumour chARaceterisation to
Guide Experimental Targeted Therapy) study, approved by the North-West (Preston) National Research Ethics Service in Feb
2015, reference 15/NW/0078. Patients were diagnosed with SCLC and receiving standard of care treatment, with their survival
times in keeping with published averages, thus although the study could be said to be biased towards generation of models from
patients with extensive stage disease, this is typical of SCLC in general, where the majority of patients will present with extensive
stage at diagnosis.
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