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SUMMARY

Small cell lung cancer (SCLC) is a lethal form of lung cancer. Here, we develop a quantitative
multiplexed approach on the basis of lentiviral barcoding with somatic CRISPR-Cas9-mediated
genome editing to functionally investigate candidate regulators of tumor initiation and growth

in genetically engineered mouse models of SCLC. We found that naphthalene pre-treatment
enhances lentiviral vector-mediated SCLC initiation, enabling high multiplicity of tumor clones
for analysis through high-throughput sequencing methods. Candidate drivers of SCLC identified
from a meta-analysis across multiple human SCLC genomic datasets were tested using this
approach, which defines both positive and detrimental impacts of inactivating 40 genes across
candidate pathways on SCLC development. This analysis and subsequent validation in human
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SCLC cells establish TSC1 in the PI3K-AKT-mTOR pathway as a robust tumor suppressor in
SCLC. This approach should illuminate drivers of SCLC, facilitate the development of precision

therapies for defined SCLC genotypes, and identify therapeutic targets.
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In brief

Lee et al. report a meta-analysis of published genomic studies to identify candidate drivers of

Page 2

SCLC development in patients. They implement a genetic screening approach in mouse models of

SCLC to functionally validate mTOR signaling as a key driver of SCLC development, including

the TSC1 tumor suppressor.

INTRODUCTION

Small cell lung cancer (SCLC) constitutes about 15% of all lung cancers and is one of the
most aggressive forms of human cancer.1-3 Mortality in SCLC remains high, with a median
survival of 8-10 months, as SCLC tumors are highly metastatic and become rapidly resistant
to therapeutic approaches. The malignancy of SCLC cells is at least in part encoded by the
complexity of genomic alterations induced by cigarette smoking.> A major goal in the field
has been to identify genetic drivers of SCLC growth, with the intent of eventually mirroring
the successes with targeted therapies achieved in lung adenocarcinoma.b
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Inactivation of the 7P53and RBItumor suppressor genes is a near universal event in SCLC.
Other recurrent alterations in SCLC genomes include inactivation of tumor suppressors
such as NOTCH family members or the MLL2 chromatin remodeler, and amplification

of oncogenes such as MY C family transcription factors.>7:8 Because of the high tumor
mutation burden (TMB) in SCLC cells, however, distinguishing driver alterations from
passengers remains challenging. For instance, KMT72D (encoding MLL2) is among the
largest genes (>40 kb) in the human genome; consequently, mutations within this gene have
not been classified as putative drivers in the largest published genomic analyses of SCLC.?
However, functional analyses strongly suggest that MLL2 loss is an important driver of
scLc.8?

Genetically engineered mouse models of cancer provide a platform with which candidate
cancer driver alterations can be functionally interrogated in a relevant /n vivo context. The
development of SCLC mouse models that recapitulate the inactivation of 7P53and RB1

in human SCLC has enabled the investigation of the role of additional candidate drivers of
SCLC.10-12 However, thus far, progress in functionally validating potential driver mutations
has been slow, with only a limited number of genes being tested since the first mouse model
of SCLC was developed close to 20 years ago.’-11.13-18

Almost all genetically engineered mouse models of SCLC entail tumor initiation via the
delivery of the Cre recombinase by an adenoviral vector (Ad-Cre) to delete conditional
mutant alleles of RbZ and 7rp53.7:11-13.19 Notably, adenoviral vectors do not integrate into
the DNA of the transduced cells. Although this may be beneficial in synchronizing the time
of tumor initiation, it is unsuitable for experimental studies in which sustained transgene
expression or genetic tagging of transduced cells is required. The recent development of
Tuba-seq (tumor barcoding with ultradeep barcode sequencing) has enabled the functional
investigation of pools of putative driver genes in a quantitative and scalable manner in
mouse models of lung adenocarcinoma.2%:21 In this approach, each cell transduced by a
lentiviral-Cre vector (Lenti-sgRNA/Cre) and its descendants are stably labeled with a clonal
identifier in the form of a random DNA barcode (BC) as well as a vector-specific identifier
to distinctly label each unique genetic perturbation (i.e., SRNA-ID or sgID). Thus, the
importance of each sgRNA-targeted gene during tumor initiation and growth can be studied
quantitatively. Furthermore, the presence of sgID allows simultaneous testing of multiple
sgRNAs in one mouse with a pool of multiple lentiviral vectors. Although the Tuba-seq
pipeline is in theory generalizable to any /n vivo model that is amenable to lentiviral
transduction and relies upon a conditionally regulated tumorigenic program, it has not yet
been applied to study the genetic underpinnings of SCLC development.

Here we present a barcoded Lenti-Cre-based mouse model of SCLC, which allows tracking
of SCLC tumor clones that develop entirely within the native environment. We show that
pre-treatment with naphthalene is key to efficient initiation of SCLC using lentiviral vectors,
which enables the analysis of many tumor genotypes with Tuba-seq. We quantitatively
assessed the impact of 40 genes on the initiation and growth of SCLC in a minimal number
of mice. Our work validates the PI3K-AKT-mTOR pathway as an important driver of SCLC
development and demonstrates a key role for TSC1 in this pathway as a potent tumor
suppressor in SCLC.
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Naphthalene treatment enhances the development of SCLC in mice

RbI1™: Tro5311. ppl2 (RPR2 or TKO [triple knockout]) mice model the most prevalent
subtype of human SCLC (SCLC-A, with high expression of ASCL122). In this mouse
model, tumor initiation is efficient and tumor progression relatively rapid (4—6 months)
following intratracheal instillation with Ad-CMV-Cre.11.23 Although RPRZ, R26-SL-tdTomato
(RPR2T) mice developed SCLC upon transduction with Lenti-Cre (HIV-PGK-Cre
backbone) (Figures 1A-1C), the overall tumor numbers were much lower than in RPR2
mutant mice using Ad-CMV-Cre despite similar titers (Table S1).1! Naphthalene is a
compound that kills most club cells in the lung epithelium.24 On the basis of a previous
report using naphthalene prior to lentiviral transduction to generate lung tumors in mice,2°
we injected RPR2T mice with either naphthalene or vehicle (corn oil) two days prior to
intratracheal delivery of Lenti-Cre (Figure 1A). Naphthalene pre-treatment significantly
increased both tumor number and burden in this context (Figures 1B and 1C). Importantly,
Lenti-Cre-initiated tumors showed histopathological characteristics of SCLC-A tumors,
including high expression of ASCL1 and the neuroendocrine marker UCHL1 (Figures 1D,
1E, and S1A). Tumors initiated using a different Lenti-Cre vector backbone (FIV-CMV-Cre)
showed similar SCLC-A histology (Figure S1B). In contrast to naphthalene pre-treatment,
which increased tumor area also in the Ad-Cre model (Figures S1C and S1D), transduction
with Ad-CMV-EGFP two days prior to Lenti-Cre transduction did not increase tumor
number or area (Figures S1E and S1F), indicating that the pro-tumor effects of naphthalene
are distinct from inflammatory responses upon adenoviral infection. Cell lines derived from
RPR2T mutant tumors initiated by Ad-CMV-Cre or Lenti-Cre, with or without naphthalene
treatment, formed floating clusters of cells in culture, similar to classical neuroendocrine
SCLC cell lines (Figure S2A). Transcriptomic analysis confirmed expression of Asc/I and
canonical neuroendocrine markers, with low levels of other transcription factors typical of
other SCLC subtypes?? (Figures 1F and 1G).

SCLC tumors in the Ad-CMV-Cre RPR2model can be initiated from cGRP*
neuroendocrine lung epithelial cells (the minority of tumors) as well as from another,
unknown non-neuroendocrine cell type(s) of origin.26 The presence of cells with non-
neuroendocrine features (i.e., expressing the club cell marker CC10 or the NOTCH target
HESZ1) within tumors initiated after naphthalene pre-treatment and Lenti-Cre transduction
suggested that these tumors likely mostly originate from the same non-neuroendocrine cell
type(s) as Ad-CMV-Cre SCLC tumors28 (Figures 1D, 1E, S2B, and S2C).

Thus, naphthalene pre-treatment enhances SCLC development in the RPR2 model. Given
the potential ease with which this Lenti-Cre platform could be used to inactivate genes

of interest using SgRNASs and the CRISPR-Cas9 system, we next moved on to identifying
potential regulators of SCLC etiology for further study.

A meta-analysis reveals both known and novel putative genetic regulators of SCLC

To identify potential key drivers of SCLC pathogenesis, we performed a meta-analysis of
37 studies published prior to October 1, 2021, on human SCLC (Figure 2A). We compiled
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data for not only genetic but also epigenetic and transcriptomic alterations in SCLC (Table
S2). This analysis identified 3,285 potential driver gene candidates that were profiled in

at least 250 patients, had an alteration frequency of >3%, and coded for proteins with
amino acid residue lengths of <2,000 (Tables S3 and S4). Whereas the relative rarity of
SCLC tumor whole-genome/exome sequencing studies meant that many of the genes were
examined in 400 patients or fewer, a number of the more highly profiled cancer-related
genes benefited from larger coverage, with the total patient numbers ranging from 500 to
about 2,000 (Figure 2B). As expected, in this analysis, 7P53and RB1 ranked first and
second, respectively, as the most frequently altered genes in SCLC (Figure 2C). Although
several top candidate genes identified in this meta-analysis, such as COL11A1and XPC,
were previously identified to be recurrently mutated in SCLC or capable of initiating lung
cancer upon inactivation,2”-28 others, such as HCNI, PCDH15, and ERICH3, have been
studied minimally in cancer contexts and represent novel tumor suppressor gene candidates
in SCLC (Figure 2C). The 3,285 candidates were enriched in signaling and cancer-related
pathways (Figure 2D), including an enrichment in factors implicated in PI3K-AKT-mTOR
signaling (Figures 2D, S3A, S3B; Table S5). Furthermore, genes involved in DNA repair,2°
Notch signaling,® the WNT/Hippo-Merlin pathways,2” and epigenetic and transcriptional
regulation8 showed high alteration rates (Figure 2E).

Overall, this meta-analysis identified several candidate tumor suppressor genes and cancer
pathways, most of which have not been functionally validated in SCLC (Table S6).

Quantitative in vivo CRISPR screening to test tumor-suppressive activity in SCLC

To investigate gene candidates in the pathways identified in the meta-analysis in an /n vivo
model of SCLC, we combined the Lenti-Cre/naphthalene platform with tumor barcoding
with ultradeep barcode sequencing, an approach initially developed to uncover cancer
drivers in mouse models of lung adenocarcinoma.2921 We prioritized 40 genes from

the 3,285 candidates identified in the meta-analysis, focusing on genes in key signaling
pathways in SCLC (26 genes across pools 1-3; several of these genes are highlighted in
Figure 2E) and novel targets with high alteration rates in patients with SCLC (14 genes in
pool 4; all candidate genes tested are marked boldface type in Table S6). We transduced
RPR2T: H11-5L-Cas9 (RPR2T: Cas9) mice with four independent Lenti-sg 7SG/Cre pools
consisting of Lenti/Cre expressing inert sgRNAs (as controls) and Lenti-sgRNA/Cre vectors
targeting putative tumor suppressor genes (TSGs) chosen for further study from the meta-
analysis (Figure 3A). Lungs were harvested at different time points for the different pools to
identify possible optimal times for analysis, with no clear difference observed between the
time points (see below).

Both RPR2T, Cas9and control RPR2T mice showed robust tumor formation upon Cre
delivery as evidenced by tdTomato fluorescence; RPR2T, Cas9 mice showed a trend toward
increased lung weights suggestive of increased tumor burden upon loss of tumor suppressor
genes (Figures 3B, 3C, S4A, and S4B). To determine gene inactivation effects on SCLC
initiation and progression, we isolated genomic DNA from bulk tumor-bearing lungs, PCR-
amplified and sequenced the sgID-BC region in the Lenti-sgRNA/Cre vector, and analyzed
the data. A previous study using RP; Prer” conditional knockout mice showed that PTEN
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is a potent suppressor of SCLC development initiated by loss of p53 and RB.13 We found
that inactivation of PTEN significantly increased tumor size and number in RPR2T, Cas9
mice, indicative of a potent tumor-suppressive role even with the additional inactivation of
p130. Conversely, inactivation of the essential gene Pcna decreased tumor size and number,
indicating that this pipeline has the ability to uncover both genotype-specific positive and
negative effects on SCLC initiation and growth (Figures 3D and 3E).20 Distinct sgRNAs
targeting the same gene consistently had similar effects in RPR2T, Cas9 mice (Figures 3D
and 3E). In contrast, sgRNAS targeting candidate cancer drivers had little to no effect on
tumor growth in RPR2T mice lacking Cas9 (Figures S4C and S4D), as expected, indicating
that sgID-BC enrichment and depletion recapitulate on-target gene inactivation activity.
Quantifying tumor growth using alternative metrics showed similar results, with Ptenand
Tscl inactivation increasing tumor burden and size and Arid1aand Pcna inactivation
decreasing tumor burden in RPR2T, Cas9 mice, while sgRNAs had little to no effect in
RPR2T mice (Figures S5A-S5D).

This Tuba-seq analysis identified several new genetic modifiers of SCLC growth (Figures
3D and 3E). First, 7sc? inactivation increased both tumor number and size, suggestive

of a strong tumor suppressor role. Second, inactivation of Aridlaor Arid1b decreased
tumor number and size in two independent pools, suggesting that ARID1A- and ARID1B-
containing complexes normally promote rather than restrict the growth of SCLC in this
genetic context. Third, inactivation of AMkx2-1 led to increased tumor number but not size,
suggesting a tumor-suppressive role for this lung lineage transcription factor at the time of
tumor initiation. Finally, Kaméa inactivation increased tumor number in pool 1, which was
harvested at 14 weeks following tumor initiation, but showed a more modest effect in pool
2 collected at 21 weeks following tumor initiation, suggesting that KDM6A may be a more
potent tumor suppressor in early lesions in this model.

Taken together, these results indicate that adapting the Tuba-seq approach to an
autochthonous murine model of SCLC enables identification of oncogenic drivers and tumor
suppressors, and greatly increases throughput of /7 vivo analyses.

Single-guide validation confirms TSC1 as a tumor suppressor in mouse SCLC

Having observed frequent alterations in the PI3K-AKT-mTOR signaling pathway in our
meta-analysis (Figure 2E) and identified 7scZ as a potent tumor suppressor gene in the
RPR2model using Tuba-seq (Figures 3D and 3E), we further investigated the role of
TSC1 in SCLC. In single-guide experiments, RPR2T; Cas9 mice transduced with low
titers of Lenti-sg 75¢2/Cre vectors (to ensure visualization of individual tumors) (Table S1)
developed both SCLC tumors and non-small cell lung cancer (NSCLC) tumors (giant cell
lung adenocarcinoma) (Figures 4A-4C). Laser-capture microdissection followed by PCR
amplification and sequencing of the sgID-BC in the Lenti-sgRNA/Cre vector showed that
neighboring SCLC and NSCLC tumors arose from different clonal events (Figures S6A-
S6C). Although PTEN, like TSC1, is a negative regulator of the PI3K-AKT-mTOR signaling
pathway, RPR2T, Cas9 mice transduced with Lenti-sgPten/Cre did not develop NSCLC
tumors, unlike mice transduced with Lenti-sg 7scZ/Cre where 11 of 12 mice developed
giant cell lung adenocarcinoma in addition to SCLC (Figures S7A-S7C). Although these
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Rb/p53/p130/Tscl (RPRZ, Tsc1) mutant tumors provide a new model for giant cell lung
adenocarcinoma, we did not investigate their biology further. The neuroendocrine SCLC
compartment in the RPR2T, Cas9 mice with 7scI inactivation showed a trend toward
increased tumor number and area compared with control RPR2T mice at this time point
(Figures 4B and 4C).

A subset of the SCLC and NSCLC compartments had high levels of S6 phosphorylation
compared with untransformed lung, suggesting elevated mTORC1 activity resulting from
TSC1 inactivation (Figure 4C). S6 phosphorylation was also increased in 7scZ-knockout
(KO) SCLC cell lines (derived from RPRZ, TscI tumors) compared with 7scI-wild-type
(WT) SCLC cell lines (Figures 4D, 4E, S7D, and S7E). In addition, 75¢-KO cell

lines displayed significantly higher sensitivity to pharmacological mTOR inhibition using
AZD8055 compared with 75cZ-WT SCLC cell lines (Figure 4F). We further validated

the tumor-suppressive function of TSC1 by re-expressing human TSC1 (hTSC1) in mouse
tumor-derived cell lines via lentiviral transduction. Compared with the mouse SCLC cells
expressing EGFP (as a control), SCLC cells (either wild-type or 7s¢c1-KO) ectopically
expressing hTSC1 showed a significant decrease in their ability to expand in culture (Figures
4G, S8A, and S8B).

In the RPmouse model, Lenti-Cre initiates SCLC inefficiently even after naphthalene
pre-treatment, with only 2—4 tumors visible at 42 weeks following transduction (Figures
S9A and S9B). This small number of tumors and variable tumor development made
quantification difficult and suggests that this mouse model may not be readily amenable

to the Tuba-seq platform. RP. R26LSL-tdTomato. 7 1LSL-Casd ( RPT: Casd) mice also developed
giant cell lung adenocarcinoma following transduction with Lenti-sg 7scZ/Cre vector
(Figures S9C and S9D), suggesting a broader role for TSC1 in regulating lung cancer
development in different genetic contexts in mice.

The RPand RPR2 models represent the SCLC-A subtype. In contrast,

RbI1: Trp53M1. 11 7L SL-MycT58A ( RPM) mice represent the MY C-overexpressing SCLC-N
subtype (NEUROD1-high).” We generated RP, R26-SL-tdTomato/+: 7 7LSL-MycT56A/LSL-Cad
(RPMT, Cas9) mice and tested whether 7scI acts as a tumor suppressor in this context also.
As Lenti-Cre alone generates tumors in the PM model in only 8 weeks, we transduced
RPMT,Cas9 mice without naphthalene pre-treatment (Figure S10A). Compared with
RPMT,Cas9mice transduced with Lenti-sg/Veo/Cre (Lenti-sglnert/Cre), mice transduced
with Lenti-sg 75¢2/Cre had increased tumor number and area (Figures S10A-S10C). Of note,
although RPMT; Cas9 mice transduced with Lenti-sginert/Cre generated NEUROD1-high
SCLC, as expected, there were areas of NSCLC histology in RPMT, Cas9 mice transduced
with Lenti-sg 75¢2/Cre, similar to our observations in the RPR2and /RP models (Figures 4A
and S10D).

In all, our results indicate that TSC1 is a tumor suppressor in both ASCL1-high and
NEUROD1-high subtypes of SCLC and that 7scZ inactivation also induces NSCLC
development in the RPR2, RP, and RPM genetic backgrounds.
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TSC1/TSC2 are tumor suppressors in human SCLC

Following validation of 7scZ as a tumor suppressor gene in mouse models of SCLC, we next
sought to validate the tumor-suppressive activity of TSC1 in human SCLC cells. We also
investigated TSC2, the obligate partner of TSC1 within the tuberous sclerosis complex.31
We generated populations of NCI-H82 SCLC cells independently expressing six unique
combinations of short epitopes (epitope-combinatorial-tag [EpicTag]32) and performed
Cas9-RNA ribonucleoprotein nucleofection to generate 7SCZ-KO (in EpicTag 1 cells),
7SC2-KO (in EpicTag 2 cells), and wild-type control cell lines (EpicTag 3-6 cells, which
received non-targeting Cas9-sgRNA ribonucleoprotein) (Figures 5A and S11A). We then
pooled EpicTag 1~6 NCI-H82 cells, cultured them for 21 days, and measured the relative
change in epitope-tag representation using cytometry by time of flight (CyTOF) (Figure
5A). In this assay, 7SCI-KO and 75C2-KO cells showed significantly increased expansion
relative to the wild-type cell lines, making up the majority of the pool by day 21 (Figures
5B and S11B). 75C1-KO and 75C2-KO cells also showed increased phosphorylated S6
compared with wild-type cell lines (Figures 5C and S11C). In contrast to the development
of NSCLC upon loss of 7scI at the time of initiation in the mouse models, inactivation

of 7SC1or 7SC2in NCI-H82 cells did not lead to any obvious fate change toward a
non-neuroendocrine fate, with no differences observed in markers indicative of epithelial-
to-mesenchymal transition (EMT) and non-neuroendocrine differentiation (Figure S11D).
TSCI-WT and 75CI-KO NCI-H82 cell lines did not show significant differences in half
maximal inhibitory concentration (ICsg) values in response to the AZD8055 mTORC1/2
inhibitor (Figure S11E), suggesting that TSC1 inactivation at a later stage of tumor
progression may not sensitize to mTOR inhibition.

To further investigate TSC1 tumor-suppressive effects in SCLC, we profiled 9 human SCLC
cell lines for their TSC1, TSC2, and phosphorylated S6 protein levels (Figure 5D). Two cell
lines, NCI-H1694 and NCI-H146, exhibited higher levels of phosphorylated S6 compared
with other human SCLC; in particular, NCI-H146 showed lower expression of TSC1. We
ectopically expressed hTSC1 or EGFP in these two cell lines alongside two other cell lines
with low levels of S6 phosphorylation (NCI-H526 and NCI-H446) and monitored their
growth (Figure S12A). Although the phosphorylation of mTOR pathway members did not
change significantly following ectopic expression of hTSC1 under the conditions examined,
hTSC1-expressing human SCLC cell lines nonetheless showed significantly slower growth
compared with EGFP-expressing controls (Figures 5E and S12B). Overall, these results
validate TSC1 as a tumor suppressor in human SCLC.

DISCUSSION

In this study, we adapted a multiplexed and quantitative method to perform medium-
throughput analysis of gene inactivation in mouse models of SCLC. Using this approach,
we identified TSC1 as a potent tumor suppressor in SCLC. The implementation of the
Tuba-seq platform to mouse models of SCLC will greatly accelerate the functional analysis
of candidate drivers of SCLC initiation and growth /n vivo.

Cell Rep. Author manuscript; available in PMC 2023 February 28.
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Multiplexed gene knockouts in mouse models to investigate candidate tumor suppressors
and genetic heterogeneity in SCLC

Lentiviral barcoding approaches have enabled breakthroughs in understanding tumor
heterogeneity, clonal evolution, and multiplexed gene perturbation effects.33-3% In this study,
we show that several advantages of lentiviral barcoding (e.g., multiplexed CRISPR screening
and clonality analysis using barcoding approaches) can be captured in an autochthonous,

in vivo context to study SCLC development. The application of Tuba-seq to mouse models
of SCLC allowed us to investigate the gene perturbation effects at a much faster rate than
previously capable. However, the lack of histological information (as exemplified with 7scZ
loss and the appearance of a giant cell carcinoma phenotype) and necessity for single-guide
validation remain limitations of this approach. Nonetheless, the cost and time savings from
using this approach to identify SCLC drivers cannot be overstated, and future approaches
could take advantage of the lentiviral barcoding further, tracking metastasis drivers and
dissecting tumor clonal evolution, for instance.

Although the MSK-IMPACT panel remains a major resource for cancer genomics, including
SCLC, its focus on readily actionable cancer targets (341-468 genes) is a limitation.36:37
We sought to supplement and extend the currently available dataset in our meta-analysis
from 37 different studies by adding more whole-genome/whole-exome sequencing studies
in addition to studies profiling specific sets of genes. Because we aggregated our datasets
for the sake of simplicity rather than keeping the individual patient IDs intact (i.e., keeping
only the total number of patients with a given alteration in a gene), the cBioPortal remains a
distinct resource for examining mutual exclusivity and co-occurrence patterns. Nonetheless,
our meta-analysis database simplifies the search for novel cancer drivers by organizing
aggregated patient alteration data alongside other useful metrics such as protein information
for coding genes, RNA sequencing (RNA-seq) expression datasets, and dependency scores
from the Cancer Dependency Map (DepMap) project.

Increasing evidence from human tumor sections and mouse models indicates that intra-
tumoral heterogeneity on the basis of epigenetic/transcriptional program in SCLC cells plays
a significant role in the growth of SCLC tumors and their response to treatment.10:38-41

In contrast, our understanding of the genetic determinants of SCLC development has

been hampered by limited tumor samples and the complex genome of these tumors. The
development of medium-throughput pre-clinical approaches such as described here will
contribute to a more rapid functional validation of genes and pathways relevant to SCLC

in the clinic. A future goal of the field will be to explore how epigenetic and genetic
mechanisms together mold SCLC development and response to various therapies to identify
more personalized treatment strategies.

The TSC1/2-mTOR pathway in SCLC

75C1, alongside its complex partner 75C2, was first identified as a key gene whose
mutation causes tuberous sclerosis complex (TSC).42 TSC patients present with several
clinical features, including skin lesions, hamartomas, and subependymal giant cell tumor of
the brain.*2 The development of tumors in TSC patients, particularly giant cell tumors,

is thought to stem from TSC1-TSC2 complex’s role as a negative regulator of the
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mTOR pathway, which controls multiple pathways including cell growth.#3-45 We observed
mTORCI activation and development of giant cell carcinoma of the lung upon 7sc1
inactivation in our mouse models of SCLC. In a recent preprint describing 3,600 SCLC
tumor specimens analyzed for genomic alterations in ~300 cancer genes, ~1.5% and 0.7%
of patients displayed alterations in 75CI and 7SC2, respectively.*6 As we did not examine
events such as silencing due to methylation or complex chromosomal rearrangements, it

is possible that these percentages underestimate the prevalence of 75C1/7SCZ2 alteration

in SCLC patients. Although only about 3%—-4% of SCLC patients have 75C1 alterations
according to our meta-analysis, a substantial fraction of SCLC patients possess PI3K-AKT-
mTOR pathway alterations (e.g., 9%-10% patients with 7SC2 alterations, 11%-12% with
PTEN alterations). Although cases of combined SCLC/giant cell carcinoma of the lung are
rare in the clinic,”48 our data suggest that these tumors may arise from dysregulation of the
TSC1/TSC2-mTOR axis alongside RB/p53 loss of function.

Our data in mice and human cells show the strong tumor-suppressive role of TSC1 in

SCLC, as suggested by previous /n vitro CRISPR-Cas9 knockout screens in mouse SCLC
cell lines.*9 Several recent pre-clinical studies using SCLC models have also indicated that
mTOR inhibition could be a viable strategy to treat SCLC patients, especially those resistant
to chemotherapy. Although rapamycin analogs (e.g., temsirolimus and RADO001), which
preferentially inhibit mMTORCL rather than mTORC?2, were met with little success in phase
I1 clinical trials,>%:51 ATP-competitive mTOR inhibitors (e.g., AZD8055), which inhibit both
mMTORC1 and mTORC2, may be more promising. mTOR inhibition using AZD8055 led

to decreased tumor growth and sensitization to cisplatin/etoposide therapy in a subset of
patient-derived xenograft models,>2 and RICTOR amplification, which occurs in 10%-15%
of SCLC patients, was also shown to predict response to mTOR inhibitors in SCLC cell
lines.>3 Data from our study with mouse cell lines further suggest that AZD8055 may
produce greater therapeutic benefit for patients whose tumors lost TSC1 function early in
the course of their disease. Furthermore, mTOR inhibition rescued the efficacy of Bcl-2
inhibition as well as WEE1 inhibition in in vivo models of SCLC,%*5° |eading to an ongoing
phase I/11 clinical trial (NCT03366103). Taken together with our data, these results suggest
that ATP-competitive mTOR inhibitors may produce therapeutic benefit in patients with
alterations in the PI3K-AKT-TSC1/2-mTOR axis.

Limitations of the study

Aside from 75C1, most of the driver gene candidates tested in this study did not score
significantly in the Tuba-seq analysis. Although it is possible that the non-scoring genes
are truly passengers, three other possible explanations exist for the high prevalence of
non-scoring genes: (1) the loss of Rb/2in the RPR2model is already such a strong
tumor-suppressive event that it masks the tumor growth effects of knocking out other
tumor suppressor genes; (2) alterations in some genes/pathways are strong drivers of SCLC
development (e.g., loss of RB, loss of p53, activation of the MYC family, alterations in the
PTEN pathway), whereas others have more minor roles that our approach did not detect

at the time point examined; and (3) some alterations may play a larger (or different) role
during tumor progression rather than tumor initiation. ARID1A, for example, has been
shown to play a context-dependent role in liver cancer, where homozygous loss at initiation
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protected against HCC initiation but loss following initiation accelerated tumor growth and
metastasis.>® Because our model possesses CRISPR-Cas9 activity at tumor initiation, the
decrease in tumor size and number with sgRNAS against Aridlaand Arid1bis suggestive
of a similar necessity for BAF complex activity at SCLC initiation and not necessarily
indicative of their activity during progression. This difficulty in uncoupling the effect of
gene inactivation at initiation with its role at progression may limit our interpretation of
the roles that non-scoring candidate drivers may play in SCLC progression. Future studies,
including investigating additional time points during cancer progression, are needed to
uncover whether ARID1A/ARID1B and any of the non-scoring proposed candidate drivers
show context-dependent or more nuanced roles in SCLC initiation and progression.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by lead contact, Julien Sage (julsage@stanford.edu).

Materials availability—Plasmids generated in this study have been deposited to Addgene
(plasmids #193198-193249).

Data and code availability—RNA-seq, LCM sequencing, and Tuba-seq data are
available through Gene Expression Omnibus (GEO: GSE198637). CyTOF data is

available through Cytobank Community: #103066. Gene dependency data from the

Cancer Dependency Map are publicly available at www.depmap.org. Protein data from
UniProtKB are publicly available at www.uniprot.org. Original, raw data and images have
been deposited at Mendeley and are publicly available (Mendeley Data: https://doi.org/
10.17632/nr4ssx645r.12). All original code used to analyze data and generate figures

are available at GitHub: https://github.com/noahlee577/SCLC_Tuba-seq (release v1.0.0 is
archived at Zenodo: https://doi.org/10.5281/zenodo.7430243). All other data are available in
the Supplementary Information, or from the corresponding author upon reasonable request.
Any additional information required to re-analyze the data reported in this work is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement—Mouse maintenance and experiments were conducted in accordance
with practices prescribed by the NIH, the Institutional Animal Care and Use Committee
(IACUC), and Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). The study protocol was approved by the Administrative Panel on Laboratory
Animal Care (APLAC) at Stanford University (protocol #APLAC-13565).

Mice and tumor initiation—Rb171: Trp53"1: ppI2 (RPR2) mice

has been described previously.1l RPR2mice were crossed with
KraskSL -G12D/+. Tf,D 53f//ﬂ- Ro6LSL -tdTomato/L SL-tdTomato. H1 JLSL-Casg/LSL-Casg ( KP TC)

mice to generate RPR2 R26LSL-thomata/LS/_-m’Tamam; H17LSL-CasY/LSL-Cas9
(RPR2T; Cas9) and RPR2,R26-SL-1dTomato/L SL-tdTomato (RPR2T) mice.
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/'?b]ﬂ/ﬂ; Tfp53ﬂ/f/; RZELSL-I‘D’TO/Wal‘oﬂ; H]_ZLSL-MyCT58A/LSL-Ca59 (/'?PMT; CHS@ mice were
generated by crossing Ro1W. Trp53WM. H1 1L SL-MycTS6A/LSL-MycT58A ( RPM) mice with
Rb1Vf. Tfp53f//ﬂ' R2GLSL-tdTomato/L SL-tdTomato- py7 7 LSL-Cas9/L SL-Cas9 (RPT: Cas9) mice. 8- to
12-weeks-old mice were instilled with Lenti-sgRNA/Cre viruses via intratracheal delivery
to generate lung tumors as previously described.58 Both male and female mice were used

in this study. Viral titers used for experiments are detailed in Table S1. Ad5-CMV-Cre
(Ad-Cre) and FIV-CMV-Cre (Lenti-Cre) were supplied by University of lowa Viral Vector
Core (VVC-U of lowa-5 and VVC-U of lowa-28).

Naphthalene (Sigma-Aldrich 184500) was dissolved into corn oil vehicle (Sigma-Aldrich
C8267) at a concentration of 50 mg/mL and administered to mice via intraperitoneal (i.p.)
injections at a dosage of 200 mg/kg.

Cell line models—Human SCLC cell lines (NCI-H1694, ATCC CRL-5888; NCI-

H146, ATCC HTB-173; NCI-H2227, CRL-5934; NCI-H1876, CRL-5902; NCI-H889,
CRL-5817; NCI-H526, CRL-5811; NCI-H2081, CRL-5920; NCI-H446, HTB-171; NClI-
H524, CRL-5831; and NCI-H82, ATCC HTB-175) and mouse SCLC cell lines (KP11,
described in,5” KP22, 12N1G, and N2N1G, described in1®) were cultured in RPMI 1640
media (Corning 15-040-CV) supplemented with 10% bovine growth serum (BGS, Thermo
Fisher Scientific SH3054103HI) and 1% Penicillin-Streptomycin-Glutamine (Gibco 10378-
016). 293T cells used for lentiviral preparation were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) High-Glucose medium (Gibco 11965-118) supplemented with 10% fetal
bovine serum (Omega Scientific FB-01). All cell lines were confirmed to be negative for
mycoplasma (MycoAlert Detection Kit, Lonza LT07-418).

New mouse tumor-derived cell lines are described in Table S7. Briefly, tumor samples were
microdissected and minced using a razor blade, digested with trypsin at 37°C for 5 minutes,
quenched with RPMI media containing bovine growth serum (BGS), and centrifuged at
1000 RPM for 5 minutes to remove the supernatant. The pellet was resuspended in RPMI
media, filtered through 40 pm membrane, and cultured at 37°C. Resulting tumor spheroids
were checked for tdTomato fluorescence using Leica fluorescence microscope and imaged
with LAS X software (v3.7.1, Leica Microsystems, Wetzlar, Germany). /n vitro fluorescence
images were pseudo-colored using Fiji (v1.53f51).63

METHOD DETAILS

Drug sensitivity and growth curve assays—*For the drug sensitivity assays, cells
were plated at a density of 10K cells per well in 100 pL media in 96-well plates on Day

0. On Day 1, 100 uL. RPMI media containing 2X concentration of AZD8055 (Selleckchem
S1555) were added to wells, and 20 pL of alamarBlue™ Cell Viability Reagent (Invitrogen
DAL1100) was added to the wells on Day 4. Well fluorescence (530 nm excitation, 590 nm
emission) was measured following 5 — 6 h of incubation at 37°C.

For EGFP- or hTSC1-expressing mouse and human SCLC cell lines, cell lines were
transduced with lentiviral vectors (see below), selected with 16 uM blasticidin (Gibco
A1113903) after 1-2 days, and plated for experiments 5 days following blasticidin selection,
confirmation of EGFP fluorescence in EGFP-expressing lines, and <1% viability in un-
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transduced control cell lines with trypan blue cell counting. For growth curve experiments,
cells were plated at a density of 100K cells in 1 mL RPMI media per well in a 6-well plate
on Day 0. Cells were imaged using Leica fluorescence microscope controlled via LAS X
software (v3.7.1, Leica Microsystems, Wetzlar, Germany). As with mouse tumor-derived
cell lines, in vitrofluorescence images were pseudo-colored using Fiji (v1.53f51).63

Ribonucleoprotein nucleofection with Cas9—Control and targeting sgRNAs were
generated as previously described.32 Briefly, for each region of interest, three SJRNAs were
designed to hybridize approximately 150 bases apart, and 100 pmol of each sgRNA was
resuspended in Tris-EDTA (Synthego) and mixed at a 1:1:1 ratio. In a 96-well v-bottom
plate, 3 uL of the sgRNA (total 300 pmol) was added to 12 uL of SE buffer (Lonza
V4XC-1032). In another well, 0.5 L of Alt-R® S.p. Cas9 (Integrated DNA Technologies
1081059) was added to 10 pL of SE buffer, and the Cas9 mix was added to the SgRNA
solution, mixed thoroughly, and incubated at 37°C for 15 minutes to form the RNP solution.
1 x 105 NCI-H82 cells were resuspended in 5 pL of SE Buffer, and cells were nucleofected
with Lonza 4D-Nucleofector™ X Unit (Lonza AAF-1002X) with the EN150 program
immediately following addition of the RNP solution. Following the nucleofection, warm
RPMI media was added to the cells, and cells were incubated at 37°C for 15 minutes then
transferred to a 24-well plate.

Cell preparation for CyTOF—Frozen cell lines in RPMI media supplemented with 10%
BGS and 10% DMSO (Fisher Scientific BP231) were thawed, and 3 million cells per
sample were washed once with PBS. The cells were then fixed with 1.6% formaldehyde

at room temperature for 20 minutes. We are using palladium (Pd) barcoding to pool up

to 20 different samples and reduce tube-to-tube variability. Therefore, cells were washed
twice with PBS before permeabilization with PBS and 0.02% Saponin (Sigma-Aldrich
84510) at 4°C. 11 pL of Pd barcode was added to 1 mL of PBS and 0.02% Saponin,

of which 900 pL were used to resuspend each sample. This mix was incubated at room
temperature for 15 min, washed three times with Cell Staining Media (CSM, PBS with
0.5% BSA (Thermo Fisher Scientific B14), 0.02% NaNg (Fisher Scientific MP210289110)),
and then pooled into a single tube for staining with metal-labeled antibodies (Table S8) for
1 hour at room temperature. Antibodies against Flag, mCherry, GFP, VSV, NWS, Prot C,
Ha, AU1, Synaptophysin, Vimentin, S6, GMNN, EZH2, pYAP, CDT1, pl3K, HES1 were
conjugated with MAXPAR X8 Multimetal Labeling Kit (Fluidigm 201300) according to
the manufacturer’s protocol. Antibodies were diluted to 0.2 ug/mL and titered. Cells were
stained with a range of 1:100 to 1:200 with each of the different antibodies in a staining
volume of 150 pL (~3 x 108 cells/mL). After antibody staining, the cells were washed

twice with CSM and then incubated overnight at 4°C with an iridium-containing intercalator
(Fluidigm 201192B) in PBS with 1.6% formaldehyde. The cells were then washed twice
with water, diluted with water and 10 pL/mL EU Four Element Calibration Beads (Fluidigm
201078) to ~10° cells/mL, and filtered through a 70-um membrane (Falcon 352350) just
before analysis by mass cytometry.

Lentiviral vector generation and titering—Lentiviral vectors containing individual
sgRNAs, barcode sequences, and Cre recombinase were generated as previously described,
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using unbarcoded Lenti-U6-sgNeo1/PGK-Cre vector as the template.20 Briefly, sgRNA
sequences were picked based on an aggregated score from top hits on Desktop

Genetics (formerly www.deskgen.com) and GPP sgRNA Designer offered by the Broad
Institute (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). Several
of the sgRNAs used have been validated in previous studies.20:59-62 Detailed sgRNA

and barcoding primer sequence information can be found in Table S9. Lenti-sgRNA/Cre
plasmids were barcoded individually with an 8-nucleotide ID specific to each sgRNA
(sgID) and 20-nucleotide random barcode sequence (BC), and each plasmid was packaged
separately in 293T cells via co-transfection with polyethylenimine alongside pCMV-VSV-G
(Addgene #8454) envelope plasmid and pCMV-dR8.2 dvpr (Addgene #8455) packaging
plasmid.>8 Sodium butyrate (Sigma-Aldrich B5587-5G) was added eight hours following
the transfection to increase viral titer. Viral supernatant was collected at 48 and 60 hour
time points following transfection, filtered using 0.45 um PES syringe filter (Millipore
SLHPO033RB), concentrated via ultracentrifugation at 25,000 RPM for 90 minutes at 4°C,
resuspended in PBS overnight, and titered using LSL-YFP mouse embryonic fibroblasts
(MEFs) as previously described.20

For the hTSC1 expression experiments, VectorBuilder was contracted to generate
Lenti-EFS-EGFP-T2A-Bsd (Addgene #193198) and Lenti-EFS-hTSC1-T2A-Bsd (Addgene
#193199) plasmids. Plasmids were co-transfected and packaged in the same way as the
Lenti-sgRNA/Cre plasmids, with some differences: 1) sodium butyrate was not added and 2)
the viral supernatant was collected at a 72-hour time point and added directly to the cells to
be transduced after being filtered using 0.45 um PES syringe filter.

Histology, immunohistochemistry, and immunofluorescence—Mouse tissues
were dissected from animals immediately following euthanasia. Lungs were inflated with
10% neutral buffered formalin (NBF), and all tissues were fixed in 10% NBF overnight
following a brief rinse in PBS. Tissues were transferred to 70% ethanol prior to paraffin
embedding and processing.

Prior to immunohistochemistry, paraffin sections were rehydrated by 5-minute serial
immersion in Histo-Clear, 100% ethanol, 95% ethanol, 70% ethanol, and water. Antigen
retrieval was performed by immersing rehydrated slides in citrate-based antigen unmasking
solution (H-3300, Vector Laboratories) at boiling temperature for 15 minutes. To block
endogenous peroxidase activity, the slides were then incubated in 3% hydrogen peroxide
for 1 hour. Slides were washed in PBS-T (PBS +0.1% Tween-20), blocked using blocking
buffer (5% horse serum in PBS-T) for 1 hour at room temperature, and incubated with
primary antibodies at 4°C overnight. Following incubation, slides were washed in PBS-T,
incubated with the secondary antibody for 1 hour at room temperature, and developed
using DAB reagent (Vector Laboratories SK-4100) following another series of PBS-T
washes. For HES1, InmPRESS® Excel Amplified Polymer Staining Kit, Anti-Rabbit

IgG, Peroxidase (Vector Laboratories MP-7601) or TSA Plus Fluorescein kit (Akoya
Biosciences NEL741001KT) were used to amplify signal for immunohistochemistry or
immunofluorescence, respectively. Following development, slides were counterstained using
hematoxylin (Sigma-Aldrich HHS32), dehydrated by 5-minute serial immersions in 70%
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ethanol, 100% ethanol and xylene, and mounted with Refrax Mounting Medium (Anatech
Ltd 711).

For immunofluorescence, all the same steps as immunohistochemistry were followed until
the secondary antibody step; slides were incubated with fluorescent secondary antibodies
diluted in blocking buffer (5% horse serum in PBS-T) for 1 hour, washed in PBS-T, and
stained with 0.6 nM DAPI in PBS for 10 minutes at room temperature. Slides were mounted
with Fluoromount-G (SouthernBiotech 0100-01) and stored in 4°C overnight or —20°C for a
few days before visualization.

The following antibodies were used for immunohistochemistry and immunofluorescence:
ImMmMPRESS HRP Horse anti-Rabbit 1gG (Vector Laboratories MP-7801-15), INnmPRESS
HRP Horse anti-Mouse 1gG (Vector Laboratories MP-7802-15), Alexa Fluor 594 Donkey
anti-Goat IgG (H + L) Cross-Adsorbed Secondary Antibody (Invitrogen A11058), Alexa
Fluor 488 Donkey anti-Rabbit 1IgG (H + L) Highly Cross-Adsorbed Secondary Antibody
(Invitrogen A-21206), anti-RFP (for immunohistochemistry, Rockland 600-401-379, 1:200),
anti-RFP (for immunofluorescence, MyBioSource MBS448122, 1:200), anti-CC10 (E-11,
Santa Cruz sc-365992, 1:200), anti-HES1 (D6P2U, CST 11988S, 1:200), anti-NEUROD1
(Abcam ab109224, 1:200), anti-UCHL1 (Sigma-Aldrich HPA005993, 1:2,500), anti-
phospho-S6 (Ser235/236, CST 2211, 1:200), and anti-MASH1 (BD Biosciences 556604,
1:200).

Quantitative immunoassay analysis—Cells were lysed in RIPA buffer (50 mM Tris-
HCI pH 7.5, 1% NP40, 2 mM EDTA, 100 mM NaCl) supplemented with cOmplete™
ULTRA Protease Inhibitor Cocktail tablets (Roche 5892970001) and PhosSTOP™
phosphatase inhibitor tablets (Roche 4906845001). Pierce BCA Protein Assay Kit was

used to quantify total protein concentration (Thermo Fisher Scientific 23227). For
quantitative immunoassays, Simple Western™ assay was performed on the Wes™ system
(ProteinSimple) according to manufacturer’s protocol, with 1 pg of protein loaded per

lane. Primary antibodies against the protein of interest and a loading control protein were
run simultaneously in each lane. Compass for SW (v5.0.1, SimpleWestern) software was
used for protein quantification and size determination. The authors note that the protein
sizes tend to run larger on the Wes system compared to traditional immunoblotting. The
following antibodies were used: anti-HSP90 (CST 4877, 1:4,000), anti-TSC1 (D43E2, CST
6935, 1:200), anti-TSC2 (D93F12, CST 4308), anti-S6 (CST 2217, 1:200), anti-phospho-S6
(Ser235/236, CST 2211, 1:200), anti-GFP (D5.1, CST 2956, 1:200), anti-p-mTOR (D9C2,
Ser2448, CST 55365, 1:200), anti-mTOR (CST 2972, 1:200), anti-phospho-4E-BP1 (Ser65,
CST 9451, 1:200), and anti-4E-BP1 (53H11, CST 9644, 1:200).

Literature meta-analysis—Primary studies containing SCLC-specific alteration data
were collated according to data availability and alteration profiling method. The patient
and alteration counts for each gene were collected from data tables associated with the
study where available. For studies without such data tables, the counts were determined
by manual annotation of the OncoPrint figures. To determine the number of patients with
alteration(s) as well as the total number of patients profiled for each gene, each of the two
numbers were summed across all studies, and these two numbers were used to estimate
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the proportion of SCLC patients possessing an alteration for a given gene. The protein
name and amino acid length associated with each gene were obtained through a UniProt
DB query, and genes associated with multiple protein notations were each annotated with
the overlapping UniProtKB entries (e.g. OR2A1, OR2A42 were both annotated with the
UniProtKB entry for Olfactory receptor 2A1/2A42). To examine the expression level for
each gene, we collated the data from both human SCLC samples as well as mouse models
of SCLC.>26 Percentile values for gene expression were determined from each dataset
independently. To include a functional output from available /n vitro experiment data,

we also collected gene dependency scores from the CRISPR knockout screens (Achilles)
conducted through the DepMap project.59:70 Cell lines were grouped according to cancer
type (SCLC, NSCLC, and all cancers other than SCLC), and the median dependency score
was calculated for each gene. AACR GENIE data was obtained from Synapse Platform
with written permission.” For patient samples with multiple alterations (e.g., missense and
a frameshift), tally of specific alteration counts in Table S6 was performed by classifying
patient samples by the most disruptive to the least disruptive (with fusion/rearrangement
events being considered the most disruptive and synonymous mutations the least disruptive),
going from the rightmost column to the leftmost column.

Preparation of tuba-seq sgID-BC amplicon libraries—Genomic DNA was extracted
from tumor-bearing mouse lungs following the addition of three benchmark control cell
lines (1 x 10° cells per control) as previously described.20 Briefly, the lungs were
homogenized and lysed with overnight protease K digestion, and genomic DNA was
extracted from the lysate using phenol-chloroform and ethanol precipitation methods.
Libraries were prepared by single-step PCR amplification of the sgID-BC region from

32 g of gDNA per mouse split across eight 100 (L reactions with NEBNext Ultra

I1 Q5 Master Mix (M0544L). Dual index primer pairs with unique i5 and i7 indices

were used. PCR products were purified using Sera-Mag Select beads (GE Healthcare

Life Sciences 29343052) and assessed for quality with Agilent High Sensitivity DNA kit
(Agilent Technologies 5067-4626) on the Agilent 2100 Bioanalyzer (Agilent Technologies
G2939BA). Purified libraries from each mouse were pooled at equal ratios based on lung
weight to ensure even sequencing depth per cell, purified once more with Sera-Mag Select
beads to remove excess free primers, and sequenced on the Illumina HiSeq 2500 or NextSeq
550 platform (Admera Health Biopharma Services).

Tuba-seq analysis—We identified the target gene and random barcodes from the sgID-
BC region for each tumor cell as previously described.”2 The absolute cell number in

each tumor was calculated by normalizing the sgID-BC read number by that of the three
benchmark control cell lines. We focused on tumors with at least 200 cells and calculated
the LNmean (maximum likelihood estimator for mean tumor size assuming log-normal
distribution) and tumor number for tumors carrying each target gene deletion. The LNmean
and tumor number were normalized to that of Inert tumors to represent the relative growth
advantage after inactivating these genes.

Laser capture microdissection and tumor clonality analysis—7 pM sections
from formalin-fixed, paraffin-embedded (FFPE) tissue blocks were cut and mounted on

Cell Rep. Author manuscript; available in PMC 2023 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 17

PEN membrane slides (Thermo Fisher LCM0522). Slide was dissected immediately after
staining on an Arcturus XT LCM System (Thermo Fisher A26818). The cells in different
regions were separated and adhered to CapSure HS LCM Caps (Thermo Fisher LCM0215).
Genomic DNA was isolated from these different caps using PicoPure DNA Extraction kit
(Thermo Fisher KIT0103). 50 uL lysis buffer with proteinase K were added into each
sample and incubated at 65°C overnight. After inactivating proteinase K at 95°C for 10
mins, the genomic DNA was cleaned up with AMPure XP beads at 3:1 ratio (Beckman
Coulter A63880) and eluted in the 10 mM Tris-HCI (pH 8.0). The DNA concentration was
measured by Qubit® dsDNA HS Assay Kit (Thermo Fisher Q32851).

sgID-BC amplicon libraries were prepared from genomic DNAs by single-step PCR
amplification with NEBNext Ultra 11 Q5 Master Mix (M0544L) using dual indexing primer
pairs. PCR products were purified first using MinElute PCR Purification Kit (Qiagen
28006), then with Agencourt AMPure XP beads (Beckman Coulter A63881) and assessed
for quality with Agilent High Sensitivity DNA kit on the Agilent 2100 Bioanalyzer prior to
sequencing on the lllumina MiSeq Nano platform (Admera Health Biopharma Services).

RNA-seq analysis—Tumor-derived cell lines were snap frozen and submitted for RNA
analysis. Total RNA isolation, polyA selection, quality control, library preparation, and
sequencing were performed by Azenta using Illumina HiSeq platform (2 x 150 bp, ~350M
paired-end reads). Transcript quantification for the RNA-seq data was conducted with
Salmon (v0.12.0)%* with mouse genome version GRCm38. DESeq_2 (v1.34.0) was used

to calculate differential expression across the mouse tumor-derived cell lines.%°

QUANTIFICATION AND STATISTICAL ANALYSIS

ClueGo plugin (v2.5.6) running on Cytoscape (v3.8.0)%6:67 was used to determine pathways
enriched for 3285 genes that had been profiled for alterations on =250 patients, having an
alteration proportion of >0.03, and coding for proteins <2000 amino acid residues long.
Bonferroni step-down correction was applied on two-sided hypergeometric test to determine
statistical significance. All other statistical details of experiments can be found in the figure
legends. Unless otherwise indicated, all other statistical analyses were performed using
GraphPad Prism (v9.1.0) for Windows (GraphPad Software, San Diego, California USA).
Data are represented as mean = standard error of the mean unless otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Naphthalene enhances SCLC development upon lentiviral infection in mouse
models

Implementation of Tuba-seq in a mouse model of SCLC validates cancer
drivers

TSC1 is a tumor suppressor in mice and humans with SCLC
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Figure 1. Naphthalene treatment enhances SCLC tumor development upon lentiviral Cre
delivery

(A) Workflow diagram for lentiviral Cre delivery (Lenti-Cre) used to generate SCLC in
mice.

(B) Representative H&E staining of lung sections (with some intestine in the middle panel)
from mice transduced with Ad-CMV-Cre (Ad-Cre) or HIV-PGK-Cre (Lenti-Cre) alone (NT)
or following corn oil (vehicle [veh.]) or naphthalene (naph.) pre-treatment as in (A). Scale
bar, 2 mm.

(C) Quantification of tumor burden and numbers from mice in (B) (n = 1 experiment, with n
= 3 or 4 mice per condition). p values were calculated using one-way ANOVA with post-hoc
Tukey test. *p < 0.05 and **p < 0.01.

(D) Representative H&E and immunohistochemistry (IHC) staining (brown signal) images
of lung sections from mice transduced with HIV-PGK-Cre (Lenti-Cre) or Ad-CMV-Cre
(Ad-Cre) as a control. Scale bar, 100 um. Higher magnification images are shown in insets,
where scale bar indicates 50 pm.
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(E) Frequencies of CC10M9" versus CC10'°% tumors quantified from images of lung sections
from mice transduced with HIV-PGK-Cre (Lenti-Cre) as in (D) (n = 2 mice). The analyses
of tumors from mice infected with Ad-CMV-Cre (Ad-Cre) and Ad-cGRP-Cre are derived
from data available in Yang et al. (2018).26

(F and G) Bar graphs of RNA expression of selected genes (RNA-seq) in SCLC cell lines
(Naph. + Lenti-Cre, n = 1; Lenti-Cre, n = 1; Naph. + Ad-CMV-Cre, n = 1; Ad-CMV-Cre, n
=2) (Lenti-Cre: HIV-PGK-Cre). (F) Genes representing the four major SCLC subtypes. (G)
Common neuroendocrine markers. Data represented as mean = SEM (C) or mean + SD (F
and G).
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Figure 2. A meta-analysis of genetic studies identifies candidate drivers of SCLC development
(A) Diagram of the meta-analysis workflow.

(B) Total number of genes represented when cutoff criteria are applied on total patient
number (e.g., 2 genes were profiled in >2,000 patients, ~100 genes were profiled in 21,100

patients).

(C) Alteration frequencies of top 25 gene candidates in all available patient data profiled.
(D) Top 10 enriched pathways for genes altered in 23% of SCLC patients, were profiled

in at least 250 patients and coded for protein with amino acid residue length of <2,000.
Changing the gene cutoff criteria (e.g., removing amino acid residue length limits on protein
products and keeping only genes that are expressed at =5 reads per kilobase of exon

per million reads mapped [RPKM] in human SCLC) did not strongly affect the pathway
enrichments. WikiPathways was used for enrichment analysis, with the word “pathways”
removed in the figure for space considerations.
(E) Diagram of selected SCLC driver candidates placed in signaling pathways on the basis
of (D). RB1and TP53were not represented to highlight other candidate drivers. Fill color
indicates percentage of patients with alterations in that gene. p value was determined using
Bonferroni step-down correction on two-sided hypergeometric test (D).
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Figure 3. In vivo CRISPR screen uncovers both positive and negative effects of gene inactivation
on SCLC growth and initiation

(A) Diagram of the Tuba-seq workflow (n = 4 independent experimental pools, n = 3-22

mice per group).

(B) Lung fluorescence images from mice transduced with pool 1. tdTomato fluorescence and
bright-field images were merged. Scale bar, 1 mm.
(C) Lung weights of mice (n = 3-5 per group) transduced with pool 1 at the time of

collection.

(D) Log-normal mean tumor size (normalized to tumors with sglnerts) for each putative
tumor suppressor gene targeting sgRNA in RPR2T, Cas9mice. For each gene, each circle
represents a unique sgRNA. p values are indicated with a color code.
(E) Tumor numbers (normalized to tumors with sglnerts as well as tumors in RPR2T mice
for pools #1, 3 and 4 or RPRZL mice for pool #2) for each putative tumor suppressor

gene targeting SgRNA in RPR2T, Cas9 mice. For each gene, each circle represents a unique
SgRNA. p values are indicated with a color code.
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The 95% confidence intervals were calculated using bootstrapping (D and E). p values were
determined using two-sided unpaired t test (C) or bootstrapping followed by Benjamini-
Hochberg correction (D and E). Data are represented as mean + SEM (C) or mean + 95%
confidence interval (D and E). ns, not significant.
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Figure 4. TSC1 is a tumor suppressor in mouse SCLC
(A) Representative H&E sections of lungs (and spleen and intestine) from RPR2T and

RPR2T, Cas9 mice transduced with Lenti-sg 75¢Z/Cre sgRNA 1 (Lenti-sg 75¢1-1/Cre) or
Lenti-sg 7s¢Z/Cre sgRNAZ (Lenti-sg 75¢2-2/Cre) (n = 2 independent experiments, n = 2-6
mice per group). Mice were collected 18 weeks after transduction. Scale bar, 2 mm.

(B) Quantification of tumor size and number in (A).

(C) Representative H&E and immunohistochemistry (IHC) staining (brown signal) images
of lung sections from mice transduced with Lenti-sg 7s¢Z-1/Cre or Lenti-sg 7s¢1-2/Cre.
Scale bar, 100 pm.

(D) Immunoassay of TSC1, S6, and phosphorylated S6 (p-S6) in cell lines derived from
7scI-wild-type (WT) and 7scZ-knockout (KO) mouse tumors. Overexposed image is shown
to confirm the knockout. HSP90 was used as a loading control.

(E) Quantification of TSC1 and phosphorylated S6 (p-S6) expression from (D). Values were
normalized to 7scZ-WT cell lines.

(F) ICxq values of cell lines derived from 7scZ-wild-type (WT) and 7scZ-knockout (KO)
mouse tumors with the mTOR inhibitor AZD8055.
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(G) Proliferation curves of mouse SCLC lines following transduction with Lenti-EFS-
EGFP-T2A-Bsd (EGFP-Bsd) or Lenti-EFS-hTSC1-T2A-Bsd (hTSC1-Bsd) lentiviruses, as
indicated. Exponential (Malthusian) growth least squares fit was used to model growth
curves.

p values were determined using two-sided unpaired t test (B, E, and F) or extra sum-of-
squares F test (G). Data are represented as mean = SEM (B), mean + SD forn=3or 4

cell lines derived from independent tumors (E), mean £ SEM for ICsq values calculated
from n = 3-8 biological replicates with n = 3 technical replicates (F), or mean £ SD for a
representative experiment from n = 2 biological replicates with n = 3 technical replicates
(G). ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 5. TSC1 is a tumor suppressor in human SCLC
(A) Schematic of the pool competition assay (h = 1 experiment with n = 3 technical

replicates) using epitope-tagged (EpicTag) NCI-H82 cells.

(B) Stacked bar plot of percentage representation of epitope-labeled populations on days 7,
14, and 21. Day 0 sample was unavailable. Statistical significance indicated next to epitope
tags represent comparisons between days 7 and 14, days 7 and 21, and days 14 and 21.

(C) Modal distribution of phosphorylated S6 (p-S6) signal across the different epitope-
labeled populations. Percentage values represent the proportion of p-S6-high population.
One representative experimental replicate from day 21 is shown; all other replicates across
days exhibit similar p-S6 signal distribution to what is shown.

(D) Immunoassay of TSC1-mTOR pathway members in human SCLC cell lines. Graph
shows the ratio of p-S6 to S6 signal following normalization to HSP90 loading control.

(E) Growth curves of human SCLC lines following transduction with Lenti-EFS-EGFP-
T2A-Bsd (EGFP-Bsd) or Lenti-EFS-hTSC1-T2A-Bsd (hTSC1-Bsd) lenti-viruses. NCI-
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H446 hTSC1-Bsd cells never reached sufficient numbers for plating post-transduction and
selection.

Data are represented as mean = SD for a representative experiment out of n = 2 biological
replicates (B), a representative experiment (D), or n = 3 (E) biological replicates with n

= 3 technical replicates. Exponential (Malthusian) growth least squares fit was used to
model growth curves in (E). p values were determined using repeated measures two-way
ANOVA with Geisser-Greenhouse correction followed by post-hoc Tukey test (B) or extra
sum-of-squares F test (E). ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Antibodies for CyTOF, please see Table S8 This paper N/A

ImMmPRESS HRP Horse anti-Rabbit 1gG
ImmPRESS HRP Horse anti-Mouse 1gG

Alexa Fluor 594 Donkey anti-Goat 1gG (H + L) Cross-
Adsorbed Secondary Antibody

Alexa Fluor 488 Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody

Rabbit anti-RFP Pre-adsorbed Polyclonal

Goat anti-RFP Polyclonal

Mouse anti-Uteroglobin/SCGB1A1/CC10 (E-11) Monoclonal
Rabbit anti-HES1 (D6P2U) Monoclonal

Rabbit anti-NEUROD1 [EPR4008] Monoclonal
Rabbit anti-UCHL1 Polyclonal

Rabbit anti-phospho-S6 (Ser235/236) Polyclonal
Rabbit anti-S6 (5G10) Monoclonal

Rabbit anti-phospho-4E-BP1 (Ser65) Polyclonal
Rabbit anti-4E-BP1 Monoclonal

Rabbit anti-GFP (D5.1) Monoclonal

Rabbit anti-p-mTOR (Ser2448) (D9C2) Monoclonal
Rabbit anti-mTOR Polyclonal

Mouse anti-MASH1 Monoclonal

Rabbit anti-HSP90 (C45G5) Monoclonal

Rabbit anti-TSC1 (D43E2) Monoclonal

Rabbit anti-TSC2 (D93F12) Monoclonal

Vector Laboratories
Vector Laboratories

Thermo Fisher Scientific

Thermo Fisher Scientific

Rockland

MyBioSource

Santa Cruz Biotechnology
Cell Signaling Technology
Abcam

Sigma-Aldrich

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BD Biosciences

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#MP-7401; RRID:AB_2336529
Cat#MP-7402
Cat#A11058; RRID:AB_2534105

Cat#A-21206; RRID:AB_2535792

Cat#600-401-379; RRID:AB_2209751
Cat#MBS448122

Cat#sc-365992; RRID:AB_10915481
Cat#11988; RRID:AB_2728766
Cat#ab109224; RRID:AB_10861489
Cat#HPA005993; RRID:AB_1858560
Cat#2211, RRID:AB_331679
Cat#2217; RRID:AB_331355
Cat#9451; RRID:AB_330947
Cat#9644; RRID:AB_2097841
Cat#2956; RRID:AB_1196615
Cat#5536; RRID:AB_10691552
Cat#2972; RRID:AB_330978
Cat#556604; RRID:AB_396479
Cat#4877; RRID:AB_2233307
Cat#6935; RRID:AB_10860420
Cat#4308; RRID:AB_10547134

Bacterial and virus strains

Ad5-CMV-Cre
Ad5-CMV-eGFP
FIV-CMV-Cre

University of lowa
University of lowa

University of lowa

VVC-U of lowa-5
VVC-U of lowa-4
VVC-U of lowa-28

Chemicals, peptides, and recombinant proteins

Naphthalene

RPMI 1640

Bovine Growth Serum
Penicillin-Streptomycin-Glutamine

Dulbecco’s Modified Eagle Medium High-Glucose
Fetal Bovine Serum

AZD8055

alamarBlue™ Cell Viability Reagent

Blasticidin S HCL (10 mg/mL)

Alt-R S.p. Cas9

Sigma-Aldrich

Corning

Thermo Fisher Scientific
Gibco

Gibco

Omega Scientific
Selleckchem

Invitrogen

Gibco

Integrated DNA Technologies

Cat#184500
Cat#15-040-CV
Cat#SH3054103HI
Cat#10378-016
Cat#11965-118
Cat#FB-01
Cat#S1555
Cat#DAL1100
Cat#A1113903
Cat#1081059
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dimethyl sulfoxide (DMSO) Fisher Scientific Cat#BP231
Saponin Sigma-Aldrich Cat#84510
Bovine Serum Albumin (BSA) Thermo Fisher Scientific Cat#B14

NaNj3 Fisher Scientific Cat#MP210289110
Sodium butyrate Sigma-Aldrich Cat#B5587-5G
Critical commercial assays

SE buffer Lonza Cat#V4XC-1032
Lonza 4D-Nucleofector Unit Lonza Cat#AAF-1002X
MAXPAR X8 Multimetal Labeling Kit Fluidigm Cat#201300
Cell-1D Intercalator-Ir Fluidigm Cat#201192B
Four Element Calibration Beads Fluidigm Cat#201078

Antigen Unmasking Solution, Citrate-Based
DAB Substrate Kit

IMmPRESS Excel Amplified Polymer Staining Kit, Anti-
Rabbit 1gG, Peroxidase

TSA Plus Fluorescein Kit

Hematoxylin

Refrax Mounting Medium

Fluoromount-G

cOmplete ULTRA Protease Inhibitor Cocktail
Pierce BCA Protein Assay Kit

Simple Western Quantitative Immunoassay (Wes) 12—-230
kDa Plates

Vector Laboratories
Vector Laboratories

Vector Laboratories

Akoya Biosciences
Sigma-Aldrich
Anatech Ltd
SouthernBiotech
Roche

Thermo Fisher

ProteinSimple

Cat#H-3300; RRID:AB_2336226
Cat#SK-4100; RRID:AB_2336382
Cat#MP-7601; RRID:AB_2336533

Cat#NEL741001KT
Cat#HHS32
Cat#711
Cat#0100-01
Cat#5892970001
Cat#23227
Cat#SM-W004

Wes anti-Rabbit Secondary Kit ProteinSimple Cat#DM-001

NEBNext Ultra Il Q5 Master Mix New England Biolabs Cat#MO0544L

Sera-Mag Select Beads GE Healthcare Life Sciences ~ Cat#29343052

Agilent High Sensitivity DNA Kit Agilent Technologies Cat#5067-4626

Agilent 2100 Bioanalyzer Agilent Technologies Cat#G2939BA

PEN Membrane Slides Thermo Fisher Cat#L.CM0522

Arcturus XT LCM System Thermo Fisher Cat#A26818

CapSure HS LCM Caps Thermo Fisher Cat#L.CM0215

PicoPure DNA Extraction Kit Thermo Fisher Cat#KI1T0103

AMPure XP Beads Beckman Coulter Cat#A63880

Qubit dsDNA HS Assay Kit Thermo Fisher Cat#Q32851

MinElute PCR Purification Kit Qiagen Cat#28006

Deposited data

RNA-seq, LCM sequencing, and Tuba-seq data This paper GEO: GSE198637

CyTOF data This paper Cytobank Community:
https://community.cytobank.org/cytobank/
experiments/103066

Source data and images This paper Mendeley Data: https://doi.org/10.17632/
nr4ssx645r.2

Experimental models: Cell lines

Human: NCI-H1694 ATCC CRL-5888; RRID:CVCL_1489
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human: NCI-H146 ATCC HTB-173; RRID:CVCL_1473

Human: NCI-H2227 ATCC CRL-5934; RRID:CVCL_1542
Human: NCI-H1876 ATCC CRL-5902; RRID:CVCL_1503
Human: NCI-H889 ATCC CRL-5817; RRID:CVCL 1598
Human: NCI-H526 ATCC CRL-5811; RRID:CVCL_1569
Human: NCI-H2081 ATCC CRL-5920; RRID:CVCL_1522
Human: NCI-H446 ATCC HTB-171; RRID:CVCL_1562

Human: NCI-H524 ATCC CRL-5831; RRID:CVCL_1568
Human: NCI-H82 ATCC HTB-175; RRID:CVCL_1591

Human: NCI-H82-epicTAG-GFP-StrepTagll-ProtC-HA
(EpicTag 1)

Rovira-Clavé et al.32

N/A

Human: NCI-H82-epicTAG-GFP-VSVg-StrepTagll-HA Rovira-Clavé et al.32 N/A
(EpicTag 2)

?)uman: NCI-H82-epicTAG-GFP-HA-FLAG-AUL1 (EpicTag Rovira-Clavé et al.32 N/A
Human: NCI-H82-epicTAG-GFP-StrepTagll-FLAG-AUL Rovira-Clavé et al.32 N/A
(EpicTag 4)

5H)uman: NCI-H82-epicTAG-GFP-VSVg-ProtC-HA (EpicTag Rovira-Clavé et al.32 N/A
Human: NCI-H82-epicTAG-GFP-VSVg-StrepTagll-ProtC Rovira-Clavé et al.32 N/A
(EpicTag 6)

Mouse: KP11 Sen et al.>’ N/A
Mouse: KP22 Denny et al .26 N/A
Mouse: 12N1G Denny et al. 26 N/A
Mouse: N2N1G Denny et al. %8 N/A
Mouse: LSL-YFP mouse embryonic fibroblasts Rogers et al.?0 N/A
Cell lines generated from this paper, please see Table S7 This paper N/A
Experimental models: Organisms/strains

Mouse: RPR2 model Schaffer et al.** N/A
Mouse: RPR2T This paper N/A
Mouse: RPRZ2T;Cas9 This paper N/A
Mouse: RPmodel Schaffer et al.!t N/A
Mouse: RPT;Cas9 This paper N/A
Mouse: RPM model Mollaoglu et al.” N/A
Mouse: RPMT, Cas9 This paper N/A
Oligonucleotides

Primers for Tuba-seq vectors, please see Table S9 This paper N/A

Recombinant DNA

Plasmid: pPCMV-VSV-G

Plasmid: pPCMV-dR8.2 dvpr

Plasmid: Lenti-EFS-EGFP-T2A-Bsd
Plasmid: Lenti-EFS-hTSC1-T2A-Bsd
Plasmid: Lenti-sgNeo/Cre

Stewart et al.>8
Stewart et al.8
This paper
This paper

Chiou et al.5®

Addgene Plasmid #8454
Addgene Plasmid #8455
Addgene Plasmid #193198
Addgene Plasmid #193199
Addgene Plasmid #67594
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:

Plasmid:

Lenti-sgNeo2/Cre
Lenti-sgNeo3/Cre
Lenti-sgNT/Cre
Lenti-sgNT.2#2/Cre
Lenti-sgAdgb#1/Cre
Lenti-sgAdgb#2/Cre
Lenti-sgAmbral#1/Cre
Lenti-sgAmbral#2/Cre
Lenti-sgAmbral#3/Cre
Lenti-sgApc/Cre
Lenti-sgApc#2/Cre
Lenti-sgAridla#1/Cre
Lenti-sgAridla#2/Cre
Lenti-sgArid1b#1/Cre
Lenti-sgArid1b#2/Cre
Lenti-sgAtrx#1/Cre
Lenti-sgAtrx#2/Cre
Lenti-sgBrca2#1/Cre
Lenti-sgBrca2#2/Cre
Lenti-sgBrip1#1/Cre
Lenti-sgBrip1#2/Cre
Lenti-sgCdkn2a#1/Cre
Lenti-sgCdkn2a#2/Cre
Lenti-sgCol11al#1/Cre
Lenti-sgCol11al#2/Cre
Lenti-sgCol22al#1/Cre
Lenti-sgCol22al#2/Cre
Lenti-sgCrebbp#1/Cre
Lenti-sgCrebbp#2/Cre
Lenti-sgEp300#1/Cre
Lenti-sgEp300#2/Cre
Lenti-sgErich3#1/Cre
Lenti-sgErich3#2/Cre
Lenti-sgFam135b#1/Cre
Lenti-sgFam135b#2/Cre
Lenti-sgFat1#1/Cre
Lenti-sgFbxw7#1/Cre
Lenti-sgFbxw7#2/Cre
Lenti-sgFIt4#1/Cre
Lenti-sgFIt4#2/Cre
Lenti-sgGrin2a#1/Cre

Rogers et al. 20
Rogers et al .20
Chiou et al.>®
Cai et al.%0
This paper
This paper
Chaikovsky et al.6!
Chaikovsky et al.6!
Chaikovsky et al.b*
Rogers et al.20
This paper
Caietal.®0
Cai et al.®0
Cai et al.®0
Cai et al.%
Caietal.®0
Cai et al.®
Cai et al.®0
Cai et al.%0
This paper
This paper
Cai et al.®
Cai et al.®
This paper
This paper
This paper
This paper
This paper
This paper
Cai et al.®0
Cai et al.®0
This paper
This paper
This paper
This paper
Caietal.®0
Cai et al.®
Cai et al.®0
This paper
This paper
This paper

Addgene Plasmid #89652
Addgene Plasmid #89653
Addgene Plasmid #66895
Addgene Plasmid #173661
Addgene Plasmid #193200
Addgene Plasmid #193201
N/A

N/A

N/A

Addgene Plasmid #89641
Addgene Plasmid #193202
Addgene Plasmid #173571
Addgene Plasmid #173572
Addgene Plasmid #173573
Addgene Plasmid #173574
Addgene Plasmid #173612
Addgene Plasmid #173616
Addgene Plasmid #173627
Addgene Plasmid #173628
Addgene Plasmid #193203
Addgene Plasmid #193204
Addgene Plasmid #173629
Addgene Plasmid #173630
Addgene Plasmid #193205
Addgene Plasmid #193206
Addgene Plasmid #193207
Addgene Plasmid #193208
Addgene Plasmid #193209
Addgene Plasmid #193210
Addgene Plasmid #173591
Addgene Plasmid #173592
Addgene Plasmid #193211
Addgene Plasmid #193212
Addgene Plasmid #193213
Addgene Plasmid #193214
Addgene Plasmid #173633
Addgene Plasmid #173635
Addgene Plasmid #173636
Addgene Plasmid #193215
Addgene Plasmid #193216
Addgene Plasmid #193217
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:
Plasmid:

Plasmid:

Lenti-sgHcn1#2/Cre
Lenti-sgKdme6a#1/Cre
Lenti-sgKdm6a#2/Cre
Lenti-sgKmt2c#1/Cre
Lenti-sgKmt2d#1/Cre
Lenti-sgKmt2d#2/Cre
Lenti-sgLrplb#1/Cre
Lenti-sgLrp1b#2/Cre
Lenti-sgMroh2b#1/Cre
Lenti-sgMroh2b#2/Cre
Lenti-sgNkx2-1#1/Cre
Lenti-sgNkx2-1#2/Cre
Lenti-sgNotch1#1/Cre
Lenti-sgNotch1#2/Cre
Lenti-sgNotch2#1/Cre
Lenti-sgNotch2#2/Cre
Lenti-sgNotch3#1/Cre
Lenti-sgNotch3#2/Cre
Lenti-sgPcdh15#1/Cre
Lenti-sgPcdh15#2/Cre
Lenti-sgPcna#1/Cre
Lenti-sgPrdm9#1/Cre
Lenti-sgPrdm9#2/Cre
Lenti-sgPten#1/Cre
Lenti-sgRb1/Cre
Lenti-sgRb1#2/Cre
Lenti-sgRos1#1/Cre
Lenti-sgRos1#2/Cre
Lenti-sgRunx1t1#1/Cre
Lenti-sgRunx1t1#2/Cre
Lenti-sgSis#1/Cre
Lenti-sgSis#2/Cre
Lenti-sgSpen#1/Cre
Lenti-sgSpen#2/Cre
Lenti-sgSphkap#2/Cre
Lenti-sgTmem132d#1/Cre
Lenti-sgTmem132d#2/Cre
Lenti-sgTnr#1/Cre
Lenti-sgTnr#2/Cre
Lenti-sgTscl1#1/Cre
Lenti-sgTsc1#2/Cre

This paper
Cai et al.®0
Cai et al.®0
Cai et al.®0
Cai et al.®0
Cai et al.®0
Cai et al.®0
Cai et al.®0
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
Tang et al.52
This paper
This paper
Caietal.®0
Rogers et al .20
Chaikovsky et al.6!
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

Addgene Plasmid #193218
Addgene Plasmid #173637
Addgene Plasmid #173638
Addgene Plasmid #173652
Addgene Plasmid #173597
Addgene Plasmid #173598
Addgene Plasmid #173641
Addgene Plasmid #173642
Addgene Plasmid #193219
Addgene Plasmid #193220
Addgene Plasmid #193221
Addgene Plasmid #193222
Addgene Plasmid #193223
Addgene Plasmid #193224
Addgene Plasmid #193225
Addgene Plasmid #193226
Addgene Plasmid #193227
Addgene Plasmid #193228
Addgene Plasmid #193229
Addgene Plasmid #193230
N/A

Addgene Plasmid #193231
Addgene Plasmid #193232
Addgene Plasmid #173645
Addgene Plasmid #89647
N/A

Addgene Plasmid #193233
Addgene Plasmid #193234
Addgene Plasmid #193235
Addgene Plasmid #193236
Addgene Plasmid #193237
Addgene Plasmid #193238
Addgene Plasmid #193239
Addgene Plasmid #193240
Addgene Plasmid #193241
Addgene Plasmid #193242
Addgene Plasmid #193243
Addgene Plasmid #193244
Addgene Plasmid #193245
Addgene Plasmid #193246
Addgene Plasmid #193247
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REAGENT or RESOURCE SOURCE IDENTIFIER
Plasmid: Lenti-sgZfp536#1/Cre This paper Addgene Plasmid #193248
Plasmid: Lenti-sgZfp536#2/Cre This paper Addgene Plasmid #193249

Software and algorithms

LAS Xv3.7.1

Fiji v1.53f51
Compass for SW v5.0.1

Salmon V0.12.0
DESeq2 v1.34.0

ClueGo v2.5.6
Cytoscape v3.8.0
GraphPad Prism v9.1.0

Code for LCM Barcode clonality analysis, meta-analysis, and
RNA-seq analysis

Leica Microsystems

Schindelin et al.53

ProteinSimple

Patro et al.54

Love et al.5°

Bindea et al %6
Shannon et al.%”

GraphPad Software

This paper

https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-x-
Is/

https://imagej.net/software/fiji/downloads

https://www.proteinsimple.com/
software_compass_simplewestern.html

https://github.com/COMBINE-lab/salmon

https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

https://apps.cytoscape.org/apps/cluego
https://cytoscape.org/download.html

https://www.graphpad.com/scientific-
software/prism/

https://github.com/noahlee577/SCLC_Tuba-
seq, archived at Zenodo: https://doi.org/
10.5281/zeno0do.7430243
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