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Abstract

Comprehensive genomic analyses of small cell lung cancer (SCLC), the most aggressive form of
lung cancer, have revealed near universal loss of tumor suppressors (RB/ and TP53) and
frequent genomic amplification of all three MYC family members. The amplification of each
Myc family member is mutually exclusive; hence it had been long suggested that they are
functionally equivalent. However, their expression has more recently been associated with
specific neuroendocrine markers and distinct histopathology. In this study, we explored a novel
role of c-Myc and L-Myc as lineage determining factors contributing to SCLC molecular
subtypes and histology. Integrated analyses of a gene regulatory network generated from mRNA
expression of primary SCLC tumor and chromatin state profiling of SCLC cell lines showed that
Myc family members impart distinct transcriptional programs associated with lineage state;
wherein the L-Myc signature was enriched for neuronal pathways while the c-Myc signature was
enriched for Notch signaling and epithelial-to-mesenchymal transition. We investigated the
functional redundancy and distinction of c-Myc and L-Myc, and noted the insufficiency of L-
Myc to induce lineage switch in contrast to the potential of c-Myc to induce trans-differentiation.
c-Myc rewires the Myc-accessible landscape and activates neuron al repressor, Rest to mediate
transition from ASCL1-SCLC to NeuroDI-SCLC characterized by distinct LCNEC-like
histopathology. Collectively, our findings reveal a previously undescribed role of historically
defined general oncogenes, c-Myc and L-Myc, for regulating lineage plasticity across molecular

subtypes as well as histological subclasses.
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Introduction

Small cell lung cancer (SCLC) represents about 15% of all lung cancers with a median
survival time of approximately 10 months and 5-year overall survival at 6% (/). SCLCs are
characterized by neuroendocrine differentiation, rapid growth, early metastatic spread and poor
prognosis (2). The standard of care has remained cytotoxic chemotherapy for decades, mainly
etoposide combined with a platinum agent (3) , that are only temporarily effective for the vast
majority of patients (4). Even with recent developments in immune checkpoint inhibitors,
activity against SCLCs when combined with chemotherapy has been marginal with a modest
improvement in the median survival (10.3 months vs. 12.3 months) for extensive stage SCLCs
treated with immunotherapy (5). These data reflect the urgent need for more effective
therapeutics for patients with SCLC. The lack of effective therapeutics for SCLC stands in stark
contrast to the breadth of targeted therapies for non-small cell lung cancer (NSCLC), particularly
lung adenocarcinoma (6). The progress in drug development for NSCLCs is largely attributable
to more comprehensive understanding of molecular subtypes and to identification of targetable
driver oncogenes (7). Therefore, better characterization of the molecular subtypes of SCLC
should aid future drug development and permit patient stratification for targeted therapies, a
strategy that has been remarkably effective for specific subsets of advanced lung

adenocarcinoma patients.

Characterization of SCLC subtypes was first noted by morphological differences over
three decades ago when human SCLC cell lines were implanted as xenografts and distinguished
as two primary subtypes: classical SCLC and variant SCLC (8, 9). The classical subtype featured
relatively small cells with high nuclear:cytoplasm ratio while the variant subtype exhibited

relatively larger cells and moderate amounts of cytoplasm. However, the World Health
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Organization (WHO) classification, updated in 2015, histologically recognizes SCLC as a
homogenous disease with neuroendocrine features defined by small cells, scant cytoplasm,
nuclear morphology with fine granular chromatin and lacking prominent nucleoli, reminiscent of
the features of the ‘classical’ SCLC. The originally described ‘variant’ subtype may represent

combined SCLC with LCNEC in the current classification (/0).

More recent efforts to distinguish SCLC molecular subtypes include profiling gene
expression and genome-wide methylation in primary human tumors and patient derived
xenografts (PDX). These profiles revealed three clusters, with a dichotomy between achaete-
scute homologue 1 (ASCL1) and neurogenic differentiation factor 1 (NeuroD1) expression, in
addition to a cluster with low expression of both (/7). The expression of ASCL1 and NeuroD1
has been implicated to confer SCLC heterogeneity by imparting distinct transcriptional profiles
(Borromeo et al., 2016). The third neuroendocrine-low cluster led to further classification into
two subtypes characterized by transcriptional driver YAP1 or POU class 2 homeobox 3
(POU2F3) (12, 13) SCLC cell line xenograft histology has been correlated with these contrasting
factors, where variant SCLC was positively correlated with a higher NeuroD1:ASCL1 ratio and
classical SCLC was positively correlated with a higher ASCL1:NeuroD1 ratio in SCLC cell lines

(11).

Observations on Myc family characteristics in SCLC genetically engineered mouse
models (GEMMs) has provided insight in their contribution to histopathological characteristics
(14, 15) The classical SCLC GEMM with conditional loss of Rb/ and Trp53 mouse, harbored
stochastic MYCL amplifications or overexpression associated with classical SCLC

histopathology (/6). On the contrary, consistent with the original report on the variant subtype to
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harbor frequent MYC amplification (9), a more recent study showed that additional c-Myc
overexpression, in the classical SCLC GEMM drives the progression of murine SCLC with
variant histopathology and reduced neuroendocrine gene expression including ASCL1 but higher
NeuroD1 expression (/7). Yet, the molecular mechanisms underlying the distinction between L-

Myc and c-Myc driven subsets of SCLC remain unexplored.

c-Myc (MYC) and L-Myc (MYCL) belong to the MYC family of basic helix-loop-helix
(bHLH) transcription factors. The paralogs contain functionally relevant highly conserved amino
acid sequences and are structurally homologous (78, 19). c-Myc is a well-characterized
oncogene; L-Myc although understudied is implicated to have a similar oncogenic role.
Amplification of Myc family members is mutually exclusive and overall accounts for ~20% of
SCLC and overexpression for ~50% of SCLC in primary human tumors (20). In contrast to the
fact that MYC is commonly amplified across all three major lung cancer subtypes: lung
adenocarcinomas, squamous cell lung carcinomas and SCLC (20-22), MYCL and MYCN are

uniquely amplified in SCLC, in a manner suggestive of their role as lineage-amplified genes.

In this study, we explore a novel role of c-Myc and L-Myc as lineage specific factors to
associate SCLC molecular subtypes with histological classes. We investigated the potential of L-
Myc and c-Myc to regulate lineage state and identified transcriptional programs unique to each
Myc family member, wherein L-Myc regulates neuronal developmental pathways and c-Myc
regulates epithelial-to-mesenchymal transition and Notch signaling, biological pathways that are
associated with distinct molecular subsets. In addition, we showed the requirement of c-Myc to

maintain lineage state marker NeuroD1, in NeuroD1-positive SCLC and the incompatibility of c-
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Myc with ASCL1-positive SCLC that ultimately leads to trans-differentiation to NeuroD1-driven

SCLC characterized by variant histopathology mediated by a transcriptional repressor, Rest.

Results
SCLC network reveals unique and distinct sub-networks for c-Myc and L-Myc

To understand biological processes that may be unique to c-Myc and L-Myc in SCLC, we
sought to investigate potential causal regulations among genes. To this end, we first built a
molecular causal network using primary SCLC datasets and focused on the networks that involve
c-Myc and L-Myc. Combining two independent primary SCLC transcriptomic datasets (20, 23),
a Bayesian network was built using the software package RIMBANET we had previously
developed (see Methods). The Bayesian network comprised of 8,451 unique genes (nodes) and
9,301 regulations (edges) among these genes. The regulations inferred in this Bayesian network
provide insights into biological functions associated with molecular features such as pathways or
gene signatures (24, 25). This enables us to discern transcriptional sub-networks associated with
c-Myc and L-Myc that may reflect their unique biological roles. We first aimed to generate a
signature associated with each factor and then projected the signature to the SCLC Bayesian
network to identify specific subnetworks (Figure 1A). To generate these signatures, we sought to
select an independent dataset. Hence, we examined copy number alteration and expression for
each Myc family member in 49 SCLC cell lines from Cancer Cell Line Encyclopedia (CCLE)
and classified them into four groups representing each Myc family member and low Myc (Figure
S1A). Then, we selected cell lines that belong to MYC and MYCL groups and examined mRNA
expression MYC and MYCL to select cell lines for c-Myc with high expression of MYC and low

expression of MYCL and vice versa (Figure S1B). We identified 457 differentially expressed
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genes (t-test p-value < 0.01 and fold change > 1.5); 147 and 310 genes overexpressed in MYC
and MYCL SCLC cell lines respectively and defined them as their introductory gene signatures
(Figure S1C).

To explore the sub-networks associated with L-Myc, we projected the genes upregulated in
the MYCL expressing subset onto the network and collected all nodes within two layers from
them (see Methods). We identified one large closed sub-network (L1, Figure 1B) comprising of
959 gene nodes that included 120 of 310 genes from the L-Myc signature. To identify master
regulators of the L-Myc subnetwork, we performed Key Driver Analysis (see Methods) that
revealed 13 statistically significant genes (Table S1). Gene ontology analysis of this L-Myc
subnetwork revealed enrichments of two biological processes: cell cycle progression and
neuronal development (Figure 1C). These two pathways have been previously implicated as core
descriptors of classical SCLC (2). On the other hand, when we projected the c-Myc signature
onto the network, the c-Myc network was organized into three unique sub-networks cl, c2 and
c3, comprised of 95, 29 and 25 gene nodes, respectively (Figure 1D). Key Driver Analysis of all
three sub-networks revealed 15 statistically significant regulators (Table S2). Sub-network cl
was enriched for canonical c-Myc functions in transcriptional, translational and metabolic
regulation (Figure 1E) (7/9). c-Myc sub-network c2 was enriched for Notch signaling pathway
(Figure 1E), which has been implicated to mediate a transition from neuroendocrine to non-
neuroendocrine fate of tumor cells in a murine SCLC model (26). Finally, sub-network c3 was
enriched for pathways in epithelial-to-mesenchymal transition (Figure 1E); that has been shown
to be relevant in the neuroendocrine-low subtype (27). These functional pathways enriched in
subnetworks c2 and c3 imply previously uncharacterized role of c-Myc in lineage state

determination in SCLC.
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Together, these findings suggest that c-Myc and L-Myc are associated with different
molecular mechanisms that have been implicated in SCLC biology. Specifically, it implicates c-
Myc is associated with neuroendocrine-low differentiation state in addition to its canonical
oncogenic functions in SCLC, and by contrast, L-Myc is associated with classic neuroendocrine

state of SCLC.

c-Myc and L-Myc driven SCLCs exhibit distinct chromatin states to exert differential
transcriptional programs
Next, we sought to determine whether the distinct c-Myc and L-Myc networks are
associated with their distinct cistromes. To examine the role of each Myc family member, we
selected representative cell lines for c-Myc (NCI-H82, NCI-H524, NCI-H2171 and NCI-H2081)
and L-Myc (CORL-88, NCI-H1963 and NCI-H209) based on the classification described in
(Figure S1A) and confirmed protein expression for these transcription factors (Figure 2A). In
order to define open regulatory elements potentially regulated by c-Myc and L-Myc, we
performed the assay for transposase-accessible chromatin-sequencing (ATAC-seq) on the
representative cell lines and filtered identified accessible chromatin regions with motif matrices
for Myc (E-box) referring to as Myc accessible regions hereafter (Figure 2B). Of note, inferred
Myc accessible regions reasonably recapitulated c-Myc binding sites previously determined by
c-Myc chromatin-immunoprecipitation in NCI-H2171 cells (28) (Figures S3A and S3B). This
approach eliminates confounding factors from antibody-dependent sensitivity and specificity that
are intrinsic to ChIP based assays to compare cistromes of two distinct proteins.
Principal component analysis of peaks containing the E-box motif supported cell line

classification according to Myc status (Figure 2C). Additionally, a correlation matrix of pairwise


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 10

Pearson correlation coefficient of Myc accessibility signal captured distinct clusters for the c-
Myc and L-Myc classified cell lines (Figure S3C). We observed a fraction of peaks that overlap
between c-Myc classified and L-Myc classified cells (cluster 1; Figure 2D), suggestive of
common functional binding that the Myc family members share. We also found distinct groups
of peaks with higher signal intensity unique to L-Myc classified cells (cluster 2; Figure 2D) and
in c-Myc classified cell lines (cluster 3; Figure 2D), suggesting distinctive DNA binding profiles
for L-Myc and c-Myc. We observed preferential accessibility at distinct genetic loci in L-Myc
cell lines when compared to c-Myc cell lines (Figure 2E). This included augmented accessibility
at lung and neuron development factor FOXA2 (29, 30) in L-Myc cell lines and cell surface
adhesion factor /7TGA4 in c-Myc cell lines (Figure 2E). Of note, the chromatin landscape of NCI-
HS82 appeared to be intermediate to the L-Myc and c-Myc profiles. Together, these findings
indicate that c-Myc and L-Myc impart differential transcriptional programs.

To gain insights into the unique biological processes c-Myc and L-Myc may impart, we
analyzed differentially enriched Myc accessible sites comparing between c-Myc cell lines and L-
Myc cell lines. We identified 2,808 differentially accessible regions; 1,235 peaks enriched in L-
Myc classified cell lines and 1,573 peaks enriched in c-Myc classified cell lines (Figure 2F).
Next, we performed GREAT (Genomic Regions Enrichment of Annotations) analysis (37) on the
differentially accessible peaks. Unique L-Myc accessible sites are enriched for neuronal
pathways such as glial cell proliferation, development of the neural plate, neural fold and future
midbrain (Figure 2G). By contrast, unique c-Myc accessible sites are enriched for pathways
involved in Notch signaling (Figure 3H). While specific Notch signaling activity in MYC-
amplified SCLCs has not been previously noted, there have been previous reports showing Rest

as a target of the Notch signaling pathway to suppress the expression of neuronal genes (20, 26).
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These findings are consistent with the observations from the Bayesian network analysis
providing additional evidence to suggest distinct transcriptional programs in c-Myc and L-Myc

driven SCLCs.

c-Myc and L-Myc expression is associated with distinct lineage state markers

A recent review synthesized SCLC profiling studies to identify four molecular subtypes,
where two of these subtypes are classified as neuroendocrine SCLC that are driven by either
ASCLI or NeuroD1, and the other two are classified as non-neuroendocrine driven by YAP1 or
POU2F3 (6). Given our findings from the Bayesian network and Myc accessibility profiling, that
c-Myc and L-Myc regulate transcriptional programs associated with distinct lineage determining
programs, we sought to investigate the relationship between Myc family members and the
proposed SCLC master regulator classifiers.

Myc accessibility profile at the individual locus level of our c-Myc and L-Myc classified cell
lines for these four factors revealed augmented accessibility in the c-Myec classified cell lines at
the NeuroD1 locus in contrast to L-Myc classified cell lines that had augmented accessibility at
the ASCLI locus (Figure S3A, S3B). We observed no differential or preferential accessibility
signal in both c-Myc classified and L-Myc classified cell lines at YAPI and POU2F3 loci likely
reflecting that these cell lines do not represent these subtypes (Figure S3C, S3D). Protein
expression of these lineage state markers showed that our L-Myc classified cell lines had
exclusive expression of ASCL1 while the c-Myc classified cell lines exclusively expressed
NeuroD1, consistent with the chromatin profile. (Figure S3E).

To understand how c-Myc and L-Myc expression correlated with the four molecular subtypes

in CCLE cell lines, we examined the expression of c-Myc and L-Myc in each of the molecular
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subtypes as classified in Rudin et al., 2019. We observed that the non-neuroendocrine: POU2F3
and YAPI as well as NeuroD1 subtypes had higher expression of c-Myc (Figure S3F). On the
other hand, L-Myc expression was enriched in the neuroendocrine high ASCL1 subtype (Figure
S3G).

We further sought to reproduce the classification with data from primary tumors (20) and
CCLE cell lines with additional data from 77 primary tumors (23) (Figure 3A, Table S4). Of
note, while our unsupervised clustering was in general agreement with the published
classification (6), the ASCL1 subtype cluster revealed heterogeneity particularly of primary
tumors with the dual expression of ASCL1 and other lineage factors that may indicate lineage
transition or intra-tumor heterogeneity (Figure 3A). In this classification, we found that L-Myc
expression was higher in tumors classified as ASCL1 or NeuroD1 subtype when compared to the
non-neuroendocrine subtype, thus indicating unique expression of L-Myc in neuroendocrine
SCLC (Figure 3B). On the other hand, the expression of c-Myc was higher in tumors and cell
lines clustered in the NeuroD1 subtype and non-neuroendocrine low: POU2F3 and YAPI as
compared to those classified as ASCL1 (Figure 3C), suggesting a negative relation between
ASCLI and c-Myec. Indeed, we found the expression of c-Myec is anti-correlated with ASCL1 (r
= -0.53) across the combined primary tumor and cell line datasets (Figure 3D). Together, these

data imply the dichotomy of ¢c-Myc and L-Myc expression in SCLC.

L-Myc induces a neuronal state but fails to transition to ASCLI1 expressing SCLC
Given that L-Myc and c-Myc expression are enriched in distinct subtype(s) and they
regulate programs associated with its respective subtype, we hypothesized that part of the role

Myc family members play is to serve as a lineage factor. To test the potential of L-Myc to
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establish the neuroendocrine lineage, we modified a c-Myc expressing NeuroD1 classified cell
line NCI-H82 by exogenous overexpression of L-Myc and CRISPR-Cas9 mediated deletion of c-
Myc (Figure 4A). We found c-Myc expressing cell line (NCI-H82) was able to tolerate the over-
expression of L-Myc (Figure 4B). Cells engineered to express both L-Myc and c-Myc exhibited
a modest increase in proliferation rates compared to parental cells expressing only c-Myc (Figure
4C). We further demonstrated that replacement of c-Myc with the expression of L-Myc allowed
the cells to retain proliferative potential in the absence of c-Myc in NCI-H82 (Figure 4C). This
indicates redundant roles among the two Myc family members in regards to maintaining cell
viability.

To inquire their contribution to lineage determination, we evaluated the expression of
lineage state markers. Addition of L-Myc neither induced expression of neuroendocrine-marker
ASCLI1 nor altered the expression of variant state marker NeuroD1 (Figure 4B). By contrast, the
replacement of c-Myc with L-Myc led to the downregulation of NeuroD1. (Figure 4A). Without
L-Myc replacement, consistent with previous findings (32), c-Myc was essential for survival in
NCI-H82 (Figure 4C), thus precluding us from evaluating converted lineage state. However,
during the short window of survival, c-Myc ablation led to significant downregulation of
NeuroD1 suggesting a role of c-Myc on maintaining expression of lineage state marker (Figure
4D). The lack of expression of neuroendocrine-low lineage state marker YAP1 in these ASCL1-
and NeuroD1-negative cells also indicates a unique lineage negative state for these cells (Figure
4B).

Previous literature showed that deletion of Myc/ (L-Myc) in the classical murine SCLC
model resulted in tumors with mixed and NSCLC morphology (/5) in contrast to the c-Myc

expressing SCLC with ‘variant’” morphology (9, 7). Therefore, to investigate L-Myc’s
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contribution to SCLC histology, we implanted genetically engineered NCI-H82 cells into
immunodeficient mice. Histological analysis of NCI-H82 expressing L-Myc and NCI-H82 L-
Myc ablated with c-Myc xenografts revealed morphology similar to the control NCI-H82-
LacZ+sgNT cells with polygonal cells, large nucleoli and moderate amounts of cytoplasm
representative of ‘variant’ SCLC consistent with previous reports (9) (Figure S4A). The
insufficiency of L-Myc to induce histological trans-differentiation may explain the low
frequency of transition from variant to classical SCLC (26).

To investigate the state of these lineage-marker negative cells, we performed
transcriptomic profiling. Gene ontology analysis of 235 significantly upregulated genes by L-
Myec in the presence of c-Myc in NCI-H82 revealed enrichment for neurogenesis and neuronal
associated pathways (Figures S4B & S4C), suggesting that L-Myc imparts neuronal pathways
while not fully inducing ASCL1-lineage state. Ablation of c-Myc further upregulated 170 genes
compared to the previous condition, which are enriched for neuronal structure, suggesting the
cells are further committed to a neuronal state (Figure S4D and S4E). A direct comparison of the
transcriptome control NCI-H82 cells with lineage negative-NCI-H82 cells, revealed 713
significantly upregulated genes enriched for neuronal associated pathways and 500
downregulated genes enriched for canonical Myc function (Figure 4E and 4F). Collectively, the
data suggest that replacement of c-Myc with L-Myc induces a profile that represents more neural
state but not fully transdifferentiates to ASCL1-positive state and remains to be negative for

lineage markers used in the current consensus molecular classification (6).

Aurora Kinase A Inhibition sensitivity is altered with change in Myc status


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 15

Previous findings suggest that MYC (c-Myc)-driven SCLC is more responsive to Aurora
kinase A inhibition (/7, 33). We confirmed previous findings that MYC-amplified cell lines
exhibit increased sensitivity and MYCL-amplified cell lines are resistant to alisertib (Figure
S5A). Alisertib treatment of the NCI-H82 cells expressing both c-Myc and L-Myc revealed no
changes in sensitivity to the drug nor did changes in expression of the variant state marker.
However, the cells that replaced c-Myc with L-Myc became resistance to aurora kinase
inhibition (Figure S5B). On the other hand, overexpression of c-Myc increased sensitivity at
lower concentrations of the drug (Figure S5C). This suggests either alisertib sensitivity is
attributable to c-Myc driven lineage state of the cells, or difference in molecular interaction of

Aurora kinase A with each Myc protein.

c-Myc causes loss of classical neuroendocrine SCLC features

The dependency of lineage state marker NeuroD1 on c-Myc led us to hypothesize that c-
Myc exerts a role in addition to its oncogenic role to regulate and establish a variant
differentiation state. To this end, we genetically engineered a neuroendocrine-high MYCL-
amplified NCI-H1963 with inducible exogenous overexpression of c-Myc (Figure 5A). Of note,
exogenous expression of c-Myec led to downregulation of L-Myc in NCI-H1963.

When c-Myc expression is introduced in NCI-H1963, we observed an initial phase of
growth suppression (Figure 5B). This observation stands in contrast to the established role of c-
Myc to promote cell cycle and cell proliferation (34). The growth suppression is unlikely to be
due to oncogene induced senescence as these cells stained negative for beta galactosidase (Figure
S6A) and are deficient for Rb1 and p53. We investigated the cell cycle dynamics in their growth

suppressive phase, and found that initial c-Myc expression (day 2) modestly increased the
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proportion of cells in S and G2/M phase but did not significantly alter the distribution of cells or
induce cell cycle arrest to explain slower cell growth (Figure S6B). Alternatively, we
investigated the proportion of Annexin-V positive cells on day 2 and found c-Myc
overexpression increased the proportion of necrotic and apoptotic cells as compared to control
cells (Figure 5C).

We hypothesized that the cell death was a consequence of incompatibility of the
neuroendocrine differentiation state with c-Myc expression and that the persisting cells
eventually grown out were cells that tolerated the expression of c-Myc, potentially by switching
into a differentiation state compatible with c-Myc expression (Figure 5B). Therefore, we
investigated the expression of lineage state markers and found that the overexpression of c-Myc
downregulated ASCL1 and upregulated NeuroD1 in NCI-H1963 cells (Figure 5A), indicating the
trans-differentiation to NeuroD1-subtype of SCLC and that c-Myc exerts a role in dictating a
distinct NeuroD1-positive neuroendocrine differentiation state.

To investigate if the trans-differentiation between molecular subtypes was accompanied
by histological switch in vivo, we injected NCI-H1963 cells genetically engineered with stable c-
MYC expression. We observed that NCI-H1963 overexpressed with LacZ (control cells) had
oval and elongated nuclei with a high nuclear:cytoplasm ratio, smooth granular chromatin, no
nucleoli consistent with classical SCLC histology (Figure 5D, Figure S6C), similar to the
histology that would be typically diagnosed with SCLC in primary human tumors (Figure SE).
Histological analysis of xenografts of NCI-H1963 overexpressed with c-Myc showed presence
of nucleoli and polygonal shaped larger cells, reminiscent of variant SCLC histology as defined
by (9)(Figure 5D, Figure S6C). The histopathology observed here, according to the current WHO

classification, would likely be recognized as either purely LCNEC or “combined SCLC” that
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includes a component of large-cell neuroendocrine carcinomas (LCNEC), potentially reflective
of the discrepancies between clinical practice and experimental findings (Figure SE) (10, 35).
Together, these results suggest that c-Myc expression drives the transition from ASCLI1-positive
state characterized by classical SCLC histology to NeuroD1-positive state SCLC characterized

by ‘variant’ SCLC/LCNEC histology.

c-Myc mediates trans-differentiation through REST

We sought to investigate the mechanism through which c-Myc mediates trans-
differentiation to the ASCLI1-negative/NeuroD1-positive state. To this end, we profiled the
accessible chromatin profile of trans-differentiated NCI-H1963. Filtering the regions to reflect
regions with Myc (E-box) motif matrices reflected a common pattern (clusters 1 to 4). c-Myc
overexpression resulted in the gain of additional regulatory regions (cluster 5) and a decrease in
accessibility at a fraction of sites in cluster 6 (Figure 6A), revealing an alteration of the Myc (E-
box) cistrome and further suggesting non-redundancy of this family of transcription factors.
Next, we sought to investigate how the re-wiring of these regulatory regions compared to c-Myc
and L-Myc expressing SCLC. Principal component analysis of Myc accessibility in these
genetically engineered cells and c-Myc and L-Myc classified cell lines revealed NCI-H1963
expressing c-Myc clustered closer to c-Myc classified cell lines along Principal Component #1,
mapping NCI-H1963 transitioning from L-Myc cistrome towards a c-Myec cistrome (Figure 6B).
These data re-iterate c-Myc mediated alteration in regulatory regions that dictate cellular
identity.

To identify the transcriptional programs associated with the changes in regulatory regions

of the MYC cistrome, we performed RNA-seq on trans-differentiated NCI-H1963. We identified
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775 differentially expressed genes (375 upregulated genes downregulated and 400
downregulated genes) (Figure 6C). Gene ontology analysis for upregulated genes revealed an
enrichment for epithelium development in addition to canonical c-Myc functions including
regulation of cell proliferation and regulatory region nucleic acid binding (Figure 6D, right
panel) while gene ontology analysis for downregulated of genes revealed an enrichment for
neuronal associated genes (Figure 6D, left panel). These findings suggest c-Myc expression in
ASCL1 expressing SCLC induces a transition to a more epithelial state and are consistent with
the loss in neuroendocrine lineage state marker (Figure 5A), but did not reveal further specific
mechanistic insights.

Previous works have shown the negative regulation of ASCL1 by Notch signaling during
lung development (36) and activation of Notch signaling in SCLC suppresses ASCL1 expression
(20, 37, 38). Additionally, our SCLC transcriptional network analysis and Myc accessibility data
revealed Notch pathway activation preferentially in c-Myc expressing tumors and cell lines
(Figures 1E and 3C). Although we did not observe an enrichment for an active Notch signaling
signature amongst the upregulated genes, when we investigated the expression of known Notch
signaling pathway targets in trans-differentiated NCI-H1963, we identified Notch-target RE-1
Silencing transcription factor (REST) that is a transcriptional repressor of neuronal genes and
ASCL1 (26) as one of the genes that were induced upon c-Myc expression (Figure 7A) and we
confirmed this with protein expression (Figure 7B). Therefore, we sought to investigate the c-
Myc—Notch—Rest axis in mediating trans-differentiation, and pharmacologically inhibited
Notch1-4 using a y-secretase inhibitor (GSI), DBZ (39) in combination with c-Myc expression in
NCI-H1963 cells. Inhibition of Notch signaling, did not alter expression of Rest and ASCL1

(Figure 7C). Next, to investigate if Rest is required for c-Myc mediated suppression of ASCLI1,
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we used pharmacological inhibition of Rest (40) in c-Myc over-expressed NCI-H1963 cells. We
confirmed treatment with Rest inhibitor (X5050) led to a decrease in Rest protein expression.
Surprisingly, simultaneous suppression of Rest and expression of c-Myc did not result in
decrease in the level of ASCL1 (Figure 7D). These data suggest a novel Notch-independent, c-

Myc mediated activation of Rest and NeuroD1 and Rest mediated-suppression of ASCLI.

Discussion

In this study, we showed a novel functional distinction between c-Myc and L-Myc in SCLC,
in contrast to the prevailing notion that molecular function of Myc family members are similar to
each other (/5). We found c-Myc is associated not only with canonical roles including
transcriptional and translational regulation, but also with lineage associated pathways such as
Notch signaling and epithelial-mesenchymal transitions. Our findings are supported by a
previous report that described active Notch signaling negatively regulating neuroendocrine
lineage by suppressing the expression of ASCLI (26) as well as a study that showed
mesenchymal-like features in neuroendocrine-low sub-type of SCLC (27). On the other hand, we
found L-Myc is associated with neuronal pathways implicating their relevancy in determining
the classical neuroendocrine state of SCLC. These findings are consistent with previous
observation showing a correlation of expression between L-Myc and neuronal proteins (417).
Taken together, contrary to the notion that Myc family members, c-Myc in particular,
exclusively act as oncogenes and general amplifiers of expression and metabolism, our data
suggest that they additionally exert lineage defining transcriptional programs (28). We propose
that the Myc family members regulate a defined set of transcriptional programs that are essential

in SCLC lineage subtype determination. Of note, although these biological pathways associated
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with these factors have been shown to be relevant for lineage maintenance and determination in
distinct subtypes of SCLC, their association with Myc family members has not been described

before.

We found L-Myc failed to induce the expression of a neuroendocrine lineage state marker
ASCLI, suggesting its inability to fully control trans-differentiation from neuroendocrine-
low/variant state to neuroendocrine high/classical state. However, based on previous work
suggesting requirement of L-Myc to drive tumors of neuroendocrine origin in SCLC GEMM
(15) and our findings that revealed L-Myc regulating and inducing neuronal development
pathways, L-Myc likely plays roles in lineage state maintenance and/or is more compatible with

the neuroendocrine lineage.

We also report a previously undescribed function for c-Myc in lineage maintenance in
NeuroD1-positive SCLC. c-Myc expression was incompatible with ASCL1-positive SCLC and
induces trans-differentiation to NeuroD1-positive state revealing the role for c-Myc in regulating
lineage plasticity. We show that this trans-differentiation between molecular subtypes of SCLC
is accompanied by alterations in the transition of histopathology in SCLC from classical SCLC
features to variant histopathology. These data reflect that the variant histopathology, that would
typically be classified as “combined” SCLC or LCNEC per the current guidelines of WHO, can
indeed be derived from SCLC. This itself has significant clinical implication. This phenotype is
reflective of biology distinct from classical SCLC and may warrant distinct therapeutic

strategies.

We identified that the trans-differentiation is mediated independent of Notch signaling but

through the direct activation of a Notch signaling target, Rest, a transcriptional repressor. These
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findings may be clinically important when evaluating the rationale for targeting SCLC by
activating Notch signaling with drugs including LSD1 and KDMS5A (37, 38). Our data suggests
that downstream actors of Notch signaling may induce the trans-differentiation to NeuroD1-
positive or variant subtype. This may not be a favorable outcome since the variant subtype has
been reported to be more frequent in tumors after initial response to chemotherapy (9, 77). We
found that the altered differentiation state with the gain of L-Myc and loss of c-Myc cells
conferred resistance to Aurora Kinase A inhibition and in contrast the trans-differentiation as a
result of c-Myc gain and loss of L-Myc cells conferred sensitivity to Aurora Kinase A inhibition.
The differential sensitivity associated with distinct lineage state with Myc family member status
as a biomarker could translate to significant clinical implications in stratification of patients for

targeted therapy.

SCLC is a recalcitrant disease typically characterized by neuroendocrine differentiation,
nonetheless approximately 10-20% of SCLCs may lack expression of diagnostic neuroendocrine
markers (35). Here we report, the plasticity between these histological subtypes and molecular
subtypes is regulated by c-Myc and L-Myc. The role in lineage determination and maintenance
for this family of transcription factors is striking since the Myc family has historically been
grouped as general oncogenes. Our data suggest that the role of Myc family in SCLC
tumorigenesis could be re-defined. This will enable us to categorize these subtypes to develop

effective therapies to combat this highly lethal disease.
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Methods
CCLE RNA-seq analysis

RNA-seq gene expression data and SNP-array copy number data for MYC, MYCL and
MYCN were downloaded from (CCLE) web site. Logo(RSEM (transcripts per million) +1) values
for mRNA expression and logx(inferred copy number/2) values for copy numbers were used to
depict a heatmap for a 49 SCLC cell lines. MYC classified cell lines were further refined with
expression cut-off for MYC at log2 RSEM > § and expression of MYCL at log2 RSEM < 2. For
MYCL classified cell lines expression cut-off was set at MYCL log2 RSEM > 8 and expression

of MYC log2 RSEM < 2.

Bayesian Network Analysis

A comprehensive regulatory network was built using the software suite, Reconstructing
Integrative Molecular Bayesian Network (RIMBANet) (Zhu et al., 2004) by combining RNAseq
data from two independent SCLC primary cohorts (George et al, 2015; Jiang et al., 2016)
(detailed in Yoo et al. manuscript in preparation). To identify sub-networks enriched for L-Myc
and c-Myc signatures, the gene signature was overlaid on the network and neighboring nodes
within two layers for each signature were selected. Then closed subnetwork with more than 25
nodes were collected for L-MYC and c-MYC subnetworks. Then, Key Driver Analysis (42)
identified master regulators associated with L-Myc and c-Myc signatures in two steps. First, for
each node in the network, we compared neighboring nodes within two layers for each signature
to obtain a list of potential master regulators whose overlap is statistical significant (Fisher’s
exact test (FET) p-value<0.05/(# of nodes)). After sorting candidate genes by corresponding FET

p-values, the gene with the strongest p-value was determined as a key regulator. Any candidate
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regulators in its two-layered neighbors were excluded from the candidate list. The process was
iterated throughout the sorted candidate list. Enriched functions were identified using GO terms
in Molecular Signatures Database (MSigDB). The significance of the enrichment was
determined based on FET p-value considering multiple testing (FET p<0.05/(# of dataset tested))

in each category.

Cell Lines

All cells were cultured at 37°C in a humidified incubator at 5% CO». SCLC cell lines
NCI-H2171, NCI-H82, NCI-H524, NCI-H209, NCI-H1963, CORL88, HCC33, NCI-H69, and
NCI-H526 were maintained in RPMI1640 (Gibco), and supplemented with 10% Fetal Bovine
Serum (FBS, Sigma) and ImM Penicillin Streptomycin (P/S, Gibco). HEK293T cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), and supplemented with 10% FBS
(Sigma) and ImM P/S. Cultured cells were regularly tested for mycoplasma using the mycoAlert

Detection Kit (Lonza).

ATAC-seq

ATAC-seq was performed as previously described (43). Five thousand cells were
harvested and pre-treated with DNase I (Thermo Fisher Scientific) at 37°C for 20 minutes to
eliminate DNA contamination from dead cells. The cells were washed in cold Phosphate-
buffered saline (PBS) to eliminate traces of DNase. Nuclei were isolated with nuclear lysis
buffer (10 mM Tris, 10mM NaCl, 3mM MgCl, 0.1% IGEPAL-630) and centrifuged at low
speeds. The nuclei were resuspended in transposase reaction mixture (10mM Tris PH 8.0, 5 mM

MgClz, 10% Dimethlyformamide (DMF), 0.2 mg/ml Tn5 transposase complex). Transposition
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was carried out at 37°C for 30 minutes followed by DNA purification with DNA Clean and
Concentrator-25 (Zymo Research) according to manufacturer’s recommendation. Following
purification, library fragments were PCR amplified with Nextera adapter primers. Sequencing
was performed at Tisch Cancer Institute sequencing core on the NextSeq500 (Illumina) for 38

nucleotides each from paired ends according to manufacturer’s instructions.

ATAC-seq data analysis

Illumina sequencing adapter was removed using Cutadapt from raw sequence files in
fastq format. The reads were aligned to the hgl9 reference genome using Bowtie2 with -k 1
parameters. The aligned reads were used to eliminate PCR duplicates using samtools and
filtered off an ATAC blacklist for mitochondrial DNA homologs generated by (43). Fragment
ends were shifted +4 nucleotides for positive strand and -5 for negative strand to account for
distance from Tn5 binding and helicase activity to identify cut sites. Extended TnS5 cut sites were
used for peak calling with MACS2 with parameters --nomodel --extsize 100 --shift 50 --
nolambda --keep-dup all. Fraction of reads in peaks (FRiP) score was calculated for each sample
and was used as a normalization factor for pileup rescaled to a total number of uniquely alignable
sequences by WigMath function of Java-Genomic Toolkit. Peaks were filtered by MYC motif
using findMotifsGenome function in homer using four motif matrices MA0058.2 (MAX),
MA0059.1 (MAX::MYC), MA0104.4 (MYCN), and MA0147.3 (MYC). Peaks were quantized
using k-means clustering (k=8) and heatmaps for the peaks filtered with MYC motif were
generated using cistrome ((/0, 35)(/1)) or using k-means clustering (k=6) and plotHeatmap

function of deepTools (44) using wiggle files for genetically engineered NCI-H1963.
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Normalized ATAC-seq signals for each sample was visualized on integrative genome viewer
(IGV) genome browser (45).

Differentially bound sites comparing three c-Myc classified cell lines vs three L-Myc
classified cell lines were identified using R package DiffBind with cutoffs set at fold change > 5
and FDR < 0.05. Functional analysis of the differentially bound regions was performed using

Genomic Regions Enrichment of Annotations Tool (GREAT)(31).

Western Blot and Antibodies

Protein lysates were prepared by washing cells with 1 ml of cold PBS and resuspended in
lysis buffer (150 mM NaCl, 50 mM Tris-HCI at pH 8.0, 1% NP-40, 0.5% Na deoxycholate, 0.1%
SDS, protease inhibitors) for 30 min at 4°C. Lysates were centrifuged at 5°C for 15 minutes at
13,000 rpm to remove insoluble debris. Protein concentrations were quantified using Pierce™
BCA (Thermo Fisher Scientific). Proteins were separated by electrophoresis on a SDS-PAGE gel
(BioRad), transferred to a PVDF membrane (Thermo Fisher Scientific) and blocked with 5%
milk in Tris-buffered saline with Tween-20 (TBS-T). The membranes were immunoblotted with
anti-c-Myc (Santa Cruz Biotechnology), anti-L-Myc (Proteintech), anti-vinculin (Sigma), anti-
ASCL1 (BD Biosciences) and anti-NeuroD1(Proteintech), anti-B-Actin antibody (Sigma), or

anti-vinculin (Sigma).

Lentiviral introduction of genes
c-Myc, L-Myc or LacZ open reading frame (ORF) was cloned into pLEX 307 (a gift
from David Root, Addgene #41392) using the Gateway® cloning methods according to

manufacturer’s recommendations. (Thermo Fisher Scientific). HEK293T cells were seeded in a
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10 cm tissue culture dish and incubated at 37°C and 5% CO». At 80% confluency the cells were
co-transfected with 10 pg of plasmid constructs, 7.5 pug of psPAX2 (a gift from Didier Trono,
Addgene #12260) and 2.5 pg of pMD2.G (a gift from Didier Trono, Addgene #12259) vectors
using TransIT-Lenti (Mirus) following manufacturer’s recommendations. At 48h post
transfection, virus-containing supernatants were collected, filtered (0.45 pum) and stored at
—80°C. Cells were infected with lentiviral supernatant supplemented with polybrene at a final
concentration of 8 pg/mL or lentiBlast (OZ BioSciences) at a ratio of 1:1000. Cells were selected

with puromycin (1-2 pg/mL for 4-6 days).

CRISPR-Cas9 genome editing

Cells with stable human codon-optimized S. pyogenes Cas9 expression were generated
by infection with the lentiCas9-Blast plasmid (a gift from Feng Zhang, Addgene # 52962).
sgRNAs targeting MYC and MYCL were selected from the Brunello library (46). Non-target
sgRNA from the Gecko library v2 (47) were used as non-target sgRNAs. sgGRNA target
sequences are listed in Supplementary Table S3. sgRNAs were cloned using Bbsl site
downstream of the human U6 promoter in a lentiviral vector containing EGFP downstream of the
human PGK promoter (a kind gift of Brown laboratory, ISMMS). Lentivirus was produced as

described above. Cas9 expressing cells were then infected with pLenti-GFP-sgRNA.

Cell proliferation assay

Cells were plated at a density of 5,000 cells/well with five replicates in a 96-well plate;
four identical plates were prepared. Cell viability was assayed at 0, 2, 4 and 6 days after plating
with alamarBlue Cell Viability Reagent (Thermo Fisher Scientific) and fluorescence at 585 nm

was measured on a Spectra Max3 plate reader (Molecular Device) according to the
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manufacturer’s protocol at excitation of 555 nm. Cell viability at 2, 4 and 6 days were corrected

for the ratio to control cells from the day 0 reading to account for plating unevenness.

RNA-seq

Total RNAs from engineered NCI-H82 and NCI-H1963 cell lines were extracted using
RNeasy kit (Qiagen). Poly-adenylated RNA was enriched from lug of RNA for each sample
with the NEBNext® PolyA mRNA Magnetic Isolation Module (NEB), incubated at 94°C for 15
min and double-strand cDNA was synthesized using SuperScript III reverse transcriptase
(Thermo Fisher Scientific) and NEBNext® Ultra™ II Directional RNA Second Strand Synthesis
Module (NEB). Up to 10 ng of cDNA was used for the Illumina sequencing library construction
using NEBNext® Ultra™ DNA Library Prep Kit (NEB). Paired ends sequencing was performed
on NextSeq 500 (Illumina) for 38 nucleotides from each end according to the manufacturer’s

instructions.

RNA-seq analyses

Sequencing reads were pseudoaligned to the human reference transcriptome GRCh38.95
from Ensembl and transcript abundance was estimated using kallisto (v0.45.0) (48). Transcript
abundance was aggregated to gene level abundance using biomaRt annotation. DEseq?2 (49) was
used to identify differentially expressed genes between control NCI-H82 cells (LacZ-
overexpressed NCI-H82 cells, LacZ-overexpressed + nontarget sgRNA1 NCI-H82 and LacZ-
overexpressed + nontarget sgRNA2 NCI-H82) and L-Myc-overexpressed NCI-H82 cells (L-
Myc-overexpressed NCI-H82 cells, L-Myc-overexpressed + nontarget sgRNA1 NCI-H82 and L-
Myc-overexpressed + nontarget sgRNA2 NCI-H82). The same strategy was used for L-Myc-

overexpressed NCI-H82 cells (L-Myc-overexpressed NCI-H82 cells, L-Myc-overexpressed +
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nontarget sgRNA1 NCI-H82 and L-Myc-overexpressed + nontarget sgRNA2 NCI-H82) and c-
Myc replaced with L-Myc NCI-H82 cells (L-Myc-overexpressed NCI-H82 + sgRNA-MYCl1
cells, L-Myc-overexpressed + sgRNA-MYC2 NCI-H82 and L-Myc-overexpressed + sgRNA-
MYC3 NCI-H82), as well as for LacZ-overexpressed NCI-H1963 cells and c-Myc overexpressed
NCI-H1963 cells.

Total differentially expressed genes were determined based on cutoffs of fold change> 2
and FDR<0.05. To identify potentially enriched functions of selected gene sets of interest, we
compared these gene sets with the genes annotated by the same Gene Ontology (GO) terms
curated in the Molecular Signature Database (MSigDB). Each of 5917 GO terms included in
“C5” collection (version 7.0) was compared with query gene sets using Fisher’s exact test. The
significance of the overlap was determined based on p-value adjusted for multiple comparisons
(FDR<0.05). Any GO terms consisting of more than 2,000 genes were considered non-specific

and removed from the analysis.

Beta-galactosidase staining

Cells were stained with Senescence beta-galactosidase Staining Kit (Cell signaling

#9860) according to manufacturer’s recommendations.

Cell cycle analysis

Cells were harvested at day 2 after selection and fixed with 70 % ethanol overnight at
4°C, were washed with PBS, then, incubated in PBS containing 100 pg/ml RNase and 50 pg/ml
propidium iodide at room-temperature for 1 hour. DNA content was analyzed by FACS Canto II
(BD Bioscience), and quantitative analyses for the proportions of cells in cell cycle were

performed using FlowJo software (BD Bioscience).
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Annexin-V staining

Cells were harvested at day 2 after selection and washed with PBS. Cells were stained
with Annexin-V and propidium iodide using Alexa Fluor® 488 annexin V/Dead Cell Apoptosis
Kit (Thermo Fisher Scientific) according to manufacturers’ recommendations. Fluorescence was
measured by FACS Canto II (BD Bioscience). Quantitative analyses for the cell viability

proportions were performed using FlowJo software (BD Bioscience).

Xenograft model

All animal procedures and studies were approved by the Mount Sinai Institutional
Animal Care Use Committee (IACUC) (protocol number, IACUC-2018-0021). H1963 cells
which overexpressed LacZ or cMYC (5 x 10° cells) were injected with a 1:1 mixture of 50 ul cell
suspension and 50 ul Matrigel (Corning) subcutaneously into both flank regions of 4- to 6-week-
old male NOD-scid gamma mice (Jackson Laboratory). Tumor volume (length x width? /2) was
measured twice a week. When tumor size reached at 1000 mm?, mice were sacrificed and tumors

were immersed in formalin for histological analysis.

Immunohistochemistry

Xenograft tumor specimen formalin-fixed, paraffin-embedded tissue slides (5 pm thick)
were deparaffinized and rehydrated. For antigen-retrieval slides were heated at 95°C in 10 mM
citrate buffer (pH 6.0) for 30 minutes. The sections were incubated with 0.3% H>O; in TBS for
15 minutes to block endogenous peroxidase activity and were incubated with 10% normal horse
serum (Jackson ImmunoResearch) in TBS for 30 minutes to block non-specific staining. The

sections were rinsed with TBS + 0.025% Triton X-100 and then incubated with anti-cMYC
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antibody (1:150; Abcam #ab32072) or anti-ASCL1 (1:100, BD Biosciences #556604) at 4°C
overnight. This was followed by incubation with biotin-conjugated Horse anti-Mouse secondary
antibody (Vector Laboratories) at room temperature for 1 hour. Then, the sections were
incubated with the ABC reagent (Vector Laboratories, CA) and visualized with ImnmPACT-DAB
Peroxidase Substrate (Vector Laboratories). All slides were counterstained with hematoxylin

before being mounting.

Aurora Kinase Inhibition Assay

Cells were seeded in a 96-well plate at a density of 5,000 cells/well with five replicates. Cells
were treated with Alisertib at concentrations ranging from 1 nM to 10 pM for 96h. Cell viability
was measured using alamarBlue Cell Viability Reagent (Thermo Fisher Scientific) and
fluorescence at 585nm was measured on a Spectra Max3 plate reader (Molecular Devices, CA)

according to the manufacturer’s protocol at excitation of 555 nm.
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Figure legends
Figure 1: Bayesian network analysis reveals unique L-Myc and c-Myc networks associated with
distinct biological processes

A. Schematic of workflow to use SCLC Bayesian causal gene regulatory network to identify
networks involving c-Myc and L-Myc.

B. L-Myc sub-network showing directionality and association of genes when L-Myc gene
signature (Figure S1B) is projected to SCLC Bayesian network. Circles colored in pink
represent nodes from L-Myc gene signature. Size of pink circles is directly proportional
to the number of outgoing nodes. Nodes indicated in larger text are Key drivers of the
sub-network (Table S1).

C. Gene Ontology analysis for L-Myc neighbor subnetwork. Enriched functions for these
genes are identified based on hypergeometric test against GO terms.

D. Three c-Myc sub-networks showing directionality and association of genes when c-Myc
associated gene signature (Figure S1B) is projected to SCLC Bayesian network. Circles
colored in blue represent nodes from c-Myc gene signature. Size of blue circles is directly
proportional to the number of outgoing nodes. Nodes indicated in larger text are Key
drivers of the sub-network (Table S2).

E. Gene Ontology analysis for corresponding c-Myc neighbor subnetwork. Enriched

functions for these genes are identified based on hypergeometric test against GO terms.

Figure 2: c-Myc and L-Myc driven SCLCs exhibit distinct chromatin states to regulate distinct

transcriptional programs
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A. Protein expression of c-Myc and L-Myc as well as vinculin as a loading control in a panel
of representative SCLC cell lines (blue: c-MYC-classified lines NCI-H82, NCI-H524,
NCI-H2171, pink: L-MY C-classified lines NCI-H209, NCI-H1963, CORLS8S)

B. Schematic showing the analytic approach to define Myc accessible regions.

C. Principal component analysis of open chromatin regions with E-Box motif in six
SCLC cell lines. Each dot represents a SCLC cell line that is colored based on Myc
status (blue: c-MY C-classified cell lines, pink: L-MY C-classified cell lines).

D. Each heatmap depicting global Myc (E-box) accessibility in individual SCLC cell lines
at 72,833 combined peaks. ATAC-seq signal intensity is shown by color shading.

E. Genome browser view tracks of ATAC-seq signals in at the FOXA2 and ITGA4 loci
(blue: c-MY C-classified cell lines, pink: L-MY C-classified cell lines).

F. Heatmap showing 2,808 differentially accessible regions (fold change > 5 and FDR <
0.05) between 3 L-Myc cell lines shown in pink and 3 c-Myc cell lines shown in blue.

G. Enriched ontology by GREAT analyses for regions differentially accessible in L-Myc
classified cells.

H. Enriched ontology by GREAT analyses for regions differentially accessible in c-Myc

classified cells.

Figure 3: c-Myc and L-Myc expression is associated with distinct molecular subtype markers
A. Unsupervised clustering of 137 primary tumors and 51 CCLE cell lines using the
expression of ASCLI, NeuroD1, POU2F3 and YAPI distinguishing four molecular

subtypes. (Table S3)
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B. Box plot showing mRNA expression of L-Myc across four molecular subtypes for
combined primary tumor and cell line classification described in Figure 3A.

C. Box plot showing mRNA expression of c-Myc across four molecular subtypes for
combined primary tumor and cell line classification described in Figure 3A.

D. Scatter-plot with best-fit line showing negative correlation between c-Myc and ASCL1
expression for combined primary tumor and cell lines. Pearson’s correlation coefficient

(r) =-0.53, P <0.01 t-test.

Figure 4: c-Myc is required to maintain NeuroD1-positive lineage state

A. Schematic showing the workflow to genetically engineer replacement of c-Myc with L-
Myc in NCI-HS82.

B. Protein expression of L-Myc, c-Myc, ASCLI1, NeuroD1 and YAP1 as well as vinculin as
a loading control in genetically engineered NCI-HS82 cells to replace c-Myc with L-Myec.

C. Cell growth curve for NCI-HS82 cells with over-expression of L-Myc and genetic deletion
of c-Myec. ** P <0.01 vs. Lac-Z overexpressed + sgNT NCI-H82 cells, t-test. *, P <0.05
vs. Lac-Z overexpressed + sgNT NCI-HS82 cells, t-test.

D. Protein expression of c-Myc and NeuroD1 with vinculin as loading control in genetically
engineered NCI-H82 cells with c-Myc ablation.

E. Volcano plot showing 1,213 differentially expressed genes (713 upregulated in pink and
500 downregulated in blue) between control NCI-H82 cells (LacZ-overexpressed cells
and LacZ-overexpressed cells with nontarget sgRNA) and engineered NCI-H82 cells

(LMY C-overexpressed cells with three sgRNA targeting MYC).
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F. Ridgeplot showing distribution of fold-change for genes that belong to each enriched
gene ontology term for differentially upregulated (right panel) and downregulated genes

(left panel).

Figure 5: c-Myc expression in ASCLI1-subtype SCLC induces trans-differentiation to
histologically distinct NeuroD1-positive state

A. Protein expression of c-Myc, L-Myc, ASCLI1, and NeuroDI1, as well as vinculin as
loading control in genetically engineered NCI-H1963 cells.

B. Cell growth curve for NCI-H1963 cells with over-expression of c-Myc or control Lac-Z.
Mean + SD of five technical replicates. **, P <0.01 vs. Lac-Z overexpressed NCI-H1963
cells, t-test.

C. Scatter plot showing Annexin-V staining for NCI-H1963 cells with over-expression of c-
Myc (right panel) or over-expression of Lac-Z as control (left panel) with proportions of
viable, necrotic and apoptotic cells. Bar chart shows mean = SD of three biological
replicates. ** P <(.01, t-test.

D. Hematoxylin-eosin staining and immunohistochemical staining of c-Myc and ASCL1 in
LacZ-overexpressed (top panel) or c-Myc-overexpressed (bottom panel) NCI-H1963
xenograft. Original images, x40. Inset shows cell morphology.

E. Hematoxylin-eosin staining of typical SCLC and LCNEC primary human tumors.

Original images, x400.

Figure 6: c-Myc rewires Myc-accessible chromatin regulatory elements to regulate distinct

lineage associated pathways
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A. Each heatmap depicting k-means (k =6) clustering of global Myc (E-box) accessibility
in NCI-H1963 overexpressing LacZ (left) and NCI-H1963 overexpressing c-MYC (right)
at 44,722 combined peaks. ATAC-seq signal intensity is shown by color shading.

B. Principal component analysis of open chromatin regions with E-Box motif in six
SCLC cell lines in addition to NCI-H1963-LacZ (control) and NCI-H1963-c-Myc in
triplicate. Each dot represents a SCLC cell line that is colored based on Myc status
(pink: L-MYC, blue: c-MYC, red: NCI-H1963 LacZ, light blue: NCI-H1963 cMYC).

C. Volcano plot showing 775 differentially expressed genes (375 upregulated in light blue
and 400 downregulated in red) between control NCI-H1963 cells with LacZ-
overexpression cells and NCI-H1963 cells with c-Myc- overexpression.

D. Dot plot showing gene ontology analysis for differentially upregulated (right panel) and

downregulated (left panel) genes.

Figure 7: c-Myc induces neuronal repressor REST to mediates lineage conversion
A. Expression of REST in NCI-H1963 cells with LacZ over-expression and NCI-H1963 with
c-Myc overexpression (n =3).
B. Protein expression of c-Myc, and Rest, as well as vinculin as loading control in
genetically engineered NCI-H1963 cells.
C. Protein expression of c-Myc, L-Myc, ASCL1, and Rest, as well as vinculin as loading
control in genetically engineered NCI-H1963 cells treated with vehicle (DMSO) or 0.5

UM of a Notch inhibitor (DBZ) for 48 hours.
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D. Protein expression of c-Myc, L-Myc, ASCLI1, and Rest, as well as vinculin as loading

control in genetically engineered NCI-H1963 cells treated with vehicle (DMSO) or 10

uM of a Rest inhibitor (X5050) for 48 hours.

E. Schematic showing the role of c-Myc and L-Myc in SCLC lineage specification
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Supplementary Figure Legends
Figure S1: Myc family status and signature in SCLC CCLE cell lines
A. Classification of 49 SCLC cell lines using copy number and expression of MYC, MYCL
and MYCN from CCLE
B. Scatter plot showing c-Myc expression and L-Myc expression for 49 SCLC cell lines.
Cell lines selected to generate signature are highlighted L-Myc in pink and c-Myc in
blue.
C. Heatmap showing 457 differentially expressed (t-test p-value < 0.01 and fold change >
1.5) between four c-Myc expressing CCLE SCLC cell lines (H1341, H2081, H211,
H524, SCLC21H) and eight L-Myc expressing CCLE SCLC cell lines (HCC33, H1092,
H1184, H1836, H1963, H2029, H209). 147 genes upregulated in c-Myc (condition

shown in blue) and 310 genes upregulated in L-Myc (condition shown in pink).

Figure S2: ATAC-seq inferred c-Myc accessibility is comparable to c-Myc ChIP-seq detected c-
Myc bound regions and classifies by Myc status
A. Heatmap comparing Myc (E-box) accessibility inferred from ATAC-seq with c-Myc
bound sites with E-box motif detected from ChIP-seq (Lin et al., 2012) in NCI-H2171.
ATAC-seq/ChIP-seq signal intensity is shown by color shading.
B. Genome browser view tracks of ATAC-seq signals and c-Myc ChIP-seq at the HES1
locus.
C. Heatmap showing unsupervised clustering of degree of correlation for pairwise

comparisons of identified open chromatin regions with MYC motif in 3 L-Myc classified
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cell lines H209, H1963, CORLS88 (condition shown in pink) and 3 c-Myc classified cell

lines H524, H82, H2171 (condition shown in blue)

Figure S3: c-Myc and L-Myc expression across SCLC molecular subtypes
A - D Genome browser view tracks of ATAC-seq signals in c-Myc cell lines shown in blue
(NCI-H82, NCI-H524, NCI-H2171) and L-Myc cell lines peaks shown in pink (NCI-H209,
NCI-H1963, CORLSS) at the (A) NeuroD1, (B) ASCLI, (C) POU2F3, (D) YAPI.
E. Immunoblot showing protein expression of NeuroD1 and ASCLI in c-Myc and L-Myc
classified cell lines with Vinculin as loading control.
F. Violin plot showing mRNA expression of c-Myc across four molecular subtypes in CCLE
cell lines as classified in Rudin et al., 2019
G. Violin plot showing mRNA expression of L-Myc across four molecular subtypes in CCLE

cell lines as classified in Rudin et al., 2019

Figure S4: L-Myc induces neuronal state not defined by ASCL-1

A. Hematoxylin-eosin staining in NCI-H82 LacZ-overexpressed with nontarget gRNA (left
panel), NCI-H82 L-Myc-overexpressed with nontarget gRNA (middle panel) or NCI-H82
L-Myc-overexpressed with gRNA targeting MYC (Right panel) xenograft. Original
images, x20.

B. Volcano plot showing 525 differentially expressed genes (235 upregulated in purple and
290 downregulated in blue) between control NCI-H82 cells (LacZ-overexpressed cells
and LacZ-overexpressed cells with nontarget gRNA) and engineered NCI-H82 cells

(LMY C-overexpressed cells and LMY C-overexpressed cells with nontarget gRNA).
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C. Gene Ontology analysis for differentially upregulated (top panel) and downregulated
(bottom panel) genes from Figure S4B.

D. Volcano plot showing 214 differentially expressed genes (170 upregulated in pink and 44
downregulated in purple) between L-Myc-overexpressed NCI-H82 cells (L-Myc-
overexpressed cells and L-Myc-overexpressed cells with nontarget sgRNA) and Myc-
replaced NCI-HS82 cells (L-Myc-overexpressed with three sgRNA targeting MYC).

E. Gene Ontology analysis for differentially upregulated (top panel) and downregulated
(bottom panel) genes from Figure S4D.

Figure S5: Aurora Kinase A inhibition shows differential sensitivity between c-Myc and L-Myc
expressing cells

A. Heatmap showing dose-dependent anti-proliferative activity of Alisertib as screened
across a panel of 3 c-Myc (shown in blue) and 3 L-Myc cell lines (shown in pink) at 96
hours. Cell viability (Alamar Blue) was calculated relative to the control. Data are means
from at least n = 3 biological replicates.

B. Dose-response curves of H82—replacement cells treated with Alisertib for 96 hours.
Viability was assessed with the Alamar Blue assay and calculated relative to the control.
Data are means from at least n = 3 biological replicates.

C. Dose-response curves of H1963—genetically engineeredt cells treated with Alisertib for
96 hours. Viability was assessed with the AlamarBlue assay and calculated relative to the

control. Data are means from at least n = 3 biological replicates.

Figure S6: c-Myc induced growth-suppression is not a consequence of altered cell cycle

dynamics
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A. Beta-galactosidase staining for c-Myc-overexpressed NCI-H1963 cells (bottom panel) or
control LacZ-overexpressed NCI-H1963 (top panel) or at day 2.

B. Propidium iodide staining followed by flow cytometry showing cell cycle distribution in
c-Myc overexpressed NCI-H1963 cells and control LacZ-overexpressed NCI-H1963
LacZ-overexpressed control cells at day 2.

C. Hematoxylin-eosin staining in LacZ-overexpressed (left) or c-Myc-overexpressed (right)

NCI-H1963 xenograft. Original Images, x5 (top) and x20 (bottom).


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 43

References

1.

10.

11.

R. L. Siegel, K. D. Miller, A. Jemal, Cancer statistics, 2019. CA. Cancer J. Clin. 69, 7-34
(2019).

A. F. Gazdar, P. A. Bunn, J. D. Minna, Small-cell lung cancer: what we know, what we
need to know and the path forward. Nat. Rev. Cancer. 17, 725-737 (2017).

G. Alvarado-Luna, D. Morales-Espinosa, Treatment for small cell lung cancer, where are
we now?-a review. Transl. Lung Cancer Res. 5,26-38 (2016).

M. C. Pietanza, L. A. Byers, J. D. Minna, C. M. Rudin, Small Cell Lung Cancer: Will
Recent Progress Lead to Improved Outcomes? Clin. Cancer Res. 21, 2244-2255 (2015).

L. Horn, A. S. Mansfield, A. Szczesna, L. Havel, M. Krzakowski, M. J. Hochmair, F.
Huemer, G. Losonczy, M. L. Johnson, M. Nishio, M. Reck, T. Mok, S. Lam, D. S. Shames,
J. Liu, B. Ding, A. Lopez-Chavez, F. Kabbinavar, W. Lin, A. Sandler, S. V. Liu, First-Line
Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N. Engl. J.
Med. 379, 2220-2229 (2018).

C. M. Rudin, J. T. Poirier, L. A. Byers, C. Dive, A. Dowlati, J. George, J. V. Heymach, J.
E. Johnson, J. M. Lehman, D. MacPherson, P. P. Massion, J. D. Minna, T. G. Oliver, V.
Quaranta, J. Sage, R. K. Thomas, C. R. Vakoc, A. F. Gazdar, Molecular subtypes of small
cell lung cancer: a synthesis of human and mouse model data. Nat. Rev. Cancer. 19, 289—
297 (2019).

C. Zappa, S. A. Mousa, Non-small cell lung cancer: current treatment and future advances.
Transl. Lung Cancer Res. 5, 288-300 (2016).

D. N. Carney, A. F. Gazdar, G. Bepler, J. G. Guccion, P. J. Marangos, T. W. Moody, M. H.
Zweig, J. D. Minna, Establishment and Identification of Small Cell Lung Cancer Cell Lines
Having Classic and Variant Features. Cancer Res. 45,2913 (1985).

A. F. Gazdar, D. N. Carney, M. M. Nau, J. D. Minna, Characterization of Variant
Subclasses of Cell Lines Derived from Small Cell Lung Cancer Having Distinctive
Biochemical, Morphological, and Growth Properties. Cancer Res. 45, 2924 (1985).

W. D. Travis, E. Brambilla, A. G. Nicholson, Y. Yatabe, J. H. M. Austin, M. B. Beasley,
Lucian. R. Chirieac, S. Dacic, E. Duhig, D. B. Flieder, K. Geisinger, F. R. Hirsch, Y.
Ishikawa, K. M. Kerr, M. Noguchi, G. Pelosi, C. A. Powell, M. S. Tsao, I. Wistuba, The
2015 World Health Organization Classification of Lung Tumors. J. Thorac. Oncol. 10,
1243-1260 (2015).

J. T. Poirier, I. Dobromilskaya, W. F. Moriarty, C. D. Peacock, C. L. Hann, C. M. Rudin,
Selective Tropism of Seneca Valley Virus for Variant Subtype Small Cell Lung Cancer.
JNCI J. Natl. Cancer Inst. 105, 1059-1065 (2013).


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

12.

13.

14.

15.

16.

17.

18.

19.

20.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 44

K. McColl, G. Wildey, N. Sakre, M. B. Lipka, M. Behtaj, A. Kresak, Y. Chen, M. Yang, V.
Velcheti, P. Fu, A. Dowlati, Reciprocal expression of INSM1 and YAP1 defines subgroups
in small cell lung cancer. Oncotarget. 8 (2017), doi:10.18632/oncotarget.20572.

Y.-H. Huang, O. Klingbeil, X.-Y. He, X. S. Wu, G. Arun, B. Lu, T. D. D. Somerville, J. P.
Milazzo, J. E. Wilkinson, O. E. Demerdash, D. L. Spector, M. Egeblad, J. Shi, C. R. Vakoc,
POU2F3 is a master regulator of a tuft cell-like variant of small cell lung cancer. Genes
Dev. 32,915-928 (2018).

J. Bragelmann, S. Bohm, M. R. Guthrie, G. Mollaoglu, T. G. Oliver, M. L. Sos, Family
matters: How MYC family oncogenes impact small cell lung cancer. Cell Cycle. 16, 1489—
1498 (2017).

D.-W. Kim, N. Wy, Y.-C. Kim, P. F. Cheng, R. Basom, D. Kim, C. T. Dunn, A. Y. Lee, K.
Kim, C. S. Lee, A. Singh, A. F. Gazdar, C. R. Harris, R. N. Eisenman, K.-S. Park, D.
MacPherson, Genetic requirement for Mycl and efficacy of RNA Pol I inhibition in mouse
models of small cell lung cancer. Genes Dev. 30, 1289-1299 (2016).

R. Meuwissen, S. C. Linn, R. I. Linnoila, J. Zevenhoven, W. J. Mooi, A. Berns, Induction
of small cell lung cancer by somatic inactivation of both Trp53 and Rb1 in a conditional
mouse model. Cancer Cell. 4, 181-189 (2003).

G. Mollaoglu, M. R. Guthrie, S. Bohm, J. Bragelmann, 1. Can, P. M. Ballieu, A. Marx, J.
George, C. Heinen, M. D. Chalishazar, H. Cheng, A. S. Ireland, K. E. Denning, A.
Mukhopadhyay, J. M. Vahrenkamp, K. C. Berrett, T. L. Mosbruger, J. Wang, J. L. Kohan,
M. E. Salama, B. L. Witt, M. Peifer, R. K. Thomas, J. Gertz, J. E. Johnson, A. F. Gazdar, R.
J. Wechsler-Reya, M. L. Sos, T. G. Oliver, MYC Drives Progression of Small Cell Lung
Cancer to a Variant Neuroendocrine Subtype with Vulnerability to Aurora Kinase
Inhibition. Cancer Cell. 31, 270-285 (2017).

R. DePinho, L. Mitsock, K. Hatton, P. Ferrier, K. Zimmerman, E. Legouy, A. Tesfaye, R.
Collum, G. Yancopoulos, P. Nisen, R. Kriz, F. Alt, Myc family of cellular oncogenes. J.
Cell. Biochem. 33, 257-266 (1987).

M. Conacci-Sorrell, L. McFerrin, R. N. Eisenman, An Overview of MYC and Its
Interactome. Cold Spring Harb. Perspect. Med. 4, a014357—-a014357 (2014).

J. George, J. S. Lim, S. J. Jang, Y. Cun, L. Ozreti¢, G. Kong, F. Leenders, X. Lu, L.
Fernandez-Cuesta, G. Bosco, C. Miiller, I. Dahmen, N. S. Jahchan, K.-S. Park, D. Yang, A.
N. Karnezis, D. Vaka, A. Torres, M. S. Wang, J. O. Korbel, R. Menon, S.-M. Chun, D.
Kim, M. Wilkerson, N. Hayes, D. Engelmann, B. Piitzer, M. Bos, S. Michels, 1. Vlasic, D.
Seidel, B. Pinther, P. Schaub, C. Becker, J. Altmiiller, J. Yokota, T. Kohno, R. Iwakawa, K.
Tsuta, M. Noguchi, T. Muley, H. Hoffmann, P. A. Schnabel, 1. Petersen, Y. Chen, A.
Soltermann, V. Tischler, C. Choi, Y.-H. Kim, P. P. Massion, Y. Zou, D. Jovanovic, M.
Kontic, G. M. Wright, P. A. Russell, B. Solomon, I. Koch, M. Lindner, L. A. Muscarella,
A. laTorre, J. K. Field, M. Jakopovic, J. Knezevic, E. Castanos-Vélez, L. Roz, U.
Pastorino, O.-T. Brustugun, M. Lund-Iversen, E. Thunnissen, J. Koéhler, M. Schuler, J.
Botling, M. Sandelin, M. Sanchez-Cespedes, H. B. Salvesen, V. Achter, U. Lang, M.


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 45

Bogus, P. M. Schneider, T. Zander, S. Ansén, M. Hallek, J. Wolf, M. Vingron, Y. Yatabe,
W. D. Travis, P. Niirnberg, C. Reinhardt, S. Perner, L. Heukamp, R. Biittner, S. A. Haas, E.
Brambilla, M. Peifer, J. Sage, R. K. Thomas, Comprehensive genomic profiles of small cell
lung cancer. Nature. 524, 47-53 (2015).

21. B. A. Weir, M. S. Woo, G. Getz, S. Perner, L. Ding, R. Beroukhim, W. M. Lin, M. A.
Province, A. Kraja, L. A. Johnson, K. Shah, M. Sato, R. K. Thomas, J. A. Barletta, 1. B.
Borecki, S. Broderick, A. C. Chang, D. Y. Chiang, L. R. Chirieac, J. Cho, Y. Fujii, A. F.
Gazdar, T. Giordano, H. Greulich, M. Hanna, B. E. Johnson, M. G. Kris, A. Lash, L. Lin,
N. Lindeman, E. R. Mardis, J. D. McPherson, J. D. Minna, M. B. Morgan, M. Nadel, M. B.
Orringer, J. R. Osborne, B. Ozenberger, A. H. Ramos, J. Robinson, J. A. Roth, V. Rusch,
H. Sasaki, F. Shepherd, C. Sougnez, M. R. Spitz, M.-S. Tsao, D. Twomey, R. G. W.
Verhaak, G. M. Weinstock, D. A. Wheeler, W. Winckler, A. Yoshizawa, S. Yu, M. F.
Zakowski, Q. Zhang, D. G. Beer, I. I. Wistuba, M. A. Watson, L. A. Garraway, M.
Ladanyi, W. D. Travis, W. Pao, M. A. Rubin, S. B. Gabriel, R. A. Gibbs, H. E. Varmus, R.
K. Wilson, E. S. Lander, M. Meyerson, Characterizing the cancer genome in lung
adenocarcinoma. Nature. 450, 893—898 (2007).

22. The Cancer Genome Atlas Research Network, Comprehensive genomic characterization of
squamous cell lung cancers. Nature. 489, 519-525 (2012).

23. L. Jiang, J. Huang, B. W. Higgs, Z. Hu, Z. Xiao, X. Yao, S. Conley, H. Zhong, Z. Liu, P.
Brohawn, D. Shen, S. Wu, X. Ge, Y. Jiang, Y. Zhao, Y. Lou, C. Morehouse, W. Zhu, Y.
Sebastian, M. Czapiga, V. Oganesyan, H. Fu, Y. Niu, W. Zhang, K. Streicher, D. Tice, H.
Zhao, M. Zhu, L. Xu, R. Herbst, X. Su, Y. Gu, S. Li, L. Huang, J. Gu, B. Han, B. Jallal, H.
Shen, Y. Yao, Genomic Landscape Survey Identifies SRSF1 as a Key Oncodriver in Small
Cell Lung Cancer. PLOS Genet. 12, 1005895 (2016).

24. J. Zhu, P. Y. Lum, J. Lamb, D. GuhaThakurta, S. W. Edwards, R. Thieringer, J. P. Berger,
M. S. Wu, J. Thompson, A. B. Sachs, E. E. Schadt, An integrative genomics approach to
the reconstruction of gene networks in segregating populations. Cytogenet. Genome Res.
105, 363-374 (2004).

25. J. Zhu, B. Zhang, E. N. Smith, B. Drees, R. B. Brem, L. Kruglyak, R. E. Bumgarner, E. E.
Schadt, Integrating large-scale functional genomic data to dissect the complexity of yeast
regulatory networks. Nat. Genet. 40, 854-861 (2008).

26. J.S.Lim, A. Ibaseta, M. M. Fischer, B. Cancilla, G. O’Young, S. Cristea, V. C. Luca, D.
Yang, N. S. Jahchan, C. Hamard, M. Antoine, M. Wislez, C. Kong, J. Cain, Y.-W. Liu, A.
M. Kapoun, K. C. Garcia, T. Hoey, C. L. Murriel, J. Sage, Intratumoural heterogeneity
generated by Notch signalling promotes small-cell lung cancer. Nature. 545, 360-364
(2017).

27. W. Zhang, L. Girard, Y.-A. Zhang, T. Haruki, M. Papari-Zareei, V. Stastny, H. K. Ghayee,
K. Pacak, T. G. Oliver, J. D. Minna, A. F. Gazdar, Small cell lung cancer tumors and
preclinical models display heterogeneity of neuroendocrine phenotypes. Transl. Lung
Cancer Res. 7, 3249 (2018).


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 46

28. C.Y.Lin,J. Lovén, P. B. Rahl, R. M. Paranal, C. B. Burge, J. E. Bradner, T. I. Lee, R. A.
Young, Transcriptional Amplification in Tumor Cells with Elevated c-Myc. Cell. 151, 56—
67 (2012).

29. H. Wan, Foxa2 regulates alveolarization and goblet cell hyperplasia. Development. 131,
953-964 (2004).

30. A.L.M. Ferri, W. Lin, Y. E. Mavromatakis, J. C. Wang, H. Sasaki, J. A. Whitsett, S.-L.
Ang, Foxal and Foxa2 regulate multiple phases of midbrain dopaminergic neuron
development in a dosage-dependent manner. Dev. Camb. Engl. 134, 2761-2769 (2007).

31. C.Y.McLean, D. Bristor, M. Hiller, S. L. Clarke, B. T. Schaar, C. B. Lowe, A. M. Wenger,
G. Bejerano, GREAT improves functional interpretation of cis-regulatory regions. Nat.
Biotechnol. 28, 495-501 (2010).

32. M. Jain, Sustained Loss of a Neoplastic Phenotype by Brief Inactivation of MYC. Science.
297, 102-104 (2002).

33. M. A. Dammert, J. Brigelmann, R. R. Olsen, S. B6hm, N. Monhasery, C. P. Whitney, M.
D. Chalishazar, H. L. Tumbrink, M. R. Guthrie, S. Klein, A. S. Ireland, J. Ryan, A. Schmitt,
A. Marx, L. Ozreti¢, R. Castiglione, C. Lorenz, R. D. Jachimowicz, E. Wolf, R. K. Thomas,
J. T. Poirier, R. Biittner, T. Sen, L. A. Byers, H. C. Reinhardt, A. Letai, T. G. Oliver, M. L.
Sos, MYC paralog-dependent apoptotic priming orchestrates a spectrum of vulnerabilities
in small cell lung cancer. Nat. Commun. 10, 3485 (2019).

34. C.V.Dang, MYC on the Path to Cancer. Cell. 149, 22-35 (2012).

35. N. Rekhtman, Neuroendocrine tumors of the lung: an update. Arch. Pathol. Lab. Med. 134,
1628-1638 (2010).

36. T. Ito, S. Kudoh, T. Ichimura, K. Fujino, W. A. M. A. Hassan, N. Udaka, Small cell lung
cancer, an epithelial to mesenchymal transition (EMT)-like cancer: significance of inactive
Notch signaling and expression of achaete-scute complex homologue 1. Hum. Cell. 30, 1—
10 (2017).

37. A. Augert, E. Eastwood, A. H. Ibrahim, N. Wu, E. Grunblatt, R. Basom, D. Liggitt, K. D.
Eaton, R. Martins, J. T. Poirier, C. M. Rudin, F. Milletti, W.-Y. Cheng, F. Mack, D.
MacPherson, Targeting NOTCH activation in small cell lung cancer through LSD1
inhibition. Sci. Signal. 12, eaau2922 (2019).

38. M. G. Oser, A. H. Sabet, W. Gao, A. A. Chakraborty, A. C. Schinzel, R. B. Jennings, R.
Fonseca, D. M. Bonal, M. A. Booker, A. Flaifel, J. S. Novak, C. L. Christensen, H. Zhang,
Z. T. Herbert, M. Y. Tolstorukov, E. J. Buss, K.-K. Wong, R. T. Bronson, Q.-D. Nguyen, S.
Signoretti, W. G. Kaelin, The KDM5A/RBP2 histone demethylase represses NOTCH
signaling to sustain neuroendocrine differentiation and promote small cell lung cancer
tumorigenesis. Genes Dev. 33, 1718-1738 (2019).


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patel, A etal. 47

Y. Ran, F. Hossain, A. Pannuti, C. B. Lessard, G. Z. Ladd, J. I. Jung, L. M. Minter, B. A.
Osborne, L. Miele, T. E. Golde, y-Secretase inhibitors in cancer clinical trials are
pharmacologically and functionally distinct. EMBO Mol. Med. 9, 950-966 (2017).

J. Charbord, P. Poydenot, C. Bonnefond, M. Feyeux, F. Casagrande, B. Brinon, L.
Francelle, G. Aurégan, M. Guillermier, M. Cailleret, P. Viegas, C. Nicoleau, C. Martinat, E.
Brouillet, E. Cattaneo, M. Peschanski, M. Lechuga, A. L. Perrier, High throughput
screening for inhibitors of REST in neural derivatives of human embryonic stem cells

reveals a chemical compound that promotes expression of neuronal genes: HTS for REST
Inhibitors in Human NSCs. STEM CELLS. 31, 1816—-1828 (2013).

Y. H. Kim, L. Girard, C. P. Giacomini, P. Wang, T. Hernandez-Boussard, R. Tibshirani, J.
D. Minna, J. R. Pollack, Combined microarray analysis of small cell lung cancer reveals

altered apoptotic balance and distinct expression signatures of MYC family gene
amplification. Oncogene. 25, 130-138 (2006).

Y. Liu, H. Yu, S. Yoo, E. Lee, A. Lagana, S. Parekh, E. E. Schadt, L. Wang, J. Zhu, A
Network Analysis of Multiple Myeloma Related Gene Signatures. Cancers. 11, 1452
(2019).

J. D. Buenrostro, P. G. Giresi, L. C. Zaba, H. Y. Chang, W. J. Greenleaf, Transposition of
native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-
binding proteins and nucleosome position. Nat. Methods. 10, 1213—-1218 (2013).

F. Ramirez, F. Diindar, S. Diehl, B. A. Griining, T. Manke, deepTools: a flexible platform
for exploring deep-sequencing data. Nucleic Acids Res. 42, W187-191 (2014).

J. T. Robinson, H. Thorvaldsdoéttir, W. Winckler, M. Guttman, E. S. Lander, G. Getz, J. P.
Mesirov, Integrative genomics viewer. Nat. Biotechnol. 29, 24-26 (2011).

J. G. Doench, N. Fusi, M. Sullender, M. Hegde, E. W. Vaimberg, K. F. Donovan, 1. Smith,
Z. Tothova, C. Wilen, R. Orchard, H. W. Virgin, J. Listgarten, D. E. Root, Optimized
sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat.
Biotechnol. 34, 184—191 (2016).

N. E. Sanjana, O. Shalem, F. Zhang, Improved vectors and genome-wide libraries for
CRISPR screening. Nat. Methods. 11, 783784 (2014).

N. L. Bray, H. Pimentel, P. Melsted, L. Pachter, Near-optimal probabilistic RNA-seq
quantification. Nat. Biotechnol. 34, 525-527 (2016).

M. 1. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

Fl gu re 1 not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
A : L-MYC
4 e s ) .
Classifying c-Myc & (" Generating L-Myc & ) Network
L-Myc Cell Lines c- Myc Signature :
O M o Project t
>' R ~ —9 :;— = rOJeC O
= N = %:: - - | |SCLC Network
A — =——= ~ c-MYC
o MVC mc-MYCHEL-MYC Network
- J - Y, 8 i wosid
B L-MYC Network Key Driver C
@ L-\Viyc Signature Node Sub-Network L1
S @ c-\Viyc Signature Node o o
. o o Connectina Node Mitotic Spindle Organization
N e VA i 9 Mitotic Nuclear Division
X~ “ T
o SNt e N Cell Cycle
% AD,IAVIR\E(;CLA& : >3 Spinal Cord Patterning
< [(jgﬁ pS.sl Regulation of Nervous System Development
-g CAI\/IK1 CBFA2T2 o 5 I T T T T
%) MCFEI— N o0 Q N [2o) ™
N Y % z p -Log 1o(p-Value)
g RAPQAA A%HDB
e o . TM9ISF2
D E
c-MYC Network ey priver Sub-Network c1
@ c-Myc Signature Node RNA Binding
Connecting Node ~ Post Transcriptional Regulation of Gene Expression
Ty Regulation of Cellular Amide Metabolic Processes
g ’ Regulation of Translation Initiation
E b ° r T T T
) Q ©
zZ
¥e! PLEKHO2 -Log 1o (p-Value)
=]
w
. STX4 Sub-Network c2
N . FAM114A1 Regulation of Cellular Component Movement
(@]
< Regulation of Epithelial Cell Migraton
o Y o et . .
% Mve .I_HFPL4 Positive Regulation of Locomotion
pd d ANXAT & @ Regulation of Epithelial to Mesenchymal Transition
L=l © NAB2 AHNAK L T T T
%) DHRS3 ° ©
‘ -Log 1o(p-Value)
. Sub-Network c3
(&)
-g i Negative Regulation of Immune System Process
..% Notch Signaling Pathway
z 2 Organ Morphogenesis
o) WDR43
(}’) Negative Regulation of Cell Differentiation
HSP90AB1 I " .
Q

-Log 1o (p-Value)


https://doi.org/10.1101/852939

Figure 2

A

c-MYC

L-MYC | ' -

Vinculin

B

AGCACACGTGGCATTCAGTCA

abd g

Genome-wide

Chroiatin Accesibility

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

& & r&%\
TS
FFPFE

- e

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

MYC (E-Box) Accessibility
c-MYC
NCI-H524 NCI-H2171

D L-MYC

NCI-H209

NCI-H82
1 <

Gene A

MYC Accessibility

AGCACACGTGGCATTCAGTCA

A

Gene A

Il
I e “‘\

10000 20000 30000 40000 50000 60000 70000

Gene B Gene B — =
AGCACACGTGGCATTCAGTCA 4 AGCACACGTGGCATTCAGTCA = —
400 0 400 -400 0 400 -400 0 400 400 0 400 400 0 400 -400 0 400
Distance from peak center (bp)
C OL-Myc @c-Myc E

—_ : : : Chr20 Chr2

< 04] o |

P NCI-H209 CgRLSB 22,562,000kb  22,564,000kb  22566,000kb 182,320kb 182,360kb 182,400kb
~ 02 - CORL88 10481 =~~~ . Aaa osor o

® NCI-H1963 o |

C - - —_ - L. PRI I ¥ N R [ETTOTR PTT Y .
() o NCI-H209

c 00 NCI-H1963 - - ‘AM,‘-‘mf ,“.JL.A...JA PSR 1 NS .
8 NCI-H524 __ L _ o do e
£ 02 I NCI-H2171 e BN v od i
9 [ ] NCI-H82 R Y gy T e n ' l e TRPIRY'PE R YTION FY ¥ PR TIN IN 1l
@© NCI-H82 ! ' Hi

% -0.4 - FOXA2 ITGA4

= [}

QO _g6- NCI-H2171 of

. NCI-H524
-0.5 -0.4 -0.3
Principal Component #1 [47%]
F Differential Accessible Regions G

Color Key and

o

o Histogram

L

B L-MYC
M c-MYC

"2 Il

S & K

§ £
T & 3
S £ 3T 5
< é’ <

L-MYC Accessible Regions

Abnormal neuronal migration

Regulation of Glial Cell Proliferation
Development of Neural Plate

Development of Future Midbrain
Hydroencephaly

Development of Future Midbrain Neural Fold

S 4 % o 9
-Logqg (p-Value)
H c-MYC Accessible Regions

Notch Signaling pathway
Leukotriene Biosynthetic Process
N1ICD Regulates Transcription
Signaling by NOTCHA1
Regulation of Fat Cell Differentiation
cAMP Biosynthetic Process

S 4 % o


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

Figure 3

A

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

L-MYC
B p=1.9x10°
p=4.9x107

p=0.0004
. .

Group

10.0

N
4

log,(TPM)
o
o

N
4

0.0

c-MYC

p=1.2x108

! p=2.1x10"

p=0.02

p=0.03

p=0.002

Group

Group

B3 AsCL1

E$§ NEUROD1
B POU2F3

B YAP1

-

0.0

c-MYC (log, (TPM))
N o ~
()] (=] (9]

g
o

[
Row Z-Score
| N
| ‘rg }1 Low High

ASCLA1
NEUROD1
YAP1
POU2F3

c-MYC vs ASCL1

. . r=-053 -
“.p=3.39x10"

0 4 8 12
ASCL1 (log, (TPM))


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

1 not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
Figure 4
A B C
ey NCI-H82 NCI-H82
ac + + + - - - - - - ™
NCl-Hg2 @@ LMYC - - - + + + + + + & % P
o T X = >
L-Myc NT - 12 - 12 S o g8
S - - - - - —
Overexpression sgl\gYC R T (2) Lz) %g 3+
O o
NCI-H82 @ @ L-MYC -, e o N 27
LMYC @ —— 28]
C_Myc c-MYC ‘.-.--- ‘ % 2
i <o T T T
l Deletion ASCL1 | - : r T .
NCLHE2 © @ NEURODT | s s e e | Days
- LacZ sgMYC2 LMYC sgMYC2
VINCUIIN B e e e e e S e s | LacZ sgMYC3 - LMYC sgMYC3
D E NCI-H82
OE LacZ + sgNT vs OE LMYC + sgMYC
NCI-H82 o]
sgNT 1 2 - - ) e
sgMYC - -2 3 8] -
() \: \:
c-MYC |-- | E I TBX2
NeuroD1|-- - | &
°
Vinculin [ e s s | g
? =3 +NR2E3
e o slc2ag
g o,
' o] NO! .. HTR3A® cpKN1A
* KRS : ;_I"I‘G:L FRP
oy s -SMUSTNA
o 1 . et °
-10 -5 0 5 10

F

Downregulated genes

log, Fold Change

Upregulated genes

Amino Acid Transmembrane Transporter Activity
Amino Acid Transmembrane Transport

Drug Binding

Ligase Activity Forming Carbon Oxygen Bonds
Developmental Growth Involved In Morphogenesis
Amino Acid Activation

L-amino Acid Transport

lon Transmembrane Transporter Activity

Cellular Response to Extracellular Stimulus

Organic Acid Transport

Neuron Differentiation

Neuron Part

Neurogenesis

Cell Junction

Intrinsic Component of Plasma Membrane
Neuron Projection

Behavior

lon Transmembrane Transport

Neuron Development

Synaptic Signaling

5 -4

-3 -2 -1
Log, Fold Change

0.0 25 5.0 7.5 10.0

p-Value

0.000

0.025

0.050


https://doi.org/10.1101/852939

Figure 5

A

cMYC ”
o oew @

NeuroD1

VINCUIIN | M e S — o

NCI-H1963 cMYC  NCI-H1963 LacZ

Relative Cell Viability

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

NCI-H1963 NCI- NCI-
Parent LacZ cMYC H82 H841

6- Cell Growth
%
2 “ ok
o
(&)
N
‘T 24
£
o
z
0 L L L L
0 2 4 6 8
Days

-+ H1963 LacZ — H1963 cMYC

C

Annexin-V

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

NCI-H1963 LacZ NCI-H1963 cMYC

105: 105 3
104 > 10%7
3 £ 7
x
10° 2 100 -
f g i
0 04
-10° -10° 3
-163' B ' 1I03 ' 1‘04 '1I05 _1I0:'3 .6 ' 1I03 ' 1‘04 '1I05
Propidium lodide Propidium lodide
Apoptotic: 28.0% Apoptotic: 48.0%
[ Necrotic: 4.4% [ Necrotic: 14.8%
Viable: 67.6% Viable: 36.2%
I o
80]
- | |
£ 60-
8
- - [] Apoptotic
< 407 = [ Necrotic
< == Viable
g 20- — -
o
Sl m
0 =

NCI-H1963 LacZ NCI-H1963 cMYC

E

Diagnosed
SCLC case

Diagnosed
LCNEC case



https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was

Figure 6
A

NCI-H1963

-500

0  500-500 0
Gene distance (bp)

500

B

3.5

3.0

2.5

2.0

1.5

1.0

® L-MYC ® OE LacZ
@ c-MYC ® OE c-Myc
°
NCI-H524
0.4+ NGI-H2171 N
N&-Hsz.
CORL88 °
NCI-H209)

o
e

o
?

NCI-H1963_MYC2
(]

Principal Component #2 [14%]

-0.24

. NCI-H1963_MYC3
°
NCI-H1963_MYC1

NCI-H1963_LacZ3 NCI-H1963 [

NCI-H1963_LacZ1
NCI-H1963_Lacz2

0.20 0.25

0.30 0.35

Principal Component #1 [51%]

D

10 15

-log,,(Adjusted p-Value)
5

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

C

NCI-H1963
OE LacZ vs OE c-Myc
TTCOB ° )
MYC
EGR1
.EGR4
1 GCK.... AKR1C2
SMIM11A * ., . EGR3
MYH7 = 3 ° . EGR2
C1QTNF4 " °
CA9*
10 5 0 5 10

log, Fold Change

NCI-H1963 LacZ vs cMYC

Upregulated Genes

Downregulated Genes

|

Neuron Part

Neurogenesis o

Regulation of Cell Population Proliferation, ]
Response To Endogenous Stimulus. )
Negative Regulation Of Signaling o
Epithelium Development; o
Response To Organic Cyclic Compound. o
Regulatory Region Nucleic Acid Binding}| ()
Double Stranded DNA Binding. o
Sequence Specific |
Double Stranded DNA Binding L4
Skeletal Muscle Cell Differentiation |e
Keratinocyte Proliferation fe
0.05 0.10 0.15
Gene Ratio
Adjusted p-Value
1e-05 Count
2e-05 ® 10
3e-05 @ 30
4005 @50

5e-05

Neuron Differentiation
Neuron Projection
Synapse

Synapse Part

Neuron Development

Somatodendritic
Compartment

Axon

Cell Body

0.12 0.16 0.20
Gene Ratio

Adjusted p-Value Count

2e-06 @40
4e-06 @50
6e-06 @60


https://doi.org/10.1101/852939

bioRxiv preprint doi: https://doi.org/10.1101/852939; this version posted November 3, 2020. The copyright holder for this preprint (which was
F| gure 7 not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B

REST NCI-H1963

p-value = 9.63E-04

4-
g LacZ cMYC
c 3
S8 3-
N5
g § cMYC ,|
Q5 21
X 0 = T e
::J g Rest “
Zs5 17 Y- “ i
x=z
E E 0 ! Vinculin | s s
&
22\'\
eC)\\lfb&
C NCI-H1963 D NCI-H1963
LacZ cMYC LacZ cMYC

Vehicle DBZ Vehicle DBZ Vehicle X5050 Vehicle X5050

cMYC — ! cMYC - ‘

ASCL1|-_- - ASCL1 . . s B
Rest B.__F

Vinculin | S s S Sa——

Rest — —

Vinculin] s s s s

E F

MYC
Chr4 +e
57,780kb 57,790kb 57,800kb -LMYC
1 1 1

Variant

NCiHe2 . .. .o 0T T AsCL
NCI-H524 i 00 i v s Neurop
NCI-H2171 . .. .. a0 o o . . e
NCI-H1963 e .. oo o
NCI-H209 w . . . .
CORL8S —smia .. .. ... . . . ,
- - Neuronal Pathways REST Neuronal Pathways



https://doi.org/10.1101/852939

