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Abstract: Small cell lung carcinoma (SCLC) is a fast-growing, highly metastatic form of lung cancer. A
major difference between SCLC and other forms of lung cancer is that SCLC tumors often respond well to
chemotherapy initially; unfortunately, resistant tumors rapidly recur. In addition, despite a large number of
clinical trials with a variety of therapeutic agents, little progress has been achieved in the past three decades
in improving the survival of SCLC patients. These clinical observations indicate that SCLC tumors have a
high degree of plasticity and rapid adaptability to changes in growth conditions. Here we consider recent
evidence pointing to several levels of heterogeneity in SCLC that may explain the ability of these tumors
to adjust to different microenvironment and therapeutics. In particular, we review new data pointing to the
existence of several subpopulations of tumor cells that interact with each other to promote tumor growth.
We also discuss how SCLC tumors that look similar at the histopathological level may actually represent
distinct subtypes of tumors and how these differences impact the response to specific therapeutic agents.

A better understanding of genetic and cellular heterogeneity will guide the development of personalized

approaches to help SCLC patients.
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Small cell lung carcinoma (SCLC) is a neuroendocrine
subtype of lung cancer characterized by its fast growth and
aggressive nature. SCLC development is strongly associated
with heavy cigarette smoking. In a majority of cases, SCLC
tumors have already metastasized to distant sites at the time
of first diagnosis. Except in rare cases when tumors are
diagnosed early, treatment options are limited and usually
consist of several rounds of chemotherapy with cisplatin/
carboplatin and etoposide. While this chemotherapy
regimen often results in significant response and tumor
shrinkage, relapse is usually quite rapid. A number of
excellent reviews have recently discussed the key clinical
features of SCLC and the current lack of efficient treatment
despite a large number of clinical trials in the past three
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decades (1-4). New therapeutic approaches, including
immunotherapies, are promising but at the time this review
is written, there are still no approved targeted therapies for
SCLC [reviewed in (5-8)].

Here we discuss emerging data in the field on the role
of tumor heterogeneity in the growth of SCLC and the
response of these tumors to therapy, and how mouse models
have been used to identify such tumor heterogeneity
and investigate its role. We use the term “intertumoral”
heterogeneity to describe how SCLC tumors in patients
or mice evolve differently at the genetic and epigenetic
level during tumor progression and metastasis. We use the
term “intratumoral” heterogeneity to describe the different
subpopulations of cells within tumors at any given time; in
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Figure 1 Modeling and studying SCLC in mice. (A) Deletion of Rb and p53 in the lung epithelium of mice following Cre-mediated

recombination of conditional alleles results in the development of SCLC. Alterations in other cancer genes (X) can be used to generate

new models and functionally study the role these genes may play in SCLC development. Individual tumors from these GEMM:s can be

transplanted as allografts for additional studies; (B) human SCLC cells can be obtained from tumor biopsies (from the lungs or other organs)

to generate PDX in immunocompromised recipients. CT'Cs can be used to generate CDX models. SCLC, small cell lung cancer; GEMM,

genetically engineered mouse model; PDX, patient-derived xenograft models; CTC, circulating tumor cell; CDX, CTC-derived explant.

this review, we mostly focus on different subpopulations
of cancer cells and we only briefly discuss non-cancer cells
such as immune cells in the tumor microenvironment.

Different approaches to model SCLC in mice

We consider two types of pre-clinical mouse models,
genetically engineered mouse models (GEMMs) in which
mutant mice develop autochthonous tumors upon targeted
alterations in cancer genes, and mouse-derived allografts
and patient-derived xenografts (PDXs) that grow in
mice upon transplantation, either from tumors or from

circulating tumor cells (CTCs) (Figure 1).

Autochthonous GEMMs of SCLC

GEMMs for SCLC and their relevance to the human
disease have been reviewed in detail elsewhere (9-11).
Briefly, these models are based on the near-ubiquitous
inactivation of the RB and p53 tumor suppressors seen in
human SCLC (12). Meuwissen, Berns, and colleagues first
showed that deletion of the corresponding mouse genes
in the lungs of adult mice leads to the development of
tumors that are strikingly similar to human SCLC in their
histology and their metastatic ability; the basic strategy has
been to use adenoviral delivery of the Cre recombinase
(Ad-Cre) in RP™"*; p53™7"* conditional knockout
mice (13). Beyond loss of RB and p53, which is required
for SCLC development, a number of other genes and
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signaling pathways are altered in SCLC tumors (12) and
the roles of these genes/pathways can be tested in GEMMs.
Ectopic expression of oncogenes such as Myc, Nfib or
oncogenic forms of the Hedgehog pathway receptor Smo
(14-17), or deletion of tumor suppressors such as the Rb
family members p130 or Pten (18-20) in the Rb/p53 double
knockout (DKO) model has led to new models with faster
tumor development. With recent advances in genome
engineering, including CRISPR/Cas9, it is likely that
additional models will be soon available to the community.
The addition of fluorescent reporters whose expression is
turned on by the Cre recombinase in these mutant mice
helps in tracking and purifying cancer cells as they grow
from small lesions to fully metastatic tumors (21). Similarly,
Cre-inducible expression of luciferase can be incorporated
to monitor and quantify tumor development iz situ (14,22).

Allograft and xenograft models

In autochthonous GEMMs, tumors initiate in the lungs
of mice, grow in the lung microenvironment in animals
with an intact immune system, and can spread to distant
organs and tissues using mechanisms that are similar to
SCLC patients. One disadvantage of GEMMs, however, is
often the rather slow development of tumors (6-12 months
in SCLC models). This issue can be in part solved by the
use of allograft models: mouse tumors (primary tumors or
metastases developing in GEMMs) that can be dissected,
transplanted, and expanded in recipient mice. The use
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of syngeneic genetic background allows for studies in
immunocompetent mice (23,24), which can be important
for example when new immunotherapies are being
evaluated.

Murine SCLC can of course only serve as a model for
the human disease. Thus, it is important to develop parallel
approaches to investigate the mechanisms underlying
SCLC development and response to therapy in additional
models, including PDXs (25,26). Currently, SCLC PDX
models have only been studied in immunocompromised
mice, which limits their utility for studies of the interaction
between cancer cells and immune cells; the development of
humanized xenograft models may eventually help resolve
this issue (27,28). Nevertheless, classical PDX models can be
used to investigate some of the roles of the innate immune
system (23) and can prove extremely useful to investigate
the response of human SCLC to chemotherapy or targeted
therapies (29,30). It is also noteworthy, however, that it
has been difficult to grow SCLC allografts or xenografts
orthotopically [e.g., (23)] whereas tumors rapidly expanded
outside the lungs, thus PDX studies are performed in
a different microenvironment than the lungs. Tail vein
injection of SCLC cells leads to the growth of tumors in the
liver, which can provide a model for SCLC metastasis to
the liver (21). A truly exciting development in the field has
been the observation that SCLC patients often have more
CTCs than what is found in other cancer types. This allows
for the generation of CTC-derived explant (CDX) models
(xenografts derived from CTCs), which are powerful tools
in longitudinal studies, and the generation of large numbers
of xenograft models from many patients (31,32).

GEMMs, allografts, and PDX/CDX models provide
complementary systems to investigate the biology of SCLC,
including tumor heterogeneity.

Intratumoral heterogeneity in SCLC

Evidence of intratumoral heterogeneity in SCLC was
demonstrated more than 30 years ago by the heterogeneity
of cell surface expression of a variety of antigens
detectable with monoclonal antibodies (33). However, this
heterogeneity has not been investigated at the functional
level until more recently, including in mouse models.
Emerging evidence indicates that neuroendocrine cancer
cells can give rise to a number of non-neuroendocrine
cancer cells that help promote tumor growth, including in
response to chemotherapy (Figure 2).
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SCLC long-term propagating cells are neuroendocrine

Cancer stem cells (CSCs) are often viewed as the
counterpart of normal adult stem cells in tumors. CSCs
[also sometimes referred to as tumor re-initiating cells
(TRICs), or tumor propagating cells (TPCs)] are thought
to support long-term tumorigenic growth and determine
the cellular heterogeneity of a primary tumor [see recent
reviews (34,35)]. The establishment of cell lines in culture
and even PDX models can result in the selection of specific
subpopulations of cancer cells [e.g., (36,37)], thereby
introducing bias in the identification of subpopulations that
may exist in tumors 7 vivo. The analysis of human primary
SCLC tumors is rendered difficult by rare surgeries and
small biopsies. In contrast, in GEMMs, a large number of
primary tumors at multiple stages of tumor development
can be studied iz vivo.

A number of cell surface molecules have been identified
as possible markers for CSCs in SCLC cell lines in
culture (38-43). However, when we examined cells for
the ability to serially transplant and generate various
subpopulations of tumor cells in a GEMM model of SCLC
[Rb/p130/p53, triple knockout (TKO) (19)], we identified
different markers, and CD24"¢" CD44" EpCAM"*"
SCLC cells were found to strongly enrich for CSCs (44).
Importantly, these CD24"" CD44"* EpCAM"" SCLC cells
represent ~50% of live tumor cells, indicating that CSCs
are not a rare subpopulation of cancer cells. The analysis of
PDX/CDX models showed that the same markers identify
tumor-propagating cells in human tumors, with similar
frequencies. Notably, SCLC CSCs express high levels of
markers of neuroendocrine differentiation, including Ascll
(also known as Mash1), which is an oncogenic transcription
factor in human SCLC cell lines (38,45).

These experiments do not exclude that subpopulations
of cells exist within the neuroendocrine CD24"¢" CD44"
EpCAM"¢" CSC pool, cells that may have even greater
ability to self-renew and propagate tumors. Identifying such
subpopulations using a combination of functional assays
and single-cell analysis approaches may help refine our
understanding of the cells that drive the long-term growth
of SCLC.

The clinical relevance of these observations is best
exemplified by recent studies showing that a subset of
SCLC CSCs express DII3, an atypical Notch ligand
and Ascll transcriptional target, at their surface (46,47):
targeting these cells with an antibody-drug conjugate may
represent a potent way to eliminate SCLC CSCs and block
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Figure 2 Intra-tumoral heterogeneity in SCLC. The most aggressive cells in SCLC (“Cancer stem cells”) are neuroendocrine cells;

these cells can give rise to non-neuroendocrine cancer cells with vascular and mesenchymal features, as well as via activation of Notch

signaling. Genetic events such as amplification of the Nfib locus, contribute to metastasis in mouse models. Note that although the different

subpopulations are presented as distinct entities for illustration purposes, there is certainly some overlap between at least some of these

different cell types. See text for details. SCLC, small cell lung cancer.
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the expansion of tumors in patients (30).

SCLC cells with a mesenchymal non-neuroendocrine

phenotype

If, in a first approximation, ~50% of SCLC cells with
strong neuroendocrine features have the capacity to act as
stem cells for this neuroendocrine cancer type, this raises
the question of the identity and the possible function of
other subpopulations of cells in this tumor type. The Berns
lab identified a population of non-neuroendocrine SCLC
cells characterized by increased expression of mesenchymal
markers (e.g., vimentin) and high levels of CD44 at the cell
surface in Rb/p53 mutant mice (48,49). These CD44""
SCLC cells can be generated by activation of signaling
pathways such as Ras signaling. Their frequency in mouse
tumors may only be a few percent, but these CD44""
cells can significantly enhance the metastatic ability of
neuroendocrine SCLC cells, in part using a paracrine
mechanism involving secretion of FGF2 by CD44"¢"
cells and activation of the Pea3 transcription factor in
neuroendocrine SCLC cells. The signals that induce
neuroendocrine SCLC cells to become more mesenchymal
include Ras signaling but are not fully understood. In
addition, the frequency and the possible role of these
CD44"¢" SCLC cells in human SCLC remain to be
determined. Finally, CD44"¢" SCLC cells from the mutant
mice can form tumors when transplanted in recipient
mice (48) but it is unclear if similar cells have the same
tumorigenic potential in humans.

Activation of Notch signaling within SCLC tumors and
the generation of non-neuroendocrine SCLC cells

The genomic analysis of human SCLC tumors has
identified recurrent mutations in the genes coding for
Notch receptors; these mutations have not been functionally
validated but are predicted to be most often loss-of-function
events based on their location in the genes and their effects
on the coding sequence (12). Accordingly, ectopic activation
of Notch signaling can acutely inhibit the expansion of
SCLC cells in culture and in mice (12,50-52). However, our
recent work has shown that tumors in GEMMs of SCLC
harbor a population of cells with activation of the Notch
signaling pathway, including expression of the target gene
HesI (52). These cells are cancer cells that have lost their
neuroendocrine features, they do not express mesenchymal

markers and are distinct from the CD44"¢" SCLC cells (52).
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cells are generated
from neuroendocrine cancer cells after activation of Notch
signaling within tumors. A mechanism underlying the
switch from neuroendocrine to non-neuroendocrine is likely
to be degradation or inhibition of Ascll expression (53,54)
but also involves induction of Rest/NRSF, which acts as
a repressor of neuronal and neuroendocrine programs in
SCLC cells (52). Importantly, these Hes1"®" SCLC cells
functionally interact with neuroendocrine tumor cells and
promote their growth in ex vivo assays; these cells may also
influence the growth of tumors under stress conditions such
as chemotherapy. These studies provide a second example
of intra-tumoral heterogeneity in which one subpopulation
of cancer cells (non-neuroendocrine Hes1® SCLC cells)
can enhance the growth of neuroendocrine tumors. It is
interesting to note that Notch signaling can act intrinsically
as a tumor-suppressive mechanism in neuroendocrine
SCLC cells but also as a pro-tumorigenic mechanism in a
tumor-intrinsic, non-cell autonomous way in these tumors.
Thus, strategies to activate or inhibit Notch therapeutically
may both be beneficial to patients depending on the cellular
make-up of their tumor.

Vascular mimicry in SCLC

The Dive lab recently described a third level of intratumoral
heterogeneity in primary tumors and CDX models. A
fraction of SCLC cells in tumors or in the circulation
have markers of vascular mimicry, including expression
of VE-Cadherin. Higher levels of vascular mimicry were
associated with decreased overall survival in SCLC patients.
Importantly, expression of VE-Cadherin is critical for
vascular mimicry and reduced levels of VE-Cadherin result
in slower tumor growth as well as increased efficiency of
chemotherapy (55). It is possible that vascular mimicry helps
supply nutrient and oxygen required for the expansion of
neuroendocrine SCLC cells. Whether VE-Cadherin” cells
exist in SCLC GEMMs is not known. The signals that can
induce the differentiation of SCLC cells into endothelial-
like cells is also not yet known but may be linked to oxygen
levels.

It is important to note that the CD44, Hesl, and VE-
Cadherin markers do not take into account transition states
between neuroendocrine and non-neuroendocrine states.
The current studies also fail to examine thoroughly whether
these states are reversible or even if some SCLC cells can
switch from one non-neuroendocrine state to another.
Lineage-tracing experiments in mice and single-cell studies
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will be critical to define all the subpopulations of cancer
cells within SCLC tumors and their dynamics, including
whether and how these currently known subpopulations
overlap and interact with each other.

Non-cancer cells in SCLC tumors

The studies discussed above indicate that a number of
subpopulations of cancer cells exist within SCLC tumors.
Sections from mouse or human SCLC tumors often reveal
few non-tumor cells such as immune cells or fibroblasts;
indeed, quantification of tumor purity in genomic studies
indicates that human primary SCLC tumors are more
than 80% composed of cancer cells (12). Still, a number of
human tumors contain immune cells and a higher number
of T cells and macrophages correlates with favorable
outcomes in patients (56). Long-term survivors of SCLC
also maintained a high ratio of effector T cells to regulatory
T cells (57). Our group has shown that inhibition of
the “marker of self” CD47 [recently reviewed in (58)]
can activate the innate immune system and induce the
phagocytosis of SCLC in allograft and PDX models (23).
Our goal here is not to provide an extensive discussion
about the role of immune cells in SCLC development and
as targets for therapy but to underscore that non-cancer
cells can certainly play a key role in SCLC and probably
interact with all the subpopulations of SCLC cells; the
populations of immune cells and their interactions with
other cells in tumors may also be affected by chemotherapy
and other forms of treatment.

Inter-tumoral heterogeneity in SCLC

Intratumoral heterogeneity in SCLC tumors may be
influenced by multiple factors, including tumor evolution
over time. SCLC tumors have one of the highest mutation
burdens among human tumors (12) and each tumor may
have its own set of mutations. Still, emerging evidence
shows that SCLC tumors may be separated into distinct
subgroups based on their genetic profile and that this
intertumoral heterogeneity may help design personalized
therapeutic approaches.

Genomic studies of buman SCLC and genetic diversity

A large number of studies over the past four decades
have identified recurrent mutations in the genes coding
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for the Rb and p53 tumor suppressors in human SCLC.
Genome sequencing efforts, including whole genome
sequencing, have demonstrated that these mutations are
nearly ubiquitous (12,59,60). These data and experiments
showing that loss of both Rb and p53 is required for the
development of tumors in mice (13) demonstrate that
inactivation of these two genes is a critical requirement for
SCLC initial development. However, SCLC tumors may
then acquire different alterations as they evolve or as they
progress to a metastatic state.

RNA-seq analysis indicates that a large fraction of human
primary tumors (~75%) have high levels of neuroendocrine
genes and low levels of Notch signaling; the remaining 25%
have lower levels of some key neuroendocrine genes such
as ASCLI but it is unclear whether these gene expression
differences truly represent distinct SCLC subtypes,
especially since these differences are not correlated with
specific genetic events (12). In addition, even though genes
like EP300, CREBBP, TP73, or NOTCHI1-4 are frequently
mutated and genes like MYC family genes or IRS2 are
recurrently amplified, there is also no clear pattern of
overlapping or non-overlapping combinations between
these events (12). This is possibly due to the still limited
number of samples that have been analyzed in depth.
Moreover, with the exception of Notch signaling (12), two
Myc family members (c-Myc and L-Myc) (14), and Pten
(18,20), very few of these recurrent alterations have been
functionally tested in GEMM:s or even PDX models. Thus,
it is difficult to know if these genetic alterations represent
distinct subtypes of SCLC that may have different growth
properties or may respond to various therapies differently.
However, mouse tumors acquire similar mutations as human
tumors do during tumor progression, including loss of Pren,
amplification of L-Mye, or loss-of-function mutations in
Notch genes (12,18,59), providing further support of the
relevance of these GEMM:s.

c-Myc-driven “variant” SCLC

High levels of ¢-MYC are found in human tumors
either as a result of DNA amplification or by unknown
transcriptional mechanisms (12). Ectopic expression
of c-Myc in preneoplastic, Rb/p53/p130 mutant
neuroendocrine lung epithelial cells is sufficient to
transform these cells (61). High levels of c-Myc (in its more
stable form Myc"**") rapidly transform Rb/p53 mutant
neuroendocrine lung epithelial cells (17). These Rb/p53/Myc
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mutant tumors express lower levels of neuroendocrine
markers compared to classical SCLC GEMMs and express
low levels of Ascll and high levels of NeuroD1 (17).
Interestingly, these features are reminiscent of a so-called
“variant” subtype of human SCLC (as opposed to a “classic”
neuroendocrine phenotype), which was initially identified
in SCLC cell lines (62-65). Importantly, this variant subtype
of SCLC with high levels of c-Myc may be particularly
sensitive to inhibitors of Aurora kinase (17,66), providing
an elegant demonstration that genotype can determine
therapeutic response in SCLC. MYC expression may also
be a marker of sensitivity to CHK1 inhibitors (24).

Metastatic SCLC

Little is known about metastatic SCLC in large part
because of limited tumor samples. This is changing with the
development of CDX models from CTCs (which may be
closely related to metastases) (31,32). However, GEMMs
remain a key system in which to study the mechanisms
of metastatic progression. Recently, three studies have
highlighted a major role for the Nfib transcription
factor in the metastatic progression of SCLC (14,15,21)
(Figure 2). The Nfib gene is frequently amplified in mouse
tumors as they become metastatic (21,67); in human
tumors NFIB is more rarely amplified (12,59,60) but high
expression is found in over 50% of metastases. We still
do not know whether SCLC tumors with high levels of
Nfib are more sensitive to specific targeted therapies but
their faster growth may render them more sensitive to
chemotherapy, at least initially (14).

Chemoresistant SCLC

While the majority of SCLC tumors in patients are initially
responsive to chemotherapy, tumors usually relapse rapidly
and when they do they are often resistant to the initial drugs
as well as other chemotherapeutics. Chemoresistance may
arise from the extensive mutational burden in SCLC tumors
and the growth of resistant clones. In tumors that are
intrinsically chemorefractory, recent evidence using CDX
models indicates that specific copy-number aberrations are
present (32). However, clonal analysis of SCLC tumors
versus lung adenocarcinoma indicates that SCLC tumors
have actually less subclonal diversity than these other
tumors and the level of subclonal heterogeneity does not
correlate with clinical stage (12). This clonal analysis
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suggests that genetic mechanisms such as point mutations
may not be driving the evolution towards chemoresistance.

Notably, long-term tumor-propagating cells in a mouse
model of SCLC are not more inherently chemoresistant
than other cell subpopulations within tumors (44). These
CSCs may even be more chemosensitive due to their
fast proliferative rate. In contrast, slower-growing non-
neuroendocrine SCLC cells in tumors, such as Notch-
active SCLC cells may be inherently more resistant to
chemotherapeutics as shown in a GEMM (discussed
above) (52) and may help the neuroendocrine cells survive
chemotherapy. SCLC cells with a mesenchymal phenotype
may also be intrinsically more chemoresistant (68,69).
Furthermore, interactions of SCLC cells with their
microenvironment, including the extracellular matrix, may
promote chemoresistance, although this has not been tested
in animal models (70-74).

Recent data in PDX models by Poirier, Rudin, and
colleagues suggest that epigenetic mechanisms may be at
play during the acquisition of chemoresistance. Their data
point to activation of the lysine methyltransferase EZH?2 in
chemoresistant PDXs and silencing of the DNA-damage
repair SLFEN11 as a major axis in the establishment of
chemoresistance (29). SLEN11 expression may also mark
tumors that are resistant to other drugs such as PARP
inhibitors (75).

Conclusions

SCLC remains one of the most lethal forms of cancer, a
disease for which therapeutic options are still extremely
limited. Except for the very small number of SCLC
patients diagnosed with early-stage cancer, survival rates
are dismal. Recent work, in large part from animal models
such as genetically-engineered mouse models and PDX/
CDX models has shown new levels of cellular complexity in
SCLC. The presence of various subpopulations of SCLC
cells and their functional interactions may explain the
outstanding plasticity of SCLC tumors and their striking
metastatic potential. It will be essential in the future to
relate this intratumoral heterogeneity with intertumoral
heterogeneity, including how specific genetic or epigenetic
events shape the cellular composition of tumors. For
instance, tumors with mutations in NOTCH genes may
harbor fewer non-neuroendocrine Hes1?* cells, but this has
not been formally determined yet.

Combining these pre-clinical models with novel
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technologies such as single-cell analysis by RNA sequencing
or mass cytometry (76) may prove useful to identify novel
subsets of SCLC cells at different stages of SCLC evolution
and after chemotherapy. Another key future step will be the
development of better models to investigate how specific
genetic events may lead to the development of distinct
subtypes of SCLC tumors. One promising approach will
be to use pre-neoplastic SCLC and test specific oncogenes
or tumor suppressors (61); another approach may be to
develop faster GEMMs using CRISPR/Cas9 approaches
in vivo to manipulate specific genes and specific populations
of cells. Faster modeling approaches may become critical as
recent studies point to a number of new targets and possible
biomarkers predictive of sensitivity or resistance to new
therapeutics [e.g., AXL expression and resistance to Weel
inhibition (77), p53 point mutations and chemotherapy
response (78), or DNA methylation as a biomarker for the
effects of LSD1 inhibitors (79)].

As an important note, it is striking that most studies
with GEMMs study dozens of mice that often themselves
carry dozens of clonally-distinct tumors while studies with
allografts or xenografts nearly always involve at most a
handful of independent models in each study. Mouse tumors
do not accumulate many additional mutations beyond the
initiating events and one way around this caveat might be
to introduce mutations in genes whose loss will result in
increased genetic instability (e.g., mismatch repair genes);
this way, mouse tumors may resemble human tumors more.
Conversely, the development of CDX models (directly
from CTCs in the blood of patients) may allow the field
to generate larger collections of human models, thereby
limiting the caveats of working with a few samples that may
not be representative of the disease in patients.

A better knowledge of intratumoral and intertumoral
heterogeneity from animal models and from cell lines in
culture is likely to be a requisite before molecular targeted
therapies can be designed to fight SCLC.
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