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Tumor suppressor genes (TSGs) are often involved in maintaining homeostasis. Loss of tumor suppressor functions causes cellular
plasticity that drives numerous types of cancer, including small-cell lung cancer (SCLC), an aggressive type of lung cancer. SCLC is
largely driven by numerous loss-of-function mutations in TSGs, often in those encoding chromatin modifiers. These mutations
present a therapeutic challenge because they are not directly actionable. Alternatively, understanding the resulting molecular
changes may provide insight into tumor intervention strategies. We hypothesize that despite the heterogeneous genomic
landscape in SCLC, the impacts of mutations in patient tumors are related to a few important pathways causing malignancy.
Specifically, alterations in chromatin modifiers result in transcriptional dysregulation, driving mutant cells toward a highly plastic
state that renders them immune evasive and highly metastatic. This review will highlight studies in which imbalance of chromatin
modifiers with opposing functions led to loss of immune recognition markers, effectively masking tumor cells from the immune
system. This review also discusses the role of chromatin modifiers in maintaining neuroendocrine characteristics and the role of
aberrant transcriptional control in promoting epithelial-to-mesenchymal transition during tumor development and progression.
While these pathways are thought to be disparate, we highlight that the pathways often share molecular drivers and mediators.
Understanding the relationships among frequently altered chromatin modifiers will provide valuable insights into the molecular
mechanisms of SCLC development and progression and therefore may reveal preventive and therapeutic vulnerabilities of SCLC
and other cancers with similar mutations.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths
worldwide. The two main types of lung cancer are small-cell lung
cancer (SCLC) and non-small-cell lung cancer (NSCLC); the latter is
further divided into lung adenocarcinoma, squamous-cell carci-
noma, and large-cell carcinoma. These lung cancer types are
typically defined by unique immunohistological features and are
clinically managed very differently. SCLC accounts for 10 to 15% of
all lung cancers1–3 and is an exceptionally lethal type of lung
cancer with a 5-year survival rate of 7%, which is significantly
worse than that of NSCLC (26%)4,5. The high mortality of SCLC is
mainly due to its highly proliferative and metastatic nature and its
rapid development of resistance to genotoxic chemo/radiation
therapy. Unlike lung adenocarcinoma, which is frequently driven
by druggable alterations such as activating mutations in EGFR,
ALK, and KRAS6,7, SCLC is driven mostly by unactionable, loss-of-
function mutations in genes encoding tumor suppressors,
including RB1 and P538.
Recent sequencing studies of the SCLC genome have uncov-

ered a plethora of mutations that may hold the keys to molecular
changes within patient tumor cells6,9. The most striking feature of
the SCLC genome is the fact that both the TP53 and RB1 genes are
mutated in over 90% of patients8,9. Studies of genetically
engineered mouse models have shown that concomitant loss of

Rb1 and Trp53 is required for SCLC initiation but have also
suggested roles of additional drivers in progression to full
malignancy. A group of chromatin modifiers mutated in 50% of
SCLC patient tumors have emerged as putative tumor suppressors
given the global impact of their inactivation and their implication
in other cancer types8,10. They include lysine-specific histone
acetyltransferases (e.g., CREBBP and EP300), lysine-specific histone
methyltransferases (e.g., KMT2 family proteins, also known as
MLLs), lysine-specific histone demethylases (e.g., LSD1 and
KDM6A) and components of the SWI/SNF (SWItch/Sucrose Non-
Fermentable) chromatin remodeling complex (e.g., SMARCA4/2
and ARID1A/B). The small numbers of patient tumors examined in
the studies of the SCLC genome preclude a robust analysis of
mutual exclusivity and cooccurrence among the mutations to
determine functional relationships; however, the known functional
interactions among the proteins on target chromatin led to
speculation that the epigenetic dysregulation resulting from the
mutations is related to key pathways causing malignancy.
Little is known of the specific dysregulated pathways, except for

findings from studies of cell cycle dysregulation in cancer cells-of-
origin11–13 and studies of preneoplasia progressing to full-blown
SCLC. More importantly, much less is known about the impact of
mutations in mutant epithelial cells on the stroma of patient
tumors. SCLC patients rarely undergo surgical resection of primary
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tumors because of the high occurrence of metastasis14–16. The
limited access to patient tumors makes it difficult to gain direct
insights into the SCLC tumor microenvironment (TME). To reveal
interactions within the TME, synthesis of data from patient tumors
and various mouse models is needed to recapitulate the
interactions between tumor cells and cellular components of the
microenvironment.
Here, we review recent studies suggesting that the balanced

actions among various chromatin modifiers are a critical gate-
keeper of SCLC cell identity and homeostatic interactions with
TME. Alterations in chromatin modifiers largely cause epigenetic
dysregulation, leading to transcriptional silencing of immune
markers on the surface of mutant cells and effectively leading to
immune exclusion within the TME. Concurrently, transcriptional
reprogramming enhances cellular plasticity, contributing to the
transition between SCLC subtypes and the acquisition of
mesenchymal characteristics.

ROLE OF EPIGENETIC ALTERATIONS IN RESHAPING THE
IMMUNE LANDSCAPE IN SCLC
Recently, interest has arisen around the potential use of utilizing
one’s own immune system to target SCLC through immunothera-
pies, including immune checkpoint blockade (ICB)17. ICB employs
antibodies to block immune checkpoint ligands (e.g., PD-L1,
CTLA4) to activate cytotoxic T cells (CD8-positive), which induce
lysis and killing of target cells18,19. Theoretically, SCLC seems to be
a perfect candidate for ICB: the high mutational burden of SCLC
should present sufficient neoantigens for activating the adaptive
immune system, rendering these cells susceptible to ICB-driven
immunotherapy20. Disappointingly, however, ICB treatment is
often ineffective in treating SCLC21,22. This is largely due to the
“immune cold” nature of SCLC tumors, which are characterized by
significantly decreased immune cell infiltration. In an early study
assessing levels of immune infiltration within patient samples, low-
grade tumors showed higher levels of infiltrating CD8+T cells and
macrophages than their high-grade counterparts23. Tumors
derived from a mouse model of SCLC exhibited alarmingly low
levels of immune infiltration, whereas KRAS- and EGFR-driven
NSCLC tended to have robust levels of immune infiltration24.
Furthermore, the immune cells that do penetrate SCLC tumors
tend to contribute to an immunosuppressive environment; for
example, there are increased proportions of regulatory T cells
(Tregs), M2-polarized macrophages, and myeloid-derived suppres-
sor cells (MDSCs)25. These cells suppress the activation of other
immune effectors by releasing anti-inflammatory cytokines, allow-
ing for the unchecked proliferation of tumor cells. The molecular
changes within SCLC cells that alter the immune microenviron-
ment have been of significant interest yet remain poorly under-
stood. Particularly, a role of epigenetic alterations in reshaping the
immune microenvironment has recently begun to emerge.
An increasing body of evidence suggests that chromatin

modifiers influence how SCLC cells interact with both the adaptive
and innate immune systems. Although ubiquitously expressed,
the expression of MHC-I (major histocompatibility complex-I), the
primary molecule for engaging cytotoxic T cells, is mostly
decreased in SCLC tumors26–28. Recent studies have implicated
polycomb repressive complex 2 (PRC2) in suppressing MHC-I
expression and presentation. Deletion of either embryonic
ectoderm development (EED) or enhancer of Zeste homolog 2
(EZH2), the core components of PRC2, was sufficient to restore
MHC-I expression and cell surface display29. EED is involved in
recruitment of the other subunits to form PRC2, and EZH2 is a
catalytic subunit with histone methyltransferase functions. EZH2-
mediated trimethylation of lysine 27 on histone H3 (H3K27me3) in
gene promoters and enhancers stimulates DNA compaction. This
modification of the histone results in a condensed chromatin
structure and thus renders the nearby genes inaccessible to

transcriptional machinery, leading to gene repression or silen-
cing30. These transcriptional alterations result in insufficient MHC-I
display on the cell surface. Furthermore, this activity is often co-
opted by many cancers with silencing of various tumor suppressor
genes, among which are the genes encoding cell cycle regulators
and antigen processing and presentation pathway components.
PRC2 was also found to silence genes encoding components of
the antigen presentation pathway (APP), including TAP1/2, which
are responsible for antigenic peptide transportation to the
endoplasmic reticulum (ER) and loading onto assembled MHC-
I29,31,32. Without proper antigen presentation, tumor-associated
antigens can no longer be recognized by and subsequently
activate T cells. Epigenetic suppression of MHC-I and APP
components prevents SCLC cells from being recognized by
T cells, particularly cytotoxic T cells, which are the key effectors
of immune checkpoint blockade (ICB) therapy. However, it is
important to note that losing the expression of this “self-
recognition” receptor should render cells susceptible to being
targeted by the cellular effectors of the innate immune system,
including macrophages, natural killer (NK) cells, and neutrophils.
How tumor cells escape this new challenge remains poorly
understood.
Macrophages were found to be largely absent in the immune

microenvironment of higher grade SCLC tumors, and those that
were present were positive for CD163, indicative of an M2
polarized state of cells23,33,34. Since such polarization results in loss
of the antitumor activity of macrophages, the mechanisms
underlying the depletion or inactivation of macrophages remain
an important research topic. A recent study suggested a role for
CD47 on SCLC cells in evasion of macrophages33. CD47 is a cell
surface protein on tumor cells that binds to SIRPα (signal
regulatory protein alpha) on macrophages, and the protein-
protein interaction activates the cytoplasmic domain of SIRPα to
trigger intracellular signals leading to inhibition of phagocytic
activity35,36. Elevated levels of CD47 provide a clear example of
transcriptional dysregulation in SCLC contributing to immune
evasion, but the mechanisms underlying upregulation of this
immune marker in SCLC remain unknown. Beyond the expression
of CD47, macrophage activation and chemotaxis to tumors is also
mediated by chemokines and cytokines37. SCLC tumors with low
levels of macrophage infiltration have been found to have low
levels of CC chemokine ligand 2 (CCL2) expression, which is a
chemokine responsible for the recruitment of monocytes that
differentiate into macrophages. Similar to MHC-I, CCL2 was found
to be epigenetically silenced by histone methylation at its
enhancer mediated by EZH238. In the same study, CCL2 expression
was also repressed by DNMT1 methylation of CpG islands at the
CCL2 enhancer. Implementation of EZH2 or DNMT1 inhibitors was
found to rescue CCL2 expression in SCLC cells. Furthermore, the
use of these inhibitors led to increased macrophage recruitment
in vivo implantation experiments.
NK cells are another potent effector of the innate immune

system. They recognize natural killer group 2, member D ligand
(NKG2DL) (including the subsets MICA/B and ULBP) on host cells39.
Upon recognition and activation, NK cells release perforin and
granzymes to induce cytolysis of target cells. Compared to NSCLC
cells, SCLC cells have significantly lower levels of NKG2DL40. The
levels of NKG2DL are negatively correlated with the levels of MYC,
a marker of the NEUROD1 subtype of SCLC. MYC works in concert
with histone deacetylase 3 (HDAC3) to deacetylate the promoter
of NKG2DL (specifically MICA/B) at histone 3 lysine 9 (H3K9Ac),
thus removing the transcriptional activation signal. NKG2DL is also
recognized by cytotoxic T cells, providing yet another example of
epigenetic silencing within SCLC cells that hides them from
various components of the immune system. The relationship
between NKG2DL and MYC is an example of how the
heterogeneity underlying each SCLC subtype contributes to
varying levels of immune infiltration within patient tumors.
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The ability to circumvent detection by immune surveillance is
one of the hallmarks of cancer development41, allowing the
excessive and sustained proliferation of mutant cells, and is often
acquired through aberrant transcriptional regulation of key
immune recognition markers (Fig. 1). Epigenetic silencing of
MHC-I, CCL2, and NKG2DL allows SCLC cells to avoid recognition
and destruction by both the innate and adaptive arms of the
immune system.

EXPLOITING EPIGENETIC VULNERABILITY FOR IMMUNE
THERAPIES
The significant impact of dysregulated chromatin modifiers on
immune evasion and depletion in the TME led to the concept that
reversing these transcriptional reprogramming events may be a
valuable treatment strategy to be employed in combination with
existing ICB. EZH2 has been shown to induce widespread changes
in the expression of immune markers in SCLC cells, for example,
silencing MHC-I and CCL2, thus inhibiting interactions with T cells
and macrophages. Use of an EZH2 inhibitor led to a reversal of
MHC-I silencing in an SCLC cell line29. Similarly, when EZH2 was
chemically inhibited in an SCLC cell line, CCL2 expression and
monocyte recruitment were restored38. The combination of BET
and HDAC6 inhibitors showed promising results in various
xenograft and allograft models of SCLC mediated by NK cells42.
The use of a pan-HDAC inhibitor led to a derepression of MICA
expression in SCLC cells that express high levels of ASCL1, a
classical marker of neuroendocrine (NE) characteristics in SCLC.
Furthermore, the use of the pan-HDAC inhibitor trichostatin A
(TSA) was also sufficient to increase NK-cell recruitment and
activation in allograft experiments43. Together, these studies
highlight that the use of inhibitors of chromatin modifiers not
only changes the expression of several key immune regulatory
markers on the surface of SCLC tumor cells but also leads to
increased levels of immune infiltration. The combination of an
EZH2 inhibitor with a PD-L1 blocker was suggested after
examination of an SCLC cohort in which most patients displayed
a stark lack of PD-L1 expression while harboring higher levels of

EZH244. When combined with existing ICB strategies, targeting
these epigenetic regulators may prime the cells for increased
recognition by both the adaptive and innate arms of the immune
system. While these aberrant epigenetic modifications in SCLC
may present interesting targets for therapeutic intervention, it is
important to recognize some of the major caveats of epigenetic
therapy. These include a lack of specificity both in delivery and in
targeting. An early study evaluating the effects of 5-aza-CdR, an
inhibitor of DNA methylation, and TSA, an inhibitor of histone
deacetylation, laid out an important framework for testing the
effects of epigenetic targeted drugs: comparing the results of
parallel genetic manipulation of targeted chromatin modifiers to
chemically induced outcomes. In the study, the researchers
compared the effects of these nonspecific inhibitors with the
effects of targeted knockdown of DNMT1 and DNMT345. The study
showed the importance of using genetic targeting strategies, such
as CRISPR technology, as a means to assess the impact of directly
inhibiting a target gene versus the off-target effects of a
nonspecific inhibitor.

EPIGENETIC CONTROL AND IMMUNOGENICITY OF SCLC
SUBTYPES
SCLC has long been treated as a singular disease. This is reflected
in the near universal use of the combination of cytotoxic
chemotherapy and radiation to treat SCLC patients. This strategy
has proven to be mostly ineffective at halting tumor progression.
However, there has been a significant shift in the field with the
increasing appreciation of the heterogeneity between and within
patient tumors. A molecular subtyping strategy that classifies SCLC
cells into three groups (SCLC-A, N, and P) based on the expression
of neural lineage-defining transcription factors (ASCL1, NEUROD1,
or POU2F3) has recently been proposed46. Alternatively, these
subtypes can be further subdivided into neuroendocrine
(SCLC-A/-N) and nonneuroendocrine (SCLC-P) subtypes. SCLC
arises from neuroendocrine cells in the central airway12. The
neuroendocrine characteristics are often lost during SCLC
progression (i.e., there is a transition from neuroendocrine (NE)

Fig. 1 Epigenetic regulation of immune recognition markers in SCLC. The schematic depicts epigenetic control of immunogenicity in SCLC.
Hyperactivity of PRC2, particularly increased methylation (H3K27me3) by its catalytic subunit EZH2, leads to transcriptional silencing of MHC-I
and CCL2. Loss of these markers masks mutant cells from CD8+T cells and macrophages. HDAC3 removes the transcriptional activation signal
(H3K9Ac) on histone tails at the promoter of NKG2DL, leading to DNA compaction. Loss of NKG2DL expression inhibits recognition by NK cells
and CD8+T cells. The hyperactivity of these chromatin modifiers in SCLC contributes to a closed chromatin conformation at the regulatory
regions of the genome surrounding these immune markers. As a result, these regions become inaccessible to transcriptional machinery.

N.A. Kirk et al.

2120

Experimental & Molecular Medicine (2022) 54:2118 – 2127



to non-NE characteristics). Previously, a fourth subtype, SCLC-Y,
was proposed based on YAP1 expression, but the relevance of this
subtype has since been questioned, and SCLC-Y is currently
regarded as a non-NE subtype rather than an independent
subtype. Instead, another subtype called the “inflamed” subtype
(SCLC-I) has been added to the list, which is characterized by a
gene signature with elevated levels of immune checkpoint
markers coinciding with increased levels of immune infiltration47.
Levels of immune infiltration differ by subtype, which will be
described in further detail below. Recent emphasis has been
placed on discovering what drives the progression of each
subtype and the overlapping transformation mechanisms that all
subtypes use. Epigenetic control of gene expression culminates in
alterations made to the chromatin landscape impacting gene
expression. The following sections will describe how aberrant
chromatin modifiers drive changes to the chromatin layout within
transforming SCLC cells to promote tumor development.
One of the factors deciding SCLC subtype is lysine demethylase

1 (LSD1), which acts as a transcriptional repressor by removing
activating monomethylation or dimethylation of histone H3 lysine
4 (H3K4me1/me2) at regions flanking transcription start sites48–50.
Methylation of H3K4 is a well-established marker of actively
transcribed genes51–54 Removal of these posttranslational mod-
ifications inhibits recruitment and interactions with chromatin
remodelers and transcription factors. LSD1 expression was found
to be higher in the majority of SCLC samples (at an astounding
rate of 98%) compared to adjacent normal tissues, and the protein
activity was found to be concentrated at neuronal differentiation
genes55. Treatment of SCLC cells with an LSD1 inhibitor revealed
that sensitivity to this drug could be predicted by the expression
levels of members of the MYC family of transcription factors,
including MYCL, MYCN, and MYC. Consistent with the patterns of
MYCL/MYCN amplification in the SCLC-A subtype and MYC
amplification in the SCLC-N subtype8,46, the expression of ASCL1
and NEUROD1 in SCLC cell lines representing the SCLC-A and
SCLC-N subtypes was dependent on LSD1 activity56. Furthermore,
LSD1 inhibition impacted the expression of SYP and CHGA,
additional NE markers. Blocking LSD1 activity not only decreased
the expression of NE markers but also subsequently resulted in
activation of the NOTCH signaling pathway, which indicates
transcriptional reprogramming toward a non-NE phenotype50.
ASCL1 is a key transcription factor in the maintenance of NE

features of SCLC cells and is highly expressed in 70% of SCLC
cases46. ASCL1 expression is often sustained by chromatin
modifiers. Similar to LSD1, when the histone demethylase KDM5A
was targeted by CRISPR/Cas9 in various SCLC cell lines, the
expression of ASCL1 and the NE markers CHGA and SYP
decreased57. These SCLC cell lines often grow as clusters in
suspension; however, after targeting KDM5A, the cells became
adherent in culture. This transition in culture is often a sign of
SCLC cells losing their NE characteristics. Furthermore, KDM5A was
found to bind to the NOTCH2 promoter and to several NOTCH
target genes, silencing their expression and silencing the overall
NOTCH signaling pathway. LSD1 and KDM5A are examples of
proteins that epigenetically control cellular identity by sustaining
the NE features of SCLC cells.
The previous section described the relative lack of immune cells

within the SCLC microenvironment. Further examination of the
correlation between immune infiltration within patient tumors and
circulating levels of immune cells revealed that immune cell
infiltration within the tumor varies based on the degree of NE
characteristics of the tumor25,58. NE-high tumors (SCLC-A/-N) were
found to have decreased levels of T-cell and NK-cell infiltration
compared to NE-low tumors (SCLC-P). These low levels of immune
infiltration were in contrast with the increased levels of T cells, NK
cells, and macrophages within NE-low tumors. These tumors
represent the emerging inflamed subtype (SCLC-I)47. Genetically
engineered mouse models (GEMMs) of the two NE-high subtypes of

SCLC (RP: Rb1lox/lox;Trp53lox/lox and RPR2: Rb1lox/lox;
Trp53lox/lox;Rbl2lox/lox)11,13 recapitulate what is seen in patient samples.
The tumors from the RP and RPR2 GEMMs, both of which are SCLC-A,
displayed higher levels of immune markers than the RPM GEMM
(Rb1lox/lox;Trp53lox/lox; H11lox-stop-lox-MycT58A) tumors, which are SCLC-N.
The levels of immune infiltration within these tumors also followed
the patterns seen in patient tumors, with RPM tumors displaying the
lowest amount of T-cell infiltration58. The analysis of patient data and
validation in GEMMs confirms the classification of SCLC as being
immune cold, with the NEUROD1 subset of tumors showing the
greatest lack of infiltrating immune cells.
Not only did NEUROD1 tumors have the lowest levels of

infiltrating immune cells, but the T cells present were also found to
be composed of higher levels of regulatory T cells (Tregs) and
cytotoxic T cells (CD8+) displaying an exhausted phenotype than
the respective levels in SCLC-A tumors25, contributing to an
immunosuppressive environment. These results highlight the
heterogeneity of immune infiltration composition based on SCLC
subtype: NE-high subtypes (SCLC-A/SCLC-N) are primarily immune-
suppressive based on immune cell infiltration levels and surface
levels of immune recognition markers. While these NE character-
istics have been shown to be sustained through the efforts of
various chromatin modifiers, including LSD1 and KDM5A, how
epigenetic regulation of NE features contributes to the varying
expression levels of immune markers remains to be determined.
NE-high tumors consistently show high levels of immune

exclusion due to low expression levels of MHC-I and TAP1, both of
which are epigenetically silenced by PRC229. Interestingly, SCLC
patient samples with low levels of NE markers (ASCL1-low, CGRP-
low) tended to have high levels of MHC-I expression that
correlated with the expression of EMT markers59. In the same
study, the researchers discovered a subset of cells in the H69 SCLC
cell line that were enriched for low NE expression and an increase
in TAP1 and MHC-I expression. Rescue of the expression of these
markers was correlated with an increase in levels of H3K27Ac, a
transcriptional activation marker opposing the repressive markers
of PRC2. This suggests that as SCLC cells transition from an NE to a
non-NE phenotype, they undergo transcriptional reprogramming,
which impacts not only lineage plasticity but also immunogeni-
city. This notion was further exemplified by a recent study
assessing the effects of LSD1 inhibition in various SCLC cell lines60.
LSD1 inhibition led to a loss of NE features that coincided with the
rescue of the expression of MHC-I and other components of the
APP pathway. LSD1-mediated restoration of MHC-I and APP
component expression sensitized RPR2 tumors to PD-L1 blockade,
resulting in increased infiltration of cytotoxic T cells. This study
provides a clear example of the efficacy of targeting chromatin
modifiers to treat SCLC by enhancing the response to ICB. It also
provides a novel link between the simultaneous regulation of NE
characteristics and immune recognition markers in SCLC.

EPIGENETIC REGULATION OF CELL PLASTICITY DURING SCLC
DEVELOPMENT AND PROGRESSION
At the time of diagnosis, two-thirds of SCLC tumors have already
metastasized61,62. This alarmingly high rate of metastasis presents
a therapeutic challenge. It has been suggested that the metastatic
switch in SCLC is driven by “chromatin reprogramming”63. This
idea was supported by an analysis of patient samples and tumors
derived from RP GEMMs in which the expression of the neural
transcription factor NFIB was increased in metastases64–66.
Although the mechanism remains undiscovered, the elevated
levels of NFIB correlated with a hyperaccessible chromatin state.
Interestingly, in melanoma, NFIB was found to increase EZH2
expression67. As described in the previous section, EZH2 is a
potent regulator of epigenetic dynamics in SCLC. Chromatin
modifiers control transcription by fostering either an open or
closed conformation. Closed chromatin, often resulting from
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amplified levels of histone methylation, is marked by an increase
in DNA compaction around histones and thus renders these
regions of the genome inaccessible to transcriptional machinery.
In contrast, acetylation of histones along with nucleosome sliding
or even eviction increases accessibility. Anomalous control of
these accessibility states is a key mechanism by which chromatin
modifiers drive cellular plasticity.
There appears to be a pattern emerging: the shifts in chromatin

organization during tumor progression impact the transcription of
key genes; regions of the genome containing the promoters of
crucial oncogenes tend to be maintained in a hypomethylated
(accessible) state, while regions that include the promoters of tumor
suppressor genes tend to be hypermethylated (inaccessible)68,69.
However, the mechanism behind these selective methylation
patterns remains unknown. In the previous section, this pattern
was shown to manifest in the loss of cellular identity, including the
loss of NE characteristics and immune markers. This portion of the
review will discuss how imbalance of chromatin modifiers propels
the transformation from an epithelial to a mesenchymal state.
Epithelial-mesenchymal transition (EMT) is a major cellular mechan-
ism underlying metastasis and is driven by a number of genetic and
phenotypic changes. These changes are mainly related to cell-cell
interactions resulting in increased mobility, allowing tumor cells to
migrate and invade secondary regions throughout the body. The
most common EMT- associated changes include loss of expression
of the cell adhesion molecule E-cadherin (CDH1) and upregulation
of the expression of N-cadherin (CDH2) and vimentin70. Further-
more, these transcriptional changes are maintained through
increased expression of the following EMT-associated transcription
factors: SNAIL, SLUG, TWIST, ZEB1, and ZEB270. Just as the transition
between SCLC subtypes is being increasingly appreciated as a
gradual process in which transitioning cells often display overlap of
subtype markers, EMT is no longer regarded as a binary event and
has begun to be defined as a progressive transformation70. In
accordance with the guidelines from ‘the EMT International
Association’ (TEMTIA), the ability of epithelial cells to undergo this
transformation will be referred to as “epithelial-mesenchymal
plasticity” (EMP) for the remainder of this review.
While metastasis is often associated with the later stages of

cancer progression, the tendency for SCLC to exhibit early
metastasis has raised the question of whether these cells contain
an inherent propensity to metastasize71. This pattern of early
metastases is recapitulated in experimental models of SCLC,
including GEMMs, which often feature very few initiating muta-
tions: the RP model has only conditional loss of Rb1 and Trp53, the
RPR2 model has additional deletion of Rbl2 (also known as p130),
and the RPM model additionally features a hyperactive form of
MYC11,13. In particular, cells isolated from the primary tumors of
these mice initially grow as spheroid aggregates in suspension,
thus indicating that these primary tumor cells alter cell-matrix and
cell-cell interactions and display a cellular phenotype conducive to
invasion. While the paucity of mutations may support the notion of
an inherent capacity of mouse SCLC to metastasize, the nearly
intact cell-matrix and cell-cell interactions seen in Rb1/Trp53-
deficient preneoplastic cells (hereafter called preSCs), derived from
early-stage lesions in GEMMs, imply the need for additional drivers
to induce drastic cellular transformation72,73. A recent review laid
out the mechanisms of metastasis in SCLC74; however, this section
will focus on how epigenetic dysregulation, particularly that
induced through the actions of chromatin modifiers, drives EMP
in SCLC through epigenetic silencing of epithelial markers and a
subsequent increase in mesenchymal characteristics.

ROLE OF EZH2 IN EPITHELIAL-MESENCHYMAL PLASTICITY OF
SCLC
SCLC patients often have a history of smoking. Chronic cigarette
smoke exposure (CSE) has been linked to inducing mutations

involving C:G > A:T transversions8. Prolonged CSE of human
bronchial epithelial cells (HBECs) has also been found to induce
aberrant transcriptional control, promoting the transition to a
mesenchymal phenotype75–77. These smoke-exposed HBECs
acquire a mesenchymal phenotype, as indicated by elongation.
At the molecular level, these cells lack CDH1 expression while
simultaneously gaining expression of vimentin and CDH2, both of
which are mesenchymal markers. The expression levels of several
lncRNAs, including HOTAIR and MALAT1, are increased in HBECs
after smoke exposure78. Just as chromatin-modifying complexes
control transcription by altering DNA-histone interactions,
lncRNAs can regulate transcription through recruitment and
assembly of various transcription factors and chromatin-
modifying complexes79. Further exploration of the effects of
continuous smoke exposure on HBECs revealed that the
transcriptional reprogramming was driven by increased EZH2
activity mediated by the lncRNA metastasis-associated in lung
adenocarcinoma transcript 1 (MALAT1)80. CSE was found to be
positively correlated with MALAT1 expression, which was found to
be necessary for maintaining EZH2 expression. Previous studies
have provided a link between prolonged smoke exposure and
acquiring a mesenchymal phenotype. Furthermore, these studies
showed a correlative relationship between CSE and increased
EZH2 expression and raise an interesting question: can chronic
CSE-induced epigenetic dysregulation prime untransformed NE
cells for EMT occurring after the acquisition of additional
oncogenic alterations?
In many cancers, such as NSCLC, oncogenic alterations involve

the upregulation of potent drivers, such as KRAS and EGFR6,7.
However, in SCLC, the alterations tend to involve the gradual
accumulation of loss-of-function mutations. EZH2 hyperactivity
has been proven to have widespread effects on transcriptional
reprogramming in SCLC. Its apparent hyperactivity may be
attributed to frequent loss-of-function mutations in the
chromatin-modifying complexes that antagonize EZH2 and
compete for occupancy at regulatory regions of the genome.
Chromatin modifiers form interconnected, complex networks that
often work in concert with or in opposition to each other. PRC2
and methyltransferases are often associated with gene silencing,
particularly through methylation of lysine residues 9 and 27 on
histone 3 (H3K9/27). In contrast, histone acetyltransferases, such as
CREBBP/EP300 (also known as CBP/p300), work together with
various complexes, such as the SWI/SNF complex, to promote
active transcription by relaxing DNA around histones and
increasing accessibility to transcriptional machinery. CREBBP was
found to be a potent tumor suppressor in SCLC73. Loss of CREBBP-
mediated histone acetylation results in transcriptional reprogram-
ming within Rb1/Trp53-deficient preSCs and promotes tumori-
genic transformation of these preneoplastic cells. The actions of
CREBBP and PRC2 often converge at the regulatory regions of the
same genes. EZH2 silences CDH1 expression by methylating
histones at its promoter (resulting in H3K27me3)78,81. In preSCs,
targeting CREBBP is sufficient to reduce the expression of CDH1
and tight junction proteins and concomitantly increase the
expression of mesenchymal markers, including vimentin and
ZEB1. The decrease in CDH1 expression caused by the loss of
CREBBP parallels the reduction in CDH1 caused by EZH2-mediated
promoter methylation. These findings support the idea that EZH2
hyperactivity in SCLC is crucial to the loss of competitors for
chromatin occupancy. Given the high frequency of chromatin
modifiers harboring mutations in SCLC tumors, there is a need to
investigate how interactions between these complexes drive
tumor development and progression through transcriptional
reprogramming.
Emerging evidence has begun to show a strong correlation

between a mesenchymal phenotype and chemoresistance. PARP1
has been shown to be highly upregulated in SCLC82, thus
providing a potential vulnerability that can be targeted
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therapeutically. Increased expression of both CDH1 and SLFN11, a
helicase involved in the response to DNA damage, was found to
be a reliable predictor of sensitivity to PARP inhibitors, suggesting
a negative association between EMT and drug sensitivity83.
Although that study provided evidence of actionable predictors
of therapeutic sensitivity in SCLC, it also reflects a commonality in
treating SCLC, in which patient tumors show an initial yet fleeting
response to treatment. SLFN11 expression was found to be
frequently repressed in cell lines derived from patients who have
undergone some form of chemotherapy84. Furthermore, the
expression of SLFN11 was found to be directly regulated by an
all-encompassing methylation pattern of the histones surrounding
and inclusive of the SLFN11 gene body mediated by EZH2. In a set
of SLFN11-low, previously treated SCLC cell lines, SLFN11
expression could be rescued through the administration of EZH2
inhibitors. Supporting the notions of a strong mesenchymal
signature and chemoresistance, SLFN11 expression was found to
be negatively correlated with the expression of TWIST1. This is yet
another example of the effects of EZH2 hyperactivity in promoting
the pervasiveness of SCLC through both acquired resistance
and EMP.

EXPANDING LANDSCAPE OF EPIGENETIC DYSREGULATION
UNDERLYING CELL PLASTICITY
While numerous studies have highlighted the importance of EZH2
hyperactivity in SCLC development, they have only focused on
one piece of the puzzle. Methyltransferases, such as EZH2, often
become overexpressed in SCLC, making them attractive targets for
therapeutic intervention. However, it is interesting to note that
thus far, in SCLC patient samples, there are no documented copy
number alterations of these proteins leading to their increased
expression, suggesting that they are also subject to epigenetic
control. Therefore, looking at a patient’s genetic profile will not
indicate increased levels of EZH2 activity, but it will provide
information about mutations occurring on the other side of the
chromatin modification spectrum. There are numerous other
chromatin modifiers that have a competitive relationship with
PRC2, many of which are frequently mutated in SCLC. However,
their role in SCLC progression remains significantly understudied.
Therefore, the following section will summarize studies describing
how frequently mutated chromatin modifiers contribute to
cellular plasticity in the context of other cancers. These studies
may provide important starting points to explore in SCLC.
The SWI/SNF chromatin-modifying complex is one of the most

commonly mutated complexes across various cancer types85,
including SCLC. It works in concert with CREBBP to promote an
open chromatin conformation through nucleosome sliding at
competing sites with PRC2. The SWI/SNF complex is an ATP-
dependent chromatin-remodeling complex that is made up of
15 subunits that form various combinations. SMARCA4/2 (BRG1/
BRM1) and ARID1A/B (BAF250A/B) are integral subunits of the
complex and are recurrently mutated in patient tumors in a
mutually exclusive fashion86. While individual component muta-
tions are less frequent (<5%) in SCLC, the mutations all result in
SWI/SNF dysfunction. Thus, the compounded frequency (~20%) of
the mutations provides a strong rationale for investigating the role
of the SWI/SNF complex in SCLC. Especially given the antagonistic
role of the SWI/SNF complex and PRC2, understanding the impact
of SWI/SNF subunits may provide insight into therapeutic
vulnerabilities of patient tumors harboring mutations related to
EZH2 inhibitor resistance, as seen above, with CBP/P300 mutations
increasing vulnerability to these inhibitors. SMARCA4 is also
frequently mutated in NSCLC. Monitoring tumor formation in
NSCLC GEMMs of lung adenocarcinoma (KPS: KrasLSL-G12D/+;
Trp53lox/lox; Smarca4lox/lox) revealed that regardless of the cell type
in which the alleles were targeted (alveolar type II epithelial cells
or club cells), Smarca4 loss led to increased metastasis87. In studies

of both gastric cancer and pancreatic ductal adenocarcinoma
(PDAC), analysis of patient samples and available cell lines
revealed that loss of either Smarca4 or Arid1a led to increased
metastasis and decreased CDH1 expression88–90. Furthermore,
SMARCA4 loss in triple-negative breast cancer (TNBC) cell lines was
associated with an increased mesenchymal signature, including
increased expression of SNAIL, TWIST, and CDH2 and increased
HIPPO pathway activity91. The HIPPO pathway is associated with
an invasive phenotype92, and one of its key mediators is YAP1: a
key non-NE marker found to be upregulated upon loss of ASCL1
and NEUROD1 in SCLC. In the study of TNBC, loss of SMARCA4 led
to increased YAP signaling activity, and in a specific subtype (SL
subtype: MDA-MB-468 cells), it was found to lead to increased
expression of both YAP and its downstream targets. As previously
described, the NE to non-NE transition in SCLC is frequently
regulated by the chromatin modifiers LSD1 and KDM5A. The
connection between the SCLC subtype and EMP signatures is
gaining interest. Transcriptional analysis of cells isolated from RPM
GEMMs identified gradual loss of NE marker expression (ASCL1,
NEUROD1) that coincided with increased expression of YAP1 and
mesenchymal markers (TWIST, SNAIL, ZEB1, ZEB2)93. Loss of the
expression of these key SWI/SNF complex components may
contribute to increased plasticity in SCLC through NE dediffer-
entiation and the accumulation of mesenchymal markers.
UTX (KDM6A) is a histone demethylase and is also found to be

recurrently mutated in SCLC, but the impact of these mutations on
SCLC development remains unexplored. UTX knockdown in
NSCLC cells leads to a modest decrease in CDH1 expression94.
Furthermore, in colon cancer, UTX was found to interact with
CREBBP at the CDH1 promoter95. This interaction complements
the inhibition of CDH1 transcription by PRC2 through increased
methylation at the CDH1 promoter78. Together, these studies
highlight the antagonistic relationship between UTX and PRC2. In
a study evaluating the metastatic potential of breast cancer stem
cells, UTX was found to work in concert with LSD1 and HDAC1 to
remove the transcriptional activation signal H3K4me2 at the
promoters of EMT-TFs, including SNAIL, ZEB1, and ZEB2, and thus
inhibit their expression96. Interestingly, LSD1 localization at these
promoters was found to be dependent on UTX expression. Given
the contrasting levels of NE-high SCLC cells within primary tumors
and NE-low cells within metastases, loss of UTX may be one of the
molecular switches priming cells for EMT by increasing the
expression of EMT-TFs.
Current studies in SCLC suggest that EZH2 hyperactivity

kickstarts the transition from an epithelial to a mesenchymal
state. While EZH2’s methyltransferase capabilities lead to tran-
scriptional repression of key EMP effectors, it does not act in
isolation. Epigenetic regulation by chromatin modifiers is a highly
dynamic process. There are many chromatin modifiers that
compete with EZH2 for chromatin occupancy, which are
frequently mutated in SCLC patients. However, their role in the
context of SCLC development remains rarely explored. Based on
our review of studies exploring these chromatin modifiers in
various cancers and the established relationship between CREBBP
mutations and EZH2 in SCLC73, we propose that loss-of-function
mutations in chromatin modifiers (e.g., ARID1A, SMARCA4, UTX)
lead to loss of NE identity and increased plasticity (Fig. 2).

CONCLUSIONS
In recent years, SCLC research has made remarkable progress in
understanding the biology of SCLC (a recalcitrant disease) and is
beginning to uncover critical interactions between tumor cells and
the immune landscape of the TME through the creation and
implementation of many physiologically relevant mouse models.
Synthesis of these models along with knowledge gained from
patient samples suggests that despite the substantial hetero-
geneity in the SCLC genome mutational profile, the mutations
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tend to be related to a few critical pathways that drive tumor
development and progression. This review has focused on the
emerging role of chromatin modifiers as the driving force behind
key pathways promoting tumor development. Within mutant cells,
an imbalance among chromatin modifiers (e.g., hyperactivity of
methyltransferases and loss-of-function of chromatin remodelers)
promotes immune evasion, increased plasticity, and the acquisi-
tion of mesenchymal characteristics (Fig. 3). Further examination
of the processes underlying these processes suggests that they
are not separate events in the progression towards malignancy.
For instance, recent studies have demonstrated the importance of
tumor cells losing immune recognition markers as they dissemi-
nate to secondary locations97,98. This is evident in the interactions

between NEUROD1-high SCLC and NK cells. SCLC-N has the lowest
levels of immune infiltration and the highest numbers of
metastases. Maintenance of these NE features is controlled by
chromatin modifiers (LSD1, KDM5A)50,56,57. NK cells were found to
be strictly excluded from mouse SCLC-N tumors58. Exploring the
role of NK cells in tumor progression revealed that these cytotoxic
cells did not have an apparent effect on primary tumor formation,
but once activated, they were found to be key mediators
controlling the metastatic spread of SCLC. Furthermore, NK cells
identify their targets through recognition of NKG2DL. However, in
SCLC, NKG2DL is transcriptionally silenced due in part to the
cooperation of MYC and HDAC3. These findings highlight the role
of chromatin modifiers as gatekeepers of the overlapping

Fig. 2 Chromatin modifiers control cellular plasticity in SCLC and other cancers. In this schematic, we depict a scenario in which mutations
in chromatin modifiers that promote active transcription (SWI/SNF components, UTX) contribute to EZH2 hyperactivity in SCLC. As shown in
both SCLC and other cancers, loss of these components along with EZH2-mediated chromatin remodeling leads to loss of epithelial markers
and increased expression of mesenchymal markers and EMT-TFs. These transcriptional changes result in mutant cells acquiring a
mesenchymal phenotype, priming these cells for metastasis. *Frequently mutated yet unexplored in SCLC.

Fig. 3 Convergence of aberrant chromatin modifications in SCLC. In this schematic, we emphasize that alterations in chromatin modifiers
are related to key processes in SCLC development: immune evasion, loss of cell identity, and epithelial-mesenchymal plasticity. Chromatin
modifiers (including EZH2, LSD1, HDAC) can be targeted therapeutically to restore the expression of immune markers (MHC-I, CCL2, NKG2DL)
to increase recognition by immune cells and their recruitment to the TME.
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processes of immune recognition and metastatic spread in SCLC.
Targeting these chromatin modifiers shows promising results in
restoring the expression of immune markers and even recruiting
immune cells to the SCLC TME (Fig. 3).
Perhaps the most robust example of convergence despite such

heterogeneity in SCLC is EZH2-mediated transcriptional dysregu-
lation. EZH2 acts as a master regulator of SCLC plasticity. EZH2
hyperactivity in SCLC results in transcriptional reprogramming
crucial for various aspects of both immune evasion and EMP in
SCLC. It is responsible for silencing both MHC-I and CCL2, masking
tumor cells from both the innate and adaptive arms of the
immune system. As a regulator of lineage plasticity, EZH2
regulates the expression of CDH1 and interacts with lncRNAs to
control the expression of various mesenchymal markers. EZH2
itself is subject to transcriptional regulation by NFIB. These
examples show that EZH2 hyperactivity promotes SCLC tumor
formation by affecting both the immunogenicity and plasticity of
transforming cells. Extensive studies have compiled lists of EZH2
target genes; however, the mechanisms involved in EZH2
recruitment to target gene sites in the genome remain
comparatively underexplored. In SCLC, it was discovered that
the transcriptional repressor chromodomain Y-like (CDYL) recruits
EZH2 to the cyclin-dependent kinase inhibitor 1 C (CDKN1C)
promoter, leading to its silencing and further contributing to
chemoresistance99. Other mediators of EZH2 localization at other
target genes in SCLC remain unknown. It has been proposed that
EZH2, and other Polycomb group (PcG) proteins, may be recruited
to CpG islands through lncRNAs. In particular, HOTAIR was found
to recruit EZH2 to the CDH1 promoter in nasopharyngeal
carcinoma (NPC), leading to its transcriptional repression100. Given
the increased expression of lncRNAs following CSE and the
apparent hyperactivity of EZH2 in SCLC, exploring this relationship
in the context of EZH2 localization to target genes in transformed
SCLC cells may provide further insight into additional molecular
vulnerabilities. Additionally, understanding the mechanisms of
EZH2 localization may provide broader insight into the aberrant
methylation landscape occurring during tumor progression across
various cancers, including insight into how oncogenes tend to be
selectively spared from hypermethylation to allow their persistent
accessibility and expression. While its comprehensive role of EZH2
in SCLC has been appreciated in numerous studies, an under-
standing of the role of chromatin modifiers that antagonize EZH2
is lacking. These chromatin modifiers have been found to harbor
recurrent mutations in SCLC and may represent therapeutic
vulnerabilities. For example, loss of SMARCA4 in NSCLC cell lines
led to sensitization to EZH2 inhibitors101. Understanding which
patients may benefit most from therapy targeting epigenetic
regulators may enhance the effectiveness of current immu-
notherapies44,60. Exploring the relationship among frequently
altered chromatin modifiers will strengthen our understanding
of the pathways exploited by transcriptional dysregulation during
SCLC progression.
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