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Abstract: The heterogeneous nature of cell populations in human tumors is a major contributor to tumor evolution, including and
perhaps most importantly in response to treatment. Here, we review current knowledge on tumor heterogeneity and cell state plasticity
in small cell lung cancer (SCLC), a fast growing and highly metastatic form of lung cancer which develops rapid resistance to therapy.
There is a pressing need to expand treatment options for patients with SCLC, which requires a better understanding of the mechanisms
by which this disease is able to rapidly grow and evolve in response to therapy. Our current understanding points to epigenetic rather
than genetic factors in defining major aspects of inter- and intra-tumoral heterogeneity in SCLC. SCLC is overall considered to be
a neuroendocrine (NE) cancer type but SCLC tumors harbor a wide diversity of cancer cell states, including both NE and non-
neuroendocrine (non-NE) states, defined by their mutually exclusive expression of a set of transcription factors such as ASCLI,
NEURODI, and POU2F3. The immune microenvironments of SCLC tumors also contain a great deal of heterogeneity. Here, we
discuss the different SCLC cell states associated with their defining transcription factors, as well as the epigenetic mechanisms
regulating the ability of SCLC cells to switch from one state to another. We further discuss how the composition of SCLC tumors and
the surrounding immune cells may affect the response to chemotherapy and immunotherapy. Being able to control plasticity and
heterogeneity in SCLC may in the future offer unique opportunities to improve treatment efficacy in this recalcitrant cancer.
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Introduction

Human tumors are composed of a mixture of cancer cells and non-cancer cells, including immune cells, fibroblasts,
vascular cells, and nerves. Advances in single-cell technologies monitoring DNA, RNA, and proteins have demonstrated
the heterogeneity of these various cancer and non-cancer cell populations. Accumulating evidence also indicates that this
heterogeneity plays a key role in the evolution of tumors, including in response to therapy.'> A major goal of cancer
research is to characterize intra-tumoral heterogeneity in depth for each type of human cancer, hoping to exploit this
knowledge to develop new therapeutic strategies. In this review, we will focus our analysis of heterogeneity and plasticity
in small cell lung cancer (SCLC).

SCLC is a highly aggressive neuroendocrine (NE) subtype of lung cancer which accounts for ~15% of cases
worldwide. SCLC is also the deadliest lung cancer, with a median survival time of only 10-12 months and a 5-year
overall survival rate of less than 15%. SCLC development has been strongly associated with heavy cigarette smoking and
exposure to carcinogens. Worldwide, it is estimated that over 200,000 patients die from SCLC every year.* One reason
SCLC is difficult to treat is because SCLC tumors grow rapidly and are highly metastatic, with a large majority of
patients presenting with disseminated disease by the time of diagnosis. Additionally, SCLC tumors are either intrinsically
resistant to treatment or rapidly become resistant. Standard-of-care includes chemotherapy (cisplatin or carboplatin, and
etoposide), radiation therapy, and immune checkpoint blockade (anti-PD-1 or anti-PD-L1). Most patients respond well
initially but tumors often relapse within a few months, and second- and third-line treatment options are rarely effective.’
Over the past several decades, survival rates for SCLC have not kept pace with the rising rates of many other cancer

types, including lung adenocarcinoma.’
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Genetic alterations can contribute to how tumors become resistant to therapy. In SCLC, however, there is limited
evidence that genetic evolution underlies the recalcitrant nature of these tumors. A vast majority of SCLC tumors display
inactivation of the gene coding for the RB and p53 tumor suppressors.” '* Beyond these “truncal” alterations, it is
difficult to identify clear genetic subtypes in SCLC, with the possible exception of a small group of patients with RB
wild-type tumors.'''* Recent evidence indicates that upregulation of MYC expression via extrachromosomal DNA
amplification during tumor progression can provide cross-resistance to chemotherapy.'* However, this mechanism may
not be universal, as a genetic analysis of evolutionary trajectories of SCLC under therapy failed to identify a similar
mechanism (or other recurrent genetic mechanism underlying treatment resistance).'> Based on these observations, and
without excluding the key role that specific genetic alterations may have in SCLC development, metastasis, and response
to therapy, the field had focused on epigenetic and transcriptional mechanisms to explain heterogeneity and plasticity in
SCLC. This review largely focuses on these “non-genetic” mechanisms.

Definition of SCLC Transcriptional Subtypes and States

The existence of possible SCLC subtypes came from the histopathological analysis of tumors, which identified “classic”
and “variant” forms of SCLC. Early molecular studies identified expression of transcription factors (TFs) involved in
neural or neuronal differentiation such as ASCL1 (Achaete-scute Family bHLH Transcription Factor 1), NEUROD1
(Neurogenic Differentiation 1), or ATOH1 (Atonal Homolog 1) in subsets of tumors.'®>® Additional studies found
tumors that expressed neither ASCL1 nor NEURODI1,** which became known as “non-neuroendocrine” (non-NE)
SCLC. Later, YAPI (yes-associated protein 1) and POU2F3 (POU domain class 2 transcription factor 3) were identified
as dominant TFs in these non-NE tumors.?>® These studies led to a first review of transcriptional subtypes that included
tumors with high expression of ASCL1 (SCLC-A subtype), NEURODI1 (SCLC-N subtype), YAP1 (SCLC-Y subtype)
and POU2F3 (SCLC-P subtype).?’ Since then, the existence of the SCLC-Y subtype as a distinct, YAP1-driven subset of
SCLC has remained controversial, as YAP1 expression has failed to define distinct sets of tumors in further histopatho-
logic analyses of SCLC,**?! and SCLC-Y cell lines have been reclassified as actually being derived from undiffer-
entiated, SMARCA4-deficient lung cancers rather than true SCLC.** Regardless, YAPI expression remains associated
with a non-NE state in SCLC and some studies have proposed the presence of YAPI1 expression to be a positive
prognostic marker.’® As the phenotype of A/N/P triple-negative SCLC continues to be explored, a new definition has
gained popularity for a fourth “inflamed” (SCLC-I) subtype defined by distinctly high expression of immune checkpoint
markers and human leukocyte antigen (HLA) genes.>* The SCLC-I subtype may include some tumors that retain some
NE features (SCLC-I NE), while others are non-NE (SCLC-I non-NE),* suggestive of a possible continuum between NE
and non-NE states, with the inflammatory state as a transition state.*® Recent evidence supports the existence of a subtype
defined by high levels of ATOH1,*” but more studies are needed to characterize this group.

An analysis of small-cell NE tumors (beyond SCLC) also identified a state driven by HNF4 (Hepatocyte Nuclear Factor 4)
with some gastric differentiation,*® but whether SCLC-H tumors represent a new independent SCLC subtype remains to be
determined. While MYC family members (c-MYC, L-MYC, and N-MYC) can be highly expressed in SCLC cells and
contribute to tumor growth and chemoresistance, the expression of these TFs overlaps with the lineage-specific drivers and
MYC factors are not directly used to determine specific subtypes.'*!>**3 NFIB (Nuclear Factor 1B) is involved in both lung
development and brain development and can be highly expressed in SCLC cells where it promotes neuronal features and
metastasis.*>*® NFIB levels may affect response to chemotherapy.*> However, high expression of this TF can be found in both
ASCL1"" or NEURODI1"€" SCLC cells,*"** and there is no evidence that NFIB"&" SCLC tumors represent a distinct
subtype. Figure 1A represents our current view of SCLC subtypes and their notable molecular features.

To summarize, the four TF-subtypes are currently the major framework through which we categorize inter-tumoral
heterogeneity in SCLC.***"*® However, each tumor displays intra-tumoral heterogeneity, and populations of cancer cells
defined by the different TFs can be present in the same tumor: in this context, we refer to the TF-definitions as distinct
cancer cell states. A tumor in which the majority of cancer cells are in a specific state (eg, ASCL1™E") belongs to the
subtype associated with this state (ie, SCLC-A) (Figure 1B). This distinction between tumor subtypes versus cell states is
notable as multiple TF-driven cell states may be present in the same patient. Additionally, the primary tumor and
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Name
A (Prevalence %) SCLC-A (40-70%) SCLC-N (15-45%) SCLC-l (5-20%) SCLC-P (5-10%)
Predominant Neuroendocrine Non-neuroendocrine
cancer cell state
TME Immune cold Immune hot Immune cold
TF marker ASCL1 NEUROD!1 SR POU2F3
ASCL1-low |  YAP1-high
SUthPe'tsﬁggg; E. g., anti-DLL3 E. g., AURORAK inh. E. g., Anti-PD-1/PD-L1 | E. g., SWI/SNF inhibitors
B SCLC-A tumor
Majority of ASCL1-high

ASCL1-high cells .
NEUROD1-high

A/N/P-low or neg.

T Celistate POU2F3-high
4=t heterogeneity

Figure | SCLC subtypes and states. (A) Current definitions, notable and shared features, and prevalence of the major SCLC subtypes. SCLC is broadly grouped into NE
and non-NE disease, of which the majority are considered to be immune-cold in regard to immune cell infiltrate and MHC | expression. Subtypes are defined by dominant
expression of transcription factors (TFs) or by lack of transcription factor expression in the case of some inflamed tumors. Though not yet used for clinical decision making,
subtype-specific characteristics may prime SCLC cases to be more amenable to distinct therapeutic strategies. Note that the possible ATOH| subtype, which has been less
characterized, is not shown. (B) Graphical depiction of a heterogeneous SCLC-A subtype tumor harboring a majority of ASCLI"&" SCLC cells and various TF-drive cell-
states. The presence of majority ASCLI"&" cells defines the tumor as SCLC-A, although cells lacking ASCLI expression in lieu of NEURODI, POU2F3, or triple-negative
phenotypes may also be present within the tumor at large. Created in BioRender. Duronio, G. (2025) https://BioRender.com/ybftwp2.

metastases may belong to different subtypes, as changes in the composition of cancer cell states may occur during
progression, and different metastases in the same patient might also belong to distinct subtypes.

Given this as well as emerging evidence that subtype switching may occur after therapy,***’

there is great interest in
understanding the molecular mechanisms driving each state with hopes of translating this to a clinical advantage.
However, it is notable that to date no correlations between patient demographic features such as sex, gender, age, or
extent of smoking history and molecular subtype have been found.’® Continuing to analyze and classify patient tissue
samples is an important effort for the field to pursue in order to enhance our understanding of how the subtypes can

translate into meaningful clinical utility.

Emerging Evidence of the Clinical Significance of SCLC Subtypes

While there has been no baseline difference in overall survival found amongst SCLC subtypes,”® recent evidence
indicates that our new understanding of SCLC heterogeneity may drive the implementation of subtype-specific treatment
protocols. Our goal here is not to provide an exhaustive list of therapies being developed against SCLC, as done in other
recent reviews, ®*”**3! but to provide some salient examples.

First, inhibitors of CDK4/6 (Cyclin-dependent kinase 4/6) have shown efficacy in RB wild-type breast cancer,>* and
their possible efficacy in the ~6% of SCLC cases that are RB wild-type has led to a recent ongoing clinical trial (clinical
trial NCT04010357)."* The analysis of gene expression levels shows that CDK4 is more highly expressed in SCLC cells
compared to CDK®6, and it will be interesting in the future to test CDK4-selective inhibitors, which may have fewer side
effects and possibly the same efficacy.”® CDK2/4/6 inhibitors may also be worth testing in the SCLC context, where
CDK2 activity is suspected to be high.’* Notably, CDK4/6 inhibitors may also be used in RB mutant SCLC, where they
can induce transient cell cycle arrest in lymphocytes and reduce myelosuppression upon chemoradiotherapy.” This
approach provides an example where the genetics of SCLC may inform specific treatment.
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Second, the atypical NOTCH ligand DLL3 (Delta-like 3) has become a target of great interest in SCLC (and other NE
tumors) due to its specific and upregulated cell surface expression in cancer cells.’® While several approaches are likely
to prove successful, the bispecific T-cell engager (BiTE) Tarlatamab recently received accelerated FDA approval for the
treatment of SCLC.?">® Notably, the DLL3 gene is a target of ASCL1,%-% indicating that SCLC-A tumors may benefit
the most from strategies targeting DLL3.

Third, cells in the SCLC-P state are highly dependent on POU2F3 expression.”® A genetic screen recently identified
genes whose products are essential for the expression of POU2F3 in SCLC cells, including members of the SWI/SNF
(Switch/Sucrose Non-Fermentable) chromatin remodeling complex (eg, SMARCD1 or BRD9).! The clinical develop-
ment of small molecule inhibitors and degraders of SWI/SNF components (eg, clinical trials NCT04879017 and
NCT04891757) suggests an avenue for the treatment of SCLC-P tumors.

Fourth, the SCLC-I subtype has been associated with better responses to T-cell-based immunotherapies.*>*® Despite
a high tumor mutation burden in SCLC tumors,® the beneficial effects of ICIs remain limited to only ~15% of patients.®*
One explanation for the relative lack of efficacy of T-cell immune checkpoint inhibitors in SCLC is the low expression of
MHC I (major histocompatibility class I) molecules on the surface of SCLC cells and the subsequent lack of tumor antigen
presentation.®” " However, when stratified by subtype patients with NE SCLC-I demonstrated the longest median
progression-free survival of 5.47 months as well as the largest improvement in median overall survival between atezoli-
zumab plus chemotherapy treated and chemotherapy-only treated controls, at 16.37 and 8.64 months, respectively.® It is
possible that SCLC cells in inflamed tumors are exposed to interferon gamma (IFNy) and other cytokines that may help
remodel the tumor microenvironment and induce the expression of MHC I molecules (see below). However, this does not
explain the disparity in the survival benefit that atezolizumab treatment conferred to NE SCLC-I but not non-NE SCLC-I,
indicating that all of the mechanisms that sensitize SCLC to immunotherapy are yet to be discovered.

As subtype-specific therapies begin to be implemented, a key question in the future will be how resistance evolves
and what therapy should be used in cases of subtype-switching. For example, a patient with an SCLC-A tumors being
treated with Tarlatamab may experience the emergence of resistant tumors where most SCLC cells have low levels of
ASCL1 (and thus DLL3).”" However, if these resistant tumors are of the SCLC-I subtype, T-cell based immunotherapies
may be used as a next treatment step. This type of staged, evolution-responsive approach will require a more refined
characterization of cancer cell states, close monitoring of SCLC cell populations under therapy, and the development of
additional cell state-specific therapies.

Influence of the Cell Type of Origin on SCLC Heterogeneity

A question in the field that has long gone unsolved is whether there is one definitive cell type of origin for SCLC, and if
so, which cell type this is. Although most SCLC tumors contain a majority of distinctly NE cells, pulmonary
neuroendocrine cells (PNECs) are quite rare in the lung. The scarcity of these cells brings it into question whether
they are likely to be the main cell of origin or whether SCLC transforms from other epithelial cell types. Genetically
engineered mouse models (GEMMs) have been instrumental in addressing this question.”>’* While PNECs, club cells,
basal cells, or even alveolar type II cells may all be competent to initiate SCLC under the right genetic context, recent
work indicates that basal cells, with their stem cell potential in the lung epithelium, may serve as a common cell of
origin.”* Beyond the identification of cell types from which SCLC may originate, these studies have shown different
patterns of heterogeneity that depend on the cell type of origin in fully developed tumors. In the RPR2 mouse model
(inactivation of RB, p53, and the RB-related protein RBL2 in the lungs using the Cre/Lox system), tumors initiated from
a viral vector with expression of the Cre recombinase under the PNEC-specific promoter of the CALCA gene (coding for
CGRP) were less heterogeneous (fewer non-NE cells) than tumors initiated with Cre driven from the broadly-expressed
CMYV promoter.”” In addition, tumors initiated in PNECs metastasized mostly using an NFIB-independent mechanism,
different from what had been described for tumors using CMV-Cre.**”> While this work did not address the question of
cell type of origin in the CMV-promoter model, it provided the first definitive evidence that SCLC derived from
a particular cell of origin has distinct features and independent mechanisms of progression. Importantly, SCLC tumors
initiated from basal cells in the MYC-driven SCLC GEMM (known as the RPM model) closely recapitulate the
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heterogeneity of human tumors, including POU2F3-positive cells not seen before in other mouse models,”* further
illustrating how the cell type of origin can influence tumor heterogeneity.

The changes in tumor heterogeneity observed in these mouse models dependent on the identity of the cell type of
origin have been early pointers to the critical role of epigenetic mechanisms in regulating cell state transitions in SCLC.

Evidence for Cellular Plasticity in SCLC
As our understanding of heterogeneity within SCLC tumors has grown, so has our understanding of the mechanisms allowing
SCLC cells to switch from one state to another. Tracing the lineage of cells in human tumors is extremely challenging, and
nearly all studies investigating plasticity in SCLC have relied on cell models and genetically engineered mice.

It has long been known that SCLC cells in culture have different morphologies, growing either attached to the substratum
or in suspension, and these phenotypes have been linked for many years to the classic and variant phenotypes of SCLC with

76,77 in

classic SCLC cells growing in floating aggregates and variant SCLC cells often growing more attached to the plate;
general, non-NE SCLC cells tend to grow more adherent to the plate. Investigators working on mouse and human SCLC cells
have often observed cell populations with various ratios of “floaters” and “stickers” in different culture conditions, suggestive
of plasticity between the two states. The quantification of these two states, together with a molecular analysis of NE markers
can be used to investigate how different pathways may affect cell state switching in SCLC.

The investigation of these distinct SCLC states in vitro has led to the understanding that in addition to the distinction
between the NE and non-NE subtypes of SCLC disease, the most fundamental division of cell states when considering
the intra-tumoral heterogeneity of SCLC is between the NE and non-NE cells present within single tumors that derive
from a common precursor.'® Together with the analysis of mouse models (xenografts and GEMMs), these studies have
uncovered mechanisms promoting the transition from a NE state to a non-NE state within SCLC. For example, activation
of the MAPK signaling pathway by different means has been shown to promote a non-NE state to arise from NE SCLC
cells.'®787 Activation of Notch signaling similarly promotes the NE-to-non-NE transition.®**#* Mechanistically, key
targets of the Notch pathway in the reprogramming towards a non-NE state include HES1 and REST, which together
block the induction of NE programs by ASCL1 and directly inhibit NE programs.®>** Of interest in SCLC, Notch
pathway activity may also be activated downstream of YAP1.5%% REST may also be induced in NE SCLC cells by
RUNX2 independent of Notch signaling.*® Notably, Notch signaling within SCLC tumors serves both pro- and anti-
tumorigenic functions: Notch signaling can inhibit SCLC growth by promoting the transition of NE cells to a slower
growing non-NE state, but non-NE cells are often more chemoresistant than NE cells and can promote the survival of NE
cells and their metastases.*>**7#% Despite this dual role, SCLC tends to select for loss-of-function mutations to the
Notch pathway receptors,® and knockout of Notchl or Notch2 in the RPR2 model accelerates SCLC development.®® In
addition, knockout of RBPJ, an essential factor for Notch signaling transcriptional output, does not prevent tumor
development in the RPR2 model,* suggesting that the tumor suppressive effect of Notch signaling is its dominant
function, at least under normal tumor growth conditions.

More granular than the histopathologic and transcriptomic classification of individual SCLC samples and cell lines into NE
and non-NE, there exists functional evidence for plasticity within the various cell and tumor TF-subtypes described to date. In
addition to identifying and characterizing the molecular subtypes of SCLC, this finding has sparked great interest in
understanding whether the subtypes can interconvert, or whether they perhaps represent an evolutionary process as SCLC
progresses rather than arising as distinct clonal entities. Indeed, a thorough, temporal analysis of SCLC evolution in the RPM
model revealed that SCLC cells can evolve from an ASCL1"E" to a NEUROD1"" cell state, eventually progressing into
a YAP1"€" state ®® Correspondingly, these transitions were also marked by a reduction of NE factor expression and an overall
phenotypic switch towards a non-NE state, which was again associated with increased Notch signaling downstream of
MYC.* In this study, MYC binding directly correlates with increased chromatin accessibility at key Notch pathway
components including Hes/, thus confirming one directly mediated genetic mechanism for the phenotypic switch.*® The
same group reinforced these findings with an evolutionary analysis of transcriptomic data to demonstrate that SCLC cell states
exist on a continuum, rather than as distinct, static entities.”® This finding has been validated by independent computational
analyses on extensive single-cell transcriptomic data of SCLC, which agreeingly found that tumors are composed of cell states
which can interconvert between one another.”’ Known mechanisms for subtype interconversion in SCLC are diagrammed in
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Figure 2. A recent study interrogating the mechanisms of SCLC-A to SCLC-N subtype plasticity specifically investigated
what unique gene programs are present in SCLC-A/N double-positive disease, hypothesizing that this might represent an
intermediate state along the transition. While this study did not find any significantly activated gene programs that were unique
to the A/N state, it uncovered new mechanisms for micro-RNA mediated suppression of NFIB, a key mediator of SCLC
metastasis, specifically in NEUROD1™&" SCLC.*?

Notably, vast heterogeneity coupled with cell state plasticity has been observed even in circulating tumor cells (CTCs)
sampled from patients with SCLC by liquid biopsy. By performing highly sensitive genomic analyses of CTCs, it has been
confirmed that even rare cell phenotypes shared truncal genetic alterations with other cell states, indicating they arose from
one another and reinforcing the extensive plasticity possible for SCLC.%* The existence of such plasticity and heterogeneity
even amongst small samples of CTCs exemplifies how central these qualities are to SCLC and its pathogenesis.

Epigenetic Regulators of Cellular Plasticity in SCLC

Given that the SCLC molecular subtypes appear not to be regulated at the level of genetic variation but rather
epigenetically/transcriptionally, it follows that epigenetic regulators could play a large role in regulating the SCLC cell
state. The aforementioned study which defined bidirectional cell state transitions in SCLC found that the interconversion

SCLC-A SCLC-N
. @
.§ /\
©
TETD 1@
=N
A 4
g
g_é T Activation/over-expression
c
z 8 X Inhibition/knockout
§ O TF/chromatin regulator

Signaling pathwa
SCLC-I/P D 8 . 4

Figure 2 Mechanisms for cell state and TF subtype interconversion in SCLC. The major NE types of SCLC, SCLC-A and SCLC-N, can interconvert between one another,
for example by the activation or silencing of additional genes, MYC and KDM6A respectively. A major determinant of NE versus non-NE cell state in SCLC tumors is the
input of Notch signaling, whose activation promotes a non-NE cell state transition. This transition is mediated intracellularly by activation of downstream Notch pathway
components HES| and REST, though REST activity can be independently triggered through RUNX2. HES| can inhibit ASCLI activity and thus prevent the activation of NE
gene programs. LSD1 is normally an inhibitor of the expression of NOTCH. Inhibition of the histone lysine demethylase LSDI relieves the repression of the Notch pathway,
thus promoting the NE to non-NE transition. The major subtypes of non-NE SCLC are SCLC-I and SCLC-P, though no specific determinants of their interconversion are
currently known. Created in BioRender. Duronio, G. (2025) https://BioRender.com/xhtoivp.
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of these cell states and their balance within SCLC models could be altered by drugs that target epigenetic modulators.”’
One of the earliest examples of the importance of epigenetic regulators to SCLC was the finding that inhibition of lysine-
specific demethylase 1 (LSD1) led to a strong reduction in the proliferation of SCLC cell lines.’* Later studies sought to
elucidate the mechanism of LSD1 activity in SCLC, and found that it is a central regulator of NE cell state, and its
inhibition led to an activation of the Notch pathway which in turn suppressed NE marker gene expression and promoted
a transition to a non-NE phenotype, as discussed above.

It has been well established that the Notch pathway is crucial for determining the balance of NE and non-NE cell
states within tumors, but how exactly the more granular TF-subtypes are regulated has only just begun to be elucidated.
One example of specific subtype states being modulated by a single epigenetic regulator was the discovery that the
transition of SCLC-A into SCLC-N can be induced by inactivation of the H3K27 histone demethylase KDM64.”> By
performing a CRISPR-Cas9 screen in SCLC GEMMs, the authors found that KDM6A expression promotes ASCL1"e"
SCLC, and that its inactivation allows for expression of NEURODI1 as well as co-expression of these factors within
single SCLC samples.”” The authors demonstrated through chromatin analyses (ATAC-seq) that loss of KDM6A function
leads to an increase in chromatin accessibility at the Neurodl gene locus that is accompanied by NEURODI protein
expression. The ability of SCLC to transition between two of the four major subtypes following inactivation of a single
gene poses interesting questions regarding the utility of employing subtype-specific treatments to fight a disease where
these states can be so readily interconverted.

Another such example of direct epigenetic regulation of subtype maintenance is the recent finding that SCLC-P, as
discussed above, relies on activity of the SWI/SNF complex to maintain POU2F3 expression which drives the oncogenic
program of this subtype.®! Importantly, the authors demonstrated that pharmacologic disruption of the enzymatic activity
of the complex attenuated growth of SCLC-P xenografts, demonstrating the essentiality of POU2F3 expression in this
subtype and reinforcing the importance of employing cell state-specific therapeutics for improving SCLC treatment.

A third pertinent example is the role of the pioneer TFs FOXA1/2 in driving NFIB-independent metastasis. Given that
SCLC metastasis happens rapidly and early in disease progression, with greater than 70% of patients presenting with
metastases at the time of diagnosis, it is crucial to understand all the mechanisms by which SCLC spreads throughout the
body. Outside of the established NFIB-driven mechanism for SCLC metastasis, in the context of NFIB-knockout,
FOXA1/2 expression is likely to drive this process instead, highlighting how crucial epigenetic-driven plasticity is in
conferring SCLC with its most aggressive features.

Heterogeneity and Plasticity in Disease Progression and Response to Treatment

Given the propensity of SCLC for developing therapy resistance, there has been great interest in understanding how the
heterogeneity of SCLC tumors changes in response to treatment. Deriving xenografts from CTCs in patients has allowed
for the serial sampling and subsequent analysis of cancer cells from single patients before and after resistance develops.
One study utilized this method to establish CTC-derived xenograft (CDX) models from both chemo-sensitive and chemo-
resistant SCLC as well as from single patients at multiple time points throughout disease progression.’® By performing
single-cell transcriptomic analyses, the authors were able to demonstrate increased heterogeneity in chemoresistant
disease, as well as an increase in heterogeneity in CDXs from the same patients before and after relapse.’® Notably, this
increase in heterogeneity arises at the transcriptional level, as no significant changes to the genome or an increase in
tumor mutation burden were observed.”® This finding agrees with a comprehensive exome sequencing analysis of
surgically resected SCLC samples which found that increased intra-tumoral heterogeneity when quantified from tumor
mutational burden per cluster correlates with worse overall survival for SCLC patients.®’

In addition to understanding how heterogeneity and cell states change as a response to treatment, studies have
investigated how these qualities might change to drive disease progression and metastasis. Interestingly, TF subtypes can
shift between primary tumors and their paired lymph node (LN) metastases, indicating a potentially advantageous role of
cellular plasticity for promoting tumor dissemination.”® Notably, this shift often was from NE-high primary tumor
subtypes to lower-NE subtypes in LN metastases, though this work was not able to distinguish whether this was a driver
of the metastatic process or a response to the change in tumor environment. An additional study characterizing the NE
phenotype of metastatic SCLC metastases almost always displayed a combination of NE and non-NE features, and that
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combined phenotype cases of SCLC had higher rates of drug resistance and especially poor outcomes,” further
reinforcing the potential benefit of phenotypic heterogeneity to SCLC progression. To date, no molecular subtype-
specific chemo- and immunotherapy resistance mechanisms have been identified in SCLC. Rather, the prevailing
hypothesis in the field is that a heterogenous tumor composition is itself a mechanism from which to develop resistance,
as the tumor would be more likely to have cells primed to survive against a variety of potential stressors.'°® However,
further investigating what specific changes drive SCLC chemotherapy resistance and how prevalent these may be within
tumors of different subtypes is an important future direction of research so that this concept can be applied to prevent
resistance in SCLC patients.

SCLC Plasticity and T-Cell Responses

Recent clinical trials have shown that a subset of patients with extensive-stage SCLC have extended survival times when
treated with the PD-L1 inhibitor atezolizumab in addition to standard-of-care chemotherapy.'®' This has opened the
question as to what sets apart patients who respond to immunotherapy, and sparked interest in whether SCLC plasticity
can be utilized to shift tumors into a state more responsive to anti-tumor T cells. In accordance with this idea,
accumulating evidence indicates that SCLC cells with non-NE features express higher levels of MHC I molecules on
their cell surface.'” This observation has led to a search for mechanisms controlling MHC I expression in SCLC.
One mechanism that NE cancer types use to silence MHC 1 expression is through overexpression of the histone
methyl transferase enhancer of zeste homolog 2 (EZH2). EZH2 is the catalytically active subunit of the polycomb
repressive complex (PRC2) that silences gene expression by tri-methylating histone 3 lysine 27 (H3K27me3). NE
cancers can co-opt an evolutionary mechanism used to prevent maternal immunity against the developing nervous system
where EZH2 silences MHC 1 expression in select cell types.'® It had previously been established that SCLC has
particularly high expression of EZH2, and that EZH2 inhibition can slow the proliferation of SCLC models.** EZH2-
mediated gene silencing is also a central mechanism by which SCLC can acquire chemotherapy resistance.'®* Given its
role in immune evasion in NE cancers as well as its established importance to the pathogenicity of SCLC, recent research
has tested if EZH2 inhibition could slow SCLC growth and also stimulate response to immunotherapy. This idea is
further supported by several studies demonstrating that EZH2 inhibition leads to an increase in MHC I and MHC 11
expression in various cancer types.'’> %7 Excitingly, inhibition of EZH2 in SCLC results in an increase in MHC
I expression by potentiating the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING)

pathway,' %

a mechanism that has been documented in other cancer types as well.'°® Drug-independent mechanisms
for triggering EZH2 inhibition in combination with STING activation in SCLC have also been described, arising from
endogenous retrovirus activity.'” Conversely, newer studies have identified factors such as CRACD (capping protein
inhibiting regulator of actin dynamics), whose loss in SCLC promotes the NE cell state and EZH2 function, thus
enhancing suppression of MHC I and immune checkpoint blockade (ICB) evasion.''” Notably, inactivation of a core
PRC2 subunit, EED, is sufficient to drive a lineage switch from NE SCLC to lung adenocarcinoma and is required for the
transformation from lung adenocarcinoma to SCLC in pre-clinical models,"'" underscoring the central role of PRC2 in
the control of cancer cell states in the lungs.

In addition to EZH2 modulation, other mechanisms with previously established importance to SCLC progression and
plasticity have been discovered to modulate the immunogenicity of the SCLC microenvironment. It has now been
demonstrated that inhibition of LSD1 not only activates Notch signaling to promote a non-NE transition of SCLC cells
but also directly increases MHC I expression and subsequently promotes better response to ICB therapy.''>''
A comprehensive spatial multi-omic analysis of SCLC patient samples strengthened this connection by finding
a correlation between lower overall NE character of a tumor with increased immune cell infiltration and better overall
survival.''* Given the strong connection between Notch signaling, non-NE phenotypes, and response to ICB therapy, it
has even been proposed that Notch signaling levels in patients can be a prognostic indicator for success of ICB
treatment.''> Newer work studying the histone deacetylase (HDAC) class 1 inhibitor entinostat found that it was able
to increase expression of MHC I and PD-L1 in SCLC cell lines. As a result, the addition of entinostat to anti-PD-1

immunotherapy led to prolonged survival and stronger responses in SCLC GEMMs.''® Concurrently, entinostat treatment
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Figure 3 Alterations to the SCLC tumor landscape that influence cell signaling pathway activity, cancer cell neuroendocrine character, and the immune microenvironment. In
NE-cell predominant SCLC cells, EZH2 inhibits MHC | expression, and baseline levels of Notch signaling are low. Upon inhibition of EZH2 or LSDI, Notch signaling is
activated, tumors shift more towards non-NE cell predominance with increased expression of MHC | and PD-L1, including via activation of the STING pathway. Created in
BioRender. Duronio, G. (2025) https://BioRender.com/t4ukx3t.

shifted tumors from a predominantly NE to predominantly non-NE or NE-low phenotype,''® once again connecting
a reduction of the NE phenotype to enhancement of immunotherapy response.

The mechanisms described above for activating MHC I expression involve proteins for which inhibitors have been
developed and are available for use in clinical trials, exemplifying how understanding the mechanisms that drive
diversity of cell states can directly influence how we develop therapeutic approaches and combination treatment plans
for patients with SCLC. Notably, it has been found that how immune “hot” or “cold” the SCLC tumor microenvironment
is may correlate with molecular subtype, with SCLC-A tumors having lower infiltration of CD8" T-lymphocytes than
SCLC-P tumors.'!” Other studies comparing SCLC-A to SCLC-N tumors found that they contain different compositions
of T-cell populations and that N-subtype tumors have fewer cytotoxic T-cells and more regulatory T-cells, which confers
less anti-tumor T-cell activity overall.'"® Such findings reinforce the importance of understanding the molecular features
of a tumor in order to identify patients who may experience increased therapeutic benefit from ICB. There is great
interest in finding combination therapeutic strategies utilizing known mechanisms of modulating the immune micro-
environment of SCLC (outlined in Figure 3) such as EZH2, LSD1, or HDAC inhibition to enhance the response of
tumors to immunotherapy. By directly inhibiting factors which suppress antigen presentation and immune receptors,
small molecule inhibitors in combination with immunotherapy might prove to be an effective new avenue to increase the
only modest response to ICB seen among SCLC patients at large.

Conclusions and Future Directions

SCLC continues to have abysmally low survival statistics that have not kept pace with the drastic improvements seen for many
other cancers over the past few decades. Rapid growth and metastasis and the development of therapy resistance continue to
make SCLC a particularly challenging clinical target. Understanding the diversity of cell states within SCLC tumors and how
these states change during metastasis and in the face of therapy is crucial for developing new, effective treatments. There has
been great effort within the field to define molecular subtypes of SCLC that are distinguished at the level of TF expression,
rather than by distinct genetic signatures or mutational patterns. There is a need to further define the known transcriptional
states and identify new states, but also to gain a better understanding of what factors regulate how SCLC cell states
interconvert between one another. It is also currently largely unknown whether the spatial organization of different cancer
cell states in SCLC, for which there is emerging evidence,'"” influences plasticity and response to treatment.

As discussed, subtype-specific therapies are beginning to emerge for SCLC treatment, such as the newly FDA-
approved BiTE Tarlatamab targeting the SCLC-A-specific surface antigen DLL3. As these things come into clinical
practice, it is likely we will in turn see subtype-specific mechanisms of therapeutic resistance emerge. For Tarlatamab,
such mechanisms could include silencing of DLL3 expression or transition from SCLC-A to other SCLC subtypes that

Lung Cancer: Targets and Therapy 2025:16 https: 133


https://BioRender.com/t4ukx3t

Duronio and Sage

do not express DLL3. Another example may be the future utilization of SWI/SNF inhibitors following the discovery that
SCLC-P relies on the function of this complex to maintain POU2F3 expression and proliferate. Loss of POU2F3
expression in the setting of such treatment may promote subtype switching to NE-SCLC not reliant on POU2F3
expression. Given the great propensity of SCLC for phenotypic plasticity, the employment of subtype-specific therapeu-
tics will likely require careful monitoring of both the clinical and molecular response of tumors in order to adapt
treatment in the face of phenotypic change and emergence of resistance.

The discovery that many epigenetic regulatory proteins are central to the pathogenesis and plasticity of SCLC has opened
exciting avenues for novel therapeutic strategies, as many targeted inhibitors have been developed against these epigenetic
factors. Examples of this include the loss of NE cell identity and subsequent expression of antigen presentation machinery by
inhibiting LSD2, EZH2, or class 1 HDACs. However, it can be anticipated that the inherent intra-tumoral heterogeneity of
SCLC will again allow for resistant clones to predominate in the face of novel epigenetic inhibitor treatment. By further
elucidating the molecular pathways driving SCLC heterogeneity and evolution, these discoveries will hopefully be leveraged
to inhibit SCLC plasticity and drive tumors to a cell state more amendable to therapeutic eradication. The future of SCLC
treatment likely lies in a combination therapeutic approach that simultaneously engages multiple facets of SCLC vulnerability
to mitigate the impact of heterogeneity on the development of resistance and relapse. Importantly, knowledge gained in SCLC
may be relevant to a larger group of tumors with neuroendocrine features, as well as other cancers known to be composed of
highly heterogenous and plastic cell populations.

Abbreviations
SCLC, small-cell lung cancer; NE, neuroendocrine, ICB, immune checkpoint blockade; BiTE, bispecific T-cell engager;
GEMM, genetically engineered mouse model; TF, transcription factor.
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