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Abstract

Small cell lung cancer (SCLC) is an exceptionally lethal malignancy for which more effective 

therapies are urgently needed. Several lines of evidence, from SCLC primary human tumours, 

patient-derived xenografts, cancer cell lines and genetically engineered mouse models, appear to 

be converging on a new model of SCLC subtypes defined by differential expression of four key 

transcription regulators: achaete-scute homologue 1 (ASCL1; also known as ASH1), neurogenic 

differentiation factor 1 (NeuroD1), yes-associated protein 1 (YAP1) and POU class 2 homeobox 3 

(POU2F3). In this Perspective, we review and synthesize these recent lines of evidence and 

propose a working nomenclature for SCLC subtypes defined by relative expression of these four 

factors. Defining the unique therapeutic vulnerabilities of these subtypes of SCLC should help to 

focus and accelerate therapeutic research, leading to rationally targeted approaches that may 

ultimately improve clinical outcomes for patients with this disease.

Introduction

Small cell lung cancer (SCLC) is a particularly aggressive and deadly form of lung cancer 

characterized by a predilection for rapid growth, early metastasis and acquired therapeutic 

resistance1,2. In the majority of cases, SCLC has metastasized to sites outside the chest at the 

time of initial diagnosis. Although a small minority of patients with localized early-stage 

disease can be cured with surgery or concomitant cytotoxic chemotherapy and radiation, the 

large majority of patients diagnosed with SCLC are destined to die of their disease. The 

standard chemotherapy regimen for SCLC, consisting of a platinum agent (cisplatin or 

carboplatin) combined with etoposide, was defined several decades ago3. Recent 

incorporation of the anti-PDL1 antibody atezolizumab into first-line therapy for advanced 

SCLC has improved median survival from 10.3 to 12.3 months, but only 12.6% of patients 

remain progression-free at 1 year3,4. Two therapies are approved by the US Food and Drug 

Administration (FDA) for recurrent SCLC: topotecan, a topoisomerase I poison approved 

for second-line use, has substantial toxicities and produces transient responses in 

approximately 25% of patients5, and nivolumab, a PD1 antagonist approved for third-line 

use that can provide durable benefit in less than 15% of patients6. Clearly, more effective 

therapies are needed for patients with SCLC.

The notably minimal armamentarium of molecularly targeted drugs for SCLC stands in 

sharp contrast to the remarkable progress that has been made in identifying and selectively 

targeting driver oncogenes in lung adenocarcinoma7. Underpinning this progress has been a 

better understanding of the biology of lung adenocarcinoma, and in particular a recognition 

of mutually exclusive subtypes of disease defined by mutant or translocated oncogenic 

drivers. There are now multiple highly effective targeted inhibitors available with impressive 

activity against tumour-specific somatic mutant forms of EGFR, ALK, ROS1, RET, BRAF, 

MET, NTRK and other driver oncogenes. Unlike the increasingly personalized approach to 
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clinical care of patients with lung adenocarcinoma, SCLC is approached clinically as a 

single disease entity. Current clinical research protocols for SCLC, representing the cutting 

edge of clinical care, are generally constructed on the basis of stage of disease, and in some 

cases number of prior therapies, with no attempt to predefine specific patient populations 

that might be most amenable to the novel treatment being tested.

We believe it is time to revise this approach to therapeutic research in SCLC. Studies by our 

research groups and others over the past decade have begun to identify and characterize 

biologically distinct subtypes of SCLC. Complementary data from human tumours, cell lines 

and mouse models of SCLC have implicated the same predominant subtypes and some of 

the same subtype-specific therapeutic vulnerabilities. Our teams have historically 

approached the subclassification of SCLC in different ways using different terminology. In 

this Perspective, we review recent progress towards a classification of SCLC tumours based 

on differential expression of transcription regulators and propose a consensus nomenclature 

for molecular subtypes of SCLC. This is an evolving area of investigation, and further 

refinement or improvement of the proposed classification scheme is likely to be needed. 

Nonetheless, we believe that this is an opportune time to review the existing data and that 

having a common understanding of the major subtypes will provide a framework for focused 

progress in the field.

Histological categorization

The essential histological characteristics used by pathologists to establish a diagnosis of 

SCLC have been described elsewhere and are summarized in BOX 1. Our goal in this 

Perspective is not to revise the pathological definition of the disease but rather to emphasize 

commonalities among mouse and human gene expression data, emerging from our research 

groups and others, suggesting biologically distinct subtypes of disease.

Many of the existing SCLC cell lines were generated from human tumours by research 

teams led by two of the authors (J.D.M. and A.F.G.) working at the US National Cancer 

Institute–Navy Medical Oncology Branch in the late 1970s and 1980s8,9. Analysis of the 

morphological characteristics of 50 SCLC lines suggested that these could be grouped into 

two primary subtypes: a more common ‘classic’ subtype, which grew predominantly as 

spherical aggregates of floating cells, with or without central necrosis; and a ‘variant’ 

subtype, which grew as either loosely adherent aggregates or as a more tightly adherent 

monolayer in cell culture10. These subtypes were also noted to differ in expression of 

neuroendocrine markers, including L-DOPA decarboxylase and neuron-specific enolase; 

both proteins were expressed in most classic and absent or low in most variant cell lines, 

suggesting a loss of neuroendocrine features in variant cell lines10. These characteristics 

were also noted in primary SCLC tumours from patients, including autopsy specimens10.

‘Omic’ profiling

Genomics.

Key genomic profiling studies of human SCLC, including comprehensive whole-exome and 

whole-genome analyses, were published in 2012 and 2015 (REFS11–13); the key findings of 
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these are summarized in BOX 2. Although characterizing for the first time the global 

landscape of SCLC genomic alterations, these sequencing efforts did not lead to a 

classification of SCLC subtypes, in part because specific recurrent mutations do not 

demonstrate consistent co-occurrence or mutual exclusivity. The relative genetic 

homogeneity of SCLC, notable for nearly universal inactivation of TP53 and RB1, did not 

substantially influence the prevailing model of SCLC as a single, monolithic entity.

Epigenetics and transcriptomics.

By contrast, epigenetic and gene expression studies have revealed a new and previously 

unappreciated molecular diversity among SCLC cell lines and primary tumours. A first clue 

for possible drivers of discrete subtypes of SCLC emerged from an analysis of a panel of 

cell lines for susceptibility to an oncolytic picornavirus, called Seneca Valley virus (SVV), 

that had selective tropism for a subtype of SCLC14. Susceptibility to SVV infection proved 

to be closely correlated with variant versus classic morphology. Gene expression profiling of 

these lines demonstrated an even tighter correlation between susceptibility to infection and 

the relative expression of two lineage transcription factors, achaete-scute homologue 1 

(ASCL1; also known as ASH1) and neurogenic differentiation factor 1 (NeuroD1), each of 

which had been previously implicated as a key determinant of developmental maturation of 

neuroendocrine cells of the lung15–17. Notably, ASCL1 was observed to be expressed to a 

variable extent in NeuroD1-high SCLC, but a low ratio of ASCL1 to NEUROD1 was a 

strong correlate of permissivity14.

This initial dichotomy between classic SCLC, demonstrating a high ASCL1/NeuroD1 ratio, 

and variant SCLC, demonstrating the converse, was further reinforced in primary SCLC 

tumours and patient-derived xenograft (PDX) models through profiling of genome-wide 

methylation and gene expression patterns18. Consensus clustering of either the SCLC 

methylome or RNA sequencing (RNA-seq) in primary human SCLC was consistent with at 

most four subtypes. The highest confidence model considered three clusters, with the largest 

(referred to as M1 in the methylation data and E1 in the expression data) representing the 

ASCL1-high/NeuroD1-low subtype and the second largest (M2, or E2) representing the 

NeuroD1-high subtype. Interestingly, a small number of primary tumours with highly 

divergent methylation and gene expression patterns were identified that expressed low levels 

of both ASCL1 and NeuroD1. Because of similarity in the gene expression pattern to a 

previously identified subpopulation in the gene expression profiling of lung squamous cell 

carcinomas by The Cancer Genome Atlas (TCGA)19, this population lacking 

neuroendocrine markers was labelled SQ-P to indicate its similarity to primitive squamous 

cell tumours. Pathological review of these cases, however, confirms that these are SCLC, not 

squamous tumours. Similar subtypes were observed in a large-scale gene expression survey 

of SCLC that delineated two groups: a dominant group of samples termed group2, 

characterized by high expression of chromogranin A (CHGA; also known as CgA), gastrin-

releasing peptide (GRP), ASCL1 and protein delta homologue 1 (DLK1) (and thought to 

represent tumours with low activity of the Notch signalling pathway), and a minority of 

samples that lacked these markers termed group1 (REF.13).
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Several recent studies of human tumours and cell lines have provided biological insights into 

the roles of ASCL1 and NeuroD1 and identified other relevant factors contributing to 

subtype definition. A high-throughput chemical screen of SCLC cell lines identified super-

enhancer-mediated transcriptional addiction to MYC family proto-oncogenes as well as 

neurogenic transcription factors including ASCL1, NeuroD1 and insulinoma-associated 

protein 1 (INSM1)20. INSM1 is a zinc-finger transcription factor implicated as a driver of 

neuroendocrine differentiation in multiple tissues21–24. A broader analysis of the relative 

roles of ASCL1 and NeuroD1 in human SCLC cell lines confirmed and deepened our 

understanding of their roles, identifying several target genes differentially regulated by these 

transcription factors and implicated in SCLC biology25. Among others, these include for 

ASCL1 MYCL1 (also known as MYCL), BCL2, SOX2 and DLL3 and for NeuroD1 MYC 
as well as common targets INSM1 and HES6, an inhibitor of the HES1 transcription factor 

and of Notch-mediated repression of ASCL1 transcriptional activity26. Several of these 

downstream genes were found to be direct targets of ASCL1 or NeuroD1, respectively, by 

chromatin immunoprecipitation. ASCL1 and NeuroD1 appear to bind to and activate largely 

non-overlapping super-enhancers in discrete subtypes of SCLC, resulting in substantial 

differences in gene expression and supporting the idea that ASCL1-high and NeuroD1-high 

tumours represent distinct subtypes. Preliminary systems-level analyses of transcriptomic 

data from human and mouse SCLC cell lines and tumours identified gene expression 

programmes and biological ontologies that suggested further subdivision of ASCL1-high 

tumours into two discrete subsets, termed NE and NEv2 (REF.27).

Engineered mouse models

The first genetically engineered mouse model (GEMM) of SCLC was created in the 

laboratory of Anton Berns by introducing alleles of the Trp53 and Rb1 tumour suppressor 

genes in which key exons were flanked by loxP sites (‘floxed’ alleles)28. Intratracheal 

delivery of adenovirus expressing the CRE recombinase resulted in inactivation of both 

genes in cells in the respiratory epithelium of mice. After a several months delay following 

targeted disruption of Trp53 and Rb1, these mice developed tumours highly similar to 

human SCLC. Interestingly, and of potential relevance to consideration of SCLC subtypes, 

the use of adenoviruses with cell-type-specific promoters in this model suggested that SCLC 

tumours may arise from at least two different cells of origin: efficient tumorigenesis resulted 

from targeting of lung epithelial cells through use of the neuroendocrine-specific CALCA 
gene promoter (the CALCA gene encodes calcitonin gene-related peptide 1 (CGRP)), and 

much less efficient tumorigenesis was observed when an SFTPC gene promoter was used 

(the SFTPC encodes pulmonary surfactant-associated protein C (SP-C), expressed at high 

levels in alveolar type 2 cells)29. How these differences in cell of origin may parallel distinct 

subtypes of human SCLC, what the relevant SP-C-expressing cell of origin might be and 

whether this observation could also be attributable to leaky expression in a cell type not 

normally expressing SP-C have not been further clarified, but these different cells of origin 

may influence the transcriptional programmes in the resulting SCLC tumours in mice30.

The original Berns GEMM was modified to incorporate a third floxed locus, Rbl2 (also 

known as p130), a paralogue of Rb1 (the human homologue of Rbl2 is inactivated in 5–10% 

of human SCLC)31. This conditional triple knockout Trp53/Rb1/Rbl2 model demonstrates 
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accelerated tumorigenesis, phenotypically resembles the Trp53/Rb1 conditional double 

knockout and retains many of the characteristic features of human SCLC. Gene expression 

patterns of both Trp53/Rb1 and Trp53/Rb1/Rbl2 conditional knockout models appear to 

most resemble the ASCL1-high/NeuroD1-low subtype of human SCLC32.

The Trp53/Rb1/Rbl2 conditional knockout GEMM was subsequently used to interrogate the 

relative requirements of ASCL1 and NeuroD1 in SCLC oncogenesis by introducing 

additional loxP sites flanking key regions of the genes encoding each of these two 

transcription factors25. Strikingly, inactivation of Ascl1 appeared to completely abrogate 

neuroendocrine tumour formation when assessed approximately 6 months after adenoviral 

CRE exposure, whereas inactivation of Neurod1 had no evident impact on the number, size 

or histological appearance of resulting tumours. This result provided strong evidence for an 

essential role of ASCL1 in SCLC oncogenesis and further suggested that the existing mouse 

models of SCLC, both conditional double and triple knockouts, were largely reflective of the 

ASCL1-high/NeuroD1-low subtype of human SCLC.

A mouse model resulting in tumours representative of the NeuroD1-high subtype of SCLC 

was reported in 2017 (REF.32). This model explored the role of Myc, the expression of 

which had been previously noted to be associated with the variant subtype of human SCLC, 

as a driver of SCLC oncogenesis33. This model is based on the backbone of the Trp53/Rb1 
conditional knockout mouse, with introduction of a CRE-activated MycT58A mutant that 

leads to stabilization of the resultant MYC protein. Stabilization of MYC markedly 

accelerated tumour initiation and growth. Initial tumour formation in this model appeared to 

reflect an ASCL1-high/NeuroD1-low state; however, invasive tumours demonstrated a 

NeuroD1-high/ASCL1-low state, resembling the NeuroD1-high variant subtype of human 

SCLC.

Together, these data suggested that MYC family members may serve as key differential 

drivers of SCLC subtypes, with MYCL1 being predominant in ASCL1-high classic SCLC 

and MYC being predominant in NeuroD1-high variant SCLC. These data also suggested 

that in mouse models of SCLC there may be sequential hierarchy between subtypes, with 

ASCL1 implicated as a driver in initial oncogenesis and NeuroD1-high tumours 

differentiating from or being selected from ASCL1-high precursors. Notably, whether 

ASCL1 is required for tumour formation in the model with Trp53/Rb1 conditional knockout 

and MycT58A expression (referred to hereafter as the Trp53−/−;Rb1−/−;MycT58A GEMM) has 

not yet been reported, definitive lineage tracing experiments have not been performed and 

the extent to which the hierarchical model suggested by these GEMMs is applicable to 

human tumour development has also not been demonstrated.

Non-neuroendocrine SCLC

Recent data are also beginning to clarify transcriptional drivers relevant in the subtype of 

tumours with low-level expression of both ASCL1 and NeuroD1. Expression profiling of a 

large panel of human SCLC identified differential expression of INSM1, encoding a 

transcription factor expressed preferentially in both ASCL1-high and NeuroD1-high SCLC 

subtypes relative to non-neuroendocrine, and YAP1, a regulator of transcription activated by 
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the HIPPO growth signalling pathway, having the opposite profile – high in non-

neuroendocrine but undetectable or low in most SCLC lines in the ASCL1-high or 

NeuroD1-high subtypes34. Examples of YAP1-high tumours were also noted in the previous 

RNA-seq data from primary human SCLC13. Intriguingly, the small YAP1-high subtype of 

SCLC cell lines appeared to be enriched for intact RB1 by immunohistochemistry, a rare 

event in SCLC34. Notably, and in contrast to data supporting driver roles for ASCL1, 

NeuroD1 and INSM1 in the control of neuroendocrine differentiation, similar data are 

currently lacking for YAP1. Whether high YAP1 represents a transcriptional driver of this 

subtype or a subtype-specific correlate in this subtype has not been determined.

A recent human transcription factor domain-focused CRISPR screen identified POU class 2 

homeobox 3 (POU2F3) as being expressed and essential in a subtype of SCLC cell lines 

lacking high levels of expression of both ASCL1 or NeuroD1 (REF.35). POU2F3 is normally 

selectively expressed in tuft cells, a rare chemosensory cell type in the pulmonary 

epithelium36. POU2F3-expressing SCLC cell lines lack typical neuroendocrine markers and 

demonstrate an expression profile similar to that of tuft cells, suggesting the possibility of a 

distinct cell of origin35. Intriguingly, the same screen revealed additional transcription factor 

dependencies that appear unique to the POU2F3-expressing subtype of SCLC, including an 

alternative achaete-scute homologue, ASCL2, previously identified as overexpressed in non-

neuroendocrine SCLC37. Whereas POU2F3-positive tumours express variable levels of 

YAP1, the relative expression of YAP1 and POU2F3 defines distinct populations of YAP1-

high and POU2F3-high tumours, defining a third and fourth subtype of SCLC from the non-

neuroendocrine subtype. Our current understanding of the data suggests that additional 

subtypes of SCLC lacking the expression of one of these four genes (ASCL1, NEUROD1, 

YAP1 or POU2F3) would be rare.

Intratumoural heterogeneity

The analysis of mutations in TP53 and RB1 in human SCLC has led to the idea that primary 

SCLC tumours are more clonal (and thus harbour fewer genetically heterogeneous clones) 

than other types of lung cancer such as lung adenocarcinoma38. As discussed above, there is 

no clear evidence in primary tumours that specific genetic events in SCLC lead to the growth 

of different subtypes; however, data from mouse genetics indicate that high levels of MYC 

can push SCLC cells towards the NeuroD1-high state. Furthermore, activation of NOTCH 

via overexpression of Notch intracellular domain (NICD) in the Trp53/Rb1/Rbl2 conditional 

knockout GEMM leads to the outgrowth of ASCL1-low/NeuroD1-low tumours, and it is 

possible that inactivating mutations in NOTCH genes in human tumours influence the fate of 

SCLC cells towards specific subtypes. Beyond the antagonistic relationship between 

activation of Notch signalling and expression of ASCL1 (REFS13,39), the functional 

interactions between Notch pathway activity and the transcription regulators defining the 

four major subtypes remain to be investigated. More work is needed to better understand 

how the genetics of SCLC tumours control the presence and the growth of SCLC subtypes. 

Furthermore, emerging evidence supports a model in which biologically relevant 

intratumoural heterogeneity can occur within SCLC tumours and during SCLC progression, 

including functionally distinct subpopulations of interacting cells30. The generation of PDX 

mouse models from biopsy samples or circulating tumour cells both pretreatment and again 
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on progression may prove particularly important in providing insight into the evolving 

intratumoural heterogeneity associated with chemotherapy resistance40,41.

SCLC cultures in vitro often are notable for morphologically different cell types, including 

in some cases mixtures of cells in suspension or loosely adherent and more strongly 

adherent monolayers10. Expression profiling of these distinct populations suggests that the 

suspended cells have more typical epithelial neuroendocrine features, whereas the adherent 

population adopts a more mesenchymal (non-neuroendocrine) expression profile10,37. The 

Berns laboratory demonstrated that these distinct populations also exist in mouse SCLC 

tumours and that a mixture of neuroendocrine and non-neuroendocrine cells had 

substantially enhanced capacity for liver metastasis versus isolated populations of either 

neuroendocrine or non-neuroendocrine subtypes42. A paracrine signalling pathway driven by 

expression of the ETS family transcription factor protein PEA3 in non-neuroendocrine cells 

has been implicated in promoting the enhanced metastasis of neuroendocrine cells in vivo43. 

Recent data have further demonstrated that activation of Notch signalling, generally 

suppressed in the predominant ASCL1-high SCLC subtype, can induce a neuroendocrine to 

non-neuroendocrine fate switch in both mouse and human SCLC cells39. Notch signalling 

induces the transcriptional repressor REST, which in turn leads to expression of HES1 

specifically in non-neuroendocrine phenotype cells. Non-neuroendocrine derivatives have a 

reduced proliferative rate but are relatively chemoresistant and appear to support the survival 

and growth of the neuroendocrine subtype of cells within admixed tumours. Another level of 

intratumoural heterogeneity is suggested by the recent description of vascular mimicry in 

SCLC: differentiation of SCLC cells to express vascular endothelial cadherin and adoption 

of a distinct morphology with tumour-derived cells lining intratumoural blood-containing 

sinusoids44. Vascular mimicry may also contribute to robust tumour growth and 

chemoresistance in vivo. Whether this heterogeneity (mesenchymal-like SCLC cells, 

NOTCH-high REST-high SCLC cells and vascular-like SCLC cells) may relate to the four 

subtypes discussed above remains to be investigated.

Synthesis of available data

The recent SCLC profiling studies of both primary human and mouse tumours summarized 

above support a model of distinct SCLC molecular subtypes defined by relative expression 

of key transcription regulators among the class of tumours defined by the World Health 

Organization (WHO) 2015 classification as SCLC. Importantly, the primary tumours 

described in this synthesis were all confirmed by expert lung pathologists to meet the 

diagnostic criteria for SCLC using the criteria described in BOX 1 (REFS11,13). Most 

SCLCs express INSM1, a marker of both ASCL1-high and NeuroD1-high neuroendocrine 

subtypes. Representative GEMMs exist that appear to reflect these categories. A small 

fraction of SCLC tumours is INSM1-low, ASCL1-low and NEURDO1-low. These tumours 

lack neuroendocrine markers and appear to fall into discrete YAP1-high and POU2F3-high 

subtypes.

Evidence for these subtypes of SCLC has emerged from our multiple research teams 

working both collaboratively and independently: a variety of identifying terminology has 

been employed by different groups while broadly describing the same subtypes (FIG. 1). We 
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now propose referring to these molecular subtypes as SCLC-A, SCLC-N, SCLC-Y and 

SCLC-P, with the last letter signifying the transcription regulator most strongly associated 

with each subtype – that is, ASCL1, NeuroD1, YAP1 and POU2F3, respectively.

Differential expression of the discriminant transcription regulators can clearly distinguish 

these subtypes in both cell lines (N = 54) and in human tumours (N = 81) for which gene 

expression profiling is publicly available (FIG. 2a). Where multiple transcription regulators 

are expressed, samples are classified by the expression level of the transcription regulator 

with the greatest relative overall expression. A version of these data with individual cell lines 

and tumours identified is available online (Supplementary Fig. 1; Supplementary Table 1). 

On the basis of the 81 primary tumours, it appears that the proportion of SCLC-A is greatest 

(0.70 95% CI [0.60, 0.79]), followed by SCLC-N (0.11 95% CI [0.06, 0.20]), SCLC-Y (0.02 

95% CI [0.01, 0.09]) and SCLC-P (0.16 95% CI [0.10, 0.26]) (FIG. 2b). We fully recognize 

that characterization of SCLC subtypes is still an area of active investigation and that these 

designations may need to change or be further specified. For example, although the 

transcription regulators outlined here are sufficient for accurate classification of the four 

proposed molecular subtypes, three of the authors (T.G.O., J.D.M. and A.F.G.) have 

proposed a multigene neuroendocrine/non-neuroendocrine score that also distinguishes 

SCLC-A and most SCLC-N from the non-neuroendocrine subtypes (SCLC-Y and SCLC-P) 

and may be more robust to noise37. ASCL1 expression is variable among SCLC-N subtype 

tumours, and it is currently unclear to what extent tumours that express multiple 

transcription regulators at different levels may differ from tumours defined by a single 

expressed transcription regulator. Multiple genes demonstrate differential expression among 

these subtypes (for example, FIG. 2c), and improved classifiers may therefore emerge in the 

future. In this respect, recent preliminary work has analysed transcription factors that must 

be either active (master regulators) or silenced (master destabilizers) in SCLC subtypes by 

assessing the dynamic equilibrium states of a transcription factor regulatory network with a 

combination of Boolean logic and Bayesian inference27. It remains to be seen whether this 

approach will provide more effective SCLC subtype classifiers. The elaboration of 

additional layers of complex transcriptional networks is critical for our understanding of the 

underlying biology of these tumours; however, this information may be dispensable for 

accurate classification. Despite these caveats, we think there will be value to the SCLC 

research community in a unified nomenclature now to clarify the currently fragmented 

terminology used in the literature, to foster communication among investigators and to serve 

as a framework for addressing active research questions in both preclinical and, ultimately, 

clinical research.

Therapeutic implications

A better understanding of the critical signalling pathways operant in particular SCLC 

subtypes may define vulnerabilities and therapeutic targets. Indeed, recent data suggest that 

several putative targets being actively investigated in SCLC patients represent subtype-

specific vulnerabilities. Delta-like protein 3 (DLL3), a target of multiple SCLC therapeutics 

now in clinical development, including an antibody drug conjugate, a bi-specific T cell 

engager and a chimeric antigen receptor (CAR)-T cell construct, is a direct transcriptional 

target of ASCL1; activity of these therapies can be anticipated to be highest in SCLC-A 
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tumours on the basis of preferential expression of the target in this subtype45 (FIG. 2c). 

BCL-2 is another direct transcriptional target of ASCL1 and is the focus of clinical 

development of multiple targeted inhibitors in active SCLC clinical trials; enrolment to these 

studies is currently biomarker unrestricted, but activity may be highest in SCLC-A18,46. 

CREBBP, one of the most frequently inactivated genes in human SCLC, encodes a histone 

acetyltransferase. A recent study found that in an Rb1/Trp53/Crebbp-deficient GEMM, 

Crebbp loss accelerates development of SCLC tumours (predominantly the SCLC-A 

subtype), albeit with selective activation of genes associated with epithelial-to-mesenchymal 

transition47. The Rb1/Trp53/Crebbp-deficient model demonstrates greater sensitivity to the 

histone deacetylase inhibitor pracinostat than Rb1/Trp53-deficient controls. The activity of 

another epigenetic modifier, the histone demethylase LSD1, has been reported to be 

dependent on disruption of INSM1 and GFI1B in SCLC48. Recent data also demonstrate 

that LSD1 inhibition leads to NOTCH1 activation and resultant ASCL1 suppression in 

SCLC49. Together, these data suggest selective activity of LSD1 inhibitors, which have been 

and are being explored in SCLC patients50, primarily in SCLC-A patients. We described 

above the SVV oncolytic virus, with selective tropism for SCLC-N subtype disease. This 

agent showed disappointing activity as a single agent in an unselected SCLC patient 

population51, but with appropriate biomarker-guided patient selection the SVV oncolytic 

virus could have selective efficacy either as a single agent or as a strategy to augment 

immunotherapy by introducing viral antigens selectively in tumour cells. A study 

randomizing unselected SCLC patients to chemotherapy with or without an insulin-like 

growth factor 1 receptor (IGF1R) inhibitor demonstrated no statistically significant 

difference in outcome52. However, the rare SCLC-P cell lines demonstrate a unique 

vulnerability to IGF1R depletion, suggesting re-exploration of IGF1R inhibitors as a 

targeted therapy approach specific to this subtype35.

One of the most promising areas of current clinical investigation in SCLC focuses on agents 

targeting DNA damage repair and cell cycle checkpoints53. The nearly universal loss of p53 

and RB1, two critical regulators of cell cycle progression, may make SCLC tumours of 

multiple subtypes particularly susceptible to genomic damage. Targets of particular interest 

here include poly(ADP-ribose) polymerase (PARP); the DNA damage response kinase 

ataxia telangiectasia and Rad3-related protein (ATR); and the cell cycle checkpoint kinases 

CHK1, WEE1 and aurora kinase A (AURKA), among others. A clinical trial of paclitaxel 

with or without alisertib, an investigational AURKA and AURKB inhibitor, showed only 

minor improvement in progression-free survival (PFS) in an unselected SCLC patient 

population, but a subtype analysis showed a remarkable benefit of alisertib specifically in 

patients with MYC-high tumours, in which PFS more than doubled; by contrast, patients 

with MYC-low tumours did better on chemotherapy alone (interaction P = 0.0006). This 

result is entirely consistent with data from the Trp53−/−;Rb1−/−;MycT58A GEMM (which 

include SCLC-N MYC-high tumours), which demonstrated the same selective sensitivity to 

aurora kinase inhibition32. Activity of the CHK1 inhibitor prexasertib in SCLC cell lines 

also appeared to correlate with MYC expression, although this agent also shows high-level 

single-agent activity in an SCLC-A mouse model54. Whether other cell cycle checkpoint and 

DNA damage repair targets have subtype-selective activity has not been reported.
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Continuing to explore these and other targeted therapies that might be subtype-specific in 

SCLC patients irrespective of tumour subtype or biomarker selection creates two major 

problems in therapeutic research. First, enrolment of an unselected patient population may 

mask the benefit of a targeted therapy in a select subtype, resulting in active drugs being 

discarded. Second, this approach by necessity leads to study participation by patients whose 

tumours lack the target and who are thus unlikely to benefit. As an initial suggestion, we 

would propose that subtype categorization be assessed as a correlate of clinical outcomes in 

ongoing and recently completed trials in SCLC to provide clinical insight into both the 

prognostic significance of subtype classification and the predictive significance for both 

standard and investigational therapies. Hypothesized subtype-specific vulnerabilities based 

on preclinical and these exploratory clinical analyses could be validated in subsequent 

prospective clinical trials.

Open questions

Identification and characterization of SCLC subtypes is a work in progress, and many 

questions remain. We list some of particular interest here.

Do subtypes reflect different cells of origin and/or oncogenic pathways?

The recent description of SCLC-P, with an expression profile closely resembling that of 

pulmonary tuft cells, strongly suggests a distinct cell of origin for this subtype, although 

trans-differentiation towards a tuft cell expression profile from a cell of origin shared with 

other subtypes remains an alternative explanation35. Data from the Berns laboratory noted 

above suggest that different cells within the respiratory epithelium can give rise to tumours 

resembling SCLC29; it is not clear whether this is also the case in human SCLC. To what 

extent are different subtypes in either mice or humans reflective of different origins and 

different developmental histories?

Do subtypes have different metastatic drivers or organ tropisms?

The lethality of SCLC is largely due to its exceptional metastatic potential3. Very recent data 

using different promoters to direct CRE recombinase expression in distinct cell types in the 

lung (either to neuroendocrine cells specifically or to a broader array of possible cell types) 

in the Trp53/Rb1/Rbl2 conditional knockout GEMM surprisingly reveal different 

programmes of metastatic progression, with one model demonstrating metastases with 

consistent amplification of Nfib and increases in chromatin accessibility and the other 

demonstrating metastases with neither of these features30. NFIB amplification is a feature of 

some but not all human SCLC metastases: do these differ in subtype? Do subtypes dictate 

different patterns of predominant metastatic spread?

Is there biological plasticity between subtypes?

The apparent requirement for ASCL1 for SCLC tumorigenesis in mice in the context of 

Trp53/Rb1/Rbl2 deficiency, together with data demonstrating ASCL1 predominance in early 

lesions in the Trp53−/−;Rb1−/−;MycT58A GEMM, suggests a possible hierarchy, with SCLC-

A being a necessary precursor of SCLC-N in the mouse25,32. Testing of this hypothesis, by 

inactivation of Ascl1 in this model, has not yet been reported. Can tumours evolve (perhaps 
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under subtype-specific therapeutic selection) in the other direction, from SCLC-N to SCLC-

A? Initial experience with flow cytometry showed that most SCLC cell lines express either 

neuroendocrine (NCAM1, CD24, CADM1 and ALCAM) or non-neuroendocrine (CD151 

and EPHA2) surface markers, whereas a few expressed both; upon drug treatment, surface 

marker profiles shifted with increased numbers expressing both classes of marker, possibly 

owing to plasticity55. Will single-cell RNA-seq reveal representation of multiple subtypes, in 

varying ratios, in most (or all) SCLC tumours? By computational tumour deconvolution, 

preliminary data suggest that virtually all SCLC tumours were composed of multiple 

subtypes, signalling an urgent need for longitudinal studies reporting on intratumor 

heterogeneity with respect to progression and treatment27. If the rare SCLC-Y tumours do 

retain intact RB1, these may represent a truly separate tumour class. The relation of the 

newly discovered SCLC-P subtype to others remains to be determined, but it too may 

represent a distinct lineage.

Is subtype assignment in de novo disease prognostic?

Early observational data suggested that variant (that is, SCLC-N) cell lines were more 

commonly derived from previously treated patients, while classic (that is, SCLC-A) lines 

were more likely to be derived from untreated patients10. Are SCLC-N more 

chemoresistant? If SCLC-N is in fact over-represented in recurrent or chemoresistant 

disease, is this attributable to selection or tumour evolution? The SCLC-Y phenotype was 

found to be associated with poor prognosis, with shorter patient survival and increased 

chemoresistance34. The clinical outcomes for SCLC-P patients have not been defined.

How do the immune milieu and microenvironment differ between subtypes?

The most notable recent clinical progress against SCLC has centred around the use of 

immune checkpoint blockade targeting PD1 or PDL1 with or without concurrent targeting of 

CTLA4 (RE FS4,56). Initial studies of nivolumab (with or without the CTLA4 inhibitor 

ipilimumab) or another PD1 inhibitor, pembrolizumab, have explored previously described 

correlates of immune response, including PDL1 expression and tumour mutational 

burden56,57. Only a small minority of patients with SCLC demonstrate durable benefit from 

immunotherapy. Might immune checkpoint response differ in SCLC by tumour subtype? 

SCLC subtypes clearly differ substantially in cell surface proteins, including Notch receptors 

and adhesion molecules. Recent data point to a remarkable synergy between inhibition of 

PARP or CHK1 and PD1 blockade in immunocompetent mouse models of the SCLC-A 

subtype58. Whether these combinations will have broader application to other subtypes 

remains to be assessed. To date, no studies have examined subtype-specific differences in 

tumour stromal composition, immune infiltration or markers of immune activation. 

However, recent studies in lung adenocarcinoma point to tumour-specific determinants of 

immunoresistance, independent of known T cell interaction factors; therefore, it is 

reasonable to hypothesize that this might be true in SCLC as well59.

Are similar subtypes found in other neuroendocrine tumours?

Aggressive and lethal neuroendocrine tumours can arise from adenocarcinomas of the lung, 

prostate and other tissues under the selective pressure of targeted or hormonal therapies, and 

this lineage plasticity is associated with inactivation of TP53 and RB1 (REFS60–63). 
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Whether these tumours most closely resemble one of the subtypes of SCLC described here 

has not been defined. We have begun to dissect the genetic landscapes of large cell 

neuroendocrine cancers of the lung; these fall into at least two large classes – one with TP53 
and RB1 deficiency resembling SCLC and the other with a mutational spectrum more 

closely related to lung adenocarcinoma64,65. Functional subtyping of SCLC derived from 

adenocarcinoma via lineage plasticity on the basis of gene expression profiling has not been 

reported. Understanding whether the subtypes of disease described here are specific to 

SCLC or are representative of broader commonalities among neuroendocrine cancers will be 

of interest and of potential relevance in defining therapeutic vulnerabilities.

Summary

We have made substantial progress over the past several years in our understanding of SCLC 

biology. One key insight emerging from complementary human and mouse investigation is 

the classification of SCLC subtypes defined by distinct gene expression profiles. Several 

therapeutic targets that are the focus of recent, active and planned clinical trials appear to 

differ in subtype specificity. Further investigation of the nature of these subtypes is needed to 

define their differences, commonalities and capacity for interconversion; what determines 

their growth, survival and metastasis; and their therapeutic vulnerabilities and dependencies. 

A better understanding of the biology of these subtypes, and application in the context of 

subtype-specific clinical investigations, may represent an important path forward in defining 

better treatments for SCLC.
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Refer to Web version on PubMed Central for supplementary material.
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Box 1 |

Diagnostic criteria of SCLC: WHO 2015 classification

The 2015 World Health Organization (WHO) classification of lung tumours recognizes 

small cell lung cancer (SCLC) as one of four lung tumours of neuroendocrine origin66. A 

diagnosis of SCLC is made primarily by examination of haematoxylin and eosin stained 

slides by light microscopy and observation of the cellular morphological features of the 

cancer cells that comprise the tumour. Key morphological features include dense sheets 

of small cells, scant cytoplasm, ill-defined cell borders and distinctive nuclear quality 

(finely granular chromatin lacking prominent nucleoli). Tumours are overtly high grade, 

manifesting a high proliferation rate, apoptosis and necrosis. The Ki-67 proliferation 

index is consistently high (50–100%). Neuroendocrine differentiation can be 

demonstrated using a panel of markers including synaptophysin, chromogranin A, 

NCAM1 and insulinoma-associated protein 1 (INSM1); however, a minority of SCLCs 

are negative for all standard neuroendocrine markers3,67. Diagnosis of SCLC can be 

made even in cases with low neuroendocrine marker expression if morphology is classic 

and potential mimics (such as lymphoma or basaloid squamous cell carcinoma) are 

excluded by staining for protein markers diagnostic for those tumours68. SCLC 

frequently expresses thyroid transcription factor 1 (TITF1), which can be useful for 

differentiating SCLC from neuroendocrine cancers not originating from the lung.
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Box 2 |

Genomic analyses of human SCLC

Insight into the genetic landscape of small cell lung cancer (SCLC) was advanced by 

publications by several authors of this Perspective of the first genome-wide exome 

sequencing studies in 2012 (REFS11,12) and a subsequent deeper analysis including 

whole-genome sequencing of over 100 tumours in 2015 (REF.13). These studies 

confirmed the nearly universal functional loss of the two key tumour suppressor genes, 

TP53 and RB1, in SCLC. Disappointingly, recurrent targetable mutations in known 

oncogenes, such as those seen in the kinases that comprise targetable drivers in lung 

adenocarcinoma, were found to be rare in SCLC. By contrast, frequent copy number 

amplification of MYC family proto-oncogenes was observed, consistent with prior 

studies in cell lines and genetically engineered mouse models implicating this gene 

family in SCLC carcinogenesis11–13,69. A number of intriguing observations emerged 

from these studies, including a high frequency of mutations affecting known epigenetic 

regulators (including the closely related histone lysine acetyltransferases EP300 and 

CREBBP and histone methyltransferase KMT2D) along with inactivating mutations in 

Notch family members. These targets, and others identified in these genomic profiling 

studies, are a focus of intense ongoing investigation.
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Fig. 1 |. Different nomenclature describing SCLC subtypes.
Key studies described in the text that have defined small cell lung can cer (SCLC) subtypes 

on the basis of differential gene expression are aligned in temporal order, with the 

nomenclature proposed in this article at the bottom. Referenced articles 

include9,13,14,18,25,27,32,34,35. ASCL1, achaete-scute homologue 1; INSM1, insulinoma-

associated protein 1; NE, neuroendocrine; NeuroD1, neurogenic differentiation factor 1; 

POU2F3, POU class 2 homeobox 3; YAP1, yes-associated protein 1.
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Fig. 2 |. Molecular subtypes of SCLC defined by expression of key transcription regulators.
a | Hierarchical clustering of relative g e ne expression of four key transcription regulators 

defining subtypes in human small cell lung cancer (SCLC), including in primary tumours 

from Rudin et al.11 and George et al.13 (N = 81) and cell lines in the Cancer Cell Line 

Encyclopedia (CCLE) (N = 54)70. Clustering was performed using the R statistical 

computing environment, and the colour bar scale represents relative expression on a log 

scale. A version of these data with individual cell lines and tumours identified is available 

online (Supplementary Fig. 1; Supplementary Table 1). b | Estimates of relative frequencies 

of the four subtypes based on representation in primary human tumour data sets with 95% 

CIs (N = 81). c | Examples of differential expression of genes of interest (MYC, BCL2 and 

DLL3 are shown) among each subtype in primary human tumours (N = 81). NE, 

neuroendocrine.
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