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Abstract: Small-cell lung cancer (SCLC) is a high-grade neuroendocrine carcinoma, corresponding
to about 15% of lung cancers, occurring predominantly in smokers and associated with a very poor
prognosis. Key genetic alterations very frequently observed in SCLC are represented by the loss of
TP53 and RBI1, due to mutational events or deletions; frequent amplification or overexpression of
MYC family genes (MYC, MYCL and MYCN); frequent genetic alterations by mutation/deletion of
KMT2D, RB family members p107 (RBL1) and p130 (RBL2), PTEN, NOTCH receptors and CREBBP.
The profile of expression of specific transcription factors allowed to differentiate four subtypes of
SCLC defined according to levels of ASCL1 (SCLC-A), NEUROD1 (SCLC-N), POUF23 (SCLC-P) or
YAP1 (SCLC-Y). A recent study identified the subgroup SCLC-I, characterized by the expression of
inflammatory/immune-related genes. Recent studies have characterized at molecular level other
lung neuroendocrine tumors, including large cell neuroendocrine cancers (LCNECs) and lung car-
cinoids. These molecular studies have identified some therapeutic vulnerabilities that can be tar-
geted using specific drugs and some promising biomarkers that can predict the response to this
treatment. Furthermore, the introduction of immunotherapy (immune checkpoint blockade) into
standard first-line treatment has led to a significant clinical benefit in a limited subset of patients.

Keywords: lung cancer; small-cell lung cancer; neuroendocrine lung cancer; genomic alterations;
targeted therapy

1. Introduction

Small-cell lung cancer (SCLC) is a unique entity at clinical and histological level com-
pared to other types of lung cancers. It corresponds to about 13% of all newly diagnosed
cases of lung cancer worldwide; it was estimated that about 250,000 new SCLC cases occur
worldwide each year, with about 200,000 deaths each year [1]. This cancer is usually ob-
served in heavy smokers. SCLC is characterized by an aggressive clinical course due to the
rapid development of symptoms related to intra-thoracic tumor growth and by the presence
of frequent metastases, with about two-thirds of patients displaying distant metastatic dis-
ease at initial diagnosis and is rapidly fatal [1]. SCLC is a neuroendocrine cancer and must
be differentiated from more rare subtypes of large-cell neuroendocrine carcinoma and neu-
roendocrine carcinoid (Table 1). Neuroendocrine differentiation markers, including chro-
mogranin A, neuron-specific enolase, Neuron adhesion molecular (NCAM or CD56) and
synaptophysin are expressed in SCLCs [2]. However, neuroendocrine markers are ex-
pressed also in 10% of NSCLCs and alone cannot represent a marker to differentiate SCLCs
from NSCLCs. Pulmonary neuroendocrine cells are a common cell of origin for SCLC. SCLC
is the deadliest type of lung cancer, being uniformly fatal and having a median survival
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duration of <2 years in patients with early-stage disease and <1 year in patients with meta-
static disease and 5-year survival of about 5% [3,4].

The treatment of lung neuroendocrine tumors remains a major challenge. In this re-
view, we highlight recent advances in SCLC research investigating molecular alterations
of SCLC and of other lung neuroendocrine tumors. These studies have led to the identifi-
cation of some molecular targets suitable for targeted therapy. A better understanding of
the genetic and epigenetic heterogeneity may help to identify subsets of patients amenable
to treatments that may improve overall survival.

Table 1. Most recurrent gene alterations observed in SCLC, classified as copy number alterations,
gene mutations and gene fusions.

Copy Number Alterations Recurrent Mutations Gene Fusions

Cell Cycle and Apoptosis
RB1, RBL1, RBL2, TP53,
TP73
Epigenetic Regulators
ARID1A, ARID1B, CHD?,

Gene Deletions

CREBBP, EP300, KDMG6A, KIAA432-JAK2
CDKN24, F I;IPT . 3RAS SFLRBL \\MT2A, KMT2B, KMT2C, PLEKHM2-ALK

Gene Amolification KMT2D, PBMR1, SETD2 PVT1-CHD7
CgNeET FEFR?H:S ZS NOTCH Pathway PVTI-CCNB1IPI

’ oL NOTCH1, NOTCH2, NOTCHS3, RFL-MYCL1

MET, MYC, MYCL,

MYCN NETR SOXs NOTCH4 RFL-FAM132A

! SOX 4' ! Receptor Kinase Signalin RFL-SMAP2

EPHa7, PIK3CA, PTEN

Cell Adhesion-Cytoskeleton
ALMS1, ASPM, COBL,

COL4A2, COL22A1, FMN2,
KIAA1211, PDE4DIP, SLIT2

2. Genetic Abnormalities in SCLC

The studies carried out on SCLC until 2000 have defined the main molecular abnor-
malities observed in these tumors and have also shown the existence of consistent differ-
ences with respect to NSCLC: (i) TP53 is mutated in more than 90% of SCLC, compared
to less than 50% of NSCLGC; (ii) RB1 is inactivated in up to 90% of SCLC, compared to only
10-15% of NSCLGC; (iii) KRAS is rarely mutated in SCLC (<10%) but frequently mutated
in NSCLC (30-40%); (iv) CDKN2A is rarely abnormal in SCLC but is frequently inacti-
vated in NSCLC; (v) the deletion of 3p (14-23) at the level of the region containing the
tumor suppressor FHIT is very frequently observed in both SCLC and NSCLC; (vi) copy
number alterations are frequent in SCLC and the majority of “hot spots” for loss of heter-
ozygosity observed in SCLC not correspond to those found in NSCLC [5].

The main genetic alterations reported in SCLC, classified as recurrent copy number
alterations involving either focal gene deletions or gene amplifications, recurrent gene
mutations and gene fusion events are listed in Table 1.

The availability of SCLC tumor specimens is very limited since surgical resection is
performed only in a minority of these patients do not undergo surgical resection; this lim-
itation helps to understand why the initial studies of characterization of genetic abnor-
malities in SCLC have been performed on single SCLC cell lines. Tobacco smoking is the
main lifestyle exposure responsible for the development of lung cancer and particularly
of SCLC. Smoking exerts a carcinogenic effect through numerous compounds that cause

DNA mutation. Using massive parallel sequencing, Pleasance and coworkers have
detected in a SCLC cell line 22,910 many somatic mutations (134 at the level of exome) and
showed the existence of gene signatures typical of tobacco exposure [3]. Hundreds of
chemical carcinogens are generated by tobacco smoking and are responsible for the
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generation in the lung tissue of mutations through a three-step process processes involv-
ing: (a) chemical modification of purine residues; (b) failure to repair the mutation by ge-
nome repair pathways; (c) incorrect nucleotide incorporation opposite the distorted base
during DNA replication. G > T transversions are the more frequent substitutions found in
SCLC cell lines: these mutations are typically observed in cells exposed to carcinogens
(polycyclic aromatic hydrocarbons) present in tobacco smoke; particularly, enrichment of
G > T mutations at CpG dinucleotides was observed in SCLC cells [6]. Furthermore, G >
C transversions, enriched at CpG dinucleotides, have been detected; these events occur at
the level of unmethylated CpGs [6]. These mutational signatures are typically observed in
cancers derived from tissues directly exposed to tobacco smoke and are largely attributa-
ble to misreplication of DNA damage caused by tobacco carcinogens [7]. Particularly, sig-
nature 4, characterized by C > A mutations is found only in cancer types in which tobacco
smoking increases cancer risk and mainly those derived from epithelial cells directly ex-
posed to tobacco smoke, such as lung cancers [7].

An integrative genome analysis carried out on 29 SCLC exomes, 2 genomes and 15
transcriptomes has provided a first view on the spectrum of genetic abnormalities present
in SCLC and have shown that SCLC is characterized by a high mutation rate correspond-
ing to 7.4 protein-changing mutations per million base pairs, markedly higher than that
observed in most tumors, a phenomenon seemingly related to tobacco carcinogens [5].
SCLCs were characterized by a high number of copy number alterations (CNAs), related
to both broad and focal CNAs. Particularly frequent are the almost universal deletions
involving 3p and 13q (containing RB1) frequent gains of 3q (the region containing the gene
50X2), 5p and losses of 17p (containing TP53) [4]. Focal amplifications involved MYCL1
and MYCN: these amplifications were mutually exclusive and involved a total of 16% of
patients [5]. Focal amplifications affecting 8p12 involved the FGFR1 gene; the only signif-
icant focal deletion involved the gene FHIT [8].

Recurrently mutated genes involve several oncogenic driver genes in SCLC, such as
TP53, RB1, PTEN, CREBBP, EP300, SLIT2, MLL, COBL and EPHA? [5]. Inactivating TP53
and RBI mutations are the most frequent mutational events occurring in SCLC; experi-
ments of double TP53 and RB1 knockout in mice showed the generation of lung tumors
resembling human SCLCs; these studies showed also that TP53 and RB1 gene inactiva-
tions are early and necessary events in the development of SCLC [8]. Three histone mod-
ifier genes CREBBP, EP300 and MLL are frequently mutated and together, they represent
the second most frequently mutated class of genes in SCLC. Three tumor suppressor
genes PTEN, SLIT2 and EPHA?7 are also frequently mutated [5]. Importantly, PTEN mu-
tations and FGFR1 amplifications are potentially targetable genomic alterations [8].

Mos et al. analyzed copy number alterations in 60 patient-derived SCLC cell lines and 63
primary SCLC specimens and observed recurrent amplifications of the MYC family genes:
MYCL1 (8%), MYCN (5%) and MYC (3%) [9]. Importantly, SCLC cell lines bearing amplifica-
tions of MYC family genes displayed a consistent sensitivity to Aurora kinase inhibition [9].

Rudin et al. reported a comprehensive genomic analysis of 36 primary SCLC speci-
mens and observed a pattern of recurrent gene mutations and copy number alterations
similar to that reported by Peifer et al. [10]. In addition, frequent mutations of several
members of the SOX family were observed: SOX2 was amplified in 27% of primary SCLC
samples. Suppression of SOX2 expression in SCLC with SOX2 amplification resulted in
an inhibition of tumor growth [10]. Recent studies support an important role for SOX2 in
SCLC biology. Voigt et al. have shown that in SCLC, the genetic inactivation of RB1 is
responsible for the upregulation of SOX2 expression, mediating the induction of stem/pro-
genitor genetic programs, promoting oncogenesis [11]. SOX2 overexpression is required
for tumor initiation and maintenance in SCLC [11]. In a genetically engineered mouse
model of SCLC, SOX2 is critical for tumor initiation [12]. SOX2 directly regulates MYC
and MYCL in the ASCL1 and NEUROD1 subtypes [9]. Another study showed that Sox2
plays a key role in the SCLC-A (ASCL1-high ASLC1) subtype: ASCL1 recruits SOX2,
which promotes INSM1 and WNT11 expression; ASCL1, SOX2 and INSM1 resulted
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expressed in 60% of cases [13]. However, SOX2 targets the Hippo pathway in the ASCL1-
negative, YAP1-high SCLC (SCLC-Y) subtype [12]. SOX2 overexpression in SCLC is in-
volved also in the mechanism of cisplatin resistance [14].

Gene fusion events are frequently observed in SCLC; most of these fusion events are
intrachromosomal [13]. Recurrent gene fusion event involves RFL and MYCL1 genes; the
corresponding fusion protein of 466 amino acids is composed of the first 79 amino acids
of RLF and the rest of MYCL1 protein, lacking its first 27 amino acids [13].

The study of copy number alterations in SCLC showed recurrent losses in the 3p and
17p chromosome regions, harboring the FHIT, RSSF1 and TP53 genes, and losses at the level
of the 13q and 10p chromosome regions harboring the RB1 and PTEN genes. Amplifications
at the level of 1p, 2p, and 8q regions, harboring MYCL (L-MYC), MYCN (N-MYC) and MYC
(c-MYC) were reported. Collectively, amplifications of MYC family genes occur in about
50% of cases and these mutations are mutually exclusive, thus suggesting a functional re-
dundancy among MYC family gene members in their contribution to SCLC development.

The spectrum of MYC alterations in SCLC is not limited only to gene amplifications
of MYC gene family members, but it is extended also to other factors interacting with MYC
proteins and required for their activity. MAX gene was shown to be mutated in hereditary
pheochromocytoma, a tumor of neuroendocrine origin. MAX gene is frequently mutated
(6%) and inactivated in SCLC; MAX mutations are mutually exclusive with gene altera-
tions involving MYC and BRG1, an ATPase of the SWI/SNF complex [15]. BRG1 protein
regulates the expression of MAX through direct binding at the level of MAX gene pro-
moter. MAX and BGR1 expression are required for the activation of neuroendocrine tran-
scription programs and for the upregulation of some MYC targets, such as glycolysis [12].
BRF1 depletion resulted in the inhibition of cell proliferation, particularly pronounced in
MAX-deficient SCLC [15]. The study of a cellular model of early-stage SCLC provided
evidence that MAX deletion markedly accelerates the SCLC progression in a RB1/TP53
mouse model; in contrast, MAX deletion abrogates tumorigenesis in MYCL-overexpress-
ing SCLC [16]. The MAX deletion induced several perturbations of cellular metabolism,
such as derepression of genes involved in serine and one-carbon metabolism, providing a
growth advantage to SCLC cells [16]. Llabata et al. showed that MAX mutant SCLCs dis-
play ASCL1 or NEUROD1 or combined ASXL1/NEUROD1 features and lack MYC tran-
scriptional activity [17]. MAX-mutant SCLCs exhibit deficient gene repression mediated
by the repressive complex, ncPRC16 [17].

MYC activation represents a key driver of a part of SCLCs; MYC expression promotes
SCLC development in cooperation with RB1 and TP53 loss in a mouse lung cancer model
to promote highly aggressive and metastatic phenotype, largely mimicking human SCLC
and relapsing after an initial response to chemotherapy [18]. MYC expression in experi-
mental tumors was associated with a neuroendocrine-low variant phenotype of SCLC,
with high expression of the NEURODI1 transcription factor and like a SCLC subset ob-
served in human tumors [18].

The development of next generation sequencing (NGS) technology allowed an exten-
sive characterization of the genetic alterations observed in SCLC and helped to identify
genomic-derived drug targets of therapy. Ross et al. reported the wide exome sequencing
of 98 cases of SCLC (23% at stage IIl and 74% at stage IV; 49% primary tumors and 51%
metastatic tumors). This study showed that a sensitive NGS assay can be performed on
formalin fixed paraffin-enbibed biopsies of SCLC patients [19]. The most recurrently al-
tered genes were TP53 (86% of cases, related to gene point mutations/indel and to gene
sequence truncation and more rarely to gene deletion), RB1 (54% mainly due to gene se-
quence truncation and gene deletion), MLL2 gene mutations (17%, mainly due to gene
sequence truncation) and LRP1B gene (7%, due to gene sequence truncation) [15]. The
most frequently amplified genes were RICTOR (10%), MYCL1 (8%) and FGF10 (8%) [19].

In 2015, George and coworkers have performed the first comprehensive molecular
characterization of SCLCs based on genome and transcriptome analysis on 100 samples
(stage I-1V), in large part primary tumors. (Figure 1) In line with previous reports, SCLC
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genomes displayed very high mutation rates with a median value of 8.62 nonsynonymous
mutations per million base pairs [20]. Subclonal architecture was less complex in SCLC
than in lung adenocarcinoma, with a three-fold lower subclonal diversity [20]. The analy-
sis of genomic alterations showed that TP53 and RB1 genes were inactivated in almost all
cases at the level of both alleles; interestingly, two cases displaying normal RBI genes,
showed evidence of chromotripsis, an event determining Cyclin D1 overexpression and
thus leading to RB1 deregulation through an alternative mechanism [20]. Inactivating mu-
tational events at the level of TP53 and RB1 genes included mutations, translocations, ho-
mozygous deletions, hemizygous losses, losses of heterozygosity (LOH) and LOH at
higher ploidy. All these findings represent strong evidence that the inactivation of both
TP53 and RBI genes is a fundamental and obligatory event in the development of SCLC.
[20]. In addition to TP53, TP73 was somatically altered by mutations and genomic rear-
rangements in 13% of cases. In addition to TP53 and RB1, genes involved in G-protein
coupled signaling, such as KIAA1211 (17%), COL22A1 (17%), RGS7 (10%) and FPR1 (6%)
are recurrently mutated [20]. The transcriptome analysis showed that the majority (77%)
of SCLCs show a high expression of neuroendocrine markers, such as CHGA (chro-
mogranin A) and GRP (gastrin releasing peptide), high levels of DLK1 (an inhibitor of
NOTCH signaling) and ASCL1 (an oncogene of neuroendocrine lineage, whose expres-
sion is inhibited by NOTCH signaling); this gene expression pattern was suggestive of
low NOTCH pathway activity. In line with this observation, NOTCH family genes inacti-
vating mutations are frequently observed (25%) in SCLCs: NOTCH1 (14%), NOTCH?2 (4%),
NOTCHS3 (6%) and NOTCH4 (2%) [21]. According to these findings it was suggested that
NOTCH signaling inactivation may contribute to SCLC development, as supported by
studies performed in a SCLC mouse model, showing that activation of NOTCH signaling
induced a marked reduction of tumor number and improved animal survival; further-
more, in these models, an inhibition of neuroendocrine gene expression was induced by
NOTCH activation [20]. In rare cases (KIT 6%) SCLC tumors displayed receptor kinase
mutations [20]. Furthermore, a significant proportion of SCLC displayed mutations at the
level of RB1 gene functional homologs RBL1 (4%) and RBL2 (7%). In addition to gene mu-
tations, frequent focal copy-number alterations are observed, such as TP53, RB1, CDKN2A
homozygous losses and FHIT losses, as well as FGFR1, IRS2, MYC family genes (MYC,
MYCN and MYCLI) amplifications [16]. In conclusion, this study confirmed the complex
genomic alterations present in SCLC, with a strong involvement of the cell cycle regula-
tory pathway and with few therapeutically targetable genetic alterations [20].

Through sequencing and resequencing of 58 primary SCLC samples Augert et al.
showed frequent genetic alterations in chromatin regulators in these tumors [22]. KMT2D
(MLL2) gene encoding the lysine methyltransferase 2D, a key regulator of transcriptional
enhancer function, exhibited truncating mutations in 8% of cases [22]. KMT2D mutations
were associated with reduced lysine methyltransferase 2 protein levels and reduced
monomethylation of histone H3 lysine 4 [22]. Less frequent mutations of lysine methyl-
transferases were observed at the level of KMT2C and KDM6A genes [22]. In addition,
mutations in other genes encoding several epigenetic factors, including genes associated
with transcriptional enhancer control, such as histone acetyltransferases CREB binding
protein gene (CREBBP) and E1A binding protein p300 gene (EP300), and chromodomain
helicase DNA binding protein 7 gene (CHD?) [22]. Furthermore, mutations of the chro-
matin remodeling gene polibromo 1 gene (PBRM1) were observed in 5% of cases: this gene
is located at 3p21, a chromosome region frequently deleted in SCLC [22]. Gu et al. inves-
tigated 119 SCLC patients and observed KMT2C and KMT2D mutations in 12% and 19%,
respectively [23]. SCLCs with KMT2C and KMT2D mutations displayed a higher tumor
mutational burden than the KMT2C and KMT2D wild-type tumors (11.7 vs. 8.5 muta-
tions/Mb) [23]. Tumor mutational burden was particularly increased in SCLCs with con-
comitant KMT2D and TP53 mutations [23]. A recent study in a mouse model supported a
role for KMT2D as a lung tumor suppressor whose deficiency decreases the expression of
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PER2, aregulator of multiple glycolytic genes, determining a condition of therapeutic vul-
nerability to glycolytic inhibitors [24].
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Figure 1. Main genetic abnormalities observed in SCLC. (Top Panel): Focal copy number alteration,
black boxes indicate deleted genes, while white boxes indicate amplified genes. (Bottom Panel):
recurrent gene mutations detected in SCLC patients.

As above discussed, CREBBP, encoding an acetyltransferase, is among the most fre-
quently mutated genes in SCLC; the CREBBP mutations observed in these patients abro-
gate CREBBP-mediated histone acetylation. An autochthonous mouse model provided
evidence that CFREBBP mutation accelerated SCLC development [25]. Gene expression
studies of the experimental tumors showed that CREBBP loss determines a reduced ex-
pression of tight junction and cell adhesion genes, including CDH1 [20]. Treatment with
the histone deacetylase inhibitor (HDACi) Pracinostat increased histone acetylation and
restored CDH1 expression [25]. Through the study of cell lines and SCLC mouse models,
Hellwig at al. further supported a higher sensitivity of CREBBP-mutated tumors, com-
pared to CREBBP-WT tumors, to HDACis [26]. A drug sensitivity screening supported by
a bioinformatic analysis showed a remarkable vulnerability to polo-like kinase 1 (PLK1)
inhibition in CREBBP-mutant SCLC cells [27].

In a group of 39 SCLC patients with advanced disease, Dowlati and coworkers have
analyzed the possible impact of molecular abnormalities on the response to therapy and
observed that patients with mutant RBI (58% of patients) had better overall survival (11.7
months versus 9.1 months) and progression-free survival (11.2 versus 8.6 months)
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compared with patients with wild-type RB1 [24]. In contrast, TP53 mutations do not seem
to have impact on progression-free survival and overall survival [28]. Udagawa et al. per-
formed the genetic profiling of 204 SCLC patients with advanced disease at diagnosis and
reported the presence of 7% of PI3K/AKT/mTOR mutations, 75% of TP53 mutations and
42% of RB1 mutations [29].

As above reported, about 20-50% of SCLCs do not display RB1 mutations. About
25% of SCLC cell lines and tumor specimens expressed RB1 protein, and seemingly rep-
resent the subgroup with WT-RB1 [30]. Sonkin et al. explored 48 SCLC cell lines from the
Cancer Cell Line Encyclopedia and observed that 8 of these cell lines were RBI-WT; RB1-
WT cell lines are sensitive to CDK4/6 inhibitors [30]. Interestingly, about 4-8% of LCNECs
are RBI-WT and display low ASCL1 and NEURODI1 expression; these tumors resemble
RBI-WT SCLCs, an observation that has led Sonkin and coworkers to hypothesize that
RB1-WT SCLCs and LCNECsS are two faces on the same entity [31]. An ongoing clinical
trial is exploring the tolerability and clinical efficacy of the CDK4/6 inhibitor Abemaciclib
in RB1-WT SCLC and LCNEC (NCT04010357).

The presence of genetic alterations at the level of the PI3K/AKT/mTOR pathway was
associated with reduced survival, whereas in limited disease patients, the presence of
TP53 mutations and the absence of RB1 mutations were associated with unfavorable sur-
vival [25]. Next generation sequencing analysis of 26 cancer-related genes in 127 patients
with SCLC undergoing treatment after surgical resection showed a frequency of 54.4% of
TP53 mutations: the presence of TP53 mutations was associated with a relapse-free sur-
vival of 17.3 months compared to 10.4 months in the mutation-negative group [32]. Mul-
tivariate analysis showed that the presence of TP53 mutations was a factor of prolongation
of relapse-free survival but not of overall survival [32].

Recent studies have shown some remarkable differences in the genomic landscape of
lung adenocarcinoma in individuals of East Asian and European ancestry [33]. Several
recent studies have explored genomic profiling of SCLC in East Asians. Jiang et al. re-
ported the whole exome sequencing and transcriptomic sequencing of 99 Chinese SCLC
patients; abnormalities of TP53 and RB1 genes were reported in 82% and 62 of these pa-
tients, respectively. Interestingly the analysis of copy number alterations showed in 28%
of patients DNA copy number gain and mRNA overexpression of Serine/Arginine Splic-
ing Factor 1 (SRSF1), an event associated with poor survival [34]. In vitro and in vivo
functional studies supported an important role of SRSF1 in tumorigenicity of SCLC; SRSF1
silencing triggers DNA-damage and suppresses PI3k/AKT and MEK/ERK pathways [34].

Hu et al. have performed a comprehensive genomic analysis in 122 Chinese SCLC
patients by NGS; this analysis showed that: the most frequently altered genes were TP53
(93%), RB1 (79%), LRP1B (19%), KTM2D (16%), FAT1 (11.5%), KTM2C (11.5%), SPTA1
(11.5%), STK24 (11.5%), SAM135B (11%), NOTCH1 (11%) [35]. Some differences were ob-
served between East Asian and Western patients: (i) the rate of co-occurring mutations of
TP53 and RB1 alterations in Chinese patients was 76.6%, compared to 90.9% observed in
Western patients; (ii) mutations at the level of Wnt and NOTCH signaling pathways in
the Chinese SCLC patients were lower than in the Western patients; (iii) the occurrence of
non-smokers among Chinese SCLC patients (29.5%) in higher than that reported in West-
ern patients (2-10%) [36]. Another recent study reported the genomic characterization of
75 Chinese SCLC patients and reported similar frequencies of TP53 (96%) and RB1 (77%)
mutations; in this study, frequent SMAD4 mutations (32%) were also reported [36]. This
study showed also that the median number of mutated genes per patient was 5; patients
with more than 5 mutated genes and with mutated BRCA2 gene had better progression-
free survival after first-line chemotherapy than other patients [36].

A very recent study reported the genomic profiling of 50 surgically resected Chinese
SCLCs, characterized by targeted deep NGS using a panel of 520 cancer-related genes.
The most frequently altered genes in this cohort of patients were TP53 (94%), RB1 (86%),
LRP1B (44%), SPTA1 (26%), KMT2D (24%), FAT1 (20%), FAT3 (16%), NOTCH2 (16%) and
ARID1A (14%) [37]. Interestingly, NOTCH2, JAK2 and CDK12 genes were more frequently
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altered in Chinese patients than in European or North American SCLC patients [31]. Some
genomic alterations displayed a prognostic relevance: a high tumor mutational burden
(27 muts/Mb) were associated with a better prognosis; ARID2 and LRP1B mutations were
associated with a longer overall survival; Ras signaling pathway mutations were associ-
ated with a clearly better overall survival [37].

In conclusion, although some differences were reported in one study between East
Asians and European SCLC, their genomic profiling is highly comparable.

The availability of tumor tissue sufficient for high throughput sequencing at diagnosis
and at relapse of SCLC patients is very limited because most of relapsed patients do not
undergo tumor biopsies. Because of this limitation, only a few studies have characterized
SCLCs through paired analysis at diagnosis and at relapse. Wagner et al. performed a
whole-exome sequencing of paired SCLC tumor samples obtained at diagnosis and at re-
lapse [38]. The mutational landscape of relapsed SCLC samples showed that 100% and 93%
of relapse SCLC samples displayed a mutation or a deletion in TP53 and RB1, respectively
[38]. Interestingly, after TP53 and RB1, the most frequently mutated gene was COL11A1,
encoding for the alpha I chain of type XI collagen [38]. COL11A1 gene dysregulation is in-
volved in resistance to platinum chemotherapy. Several copy number alterations observed
in relapsed samples are likely to play a role in mediating chemotherapy resistance, such as
amplifications of ABCC1 (a membrane ATP binding cassette transporter mediating drug
export out of the cells) or deletions in mismatch repair genes MSH2 and MSH6; in 10% of
relapsed sample, only MSH6 mutation were also observed [38]. Relapse samples display
frequent mutations and loss of heterozygosity in modulators of WNT signaling, such as
CDHS8 and APC. RNA sequencing studies showed a consistent enrichment for an ASCL1-
low expression subtype and WNT activation in relapsed samples [32]. Increased WNT ac-
tivity was associated with chemoresistance in relapsed SCLC [38].

SCLC has the strongest association with smoking among the different types of lung
cancers. About 1.8% of SCLC patients are non-smokers [39]. The overall survival of never
smoker SCLC patients was like that of smoker SCLC patients [39]. Analysis of genomic pro-
filing showed that non-smoker SCLCs were characterized by lower tumor mutational bur-
den than smoker SCLCs (1.74 vs. 8.70 mutations/Mb), lower frequency of TP53 and RB1
mutations, and the absence of mutational signatures related to smoking [39]. Ogino et al.
have reported the genomic and characterization of 11 never/former light smokers with clin-
ically diagnosed SCLC; in spite the clinical diagnosis of SCLC, at pathological level, the ma-
jority (8/11) displayed a mixed histology with the SCLC component associated with either
non-small-cell lung cancer or atypical carcinoid or an undifferentiated carcinoma compo-
nent [40]. RB1 and TP53 mutations were observed in 4/11 and 5/11 cases, respectively; more
rarely, EGFR, NRAS, KRAS, BRCA1 and ATM mutations were detected [40].

It is of some interest to note that SCLCs can be grouped into a central-type and a
peripheral-type according to the location of the primary tumor either at the level of seg-
mental or more proximal bronchi or sub-segmental and distal bronchi. A recent study
suggested that these two SCLC types may display different molecular properties: (i) the
mutational profile was similar in these two tumor types but the tumor mutational burden
was higher in peripheral than in central-type tumors; (ii) amplification of 8q24.21, con-
taining the MYC gene, and deletion of 13q24.21, which contains the RBI gene, are more
frequent in peripheral-type; (iii) amplification of 12q24.31 is related to the overall survival
in central but not in peripheral-type SCLC [41].
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Genomic Characterization of SCLC Using Cell-Free Tumor DNA

The availability of tumor specimens of SCLC is limited because the majority of pa-
tients in first-line are treated directly with chemotherapy, without surgical resection. Sim-
ilarly, patients in second-line are rapidly treated with chemotherapy as early as recurrence
is suspected on imaging. This explains why the number of studies on the genomic land-
scape of SCLC patients is limited, particularly for recurrent patients. To bypass this limi-
tation, it is of fundamental importance to find an alternative, available source of tumor
cells. Recent studies have shown that some rare tumor cells circulate in the blood and
release into circulation fragmented DNA, called circulating cell-free tumor DNA (ctDNA);
ctDNA could represent a suitable material for the characterization of tumor genomic al-
terations. ctDNA is readily detectable in the large majority of SCLC, due to the high
growth rate of these tumors and to their high hematogenous spread. ctDNA may repre-
sent a precious source of to explore genomic alterations at diagnosis, to monitor response
to therapy, to investigate disease evolution and to determine genetic changes at relapse.
Almodovar et al. showed the feasibility of NGS evaluation of the mutational profile of
SCLC patients; their evaluation of 27 patients showed that DNA mutations were detecta-
ble in 85% of patients [42]. Alongitudinal evaluation of tumor samples usually showed a
reduction of VAF of DNA mutations during therapy, with an increase following comple-
tion of chemotherapy, just preceding radiological progression; similar observations were
made during second-line therapy [42]. Nong et al. convincingly showed that ctDNA is an
appropriate DNA source to delineate genomic landscape, subclonal architecture and to
investigate genomic evolution of SCLC under therapy [43]. Importantly, a high concord-
ance of somatic mutations between tumor DNA and ctDNA was observed [43]. A recent
study by Mohan and coworkers provided evidence that it is possible to apply next gener-
ation sequencing to ctDNA derived from SCLC patients: genome-wide and targeted
ctDNA sequencing identified the profile of genomic alterations in 94% of patients with
limited-stage SCLC and 10% of patients with extensive-stage SCLC [43]. Both evaluation
of circulating tumor cells and ctDNA readouts correlated with disease stage and overall
survival [44]. Devarakonda et al. analyzed ctDNA profiling by targeted NGS in 564 SCLC
patients undergoing standard treatment and samples were analyzed at diagnosis and at
relapse: mean allelic frequency of gene alterations decreased from diagnosis to relapse,
whereas the number of nonsynonymous mutations or amplifications detected per sample
did not differ significantly following treatment and at relapse [45]. The analysis of the
changes of the mutational profile at relapse suggest ctDNA profiling holds promise for
evaluating mechanisms of resistance and for the identification of potential therapeutic tar-
gets, at least in some patients [45]. Feng et al. have performed a longitudinal evaluation of
ctDNA profile in a cohort of 30 SCLC patients undergoing standard treatment; the pa-
tients were evaluated pre-treatment, after two, six cycles of chemotherapy and at progres-
sion [46]. A classification method was developed according to the changes in RB1 muta-
tional status: subtype I patients (positive at pre-treatment and after two cycles of chemo-
therapy) displayed an overall survival inferior to subtype II (positive at pre-treatment but
negative after two cycles of chemotherapy) and subtype III (negative at both pre-treatment
and after two cycles of chemotherapy) patients [46]. Furthermore, patients whose muta-
tional tumor burden index decreased to 0 after six cycles of chemotherapy had an im-
proved median overall survival [46].

In the peripheral blood of SCLC patients in addition to ctDNA, it is observed also the
presence of CTCs. Circulating tumor cells (CTCs) are prevalent in SCLC and represent an
accessible “liquid biopsy” for diagnostic, prognostic and therapeutic studies. CTCs ob-
tained from patients with SCLC maintain their tumorigenic properties in immunocom-
promised mice, and the resultant CTC-derived tumor explants provide a unique tumor
source for the study of the biology of SCLC and for the screening of the therapeutic re-
sponse to various drugs [47]. Hou et al. have explored the number of CTCs present in 7.5
mL of blood in a cohort of SCLC patients [48]. The analysis of the data showed that the
level of 50 CTCs was a suitable cutoff to distinguish the patients into a favorable and
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unfavorable cohort [48]. OS and PFS was significantly reduced in patients with >50 CTCs
at baseline; in addition to the baseline values, CTC values after the first cycle of chemo-
therapy were prognostic [48]. Molecular analysis of CTCs of 31 patients with SCLC al-
lowed the identification of a copy-number classifier to distinguish chemosensitive from
chemorefractory patients: this classifier correctly assigned 83% of cases as chemosensitive
or chemoresistant [49]. Furthermore, there was a significant difference in the progression-
free survival between patients classified as chemosensitive or chemorefractory [49].

The evaluation of CTCs was prognostic also for SCLC patients with limited exten-
sion; in 60% of these patients CTCs were detectable and the best prognostic cutoff value
was 15 CTC/7.5 mL of blood: patients with >15 CTCs have an OS of 5.9 months, while
those with <15 CTCs display an OS of 26.7 months [50].

CTCs of SCLC represent a precious source for the isolation of tumor DNA suitable
for genetic analyses. Using tumor DNA isolated from CTCs, Su et al. explored somatic
mutations and copy number alterations (CNAs) by single-cell sequencing of CTCs iso-
lated from patients undergoing chemotherapy treatment [51]. Patients with a low score of
CNAs displayed an increased overall survival and a prolonged progression-free survival
compared to patients with high CNA scores [52]. The analysis of CNAs at different time
points during chemotherapy treatment, showed that CNA heterogeneity may derive from
allelic losses of initially consistent CNAs [52].

3. Gene Expression Studies and Molecular Classification of SCLC

The analysis of the mutational landscape of SCLC provided important information
about the major genetic drivers of tumor development but failed to define tumor sub-
types. However, the analysis of the expression of specific transcription factors provided a
framework to different SCLC subtypes, with specific biologic properties [53]. About 70%
of SCLCs are characterized by high expression of ASCL1 and MYCLN, together with high
expression of neuroendocrine markers; about 25% of NSCLCs are characterized by high
expression of MYC and low expression of ASCL1 and neuroendocrine markers: these tu-
mors are characterized by high levels of NEUROD1, POU2F3 or YAP1. Thus, it was re-
cently proposed a classification of SCLC based on four tumor subtypes, defined each ac-
cording to the high levels of a specific transcription factor: ASCL1 (SCLC-A subtype),
NEUROD1 (SCLC-N subtype), POU2F3 (SCLC-P) or YAP1 (SCLC-Y) [53] (Figure 2).
ASCL1 is a lineage-specific transcription factor, member of the basic helix-loop-helix
(BHLH) family of transcription factors involved in neuronal commitment and neuroen-
docrine differentiation and reactivated in SCLC; in normal lung, ASCL1 expression is con-
fined to quiescent progenitor neuroendocrine cells. This transcription factor is essential
for tumor development and survival; ASCL1 targets MYCL1, SOX2, BCL2, RET genes and
the NOTCH Ligand DLL3; additional important targets of ASCL1 are represented by
NKX2-1 (TTF1) and BRN2 [54]. ASCL1-high tumors are associated with a high expression
of neuroendocrine markers [54]. MYCL is amplified or highly expressed in the SCLC-A
subtype and is required for SCLC-A development [40]. SCLC-N subtype is characterized
by the expression of NEUROD1, a member of the NeuroD family of BHLH transcription
factors, represents about 17% of all SCLCs and is characterized by a lower expression of
neuroendocrine markers than SCLC-A tumors. SCLC-N tend to exhibit amplification or
overexpression of MYC. In mouse models, MYC expression drives the formation of tu-
mors with a non-neuroendocrine SCLC phenotype with NEUROD1 expression [17]. It is
important to point out that the SCLC-N subtype is less defined than the SCLC-A subtype.
This conclusion is strongly supported by a recent study reporting the immunohistochem-
ical detection of ASCL1, NEUROD1, POU2F3 and YAP1 expression in 174 SCLC samples:
ASCL1-only expression was observed in 41% of cases; NEUROD1-only in 8% of cases;
ASCL1/NEURODI1 double-positive in 37% of cases; ASCL1/NEURODI1 double-negative
in 14% of cases [55]. The distribution of ASCL1/NEUROD1 double-positive cases was es-
tablished according to the dominance of the expression of one of these transcription fac-
tors over the other one; thus, although ASCL1 and NEURODI1 are frequently co-
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expressed, in most cases one of the two markers was strongly dominant over the other
[54]. Importantly, this study showed also that both ASCL1-dominant and NEURODI1-
dominant SCLC subtypes were associated with neuroendocrine mark-
erhigh/TTF1hish/DLL3bgh profile [55].

A minority subset of ASCL1/NEURODI1-double negative SCLCs was found to ex-
press POUF3 or YAP1. A common feature of these SCLCs is represented by the absence
of a neuroendocrine phenotype and expression of RE1 silencing transcription factor
(REST); furthermore, these tumors display an epithelial to mesenchymal transition profile
and activation of some signaling pathways, including NOTCH, HIPPO and TGFf3 path-
ways. A part of these ASCL1/NEUROD1 double-negative SCLCs is characterized by the
expression of POU2F3, a marker of chemosensory tuft cells, known in the lung airway as
brush cells [55]. Immunohistochemical studies have shown that POU2F3 expression was
limited to ASCL1 and NEUROD1-double negative SCLCs, of which 45% were positive for
POU2F3 [55].

N\ A4 AV 4
SCLC-A SCLC-N SCLC-P SCLC-Y
ASCL1 NEUROD1 POU2F3 YAP1
“Classic”, NE-high “Variant, NE-low Non-NE Non-NE
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J/ \. / \\ / \_ J/
4 N/ N\ N/ )
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Figure 2. Different molecular classifications of SCLC. The first line from the top shows the model
proposed by Rudin et al. in 2019 [52]; the second line the model proposed by Baine et al. in 2020
[54]; the third line the model recently proposed by Gay et al. [56]. The fourth line shows the main
targeted therapies proposed for each molecular subtype.

YAP1 has been proposed to represent the fourth SLCL subtype, associated with de-
creased INSM1 expression and enrichment for intact RB1 [53]. YAP1 is a modulator of
transcription activated by the HIPPO signaling pathway. However, the role of YAP1 as
one of the key drivers in SCLC is unclear. In fact, the recent study of immunohistochemical
evaluation of ASCL1, NEUROD1, POU2F3 and YAP1 in SCLCs, YAP1 expression resulted
absent or low, failing to define a distinct subtype of SCLC; the only few cases expressing
moderate YAP1 levels displayed a combined histology and the most of YAP1-positive
cells are not neuroendocrine cellular elements [55]. In line with these observations, Simp-
son et al. reported the isolation of SCLC-A, SCLC-N and SCLC-P subtypes, but not of
SCLC-Y subtype in circulating tumor cell-derived xenografts [57]. Furthermore, this study
showed that within the group of low/non-neuroendocrine SCLC, a rare subtype with high
expression of the transcription factor ATOH1 was identified. Finally, a detailed analysis
of YAP1 expression in SCLC-derived xenografts provided evidence that YAP1 expression
in these tumors was observed at the level of rare non-neuroendocrine cell clusters, while
some rare tumor elements with low expression of neuroendocrine markers express low
YAP1 levels [58].

A recent study by Ireland et al. provided evidence that, through the analysis of hu-
man and mouse models with single-cell transcriptome analysis, that MYC drives dynamic
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evolution of SCLC subtypes. In neuroendocrine cells, MYC activates NOTCH signaling
inducing dedifferentiation of tumor cells, thus promoting a temporal shift in SCLC from
ASCL1+, to NEUROD1*, to YAP1* non-neuroendocrine states. MYC alternatively promote
a consistent transcriptional plasticity. PUO2F3* tumors derive from the effect of MYC on
an unknown cell of origin that is a non-neuroendocrine cell [59]. Importantly, the analysis
of the transcriptome of single SCLC tumor cells showed that each tumor cell is composed
of multiple molecular subtypes, thus supporting the view that SCLC tumor cells possess
a moving transcriptional profile triggered by a consistent transcriptional plasticity [59].
According to these findings, it was suggested that SCLCs represent a moving and variable
in time therapeutic target, with changing vulnerabilities and thus requiring a combinato-
rial therapeutic targeting [60].

Wooten et al. reported a systems approach to explore SCLC heterogeneity that inte-
grates transcriptional, mutational, and drug-response data; using this approach, they have
identified four SCLC subtypes: Neuroendocrine, non-Neuroendocrine, NEvl and NEv2
[60]. NE subtype corresponds to SCLC-A, NEv1 to SCLC-N and non-NE to SCLC-Y; NEv2
corresponds to a subtype that has not been described previously and is very similar to
SCLC-A subtype and could be considered a SCLC-A2 subtype; this subtype is more re-
sistant than the other subtypes to various drugs [60]. Thus, it was proposed that the SCLC-
A subtype comprises two distinct subtypes (SCLC-A and SCLC-A2), with SCLC-A2 being
distinguished from SCLC-A by its expression of other factors, such as HES1 [60]. Interest-
ingly, this study also provided evidence that a large proportion of SCLCs comprise more
than one subtype; some transcription factors expressed in these tumors act as “master
destabilizers” in that their activation destabilizes a phenotype [60].

The main cellular targets of the oncogenic transformation observed in SCLC are rep-
resented by rare neuroendocrine stem cells. Pulmonary neuroendocrine cells are neuro-
sensory cells present in the bronchial epithelium promoting epithelium repair following
tissue injury. Neuroendocrine stem cells possess a considerable cell plasticity and follow-
ing an injury dedifferentiate first and are reprogrammed to other cells fates, contributing
to tissue repair [60]. Neuroendocrine stem cells are regulated by the genes whose muta-
tions are directly involved in SCLC development: RB and TP53 inhibit self-renewal of
neuroendocrine stem cells, whereas NOTCH (NOTCH2) marks neuroendocrine stem cells
and initiates the process of deprogramming and transit amplification [61].

4. DNA Methylation Alterations in SCLC

Epigenetic alterations play a key role in the development and maintenance of many
tumors, including SCLCs as discussed above, genes encoding various epigenetic factors,
such as KMT2A, KMT2B, EP300 and CREBBP are frequently mutated in SCLC. DN A meth-
ylation studies of SCLCs have shown the existence of consistent alterations. A first ge-
nome-scale analysis of methylation showed the existence of hundreds tumor-specific
methylated genes; particularly, 73 genes were identified that were methylated in most
primary SCLC tumors [62]. Interestingly, this analysis showed an enrichment in genes
encoding transcription factors and, particularly, of neural cell fate-determining transcrip-
tion factors, such as NEUROD1, HAND1, ZNF423 and REST [62].

Poirier and coworkers have performed another genome-scale analysis of DNA meth-
ylation and defined distinct disease subtypes, which in part correlated with subsets de-
fined by gene expression analysis [63]. Thus, DNA methylation profiling identified three
methylation clusters, defined as SCLC M1, M2 and SQ-P: DNA methylation was signifi-
cantly increased in SCLC M1 and M” subsets compared to SQ-P; the number of methyl-
ated gene promoters was lower in SQ-P, compared to other methylation subtypes [63].
Interestingly, DNA promoter methylation levels in SCLCs are among the most elevated
in various tumors reported in the TCGA datasets [63]. TP53 and RB1 gene alterations were
equally present in the different methylation subtypes; at the level of transcription factor
expression, SCLC-M1 tumors are ASCL1v/NEUROD1Msh and SCLC-M2 tumors
ASCL1hg/NEUROD1ow [63]. Importantly, this study also showed the expression of the



Onco 2022, 2

198

histone methyltransferase EZH?2 is particularly high in SCLCs; among the tumors re-
ported in the TCGA and Cancer Cell Line Encyclopedia (CCLE) the EZH2 values observed
in SCLC are the highest [63].

Some relevant genes are epigenetically silenced in SCLCs. Thus, the death receptors
TRAIL-R1 and TRAIL-R?2, caspase-8 and Fas are silenced in SCLC by promoter methyla-
tion; this gene silencing is responsible for the resistance of SCLCs to apoptosis mediated
by death receptors [64]. This resistance can be reduced by treatment of SCLC cells with
demethylating agents and interferon-y [64].

5. Intratumoral Heterogeneity

The molecular studies of characterization of genomic alterations of SCLC, as well as
of other solid tumors, were based on the analysis of a single tumor specimen that is ex-
pected to be representative of the whole tumor. However, it is well known that most of
solid tumors display a variable and often consistent degree of intratumoral heterogeneity
(ITH). It is fundamental to define the degree of ITH of a tumor for its role in tumor evolu-
tion and chemoresistance.

Few studies have investigated ITH in SCLC. Zhang et al. explored ITH by multire-
gional analysis of 34 operative SCLC tumor specimens obtained before systemic therapy;
102 multiregional tumor tissues were obtained from these 34 tumors and analyzed by
whole exome sequencing for clonal and subclonal somatic mutations and copy number
variants [65]. The most frequently mutated genes in these patients were TP53 (88%), RB1
(70%), TTN (68%), TBEB3CL (65%) and MUC16 (56%), all with a clonal distribution [66].
These tumors displayed a consistent degree of ITH that was estimated to be 0.50 for mu-
tational ITH and 0.49 for CNV ITH; univariate analysis showed that higher CNV ITH was
significant positive predictor of OS, while higher mutational ITH was not associated with
OS significantly [65]. Zhou et al. have analyzed by multiregion exome sequencing 120
samples derived from 40 stage I-IIl SCLC surgically resected [66]. The most frequent mu-
tatnt genes in these tumors were TP53 (88%), RB1 (72%) with clonal distribution and
LPR1B (22%), PCLO (15%) and KMT2D (15%) with subclonal distribution; a consistent leve
of ITH was observed both at mutational (median 0.30) and at CNV levels (median 0.49)
[66]. A higher mutational ITH was associated with worse overall survival, whereas a
higher tumor burden per cluster was associated with better disease-free survival [66].

To investigate the contribution of ITH to chemoresistance, Stewart et al. have devel-
oped models from SCLC patients based on circulating tumor cell (CTC)-derived xeno-
grafts and have studied the tumor cells generated in these models by single-cell RNA se-
quencing [67]. This study was carried out longitudinally using both the CTCs from chemo-
sensitive and chemoresistant SCLC patients [67]. The results of this analysis showed that
globally the level of ITH increased with development of chemoresistance, thus suggesting
that coexistence of transcriptionally heterogeneous tumor cells with a different spectrum
of chemosesitivity/chemoresistance could represent an important mechanism for the evo-
lution of SCLC from chemosensitivity to chemoresistance [67].

6. Targeted Therapy and Immunotherapy for SCLC

Most of SCLCs harbor functional inactivation of TP53 and in part also of RB1 genes;
the targeting of altered TP53 and RB1 genes remains now elusive. As above discussed,
recent studies using high throughput technologies have shown that SCLCs display a con-
sistent number of additional genetic alterations, including PTEN loss, FGFR1 amplifica-
tions, activating PI3K mutations, DNA damage response, cell-cycle gene alterations (ATR,
CHK1 and WEET), NOTCH pathway, apoptotic pathway, mitotic pathway (Aurora Kinase
A) and epigenetic regulation (BET proteins).

Thus, the better understanding of the molecular alterations occurring in SCLC has
provided evidence that some of these genetic alterations can be targeted at therapeutic
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level. The main therapeutic targets and the corresponding drugs and clinical studies are
reported in Table 2.

Table 2. Treatment targets, predictive biomarker, corresponding drugs and clinical studies.

Pathway Target Clinical Context and Biomarker Drug and Clinical Studies
Relapsed SLCL. SLEN11 is a biomarker corre-
DNA Damage PARPI lated with response. Low inflammatory signa- ~ Veripalib or Oripalib with Temozolomide: Im-
Repair (DDR) ture is a biomarker proved PES in SLEN11-positive patients
of resistance.
Veripalib with standard chemotherapy
DNA D
. amage PARP1 First-line untreated SCLC (platinum + etoposide): improved PFS but
Repair (DDR)
not OS.
Rel d SCLC. CNAs i drivi lica-
DNA Damage elapsed SCLC. CNAs in genes driving replica- g o ip, (ATR inhibitor) with Topotecan 1:
. ATR tion stress (CCNEI1 gain, ARID1A loss) in re- o . .
Repair (DDR) . . 36% of responding patients.
sponding patients
,Rela,p sed ,SCLC' C},IKl, 1r.1h1b1t0rs synerglze Prexaserib, a CHK1 inhibitor alone showed very
with cisplatin. PARP inhibitors and ICIs. CHK1 . . . L
Cell Cycle CHK1 . . limited antitumor activity in relapsed SCLC pa-
and MYC overexpression are biomarkers of re- tents
sponse to CHK1 inhibitors )
AZD17765, a WEE1 inhibitor, used in monother-
Cell Cycle WEE1 Relapsed SCLC apy showed very limited antitumor
activity in relapsed SCLC patients.
CDK4/CDKE inhibitors cannot decrease the ) L 1 o cDK4/CDK6 inhibitor when associ-
proliferations of SCLCs that are RB1-defective, . . . g
. ated with various chemotherapy regimens in first-
CDK4  but can decrease the cytotoxic effects of chemo- .. .
Cell Cycle .. . or second-line improved chemotherapy-induced
CDK6  therapy on the hematopoietic system reducing . . . .
. . . myelosuppression but did not modify anti-tumor
the cycling activity of HSCs and stimulate the .
. ) efficacy outcomes.
anti-tumor immune response
Maintenance therapy or second-line therapy. Rovalpituzumab tesirine as maintenance therapy
NOTCH L ) . .
DLL3  DLL3 tumor positivity is a biomarker of sensi- or as second-line therapy: no effect on
Pathway -
tivity. OS.
T t i iati ith plati 1
NOTCH NOTCH2 First-line therapy in association with standard arex‘ um.ab .m as? oclation with platinum plus
. . etoposide in first-line, compared to placebo plus
Pathway NOTCH3 chemotherapy (platinum plus etoposide)
chemotherapy.
First-line therapy in association with chemo-
Apoptosis BCL-2 therapy; second-line therapy, relapsed patients. Nivotoclax in monotherapy, in relapsed SCLC pa-

High BCL-2 level is a biomarker of in vitro sen- tients: very low responsding rate.
sitivity to Venetoclax

Relapsed/refractory SCLC in association with ~ Alisertib plus plataxel in second line therapy: no

AURORA
Mitotic pathway URO chemotherapy benefit in the overall population; improvement of
A KINASE Lo . . . . . .
c-MYC expression is a biomarker of sensitivity PFS in patients with c-MYC expression.
Epigenetic BET Second-line therapy in association with PARPis No clinical response using BET inhibitors in mono-
Regulation Proteins or Ventoclax. therapy in relapsed/refractory patients.

6.1. Targeting DNA Damage Response (DDR)

Most SCLC patients have a metastatic disease at diagnosis and only 20-30% of pa-
tients have an earlier-stage disease, amenable to a chemotherapy plus radiotherapy treat-
ment with a potentially curative intent. The median survival for these patients is low: 9-
10 months for metastatic disease and 2 years for non-metastatic patients. The treatment
for patients with locally advanced or metastatic disease consists in radiotherapy with con-
comitant chemotherapy; the first-line chemotherapy for newly diagnoses SCLC consists
of a platinum agent (cisplatin or carboplatin) in association with the topoisomerase II in-
hibitor etoposide. Most of the SCLC patients have disease relapse after a few months of
frontline treatment; the treatment of relapsing SCLC patients is very challenging and there
are only two drugs approved by the FDA, topotecan and labinectedin, both exhibiting
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only modest efficacy. The most accurate predictor of second-line efficacy is the duration
of clinical benefit deriving from the first-line therapy with platinum and etoposide.

Recent studies have explored the molecular mechanisms responsible for the rapid
development of chemoresistance observed in SCLC after an initial, transient response to
first-line chemotherapy. Gardner et al. have explored the mechanisms of acquired re-
sistance to first-line cisplatin and etoposide therapy in SCLC by an experimental approach
attempting to mimic the clinical treatment using a set of chemosensitive patient-derived
xenograft (PDX) models [68]. The development of chemoresistance in these models was
associated with the suppression of the expression of SLFN11 (Schlofen 11, DNA/RNA hel-
icase involved in DN A-damage repair, by blocking replication at stressed replication forks
in the presence of DNA damage); SLFN11 silencing was associated with marked increase
of H3K27me3, a histone modification promoted by EZH2 [68]. In line with these findings,
the treatment with an EZH?2 inhibitor restores SLFN11 expression and chemosensitivity;
the association of an EZH2 inhibitor with standard chemotherapy prevented emergence
of acquired chemoresistance and increased chemotherapeutic efficacy in both chemo-
resistant and chemosensitive SCLC cells [68]. The same PDX-based approach was used to
show that SLFN11 is a biomarker of response of SCLC cells to PARP inhibitors, such as
Olaparib, Recuparib and Veliparib; particularly, SCLCs expressing SLFN11 are particu-
larly sensitive to the combinatorial therapy with a PARP inhibitor (talazoparib) and te-
mozolomide, a promising drug combination for the treatment of SCLC patients [69]. In
line with these observations, recent clinical studies have shown that SLFN11 expression
is a predictive biomarker for response to PARP inhibitors. SLFN11 expression by im-
munohistochemistry was correlated with outcomes in the randomized phase II trial of
temozolomide (a DNA damaging agent) plus veliparib (a PARP inhibitor) versus te-
mozolomide plus placebo in a group of SCLC patients with relapsed disease: in the whole
population of patients there were no significant differences in both PFS and OS between
the two arms of treatment; in patients receiving temozolomide plus velaparib, outcomes
were superior in patients SLFN11-positive compared to those SLFN11-negative (progres-
sion-free survival: 5.7 vs. 3.6 months; overall survival: 12.2 vs. 7.5 months); in patients
treated with temozolomide plus placebo there was no difference in response in patients
SLEN11-negative and SLFN11-positive [70]. In another phase I/II study, the PARP inhibi-
tor Olaparib in combination with TMZ was evaluated in a cohort of relapsed SCLC pa-
tients reporting an ORR of 41%, a PFS of 4.2 months and a median OS of 8.5 months [70].
Biomarker investigation showed that a low basal expression of inflammatory response
genes correlated with resistance to Olaparib plus TMZ treatment [71]. These observations
have supported the first clinical trial in which SLFN11 was used as a potential biomarker
predictive for response to PARPis. Thus, the SWOG 1929 trial is evaluating maintenance
of atezolizumab plus talazoparib versus atezolizumab alone in advanced stage SCLC; in
this study, all patients were initially treated with frontline therapy based on EP plus ate-
zolizumab and were concomitantly screened for SLFN11 positivity by immunohistochem-
istry: SLEN11-positive patients are then randomized in the maintenance phase to one of
the two above mentioned treatments.

In a very recent study, Willis et al. performed a retrospective analysis on 124 SCLC
patients explored for tumor SLEN11 expression by immunohistochemistry and observed
that about 27% of these tumors display low/absent SLEN11 expression; furthermore, in
18% of these tumors SLEN11 expression was subclonal [72]. Interestingly, a retrospective
analysis on the response of these patients, subdivided into two groups (low and high)
according to SLEN11 expression levels, to standard EP chemotherapy treatment showed
that SLEN11 high patients had significantly improved PFS and OS compared to SLFN11
low patients [72]. This difference was observed also in patients treated in first line with
any kind of therapy [72]. Qu et al. have analyzed the molecular classification of 146 pri-
mary SCLC tumors and SLFN11 expression by immunohistochemistry: SLEN11 expres-
sion was absent in 40% of SCLCs, particularly in those negative for subtype markers [73].
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Since SCLC tumor tissue availability is limited for investigation SLFN11 expression,
Zhang et al. have recently shown that SLEN11 expression can be detected in circulating
tumor cells: at diagnosis, about 50% of patients exhibited SLN11 expression in tumor cells,
but this positivity decreased to 25% in patients receiving platinum treatment [74]. SLFN11
expression in positive cases was heterogeneous at the interpatient and intra-patient levels,
independent of tumor morphologic subtype.

Recent studies have further explored the role of methylation mechanisms in the in-
hibition of SLFN11 expression in SCLC. Thus, Krushkal et al. showed that increased pro-
moter methylation of SLFN11 was correlated with resistance to DNA damaging agents,
because of low or no SLFN11 expression [75]. SLEN11 is involved also in the mechanisms
of resistance to pyrrolobezodiazepine (PBD)-conjugated antibody-drug conjugates
(ADC): SLEN11 silencing reduced sensitivity to PBD-ADC and treatment with an EZH2
inhibitor derepressed SLEN11 expression in PBD-ADC-resistant cell lines and increased
their sensitivity to these drugs [76]. These preclinical data have supported an ongoing
phase I/II clinical trial (NCT03879798) exploring the clinical efficacy of the drug combina-
tion DS-3201b (EZH2 1-2 inhibitor) and irinotecan in recurrent SCLC.

As above mentioned, the only second-line approved agents for SCLC treatment are
Topotecan an Lurbinectedin. Lurbinectedin is a synthetic analog of the natural marine-
based tetrahydroisoquinoline, trabectedin which is derived from the sea squirt species
Ecteinascidia turbinate. In a phase II basket trial Lubinectedin was shown to induce a sig-
nificant response in 35% of patients in second-line treatment [77]. Studies on SCLC cell
liens have shown that SLFN11 positivity is a marker of sensitivity to Lurbinectedin; the
low sensitivity to Lubinectedin displayed by SCLC cell lines exhibiting low SLFN11 ex-
pression was restored through the addition of an ATR inhibitor [78].

Aberrant expression of DNA damage repair genes in SCLC has been reported [65].
Among these genes, PARP1 was highly expressed at mRNA and protein level in SCLC,
which together with Burkitt lymphoma, is the tumor more expressing PARP1; at the level
of lung cancers, SCLC is the tumor most expressing PARP1 [79]. Mutations of DNA repair
pathways are enriched in post-treatment samples [43]. Park et al. reported the results of
targeted gene sequencing of 166 SCLC patients with extensive or limited disease and ex-
plored the clinicopathological implications of DDR pathway alterations in these patients,
including DNA double-strand breaks repair pathway genes and single-strand breaks re-
pair genes; 42% patients displayed intact DDR genes and 58% altered DDR genes [80].

Other studies have supported the use of PARP inhibitors in SCLC patients. These
studies were promoted by a proteomic preclinical study that led to the identification of
PARP inhibitors and other DNA damage response inhibitors as potential drugs to target
a vulnerability of SCLC [79]. This observation has promoted several clinical studies aim-
ing to evaluate the capacity of a PARP inhibitor Veliparib, to improve the clinical benefit
deriving from the standard chemotherapy with platinum and etoposide. These studies
have shown that Veliparib plus platinum chemotherapy was able to improve PFS as first-
line treatment for SCLC; however, this improvement in PFS was not associated with a
concomitant benefit in OS [79,81-83]. In one of these studies, SLEN11 positivity showed a
trend toward improved response in the group treated with Veliparib compared to control
[82].

Whole-exome sequencing studies have shown that a minority of SCLC patients dis-
played germline deleterious variants in some cancer-predisposing genes; particularly,
SCLC patients were more likely to carry germline RAD51D, CHEK1, BRCA2 and MTYH
pathogenic variants than healthy controls [84]. Interestingly, treatment of a patient with
relapsed SCLC and a germline mutation of BRIP1, a homologous-recombination-related
gene, using PARP inhibitors resulted in a remarkable disease response [84].

The clinical trials of PARP inhibitors in combination with chemotherapy have shown
only limited responses and future ongoing studies are required to identify biomarkers pre-
dicting response to PARP inhibitors and drug combinations able to improve clinical benefit
in terms of survival. The combination of PARP inhibitors with agents that damage DNA
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and inhibit DNA damage response appears to be particularly effective in preclinical studies
and in initial phase I clinical studies [85]. Expression of SLFN11 and other molecules in-
volved in the DNA damage response seems to select for improved clinical responses [85].
Several ongoing clinical trials involving various combinations of PARP inhibitors
(such as Oleparib, Talazoparib, Rucaparib and Niraparib) with chemotherapy, immuno-
therapy and VEGEF inhibitors are reported in Table 3.

Table 3. Ongoing clinical trials in SCLC patients involving PARP inhibitors.

Peculiar Features of The

Trial Number  Study Population Trial Design Medication Phase Trial
Phase Ib including a dose-
Relapsed/refractory . . AZD1775 (WEE1 TK
NCT02511795 ES-SCLC escalation and a dose-expansion inhibitor) + Olaparib Ib
phases
Phase I including patients with
E-SCLC who have completed Olaparib + low-dose Patients with ES-SCLC
NCT03532880 ES-SCLC induction chemotherapy and par I with stable disease after
. radiotherapy
have no evidence of tumor chemotherapy
growth
Single-arm phase II study of
Olaparib and Bevacizumab Samples from primary
combination therapy in SCLC as . and metastatic tumors in
Relapsed/refractor second/third line thera Olaparib + rogression are
NCT04939662 p Y ) PY: Bevacizumab (VEGF 11 P8 .
ES-SCLC Enrolled patients must display inhibitor) investigated for analysis
inhibitor
ATM deficiency, SLEN11 of the mechanisms of
positivity, POU2F3*; HR resistance
pathway gene mutation
Single-arm phase II study of Correlation with DNA
Olaparib and Cediranib . . repair gene expression.
NCT02498613 Relapsed/refractory combination in metastatic SCLC Olaparib + Cf:d.lramb II  Promising clinical activity
ES-SCLC . . . (VEGEF inhibitor) o
patients who received one prior in biomarker unselected
line of platinum chemotherapy patients with ORR of 28%.
1 i LRX101
NCT02769962 Relapsed/refractory  Single-arm phase I/II study of Olaparib + Ct, ) 0 I
ES-SCLC Olaparib with CLRX101 (nanoparticle
Campothecin)
Patients previously ~ Single-arm phase I/II study of .
NCT02484404 treated with Olaparib with MEDI4736, an O 2Pl + MEDI736
_ (PD-L1 Ab)
chemotherapy anti-PD-L1 Ab
Single-arm phase I/II study of .
NCT02734004 Relapsedérceirgdory ES" " Olaparib with MEDI4736, an Olapa;’]g J'Lllv[if M736
anti-PD-L1 Ab ( )
Lung cancers with EGFR
mutations developing  Single-arm phase II study of Olaparib +
NCT04538378 resistance to EGFR  Olaparib with Durvalumab, an Durvalumab (PD-L1 1I
inhibitors through anti-PD-L1 Ab AD)
transformation to SCLC
whth s disase s Taloropars i combinaton TP Msintenance therspy o
NCT04170946 ] . . P . . Consolidative 1 stable disease after
standard induction with consolidative thoracic . . .
. radiotherapy induction chemotherapy
chemotherapy radiotherapy
Patients with SLFN11 Random.lzed phase [l study of Talazoparib +
NCT04334941 .\ maintenance versus h II
positive ES-SCLC . . . Atezolizumab
Atezolizumab with Talazoparib
Patients with ES-SCLC _ingle-arm phase Il study of Tal ib + Intermittent low-d
NCT03672773 o cne Wi Talozapir in combination with dazopart o ermitentiowrcose

with stable disease after

Temozolomide

Temozolomide

Temozolomide in
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standard induction association with
chemotherapy continuous talazoparib
Single-arm phase II study of Rucaparib + Maintenance therapy for
NCT03958045 ES-SCLC Rucapirib in combination with Nivolumab II stable disease after
Nivolumab (PD-1 Ab) induction chemotherapy
Single-arm phase I/Il study of =~ Rucaparib + PLX038 Improvement in DNA
NCT04209595 ES-SCLC Rucapirib in combination with (PEGylated conjugate  I/II damage induced by
PLX038 of irinotecan) PLX038
Patients with ES-SCLC  Niraparib + Temozolomide + . . .
. . . . Niraparib. +. Maintenance therapy for
NCT03830918 with stable filsease{ after Atezol}zumab Vs Atezohéumab Atezolizumab. + stable disease after
standard induction ~ as maintenance therapy in ES- . . .
Temozolomide induction chemotherapy
chemotherapy SCLC
P'atlents Wlt},l ES-SCLC Single-arm phase II study of Niraparib +
NCTo4701307 iR St;‘blz C.hs;ase. after \firapirib in combination with  Dostarlimab (anti- 11
standard induction Dosratlimab PDCD1 Ab)

chemotherapy

A recent study by Thomas et al. showed that SCLCs are particularly sensitive to
drugs targeting the replication stress response [86]. This vulnerability is dependent on the
genetic alterations occurring in SCLCs predisposing to acceleration of S-phase entry and
disruption of the DNA replication schedule, abnormalities characterizing a condition of
replication stress [72]. These authors have explored in vitro drug response profiles of
SCLC and observed that pharmacological inhibition of ataxia telangiectasia mutated and
RAD3 related (ATR), the primary target of stress replication response increased cell death
and improved anti-tumor activity of DNA topoisomerase I [86]. The demonstration of en-
hanced efficacy of an ATR inhibitor with topotecan, the most used drug for SCLC therapy
in second-line, provided a strong rationale for a combination therapy clinical trial. Thus,
in a proof-of-concept phase II clinical trial the ATR inhibitor berzosertib (M6620) was ad-
ministered together with topotecan to SCLC patients who have relapsed after at least one
prior chemotherapy, resulting in an overall response rate of 36%, with 30% of responses
among patients with platinum-resistant disease [86]. After a follow-up of 20.7 months, the
PFS at 4 and 6 months was 60% and 36% and the median overall survival was 8.5 months
(at 6- and 12-months OS was of 68% and 32%, respectively). The median duration of re-
sponse was 6.4 months [86]. Some genomic alterations correlated with response to ATR
and TOP1 inhibition: (i) tumor mutation burden and specific gene mutations were not
significantly associated with response to treatment; (ii) 50% of the responding tumors dis-
played copy number alterations in genes driving replication stress, such as CCNE1 gain
and ARID1A loss; 33% of the responding patients (corresponding to cases with no copy
number alterations at the level of replication stress-related genes) exhibited focal gains in
SOX2 and SOX4 and correspond to platinum-resistant patients [86]. The analysis of tran-
scriptomes at the level of responding and non-responding patients showed some remark-
able differences. Responding tumors exhibited an enrichment for gene pathways involved
in cell-cycle progression and DNA repair, an increased expression of genes upregulated
in response to activation of the ATR pathway and downregulation of genes involved in
immune response, metabolism and adhesion. Genes involved in neuronal and neuroen-
docrine fate are markedly enriched among responding tumors (about 44% of tumors with
neuroendocrine phenotype responded to treatment, compared to 0% of those with low
neuroendocrine phenotype). All the responding tumors corresponded to NE ASCL1 or
NEUROD1 subtypes, whereas no tumors corresponding to the non-NE POUF3 and YAP1
subtypes responded to treatment with ATR and TOP1 inhibition [86]. The findings of this
study need to be confirmed in a phase III clinical trial in a larger cohort of relapsed SCLC.

In addition to these findings, Nagel et al. confirmed the vulnerability of SCLCs to
ATR inhibitors and also showed a consistent synergism between ATR inhibitors and cis-
platin in in vivo mouse SCLC models, outperforming the combination of cisplatin with
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etoposide [87]. These observations strongly support the study of the drug combination,
ATR inhibitors and cisplatin, in clinical studies [87].

Several ongoing clinical trials are evaluating various combinations of ATR inhibitors
(Berzosertib and Cerlosertib) with chemotherapy, immunotherapy or PARP inhibitors
(Table 4).

A recent study based on RNA single-cell sequencing studies provided evidence
about a new molecular mechanism of platinum resistance based on a transcription shift.
Using ASCL1-positive CDX models derived from treatment-naive patients and studied
these cells during the status of platinum-sensitivity and platinum-resistance: in these cells,
platinum resistance was accompanied by a shift from ASCL1-positivity to ASCL1-nega-
tivity; importantly, SCXL1-negative cells, defined as SCLC-I cells, did not gain NEUROF1,
POUEF3 or YAP1 expression [56]. The marked phenotypic changes were associated with
marked fluctuations in NOTCH pathway activation and acquisition of stem like features,
such as differentiation plasticity, that may contribute to the capacity of these cells to me-
diate platinum resistance [56].

Table 4. Ongoing clinical trials involving the combination of ATR inhibitors with chemotherapy,
immunotherapy or PARP inhibitors.

Trial Number Study Population Trial Design Medication Phase
Berzosertib (VX-970
Phase I study involving treatment with the ATR
NCT02157792 ES-SCLC ase " study tvolving treatment with the M6620) + Cisplatin/ I
inhibitor Berzosertib and chemotehrapy . . .
Etoposide or Cisplatin
NCT02487095 Refractory/relapsed ES- Phase? I/I.I s.tudy mvolvnTg treatment with ATR Berzosertib + Topotecan I
SCLC inhibitor Berzosertib and Topotecan
Refractory/relapsed . . .
Single- hase II stud )\ treatment
NCT04768296  platinum-resistant ES- 1‘ng ¢ arn? P .aée stucy m\{o ving treatmen Berzosertib + Topotecan 1I
SCLC with ATR inhibitor Berzosertib and Topotecan
Refractory/rel 4ES Randomized trial involing treatment with
NCT03896503 etrac org CrIEj Ca pse Topotecan alone or in combination with Berzosertib + Topotecan II
Berzosertib
Two-arms phase II study involving the treatment
f refract 1 d ES-SCLC with eith
Refractory/relapsed ES- ° re.rac ory/re apse . with erther Olaparib + Ceralasertib
NCT0328607 Olaparib alone (patients with HR pathway gene II
SCLC . . . . . (AZD6738)
mutations) or in association with Ceralasertib
(unselected patients)
Refractory/relapsed ES Single-arm phase II study involving treatment
NTC04361825 Y P with ATR inhibitor Cerlasertib and the anti anti- Cerlasertib + Durvalumab 1I

SCLC

PD-L1 Ab Durvalumab

Other recent studies have defined other mechanisms of chemoresistance in SCLC. A
recent study by Jin et al. has shown that activation of PI3K/AKT pathway is a potential
mechanism of chemoresistance in SCLC [88]. Twenty L > S-SCLC patients at baseline and
at relapse were explored; targeted NGS showed that at relapse genes in the PI3K/AKT
signaling pathway were enriched for acquired somatic mutations or high frequency of
acquired CNVs [88]. Pathway analysis on differentially upregulated proteins in relapsed
SCLC showed activation of HIF-1 pathway [88]. Targeting of PI3K/AKT pathway may
represent one potential mechanism to bypass therapeutic resistance of SCLC [88].

Quintal-Villelonga et al. have evaluated the drug sensitivity of SCLC cell lines repre-
senting different molecular subtypes. This screening identified exportin-1, encoded by
XPO1, as a therapeutic target: the small molecule exportin-1 inhibitor selinexor in combi-
nation with cisplatin or ironetac markedly inhibited tumor growth in chemonaive and
chemorelapsed SCLC PDXs, respectively [89].

Schenk et al. have exploited paired pre-treatment and post-chemotherapy CTC PDX
models from SCLC patients to explore changes occurring at disease progression after
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chemotherapy [90]. Using this approach, they showed that soluble guanylate cyclase
(sGC) is commonly upregulated in post-chemotherapy progression PDX models; expres-
sion and activation of sGC is regulated by NOTCH and nitric oxide (NO) signaling; inhi-
bition of sGC or pharmacological targeting of NO synthase elicited a resensitization of
PDX-resistant models to chemotherapy [90]. These observations suggest a new approach
to bypass chemoresistance in SCLC.

6.2. Cell-Cycle Targeting

Two experimental studies supported a possible therapeutic targeting of Checkpoint
Kinase 1 (CHK1) in SCLC. SCLCs display a higher expression of CHK1 protein than
NSCLCs. Sen et al. have explored the consequences of TP53 and RB1 loss, very frequently
observed in SCLC, resulting in an increased expression of E2F1 for lack of repression and
increased levels of several proteins involved in DNA damage repair, such as PARP1 and
CHK1 [91]. The function of CHK1 is peculiar in that this protein, in cells where the TP53
function is deregulated by mutations or deletion events, becomes a key mediator of cell
cycle arrest induced by DNA damage [91]. Using various SCLC models, it was provided
evidence about a marked sensitivity of SCLC cells to CHK1 inhibition by RNA interfer-
ence or to CHK1 inhibitors; importantly, the treatment of SCLC cells with a CHK1 inhib-
itor, such as prexasertib potentiated the antitumor activity in vitro and in vivo of cisplatin
of the PARP inhibitor Olaparib [91]. Proteomic analysis suggested that CHK1 and MYC
are the main predictive biomarkers of LY2606368 sensitivity, thus suggesting a potential
efficacy of CHKI1 inhibition in SCLC with MYC amplification/overexpression [90].

Doerr et al. have made a transcriptomic comparative study of lung cancers, including
both SCLC and NSCLC, providing evidence about a significantly increased expression of
DNA damage response in SCLC, compared to NSCLC [92]. Particularly, this analysis
showed that the genes encoding for CKH1, CDC25A, CDC25B and CDC25C are overex-
pressed in SCLC compared to lung adenocarcinoma. Importantly, both CHK1 and ATR
inhibitors induced apoptosis in SCLC cells but not in lung adenocarcinoma cells [92].
These observations have supported the ATR/CKHI1 cell cycle axis as a possible therapeutic
target for the treatment of SCLC.

More recent studies have shown the antitumor synergism of CHKI1 inhibitors with
other anti-tumor drugs. Thus, Hsu et al. provided evidence that CHK1 inhibition syner-
gizes with cisplatin in inducing mitotic cell death in TP53-deficient SCLC cells. Further-
more, in in vitro and in vivo mouse models of SCLC resistant to platinum compounds,
CHKI1 inhibitors overcame cisplatin resistance; this observation supports a combinatorial
strategy based on a CHKI inhibitor and cisplatin for SCLC treatment [93]. Other studies
have shown the capacity of CHK1 inhibitors to potentiate the immune anti-tumor mech-
anisms regulated by immune checkpoints. Thus, Sen et al. provided evidence that target-
ing of SCLC tumor cells with either CHK1 or PARP inhibitors consistently enhanced the
surface expression of the protein PD-L1 and this mechanism potentiated the anti-tumor
effect of PD-L1 blockade and increase tumor infiltration by cytotoxic T-lymphocytes in
various SCLC in vivo models [94]. Furthermore, both CHK1 and PARP inhibitors acti-
vated the STING innate immune response pathway, resulting in consequent activation of
the cytotoxic activity of T-lymphocytes [95]. These observations provide an important ra-
tionale for combining CHK1 or PARP inhibitors with immune checkpoint inhibitors to
enhance treatment efficacy of immunotherapy in patients with SCLC [96]. The same au-
thors showed also that a combination treatment with a CHK1 inhibitor and low-dose gem-
citabine increases the anti-tumor effect of PD-L1 blockade via a modulation of the immune
microenvironment in SCLC [97].

A recent phase Il study assessed the safety and efficacy of Prexasertib, a CHK1 inhib-
itor, in SCLC patients who progressed after standard therapies and showed platinum-
sensitive or platinum-resistant disease: 5.2% of platinum-sensitive and 0% of platinum-
resistant SCLCs showed a response to the treatment [96]. These results suggest that
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Prexasertib used alone in monotherapy did not demonstrate significant anti-tumor activ-
ity in relapsing SCLCs.

The expression of the GM2M checkpoint regulator WEE1 is increased in SCLCs com-
pared to normal lung tissue; this activity is relevant for the survival of SCLC cells, as
shown by their sensitivity to the WEE1 inhibitor AZD1775 [98]. In preliminary phase I
studies, the AZD17775 inhibitor showed some activity in a subset of SCLC patients, but
resistance rapidly develops. Resistance to WEEI inhibitors is promoted by AXL through
downstream mTOR signaling, inducing the activation of a parallel DNA damage repair
pathway, mediated by CHK1 [97]. A phase II umbrella trial failed to show a significant
anti-tumor activity of AZD17765, when evaluated in monotherapy in SCLC patients who
have failed prior platinum-based chemotherapy [98].

Preclinical studies have shown a marked anti-tumor synergism of the WEEI inhibitor
AZD1775 and the PARP inhibitor Olaparib, resulting in a more pronounced inhibitory
effect on chemosensitive SCLC tumor explants than platinum plus etoposide [99].

A very recent study also explored the mechanisms of acquired resistance of SCLC
cells to CHKT1 inhibitors that seem to be mediated by overexpression of the cell cycle reg-
ulator WEE1 [100].

6.3. NOTCH Pathway Targeting

NOTCH ligands DLL1, DLL4, JAG1 and JAG2 activate NOTCH receptor signaling;
in contrast, DLL3 is localized at the level of the Golgi apparatus and is unable to activate
NOTCH signaling. Classic SCLCs display high expression of DLL3, while lower levels are
observed in variant SCLC [101]. Importantly, DLL3 protein was expressed on the surface
of tumor cells but not in normal adult tissues [101]. Elevated expression of DLL3 was ob-
served only at the level of high-grade tumors (SCLC and LCNEC): 47% and 75% of
nSCLCs and 49% and 54% of LCNECs displayed a high DLL3 expression, according to H-
score (percentage of positive cells by staining intensity) and percentage of tumor positive
cells, respectively [102].

A DLL3-targeted antibody-drug conjugate, SC16LD6.5, composed of a humanized
anti-DLL3 monoclonal antibody conjugated to a DNA-damaging pyrrolobenzodiazepine
(PDD) dimer toxin was developed. This drug conjugate was able to induce durable tumor
regression in SCLC PDX models, with an intensity related to the level of DLL3 expression
on tumor cells. These observations have suggested that DLL3-targeting could represent a
promising strategy for the treatment of high-grade pulmonary neuroendocrine tumors
[101]. Other studies have confirmed the frequent and elevated expression of DLL3 in
SCLC. At the immunohistochemical level, 83% of SCLCs display DLL3 expression, with
32% of cases showing >50% of DLL3-positive cells (DLL3-high); the survival of DLL3-high
and DLL3-low SCLCs was similar [103]. A recent large study on 1073 SCLC specimens
showed DLL3 expression in 85% of cases, with 68% of high positivity [104]. DLL3 expres-
sion had no prognostic impact. Baine et al. have explored by immunohistochemistry DLL3
expression in various SCLC subtypes and showed that DLL3 was highly expressed in
ASCL1-dominant and NEUROD1-dominant subtypes, whereas it was entirely negative in
ASCL1/NEURODI1 double-negative SCLCs [54]. In line with these findings, Hu et al.
showed in a cohort of 247 surgically resected LS-SCLC that DLL3-high expression was
observed in 72.8 % of cases and was positively associated with ASCL1 expression, vascu-
lar invasion and strongly correlated with the expression of thyroid transcription factor-1
(TTF1) and neuroendocrine markers [105].

The anti-tumor effect of rovalpituzumab tesirine (DLL3-specific IgG1 monoclonal an-
tibody conjugated with a potent DNA cross-linking agent, Rova-T) was evaluated in a phase
I'study enrolling 82 patients, comprising 74 SCLCs and 8 large-cell neuroendocrine carcino-
mas. The clinical response to the treatment was evaluated in 60 patients and 18% of them
displayed an objective response; 38% of the patients exhibiting DLL3 expression on tumor
cells displayed a response to the treatment [106]. Thus, rovalpituzumab tesirine showed en-
couraging single-agent antitumor activity with a manageable safety profile in a population
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of heavily pretreated SCLC patients [106]. From these initial studies, it emerged that an ele-
vated DLL3 expression in tumor cells is an important biomarker in clinical studies based on
the use of rovalpituzumab. In phase III clinical trials, the evaluation of the level of DLL3
expression on SCLC cells is a key determinant of the tumor response. To facilitate the eval-
uation of DLL3 expression on SCLC tumor cells and to select patients for the treatment with
Rova-T, Sharma et al. have developed a non-invasive exploration of the in vivo DLL3 ex-
pression status using #Zr-labeled SC16 anti-DLL3 antibody and PET imaging [107]. The in-
troduction of this new methodology based on the use of radiolabeled anti-DLL3 antibody
could represent a precious tool for both selection of patients suitable for therapy with Rova-
T and for the evaluation of the response to therapy [107].

TAHOE and MERU were both randomized phase III clinical trials of Rova-T in the
second-line and maintenance setting, respectively; however, both these two studies were
terminated early for failure to meet interim progression-free survival and overall survival
endpoints [108]. Thus, the phase IIl TAHOE study failed to show any efficacy of Rova-T
compared with Topotecan as second-line therapy in DLL3-high SCLC [109]. The MERU
study failed to show any advantage in overall survival using Rova-T as a maintenance ther-
apy after platinum-chemotherapy in patients with extensive-stage SCLC [110]. Further-
more, the results of the phase I TRINITY study carried out in 339 SCLC patients with DLL3-
positive tumors, Rova-T showed only modest clinical effects, with a response rate of 12.4%
and an overall survival of 5.6 months [111]. The development of Rova-T was stopped.

Other agents able to target DLL3 on the surface of SCLC cells are under development.
One of these agents is represented by bispecific T cell engager (BITE) able to target and to
crosslink DLL3 on SCLC cells with CD3-positive T lymphocytes, promoting T cell-mediated
tumor lysis [112]. Hipp et al. Reported the development of an IG-like T-cell engaging
bispecific antibody (ITE) that redirects T-cells to specifically lyse SCLC cells expressing
DLL3 (DLL3/CD3 ITE) in vitro in cell lines and in vivo in an SCLC xenograft model recon-
stituted with human CD3* T-cells [112]. Giffin et al. reported the preclinical characterization
of AMG 757 in SCLC cell lines and xenograft >SCLC models [113]. In vitro studies have
shown that AMG 757 displayed potent and specific killing of SCLC cell lines, including also
those expressing low/very low DLL3 levels; in in vivo models, AMG 757 was able to engage
systematically administered human T lymphocytes, to induce T cell activation, and to redi-
rect T lymphocytes to lyse tumor cells [113]. In nonhuman primates, AMG 757 was well
tolerated and exhibited an extended half-life [113]. In the NCT 03319940 clinical trial the
safety profile and the clinical efficacy of AMG 757 was evaluated in 64 SCLC patients with
extensive disease who progressed after >1 platinum-based regimens, using 10 different
AMG 757 doses up to 100 mg (every two weeks) [114]. A total of 13% of the treated patients
displayed a partial response, with a duration of response >6 months; in the group of patients
treated with the highest AMG 757 dose (100 mg), 5/8 patients displayed a partial response
[114]. The study is still ongoing, and the results observed at 100 mg of AMG 757 need to be
confirmed in an expanded cohort of SCLC patients. Interestingly, this clinical trial will eval-
uate also the safety profile and the efficacy of AMG 757 when administered with an anti-
PD-1 antibody. This trial is supported by a preclinical study showing that the combined
administration of a DLL3-targeted bispecific antibody with PD-1 inhibition efficiently sup-
press SCLC growth in SCLC xenograft mouse models [115].

A recent study reported the study of near infrared photoimmunotherapy using the
rovalpituzumab antibody conjugated with the IR700 photosensitizer, showing promising
anti-tumor activity in preclinical models [116]. AMG 119 is an autologous T cell that has
been genetically manipulated to express a chimeric antigen T cell receptor addressed
against DLL3, resulting in lysis of DLL3-positive cells and autologous T cell proliferation.

NOTCH signaling regulates cell fate decisions during normal development in differ-
ent organs, including the lung. Particularly, NOTCH signaling exerts an inhibitory effect
on neuroendocrine cell differentiation, mainly through DLL-mediated receptor activation.
The study of 67 SCLC patients at an extensive stage of disease showed that NOTCH1/2/3
mutations observed in 34% of patients were more frequently observed in lung tissue than
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in metastatic sites and were associated with an increased overall survival and progression-
free survival [117]. NOTCH1 high-expression was observed in a limited number of SCLCs
(21%) and was negatively associated with ASCL1 expression; NOTCH1-high expression
was associated with a shorter overall survival (8.1 months) compared to NOTCH1-low
expression (12.4 months) [118]. In a multivariate analysis, NOTCH1-high expression was
a negative prognostic factor [118].

In SCLCs loss-of-function mutations of NOTCH genes are frequently observed and
ectopic NOTCH signaling induces a tumor suppressive effect. A study by Lim and
coworkers better defined the role of NOTCH signaling in SCLC [119]. This study was
based on the analysis of NOTCH receptors and ligand expression in a conditional triple-
knockout mice TP53, RB, p130 SCLC mouse model, showing that high NOTCH expressing
tumors were less proliferative and tumorigenic compared to low NOTCH expressing tu-
mors. The consequences of NOTCH signaling are double and may lead to a tumor-sup-
pressive effect reducing the growth of neuroendocrine cells and to a pro-tumorigenic ef-
fect by promoting the generation of non-neuroendocrine cells that are chemoresistant and
exert a trophic effect on neuroendocrine cells. In SCLC cell lines, NOTCH ectopic expres-
sion determines first a growth suppressive effect and then an inhibition of both ASCL1
expression and of neuroendocrine gene expression; however, ASCL1 silencing was not
sufficient for inhibition of neuroendocrine differentiation, but it is required also the ex-
pression of the transcriptional repressor REST [97]. Importantly, NOTCH signaling inhi-
bition in combination with chemotherapy resulted in a potent suppression of tumor
growth and delayed tumor relapse [97]. These findings have represented the rational basis
for the development of a clinical trial based on the combination of NOTCH inhibition with
chemotherapy in SCLC patients with advanced disease and with tumor cells exhibiting
active NOTCH signaling [119]. A randomized phase II clinical study evaluated the com-
bination of an anti-NOTCH 2/3 antibody (Tarextumab) with standard chemotherapy com-
pared to placebo with standard chemotherapy in previously untreated patients: tarex-
tumab in combination with platinum-based chemotherapy failed to improve OS, PFS and
ORR [120]. Furthermore, biomarker analysis failed to identify a predictive marker for
Tarextumab efficacy [120].

Other studies support a key role of NOTCH inhibition in the mechanisms promoting
neuroendocrine differentiation in SCLCs. Under physiological conditions, Rb1 binds to
and inhibits the activity of the histone demethylase KDM5A; RB1 inactivation in SCLC
determines KDM5A activation, required to sustain ASCL1 levels and neuroendocrine dif-
ferentiation [21]. The effect of KDM5A promoting neuroendocrine differentiation is me-
diated not only though stimulation of ASCL1 expression, but also through a repression of
NOTCH2 and NOTCH?2 target genes [21].

Lysine-specific demethylase 1 (LSD1) is an important epigenetic target for cancer
therapy. LSD1 is highly expressed in SCLC relative to other lung cancer subtypes [121].
The sensitivity of SCLC cell lines to A LSD1 inhibitor (GSK 690) is highly heterogeneous
and this heterogeneity is mainly related to the differentiation status of SCLC in that tu-
mors with neuroendocrine signatures are sensitive, while tumors with mesenchymal sig-
natures are resistant to LSD1 inhibitors [121]. Lysine demethylase inhibitors exert an in-
hibitory effect on SCLC, mediated through activation of the NOTCH pathway, with con-
sequent inhibition of ASCL1 expression and repression of SCLC tumorigenesis [122]. A
recent study reported the preliminary results of the phase Ib clinical trial NCT 03850067
involving the treatment of extensive stage SCLC patients with the LSD1 inhibitor CC-
90011 with etoposide and carboplatin; responding patients received a maintenance dose
of CC-90011 once/week [123]. Among 24 enrolled patients, 19 treated patients, efficacy-
evaluable achieved a partial response [123]. The study is ongoing to further evaluate CC-
90011 with etoposide and carboplatin and with nivolumab.

6.4. Potential Therapeutic Targets in ASCL1-Driven SCLC: BCL2
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ASCL1 is essential for both the proper development of neuroendocrine cells and is
essential for the growth and survival of neuroendocrine lung cancers. The definition of
the biochemical network through which the transcription factor ASCL1 orchestrates the
neuroendocrine differentiation of SCLC-A subtype is of fundamental importance for the
identification of potential therapeutic targets. Both NKX2-1 and PROX1 transcription fac-
tors are highly co-expressed with ASCL1; in fact, ASCL1 physically interacts with NKX2-
1 and PROX1 [124]. These factors bind overlapping genomic regions and co-regulate a set
of genes, including the cell surface proteins, SNC3A and KCNB2, abundantly expressed
in SCLC-A subtype [124]. Importantly, genetic depletion of NKX2-1 or PROX1 alone, or
in combination with ASCL1, do not result in an inhibitory effect on cell growth superior
to that elicited by depletion of ASCL1 alone [124]. ASCL1 forms molecular complexes with
NKX2-1 and PROX1 and regulates a set of genes involved in NOTCH signaling, NE-spe-
cific genes involved in catecholamine biosynthesis and cell-cycle regulation [125]. Studies
on SCLC cell lines have shown that ASCL1 expression is highly correlated with expression
of the cancer-driving genes RET, SOX1, SOX2, FOXA1 and FOXA?2; furthermore, the ex-
pression of the NOTCH inhibitor DLL3 is also significantly correlated with ASCL1 [126].
In a clinicopathological study based on the analysis of 247 SCLC cases, 42.5% highly ex-
pressed ASCL1: the comparative analysis of SCLCs subdivided according to the level of
ASCL1 expression showed that highly expressing tumors have a higher tumor stage, more
frequent lymph node metastases and nerve invasion and reduced overall survival com-
pared to those with low ASCL1 expression [127]. The definition of a 72-gene cell signature
associated with ASCL1 expression in SCLC allowed to identify several molecular targets,
such as BCL-2 that represent molecular vulnerabilities that can be exploited for therapeu-
tic use [128]. In SCLC, the expression of the gene SCNN1A is highly correlated with ASCL1
expression; this gene encodes the alpha subunit of the epithelial sodium channel, whose
function can be inhibited by the orally potassium-sparing diuretic amiloride [129].

A recent study showed that ASCLL1 is a transcriptional activator of Dopamine and
cAMP-regulated phosphoprotein, Mr 32000 (DARPP-32) and its N-terminally truncated
splice variant (t-DARRP); DARRP isoforms are overexpressed in SCLC, promote tumor
growth and could represent a new therapeutic target [130].

As reported above BCL-2 is a potentially important target of ASCL1 in SCLC. In vitro
and in vivo studies in SCLC models have shown the capacity of Navitoclax, a BCL-
2/BCLXL inhibitor, to decrease the growth of SCLC cells [108] These observations sup-
ported a clinical study designed to evaluate Navitoclax as a single agent against advanced
and recurrent SCLC; however, in this clinical setting, Navitoclax showed only a very lim-
ited antitumor activity [131]. However, though the analysis of SCLC cell lines and patient-
derived xenografts, it was reached the conclusion that Venetoclax, a potent BCL-2 inhibi-
tor, is effective in SCLCs with high BCL-2 expression [132]. This study suggested rationale
for biomarker-guided clinical trials of Venetoclax in high BCL-2-expresssing SCLCs [132].
Venetoclax is being to be evaluated in clinical trials in untreated SCLC patients with ex-
tensive disease in association with atezolizumab, carboplatin and etoposide and in re-
lapsed SCLC patients in association with irinotecan. In a recent study, Yasuda et al. have
explored the pattern of expression of Bcl2 members in SCLC. Tumors expressing high
levels of MCL1 and low levels of Bcl-Xt and Bcl2 are the most common type (48%) and
mainly account for POUF3* and transcription factor negative SCLCs; tumors with high
MCL1 and Bcl-Xt and low Bcl2 represent 28% of all SCLCs and mainly account for ASCL1+
and NEUROD1* SCLCs; tumors expressing low levels of MCL1, Bcl-Xt and Bcl2 represent
12% of all SCLCs and mainly account for ASCL1* and POUF3* SCLCs; tumors expressing
high levels of MCL1, Bcl-Xt and Bcl2 represent 8% of all SCLCs and mainly account for
ASCL1* and NUROD1 finally, tumors expressing high levels of Bcl2 and low levels of
MCL1 and Bcl-Xt represent 4% of all SCLCs and account for POUF3* SCLCs [133].

Pelcitoclax (APG-1252) is a novel, dual Bcl2/Bcl-XL inhibitor being evaluated in com-
bination with paclitaxel in patients with refractory/relapsed SCLC; preliminary findings
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from the first-in-human study suggested a promising antitumor activity and a favorable
safety profile [134].

MAPK pathway genes are frequently altered in NSCLC but are rarely altered in
SCLC [135]. Genomic and proteomic studies indicate that MAPK activity is relatively sup-
pressed in SCLC and is markedly lower than that observed in NSCLC. Interestingly, the
SCLC-A subtype is selectively inhibited by MAPK activation in vitro and in vivo through
induction of cell cycle arrest and cell senescence, while the NEUROD1 subtype was unaf-
fected by MAPK activation. MAPK activation in SCLC-A cell lines resulted in strong up-
regulation of ERK negative feedback regulators and STAT signaling; the ERK-induced
growth inhibition was independent of NOTCH [135]. These observations suggest a sub-
type-specific mitogenic vulnerability of SCLC [135].

6.5. Molecular Targets in MY C-Driven SCLCs

MYC is a major driver of SCLC development and evolution. A fundamental study by
Mollaoglu et al. showed that Myc expression drives a non-neuroendocrine phenotype in
RB1-/TP53- genetically modified mice and the developing tumors express NEUROD1 [18].
As above mentioned, MYCL is amplified or highly expressed in SCLC-A subtype and is
required for its development [53]. In contrast, the other three SCLC subtypes, SCLC-N,
SCLC-P and SCLC-Y, are associated with MYC amplification or overexpression. In a re-
cent study, Ireland and coworkers have explored different SCLC mouse models with a
time-series single-cell transcriptome analysis; they used two mouse models: MYC-driven
SCLC with reduced expression of neuroendocrine markers and MYCL-driven SCLC with
a high neuroendocrine entity [59]. Analysis in the time of neuroendocrine-positive tumors
showed that a part of the tumor cells may undergo a transition to a non-endocrine pheno-
type, associated with MYC expression; in line with these observations, MYC exogenous
expression can in neuroendocrine-positive SCLC induces a switch to a non-endocrine phe-
notype [59]. According to these findings it was proposed that MYC drives SCLC subtype
evolution in vitro and that human SCLC subtypes correspond with MYC-driven evolution
[58]. This de-differentiation process driven by MYC is triggered by NOTCH activation
[58]. In line with these findings, human SCLC subtypes exhibit a consistent intramolecular
subtype heterogeneity [59].

In line with these findings, another recent study by Patel et al., through the analysis
of mRNA expression data of primary SCLC tumors and chromatin state profiling of SCLC
cell lines, identified a L-Myc signature, enriched for neuronal pathways and a c-Myc sig-
nature enriched for a non-neuroendocrine transcriptional program, involving NOTCH
signaling and epithelial to mesenchymal transition [136]. Genetic replacement of c-Myc
with L-Myc in ¢-Myc-SCLC induced a neuroendocrine state but was unable to induce
ASCL-SCLC. Functional analysis showed that c-Myc, but not L-Myc, was able to induce
trans-differentiation promoting the transition from ASCL1-SCLC to NEUROD1-SCLC
[136]. The trans-differentiation capacity of c-Myc is mediated through induction of REST,
a neuronal differentiation repressor [136]. Importantly, the cells that replaced c-Myc with
L-Myc became resistant to Aurora kinase inhibition [136]. These observations support the
view that the plasticity between different histological and molecular subtypes of SCLC is
regulated by c-Myc and L-Myc [136].

MYC is also an important determinant of drug sensitivity of SCLC. Mollaoglu et al. in
a targeted drug screening showed that SCLC with high MYC expression is vulnerable to
Aurora kinase inhibition [18]. An initial clinical study explored the therapeutic activity of
Alisertib, an Aurora Kinase inhibitor, in various malignancies, including 60 patients with
relapsed/refractory SCLC; objective responses were observed in 21% of these patients with
a median duration of response of 4.1 months and a median PFS of 2.1 months [137]. Re-
sponses were observed both in platinum-sensitive and in platinum-resistant SCLCs [114]. A
randomized phase II study of paclitaxel plus alisertib (an Aurora kinase inhibitor) versus
paclitaxel plus placebo in relapsed/refractory SCLC patients showed no clinical benefit in
the whole population of enrolled SCLC patients, but supported a potential benefit related
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to c-Myc expression [138]. In fact, among 140 patients enrolled in the study with an evalua-
tion of genetic alterations, patients with cell cycle regulator mutations and c-Myc expression
showed an improved progression-free survival in patients treated with paclitaxel plus
alisertib compared to those treated with paclitaxel plus placebo [138]. Particularly, in c-
MYC-positive patients, representing 72% of cases, alisertib favored outcomes over placebo:
median progression-free survival was 4.6 months with alisertib plus paclitaxel compared to
2.2 months with placebo and paclitaxel; conversely, in tumors c-MYC-negative, outcomes
favored the placebo group, compared to the alisertib group (5.1 months vs. 3.3 months, re-
spectively) [138]. The finding of better outcomes for patients with cell cycle regulator muta-
tions in this study is not surprising in view of the observation that SCLC cells that lack RB1
are dependent on aurora B kinase for their survival [139].

Interestingly, some patients with SCLC displaying MYCL1 fusion proteins reported
deep and prolonged responses first to Aurora A Kinase inhibitor and subsequently to im-
mune check inhibitors [140].

A methylome analysis carried out on a large panel of SCLC cell lines provided evi-
dence about a potentially relevant association between TREX1, a 3’ exonuclease I that acts
as a STING antagonist in the regulation of a cytosolic DNA-sensing pathway: increased
TREX1 methylation and low expression of TREX1 were associated with the response dif-
ferent Aurora kinase inhibitors [75,141].

Another study provided evidence that the type of MYC family gene expressed in
SCLC tumors is a major determinant of apoptotic sensitivity. Thus, Dammert et al., using
CRISPR activation model, provided evidence that in contrast to MYCN and MYCL, MYC
represses BCL-2 gene transcription; the lack of BCL-2 expression determines a condition
of sensitivity to cell cycle control inhibition and dependency on the expression of the anti-
apoptotic protein Mcl-1 [142]. In line with this observation, an aurora kinase inhibitor with
CHKI1 inhibitor clearly prolongs the survival of mice bearing MYC-driven SCLC [142].

Chalishazar et al. have explored the metabolic profiles of different SCLC subtypes
and found that MYC-driven SCLCs are preferentially dependent on arginine-regulated
metabolic pathways, such as polyamine biosynthesis and mTOR pathway activation [143].
Both chemo-sensitive and chemo-resistant MYC-driven SCLCs are inhibited by arginine
deprivation [143]. In mouse models of MYC-driven SCLCs, including patient-derived xen-
ografts, were inhibited in their growth by arginine depletion induced by pegylated argi-
nine deiminase (ADI-PEG 20). [143]. A recent study reported the results of a phase II study
involving the administration of ADI-PEG 20 to 22 SCLC patients, subdivided into a chem-
otherapy-sensitive and a chemotherapy-resistant subgroups; the best overall response ob-
served was stable disease in 2 patients in each cohort [144]. These patients were not strat-
ified according to MYC status.

Other studies reported peculiar metabolic properties of MYC-driven SCLCs. Thus, Car-
gill et al. observed that MYC-overexpressing SCLCs displayed increased glycolysis gene ex-
pression directly driven by MYC, whereas SCLCs with low MYC expression were more re-
liant of oxidative metabolism; in line with these findings, inhibition of glycolysis with the
PFK158 compound preferentially inhibited glucose uptake, ATP production, and lactate in
MYC-overexpressing SCLC cell lines, resulting in an inhibition of their growth and survival
[145]. MYC-overexpressing SCLCs, such as the POU2F3 subtype, displayed increased fatty
acid metabolism [146], apparently triggered by the MEK5-ERKS kinase axis [147].

Two recent studies clarified the biochemical mechanisms through which MYC stim-
ulates both metabolism and protein synthesis. In fact, it was shown that MYC induces the
expression of the guanosine biosynthetic enzymes inosine monophosphate dehydrogen-
ase-1 and -2 (IMPDHI1 and IMPDH?2), two transcriptional targets of MYC, and, through
this mechanism, activates guanosine triphosphate (GTP) synthesis [148]. This biochemical
mechanism rendered MYC-expressing SCLCs dependent on IMPDH and this is a targeta-
ble vulnerability in chemoresistant MYC-high SCLC [149].
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6.6. Molecular Targets in SCLCs with MYCN Amplification

MYCN gene amplifications were reported in about 4-6% of primary SCLCs
[8,150,151]. However, MYCN amplification was not associated with a peculiar SCLC phe-
notype and the role itself of MYCN in SCLC remains unclear. Recent studies have better
defined the possible role of MYCN in SCLC development and have also detected some
potential therapeutic vulnerabilities. Grunblatt and coworkers have developed a mouse
model of MYCN-driven SCLC, using an inducible MYCN-overexpression system [152].
The transcriptional changes induced by MYCN overexpression consisted in upregulation
of MYC targets and of members of the unfolded protein response, in association with
downregulation of immune signaling pathways [152]. MYCN overexpression in SCLC re-
sulted in a marked chemoresistance to chemotherapy [152]. A CRISP-Cas9 RNA screen at
genome-scale allowed to identify the deubiquitinase ESP7 as a tumor-specific vulnerabil-
ity associated with MYCN overexpression [152]. Importantly, pharmacological inhibition
of USP7 restored a chemosensitivity in chemoresistant MYCN-overexpressing PDX mod-
els, thus indicating a potential strategy for the treatment of these tumors [152].

Another study confirmed the chemoresistance of MYCN-expressing SCLC cell lines;
MYCN promoted chemoresistance of these cells through an inhibition of drug-mediated
apoptosis [153]. MYCN induced an increased expression of HES1 through a transcrip-
tional mechanism and activates the NOTCH pathway [153]. In patient SCLC samples
there was a positive direct correlation between MYCN mRNA levels and HES1 mRNA
levels; at IHC level, MYCN expression was more frequently observed in chemorefractory
(55%) than in chemoresponsive (10%) SCLCs; high MYCN levels were associated with
poor survival [153].

Wang et al. reported a synergistic interaction between JQI (a BET inhibitor) and a
BCL2 inhibitor (ABT-263) in inducing apoptosis of MYCN-amplified SCLC [154].

6.7. Insulin Growth Factor Receptor 1 (IGF-1R) Targeting

Recent studies have shown an important role of IGF-1R signaling in supporting the
survival and proliferation of POU2F3 and ASCL1-driven SCLC.

A recent study characterized the role of the POU2F3 transcription factor in sustaining
the development of a subgroup of SCLCs characterized by POU2F3 expression and low
expression of neuroendocrine markers [55]. A CRISPR-screening of these tumors oriented
to evaluate their dependency on kinase activities provided evidence that POU2F3 SCLCs
are dependent on IGF-1R-mediated signaling through PI3K pathway [55]. In line with this
finding, POU2F3 SCLCs were more inhibited by IGF-1R inhibitors than ASCL1 or NEU-
ROD1-positive SCLCs [55].

Wang et al. have provided evidence that ASCL1* SCLCs could represent another
SCLC subtype sensitive to IGF-1R inhibitors [131]. They have initially screened the secre-
tome profile of various SCCLC subtypes and found that IGFBP5 is preferentially secreted
by ASCL1* SCLCs [155]. IGFBP5 is a secreted protein that binds IGF-1 and prevents the
interaction with its receptor IGF-1R [155]. This finding suggested that ASCL1 in addition
to its pro-survival effect, induced also the production of IGFBP5, thus limiting IGF-1R
signaling and its proliferative effects [155]. ASCL1* SCLCs are sensitive to BET inhibitors,
such as JQ1; this compound inhibits ASCL1 expression by abrogating the interaction be-
tween BRD4 and the ASCL1 enhancer and in consequence of this inhibition of ASCL1
expression, it reduces IGFBP5 secretion, thus increasing IGF-1R-dependent signaling
[155]. This finding supported the rationale for evaluating the combination of a BET inhib-
itor with an IGF-1R inhibitor: this combination of inhibitors resulted in a synergistic anti-
tumor activity in ASCL1* SCLC cell lines [155].

Other studies have shown that IGF-1R was expressed in 53% of primary SCLCs and
reported an inhibitory effect of a monoclonal antibody anti-IGF-1R in synergism with cis-
platin and irinotecan [156].
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A recent study showed that the TKI brigatinib, well known for its capacity to inhibit
ALK, is also potent inhibitor of IGF-1R signaling [157]. Treatment of IGF-1R* SCLC cell
lines with brigatinib significantly increased their sensitivity to the cytotoxic effects of
etoposide [157]. These observations support clinical trials in SCLC patients combining
chemotherapy with brigatinib.

IGF-1R activates PI3K signaling and through this pathway inhibits apoptosis and
promotes proliferation of SCLC. Insulin receptor substrate 1 and 2 (IRS1 and IRS2) are the
main signal transmitters, involved in IGF-1R and insulin receptor signaling. A recent com-
prehensive genomic analysis on 73 SCLC samples identified 5% of cases bearing focal IRS2
gene amplifications [158]. Generation of PDX from these tumors allowed exploring their
pharmacological vulnerability, showing sensitivity to the TKI ceritinib, thus suggesting
the opportunity of a targeted therapy for these tumors [159].

6.8. BET Inhibitors in SCLC Therapy

BET (bromodomain and extra-terminal) proteins interact with acetylated histones and
recruit protein complex, thus regulating gene transcript BET proteins modulate the expres-
sion of MYC as well as of other genes with key role in oncogenic transformation. Lenhart et
al. showed that SCLC cells are sensitive to growth inhibition by BET inhibitors, such as JQI.
JQ1 treatment of SCLC cells does not affect MYC levels and decreases ASCL1 expression
[160]. JQ1 disrupts the interaction of BRD4 at the level of ASCL1 enhancer [160].

JQ1 decreases MYCL levels and induces apoptosis of SCLC cell lines with MYCL gene
amplification or expression; however, there was no association between MYCL levels and
sensitivity to JQ1 [161]. CDK6 expression and the extent of its reduction following treat-
ment with JQ1 are associated with JQ1 sensitivity [161].

A consistent number of BET inhibitors are under evaluation in clinical trials in various
types of hematological and solid tumors [162]. However, the clinical success using these
agents in monotherapy was limited [163]. Few SCLC patients were included in some phase
I clinical trials, showing no responses when these agents were used in monotherapy [163].

The antitumor activity of BET inhibitors was more promising when combined with
other antitumor agents, as supported by various preclinical studies.

Lam et al. reported that about 50% of SCLC cell lines are sensitive to BET inhibitors,
with induction of an apoptotic response [164]. Importantly, treatment of SCLC cells with
BET inhibitors induced a decrease of the antiapoptotic proteins Bcl2 and BCLXt; the BCL2
inhibitor Venetoclax synergizes with a BET inhibitor to induce apoptosis of SCLC cells
[165]. A clinical study (NCT02391480) involving the combination of the BET inhibitor
ABBV-075 with Venetoclax in patients with cancers, including SCLC, is ongoing.

Other studies have supported a synergism between BET inhibitors and PARP inhib-
itors. Bian et al. have explored PARP1 expression in SCLC, showing that high PARP1 ex-
pression was associated with a better overall survival [166]. In SCLC, PARP1 expression
was regulated at transcriptional level by MYC, MYCL and MYCN; in line with these find-
ings, in SCLC tumor specimens there was an association between high MYC expression
and high PARP1 expression [166]. Targeting of the BET-PARP1 axis using the combination
of a BET inhibitor with a PARP1 inhibitor resulted in a synergistic antitumor effect [165].
Another recent study showed that BET inhibitors synergize with PARP inhibitors in in-
ducing apoptosis of SCLCs [167]. Combinatorial efficiency was observed both in SCLC
cells with MYC-amplified and MYC-WT SCLCs at an extent higher than in SCLC cells
with impaired MYC signaling [167].

ASXL3 is a pluripotency transcription factor for respiratory epithelial cells [168]; this
transcription factor determines a link between BRD4 and BAP1 forming a complex with
BRD4 in the SCLC-A subtype, expressing ASCL1 [169]. Pharmacological inhibition with a
BET-specific chemical degrader (ABET6) inhibits the growth of SCLC-A subtype cells [169].

A recent study reported the characterization of a new BRD4 degrader, CFT-2718 display-
ing a consistent efficacy in inducing degradation of BRD4 and tumor cell apoptosis [170].
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6.9. Netrin-3, a Potential Therapeutic Target for SCLC

Cellular navigation cues are promoted by families of molecules, such as netrins, sem-
aphorins and ephrins; these molecules play a key role in different cellular processes and
their deregulation is frequently observed in cancer. A recent study provided evidence that
Netrin-3 expression is deregulated in SCLC. Most SCLC primary samples express high
levels of Netrin-3 and only rarely of Netrin-1 [171]. Netrin-3 expression in SCLC is pro-
moted by ASCL1 and NEURODI1 [171]. In vitro and in vivo SCLC models supported the
efficacy of the monoclonal antibody NP137, targeting both Netrin-1 and Netrin-3 and
blocking their binding to their receptors, in inhibiting the growth of SCLC cells [171].
These observations support future clinical studies aiming to evaluate NP137 (an antibody
that is under clinical evaluation) in monotherapy or in combination with chemotherapies
or immunotherapies for the treatment of SCLC.

6.10. Immunotherapy

Immune checkpoint inhibitors (ICIs) targeting programmed cell death protein-1 (PD-
1) or programmed death-ligand 1 (LD-L1) (or cytotoxic T-lymphocyte associated protein
4 (CTLA-4) have revolutionized the treatment of several cancer types, including NSCLC.
Unfortunately, the clinical response is limited only to about 20% of NSCLC patients with
advanced disease. Currently, the anti-PD-1 agent pembrolizumab is approved for use in
first- and second-line therapy in patients with advanced NSCLC whose tumors are posi-
tive for PD-L1 expression by immunohistochemistry; nivolumab (anti-PD-1) and atezoli-
zumab (anti-PD-L1) are both indicated for second-line therapy independently of PD-L1
expression. Recent studies have reported the clinical use of immunotherapy with check-
point inhibitor monoclonal antibodies blocking PD-1, PD-L1 and CTLA-4, as single agents
or in combination for the treatment of SCLC patients. These studies involved either the
use of these agents in third line of treatment or in combination with chemotherapy in first
line of treatment for newly diagnosed patients with extensive disease.

Concerning the use of ICIs as first-line treatment options, several studies have explored
these drugs in combination with chemotherapy in SCLC patients. Two studies explored the
efficacy of ipilimumab (an anti-CTLA-4 monoclonal antibody). A first phase II study ran-
domized 130 patients to receive either carboplatin/paclitaxel plus ipilimumab or car-
boplatin/paclitaxel plus placebo; ipilimumab was administered in a phased or concurrent
schedule [172]. The results of this first study supported the view that ipilimumab could be
beneficial in a subset of patients [172]. However, a subsequent phase III study failed to show
any significant difference in overall survival in 1132 SCLC patients randomized to receive
platinum/etoposide plus ipilimumab or platinum/etoposide plus placebo [173].

The phase III randomized Impower133 study explored the efficacy of atezolizumab
(an anti-PD-L1 monoclonal antibody) in treatment-naive SCLC patients with extensive
disease status; in this study, the patients received either atezolizumab plus plati-
num/etoposide or placebo plus platinum/etoposide: the overall survival was 12.3 months
in the atezolizumab group and 10.3 months in the placebo group, while progression-free
survival was 5.2 months and 4.3 months, respectively, at 18 months and the overall sur-
vival was 34% in the atezolizumab group and 21% in the placebo group [174,175].

The CASPIAN trial involved 805 treatment-naive SCLC patients with extensive dis-
ease status, randomized to receive treatment with platinum/etoposide or platinum/etopo-
side plus durvalumab (an anti-PD-L1 monoclonal antibody) or platinum/etoposide plus
durvalumab and tremelimumab (an anti-CTLA-4 monoclonal antibody) [176]. An interim
analysis showed that the overall survival was longer in the durvalumab-chemotherapy
arm compared to chemotherapy alone [176]. An update of this study presented at the 2020
American Society of Clinical Oncology (ASCO) [177] and then published on Lancet On-
cology [178], with a median follow-up of more than 2 years showed an improvement of
overall survival for durvalumab plus chemotherapy compared to chemotherapy alone
(12.9 months versus 10.5 months); however, the addition of tremelimumab to durvalumab
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did not improve overall survival [177,178]. An updated OS analysis of this trial with a
median follow-up of >3 years showed that treatment with platinum/etoposide plus dur-
valumab demonstrated sustained OS benefit over platinum/etoposide treatment, with 3
times more patients estimated to be alive at 3 years when treated with EP+D versus EP
alone (17.6% vs. 5.8%, respectively) [179].

The anti-PD-L1 monoclonal antibody was evaluated in combination with standard
chemotherapy (platinum/etoposide) in 453 SCLC in the context of the randomized KEY-
NOTE-604 trial. The final analysis of the study showed an improvement of the progression-
free survival in the arm treated with pembrolizumab chemotherapy, compared to chemother-
apy alone: at 12 months, 45% vs. 39% and at 18 months 22.5% vs. 11.2%, respectively [180].

The study ECOG-ACRIN EAS161, a phase II randomized study carried out in 160
patients with SCLC with extensive disease evaluated the efficacy of platinum/etoposide
plus nivolumab (an anti-PD-1 monoclonal antibody), compared chemotherapy alone: a
higher progression-free survival (5.5 months vs. 4.7 months) and overall survival (11.3
months vs. 8.5 months) was observed in the nivolumab group compared to the chemo-
therapy alone group [181].

Concerning the use of ICIs as third-line treatment options, the two PD-1 inhibitors,
nivolumab and pembrolizumab, were investigated in the context of three different clinical
studies: the phase I/Il CheckMate 032 clinical trial, exploring the efficacy of nivolumab
alone or in combination with ipilimumab (anti-CTLA-4); the phase Ib study KEYNOTE-
028 and the phase II study KEYNOTE-158 evaluated the efficacy of pembrolizumab for
pretreated patients with PD-L1-positive tumors [182,183]. In the KEYNOTE-028 and KEY-
NOTE-158 studies the patients received two or more lines of previous therapy for SCLC;
the two studies involved a total of 83 patients; the overall response rate was 19%, with
two patients with complete response and 14 patients with partial response; 61% of re-
sponders had responses lasting 18 months or longer [182,183]. These studies showed some
clinical efficacy, with a limited number of responding patients (ranging from 11% to 33%)
and with a median improvement of progression-free survival ranging from 1.4 to 2
months [182,183].

The CheckMate 451 study evaluated Nivolumab and Ipilimumab versus placebo as
maintenance therapy in SCLC patients with extensive disease; the study enrolled 834 pa-
tients and did not show any significant prolongation of overall survival compared to pla-
cebo [183]. A trend toward an overall survival benefit with treatment based on Nivolumab
and Ipilimumab was observed in patients with a high tumor burden, defined as >13 mu-
tations per megabase [184].

Since only a limited number of SCLC patients respond to ICIs, the identification of
biomarkers predicting response is critical. Previous studies carried out in NSCLC patients
have shown that the level of PD-L1 expression in primary tumor site or metastatic sites is
predictive of the response to the treatment with ICIs [185]. The identification of bi-
omarkers predictive of the response of SCLC patients to ICIs treatment remains difficult.
A careful assessment of PD-L1 expression at protein and mRNA level in SCLC specimens
was reported by Yu et al. by immunohistochemistry using two different anti-PD-L1 mon-
oclonal antibodies and by in situ hybridization; predominant tumor-cell localized expres-
sion of PD-L1 was observed in 16.5% of cases and higher PD-L1 expression correlated
with more infiltration of tumor-infiltrating lymphocytes [186].

The analysis of the tumor specimens in IMPOWER133, CASPIAN and KEYNOTE-
604 clinical trials showed that PD-L1 expression >1% was observed in about 40% of SCLC
patients and the levels of PD-L1 expression were not predictive of overall response rate,
progression-free survival and overall survival [174,175,180].

SCLC is characterized by high somatic burden, in large part due to its association
with smoking. Previous studies have shown the existence of an association in various tu-
mors, including melanoma, NSCLC and urothelial carcinoma, between high tumor muta-
tional burden and response to ICIs. Thus, Hellmann and coworkers explored the impact
of tumor mutational burden on the efficacy of nivolumab alone or in combination with
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ipilimumab in patients with SCLC, in the context of the nonrandomized and randomized
cohorts of the CheckMate 032 study [187]. The results showed that the increased benefit
to ICIs therapy, particularly for the combined therapy, correlates with high tumor muta-
tional burden [187]. Particularly, in patients treated with nivolumab plus ipilimumab the
median overall survival the overall survival was 3.6 months, 3.4 months, and 22 months
in the low (<143 mutations), intermediate (143-247 mutations) and high (=248 mutations)
mutations groups, respectively [187]. These results were in part confirmed by Ricciuti and
coworkers who explored tumor burden by next generation sequencing in 52 SCLC pa-
tients treated with ICIs; they observed that no significant difference in the objective re-
sponse rate between patients with a low or high tumor mutational burden was observed;
the median progression-free survival and the median overall survival were significantly
longer among patients with high tumor mutational burden compared to those with low
tumor mutational burden [188]. However, the IMPOWER133, CASPIAN and KEYNOTE-
604 trials, all involving the administration of ICIs in combination with chemotherapy,
showed that tumor mutational burden was not predictive of a response to ICIs
[176,177,182]. Thus, at the best TMB could be considered a potentially predictive factor for
relapsed SCLC patients undergoing treatment with ICls alone; furthermore, TMB does
not seem to have a predictive value for SCLC patients undergoing treatment with ICls
and chemotherapy as first-line treatment. Prospective studies are required to carefully as-
sess the role of mTMB to predict response to ICI.

Recent studies on gene expression analysis of SCLC subtypes suggest that a specific
SCLC subtype could derive the greatest benefit from ICIs. Thus, Gay et al. reported an
analysis of the patters of transcription factor programs and of immune pathway activation
in SCLC, defining four major tumor subtypes [56]. In line with previous studies, differen-
tial expression of ASCL1, NEUROD1 and POUEF3 transcription factors defined three SCLC
subtypes, each characterized by the high expression of one of these three transcription
factors; the fourth subtype was characterized by low expression of these three transcrip-
tion factors and defined as SCLC-inflamed (SCLC-I) for the high expression of immune-
related genes [56]. The gene expression pattern characterizes SCLC-I as a unique SCLC
subtype: highest total immune infiltrate, with highest numbers among SCLC subtypes of
CD8-positive T-lymphocytes, NK-lymphocytes and macrophages; higher expression than
in other SCLC subtypes of genes encoding HLA and other antigen presenting machinery,
as well as of interferon-y-related T cell gene expression profile; higher expression of
CD274 (PD-L1) and of PDCD1 (PD-1), as well as of CD80 and CD86, encoding the ligands
for CTLA-4 [56]. Another typical feature of SCLC-I subtype is represented by the most
mesenchymal features, characterized by low expression of epithelial markers such as E-
cadherin and high level of mesenchymal markers, such as vimentin and AXL [56]. The
analysis of the clinical response observed in the context of IMPOWER133 study at the level
of different transcriptomic subsets of SCLC patients showed that SCLC-I tumors derive
greater benefit from ICIs than other SCLC subtypes [56]. Particularly, this analysis showed
that addition of pembrolizumab improved OS in all four SCLC subtypes, with a trend for
a better response in SCLC-I compared to other subtypes; in SCLC-I tumors the median OS
was 18 months among patients treated with atezolizumab compared with a survival of 10
months in patients treated with placebo [56]. Finally, through single cell analyses it pro-
vided evidence that the various SCLC subtypes display a consistent intratumor heteroge-
neity and that the development of cisplatin resistance was associated with the emergence
of a cluster of cells displaying the properties of SCLC-I subtype, seemingly derived from
SCLC-A cells that have undergone subtype switching, related to fluctuations in the level
of NOTCH pathway activation [56].

Studies performed by Owonikoko have shown that the SCLC subtype characterized
by YAPI1 expression is associated with a T-cell inflamed phenotype [189]. These authors
have analyzed 59 SCLC cases for the gene expression profile and observed that 16.9% can
be classified as SCLC-A, 5.1% as SCLC-N, 10.2% as SCLC-Y, 6.8% as SCLC-P. Interferon-y
pathways were found to be markedly upregulated in long-term survivors; a T-cell-inflamed
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profile was found to be enriched in long-term survivors [189]. According to these findings,
these authors have explored whether a validated 18-gene T cell-inflamed GEP (gene expres-
sion profile) signature, originally discovered in melanoma patients as a predictor of clinical
response to PD-1 blockade [190] and validated through the analysis of patients treated with
pembrolizumab in the context of the umbrella clinical trial KEYNOTE-028 [191], is differen-
tially expressed in short-term and long-term SCLC survivors. This T-cell-inflamed signature
was preferentially expressed in long-term SCLC survivors and its analysis in the various
SCLC subtypes showed the highest expression in the SCLC-Y subtype [189]. SCLC-Y sub-
type, as well as long-term SCLC survivors are characterized by high expression of HLA gene
family [167]. Finally, SCLC patients characterized as pertaining to the SCLC-Y subtype for
their gene expression profile are associated with better prognosis [189].

The study of patients with limited-stage SCLC tumors (LS-SCLCs) offers the unique
opportunity to explore tumoral tissue since these patients are suitable candidates for sur-
gical resection. Thus, Chen and coworkers have explored intratumor heterogeneity and
immunological competence of LS-SCLCs using whole exome/T cell receptor (TCR) se-
quencing and immunohistochemistry [192]. In this analysis, they compared LS-SCLCs
with LS-NSCLCs, showing that LS-SCLCs have a degree of intratumor genetic heteroge-
neity and of predicted neoantigen burden comparable to that of NSCLCs, but significantly
colder and more heterogenous TCR repertoire associated with higher chromosomal copy
number aberration (CNA) burden [192]. Particularly, the analysis showed the existence of
a particularly cold TCR repertoire at quantitative (density) and qualitative (richness and
clonality) levels compared to normal lung tissue as well as to NSCLCs; in addition to this
cold intratumor TCR repertoire, SCLCs showed also and markedly heterogeneous TCR
repertoire with only 0.2-14.6% of all T cells identified across all tumor regions within the
same tumors [192]. The cold and heterogeneous TCR repertoire may explain the limited
response to immunotherapy of these tumors [192]. A remarkable difference between
SCLCs and NSCLCs is that the former ones have a significantly higher CNA burden com-
pared to the latter ones; in SCLCs, the CNA burden is negatively correlated with T-cell
quantity (density) and quality (richness and clonality); in many other tumors high levels
of CNAs correlate with reduced expression of markers of cytotoxic infiltrating immune
cells and increased expression of tumor immune escape mechanisms [193,194].

Chan et al. have combined two techniques, single-cell RNA sequencing and multi-
plexed ion beam imaging, to explore the heterogeneity of tumors and of their immuno-
logical microenvironment [194]. The single-cell transcriptomic analysis showed that the
consistent transcriptomic heterogeneity of SCLC contrasts with the uniform poor progno-
sis of patients [195]. An unsupervised clustering of SCLC malignant cell compartment
identified 25 clusters. One of these clusters, cluster 22, was characterized by high expres-
sion of phospholipase C gamma 2 (PLCG2) gene. This gene drives a stem-like, pro-meta-
static phenotype of this cluster recurrent in all SCLC subtypes [195]. Immunohistochemi-
cal analysis showed the presence of a small stem-like, pro-metastatic subpopulation with
PLCG2 expression; the expression level of this tumor subpopulation had a negative prog-
nostic impact. This study has also given the opportunity to evaluate the influence of SCLC
subtype on the immune tumor microenvironment; this analysis was limited to the two
most recurrent SCLC subtypes, SLC-A and SCLC-N [195]. This analysis showed that col-
lectively decreased immune infiltrate was observed in SCLC, and particularly in the
SCLC-N subtype; immune sequestration was observed in SCLC cases that do contain
more immune cells [195]. Single-cell analysis of the cells of the tumor microenvironment
showed that SCLC-A and SCLC-N subtypes display significant difference for their content
of different T lymphocyte subpopulations, showing relative depletion of cytotoxic T cells
and increase in Tregs in SCLC-N [195]. These studies showed also that a subpopulation of
monocytes/macrophages displaying a profibrotic/immunosuppressive phenotype, was
increased in its expression. In SCLC; these profibrotic monocytes/macrophages are partic-
ularly enriched in SCLC-N [195].
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Roper et al. reported the results of an extensive genomic, transcriptomic, and prote-
omic analysis on 20 SCLC patients treated with durvalumab (anti-PD-L1) and olaparib; 4
of these 20 patients displayed a clear benefit related to treatment [195]. Genomic altera-
tions did not correlate with clinical benefit to treatment; gene expression analysis showed
strong enrichment of immune-related pathways and of NOTCH-signaling genes, both as-
sociated with a low neuroendocrine profile [196]. These findings were confirmed in an
additional cohort of 36 SCLC patients treated with ICIs [196]. Multivariate analysis
showed that NOTCH signaling was the only significant predictor of clinical benefit to
ICIs; among NOTCH signaling target genes, the two gene showing markedly higher levels
in patients responding to ICIs were REST and NOTCH3 [196].

A recent study by Mahadevan et al. showed that tumor major histocompatibility
complex I (MHC I) is a major determinant of clinical responses to ICIs; in fact, SCLC pa-
tients with high MHC I expression (15% of total) displayed a much higher survival than
those with low MHC I expression following treatment with ICIs [197]. Most SCLCs (71%)
displayed absent/low MHC I expression, while only 15% of these tumors displayed high
MHC I expression; MHC I-high tumors displayed a low neuroendocrine phenotype, up-
regulation of epithelial-to-mesenchymal transition markers, upregulation of genes in-
volved in MHC I antigen presentation (such as TAPI) and in IFN-y signaling and in-
creased infiltration of CD3* and CD8*lymphocytes and of lymphocytes expressing PD-L1
[197]. Antigen presentation defect observed in SCLCs expressing low levels of MHC I was
related to epigenetic silencing of TAP1, a molecule involved in the machinery of antigenic
presentation [197]. The study of experimental models supported a higher immunogenicity
of non-neuroendocrine MHC I-high SCLCs; the immunogenicity of MHC I-low tumors
can be stimulated by EZH?2 inhibition [197].

Another approach to identify biomarkers associated with responsiveness of SCLC to
treatments, including immunotherapy, consisted in analyzing the properties of long-term
SCLC survivors (survival >4 years) compared to normal SCLC survivors (<2 years). Inter-
estingly, this analysis showed that increased numbers of tumor-infiltrating lymphocytes
were detectable in tumors of SCLC long-term survivors; the histological analysis of the
tumors of long-term survivors showed also the existence of tumor areas enriched in im-
munosuppressive cells, such Treg, monocytes and macrophages, but the ratio of these im-
munosuppressive cells with respect to CD3* lymphocytes were lower in long-term survi-
vors of SCLC, thus suggesting the existence of a condition less immunosuppressive in
these tumors [198]. Other studies on resected SCLC specimens have further supported
that survival was more elevated among SCLC patients displaying in their tumors a higher
number of T cells and B cells, whereas a high expression of PD-L1 at the level of tumor
cells (observed in 3.2 of cases) or of tumor-infiltrating lymphocytes (observed in 33.5% of
cases) correlated with worse survival [199].

Another recent study explored the immunogenicity of expression profiles in SCLC
subtype and showed that: the NEUROD1 subtype displayed the lowest expression of im-
mune-related genes, whereas the POUF23 subset exhibited the highest immunogenic pro-
file; the ASCL1 subtype showed a wide spectrum of immunogenicity; NK and T cell scores
were highest in the POUF23 subtype, whereas the ASCL1 subset was highly heterogene-
ous [200]. Recent studies suggest that the stimulation of natural killer (NK) activity could
represent another strategy to potentiate the immune response against SCLC. The study of
genetically engineered mouse models showed that the absence of NK cells, significantly
enhanced the metastatic capacity of SCLC cells in vivo; stimulation of NK activity through
administration of IL-15 reduced the metastatic activity of SCLC [200]. Another study
showed that SCLCs evade innate immunity mechanisms mediated by NK lymphocytes
through loss of loss of NK cells recognition of these tumors by reduction of NK-activating
ligands (NKG2DL); in fact, primary SCLC tumors express low levels of NKG2DL mRNA
[201]. Treatment of SCLC tumor cells with histone deacetylase inhibitors induced
NKG2DL expression and promoted tumor infiltration by T and NK lymphocytes [201].
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Thus, epigenetic silencing of NKG2DL in SCLC results in an immunosuppressive effect,
limiting the tumor immune surveillance by NK lymphocytes.

Another area of active investigation consists in the identification, beyond PD-L1, of
new inhibitory checkpoint ligands amenable to therapeutic targeting. Thomas et al. re-
cently reported the screening of a large cohort of SCLC cell lines and primary tumor sam-
ples for the expression of validated inhibitory checkpoint ligands [202]. Among 39 identi-
fied checkpoint ligands, particularly remarkable seems the checkpoint protein B7-H6 ex-
hibiting increased protein expression in SCLC relative to PD-L1; B7-H6 expression is as-
sociated with longer PFS and increased immune infiltrates in SCLC [202].

The poliovirus receptor (PVR, also called CD155) is an immune checkpoint molecule
expressed on the surface of various tumor cell types. This molecule is able either to induce
T cell activation through CD226 or to inhibit T cell activation via interaction with TIGIT.
TIGIT is a competitor of CD226 for binding to CD155. CD155 is expressed at low levels in
different types of normal epithelial cells but is overexpressed in several carcinomas. Recent
studies have shown that CD155 is overexpressed in SCLC cell lines, with the highest expres-
sion at the level of cell lines isolated from pre-treated SCLC patients [203]. CD155 was sig-
nificantly expressed in most SCLC primary tumors, its expression being observed on the
membrane of tumor cells but not of immune cells present in the tumor microenvironment;
high CD155 expression was associated with poorer prognosis but the difference with respect
to negative tumors was not statistically significant [203]. Xu et al. have explored the expres-
sion of PD-L1, PD-1, CD155 and TIGIT in 60 patients with SCLC undergoing tumor surgical
resection; high expression levels of CD155, PD-L1 or PD-L1 + CD155 were associated with a
reduced overall survival [204]. High PD-1 or TIGIT expression are not associated with
shorter overall survival [204]. Dora et al. have explored the expression of immune check-
point molecules in SCLC subtypes and observed that (i) TIGIT was expressed in 75% of LS-
SCLCs; and (ii) the expression of CD8* T-lymphocytes and of immunosuppressive mole-
cules, such as CD155 and TIM.-3 was greater in NE-low than in NE-high SCLCs [205]. Lee
and coworkers have explored the potential role of the polymorphisms of immune check-
point related genes in the chemotherapy responses and survival outcome of SCLC patients
[206]. The CD155 rs1058402G>A (Ala67Thr) polymorphism was associated with a worse
chemotherapy response and overall survival [206].

The introduction of immune checkpoint inhibitors has revolutionized the therapy of
SCLC demonstrating survival benefit when administered in combination with chemother-
apy in patients with extensive stage disease, supporting this as the new standard of care.
However, from these studies it emerges also that the extent of clinical benefit in SCLC is
clearly lower than that observed in NSCLC [207]. This difference seems to be related to
the presence of more immunosuppressive mechanisms operating in SCLC than in NSCLC
and indicates the absolute need in future studies to better understand the immune anti-
tumor mechanisms operating in SCLC [207]. Future studies will also clarify the potential
role of ICIs in the treatment of SCLC patients with limited-stage disease as an adjuvant
treatment after surgical resection and chemo-radiation. Ongoing clinical trials are evalu-
ating ICIs in combination with other drugs, including PARP inhibitors, DLL3 targeting
agents, fucosyl-GM1 monoclonal antibodies.

6.11. Ferroptosis, a New Potential Therapeutic Target in SCLC

Bebber et al. have explored cell death pathways in SCLCs [208]. They showed that
treatment-naive SCLCs present with inactivation of regulated cell death pathways, such
as apoptosis and necroptosis [208]. The analysis of ferroptosis machinery in primary SCLC
samples showed several interesting features [208]. Ferroptosis is an iron-dependent form
of regulated necrosis, whose machinery is independent of the molecular components in-
volved in apoptosis or necrosis; at morphological level, ferroptosis is characterized by
consistent alterations in the mitochondrial function and structure, but not accompanied
by rupture of cell membranes and nuclear shrinkage [208]. Interestingly, in SCLC cells it
was observed a strong upmodulation, compared to normal lung tissue, of the levels of the
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cysteine/glutamine transporter SLC7A11 [208]. SLC7A11 is an antiporter importing cys-
teine and exporting glutamate. The inhibition of uptake of cysteine into cells determines
reduced levels of glutathione and triggers ferroptosis. Interestingly, the analysis of the
response of a panel of SCLC cell lines to a ferroptosis challenge showed that these cell
lines can be subdivided in responders and non-responders; particularly, SCLC with non-
neuroendocrine phenotype were sensitive to ferroptosis, while SCLC cell lines with a neu-
roendocrine phenotype are resistant [208]. Non-NE and NE SCLC subtypes displayed a
different lipid remodeling, responsible for the differential sensitivity to ferroptosis trig-
gering (non-NE SCLC subtypes are sensitive to ferroptosis for the upregulated ether lipid
biosynthesis) [208]. NE-SCLC subtypes are resistant to ferroptosis for a reduced capacity
of synthesis of endogenous reduced glutathione (GSH); however, these calls may be ren-
dered sensitive to ferroptosis by thioredoxin (TRX) inhibitors that increase GSH levels
[208]. Thus, combined ferroptosis induction and TRX pathway inhibition resulted in a
marked anti-tumor activity in vitro and in vivo in NE-SCLC subtypes [208]. These obser-
vations support the development of therapeutic approaches based on the differential sen-
sitivity of SCLC subtypes to ferroptosis.

Combined SCLC (C-SCLC) is composed of SCLC admixed with non SCLC tumor
components, represented either by adenocarcinoma (Co-ADC), LCNEC (Co-LCNEC) or
squamous cell carcinoma (Co-SQC); the analysis of ferroptosis sensitivity/resistance
markers showed that Co-SQC, exhibiting a non-NE transcriptional profile, was classified
as sensitive, Co-LCNEC, exhibiting a NE transcriptional profile, was classified as resistant
and Co-ADC, characterized by mixed NE and non-NE transcriptional profile, by a heter-
ogeneous pattern of sensitive/resistance [209].

Sulforaphane, an isothiocyanate compound derived from cruciferous vegetables
(broccoli sprouts), induces in vitro cell death of SCLC cells via induction of ferroptosis
through targeting of the cysteine/glutamate antiporter SLC7A11 [210].

6.12. CDK4 and CDK®6 Inhibitors

To improve the clinical efficacy of chemotherapy and of ICIs another possible ap-
proach consisted in using drugs that may both lower the toxicity of chemotherapy and
improve the antitumor immune response induced by ICIs. One candidate drug with this
pharmacological profile is trilaciclib, a CDK4/CDK6 inhibitor that maintains G1 cell cycle
arrest of cells that are dependent on CDK4/CDKG6 for regulation of G1 to S transition; this
drug by transiently maintaining hematopoietic stem cells in G1 arrest during chemother-
apy protects them from chemotherapy-induced damage and thus reduces hematopoietic
toxicity induced by chemotherapy [211]. In experimental mouse models, the addition of
trilaciclib to chemotherapy and ICI combinations enhanced antitumor response compared
with chemotherapy alone, by modulating T-cell proliferation and composition in the tu-
mor microenvironment; the efficacy of anti-PD-L1 antibody was not increased by tri-
laciclib administration, in the absence of chemotherapy [211]. The potentiation of immune
response elicited by trilaciclib seems to be related to an increased effector function in the
tumor microenvironment, as supported by the presence of elevated proportions of
CD4+/CD8* lymphocytes [211].

In SCLC patients, trilaciclib reduced the myelotoxicity and myelosuppressive effects
of chemotherapy but did not improve PFS and OS [212]. Three phase II, double-bind, pla-
cebo-controlled, clinical studies have shown that the administration of trilaciclib prior to
chemotherapy regimens used in the first- or second-/third line of treatment significantly
improved chemotherapy-induced myelosuppression and quality of life of SCLC patients,
with no impact on the antitumor efficacy [213].

Another clinical trial evaluated the effects of administering trilaciclib prior to chemo-
therapy and atezolizumab to newly diagnosed SCLC patients with extensive-stage disease.
Compared with the placebo, trilaciclib improved chemotherapy-induced myelosuppression
but did not modify antitumor efficacy outcomes [214]. Interestingly, administration of tri-
laciclib compared to placebo induced more newly expanded peripheral T lymphocyte
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clones, with a more pronounced expansion observed in patients exhibiting an antitumor
response to the treatment with atezolizumab + chemotherapy [215].

Trilaciclib was approved by FDA in February 2021 for preservation of bone marrow
function in patients with extensive SCLC undergoing chemotherapy treatment.

6.13. Fucosyl-GM1

In 1986, Nilsson et al. reported the expression of a ganglioside antigen, Fucosyl GM1
on the surface of SCLC [216]. The expression of Fucosyl GM1 in SCLC is due to the presence
in these tumor cells of FUT1 and FUT2, two GM1 synthases [217]. Specific monoclonal anti-
bodies were used to detect the expression of Fucosyl GM1 in SCLC, showing positivity in
68% of primary tumors [217]. One of these antibodies, BMS-986012, was selected for clinical
development for its properties: this fully human IgG1 antibody specifically binds to Fucosyl
GM1 with high affinity; the binding of BMS-986012 to Fucosyl GM1-expressing SCLC re-
sulted in enhanced antibody-dependent cellular cytotoxicity; in several mouse models,
BMS-986012 showed a consistent efficacy and was well tolerated; the combined administra-
tion of BMS-986012 with an anti-PD-1 monoclonal antibody resulted in enhanced anti-tu-
mor activity [217]. Interestingly, Lee et al. have explored the potential role of the polymor-
phisms in immune checkpoint-related genes in the chemotherapy responses and survival
outcomes of SCLC patients [206]. The CD155 rs1058402 G>A (Ala67Thr), A67T) was associ-
ated with a worse chemotherapy response and overall survival [206]. This CD155 mutation
(Ala67Thr) increases the binding affinity for and the signaling via an inhibitory immunore-
ceptor TIGIT [218] These observations have supported phase I/II clinical studies using BMS-
986012.

The initial results of a phase I/II study (NCT 02247349) enrolled SCLC patients with
refractory/relapsed SCLC undergoing treatment with BMS-986012 (at doses from 70 to
1000 mg every 3 weeks) [219]. In 29 treated patients 1 CR and 1 PR were observed; 4 pa-
tients displayed stable disease [219]. In an ongoing phase I/II clinical trial, the combination
of BMS-986012 and Nivolumab elicited 38% of objective responses among relapsed/refrac-
tory SCLC patients, a finding favorable with respect to a historical control of Nivolumab
monotherapy (12%) [220]. BMS-986012 is under evaluation in combination with chemo-
therapy and Nivolumab in the frontline treatment of advanced SCLC (NCT 047702880).
Another ongoing clinical trial (NCT 02815592) is evaluating BMS 02815592 in combination
with platinum/etoposide as first-line treatment of SCLC patients with extensive disease
[221]. A recent report showed that this therapeutic regimen is associated with a safety
profile like that historically reported in patients undergoing treatment with platinum and
etoposide alone [221].

7. Patient Derived Xenografts: A Fundamental Tool for Therapeutic Development
in SCLC

Patient-derived xenograft (PDX) models represent a fundamental tool to develop
SCLC preclinical models and to predict drug sensitivity. PDX models are generated by
purifying tumor cells from a patient tumor and engrafting these cells into immunodefi-
cient mice, without in vitro passages [222]. PDX models have given a consistent contribu-
tion to define the drug sensitivity of SCLCs to BCL2 inhibitors, arsenic trioxide, PARP
inhibitors, topoisomerase inhibitor 1, to study metabolic alterations in SCLCs; further-
more, the study of PDX has also given a fundamental contribution to correlate clinical
response with responses in corresponding PDX models at the level of individual patients
[222]. The two most consistent limitations of PDX models are that (i) not all primary pa-
tient tumors generate xenografts; and (ii) xenograft development is conditioned by tumor
aggressiveness and mouse strain used to grow in vivo tumors [222].

The fundamental role of PDX in the study of SCLC intertumoral and intratumoral
heterogeneity was strongly supported by several recent studies. Thus, Drapkin and
coworkers have explored the generation of PDX from SCLC tumor biopsies and CTCs:
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PDXs were obtained with at 89% efficiency from tumor biopsies and 38 from CTCs [223].
Whole-exome sequencing studies showed that somatic mutations are stably maintained
between patient tumors and PDXS; importantly, early-passage PDXs maintained the ge-
nomic and transcriptional profiles of founder PDXs [223]. Similar conclusions were
reached by Simpson and coworkers who reported the development of a biobank of 38
PDXs, isolated from CTCs with an efficiency of 40%; in some instances, PDXs were iso-
lated at diagnosis and at relapse and are a suitable model to explore the mechanisms of
drug resistance [57]. Vickers et al. have explored 147 SCLC patients for CTC-derived ex-
plants (CDXs) and observed CDXs were generated from 34 patients; several peculiar fea-
tures were associated with positive generation of CDXs: (i) CTC number was significantly
higher in blood samples which successfully generated a CDX from those which did not;
(ii) patients generating CDXs display a higher proportion of chemorefractory cases; and
(iii) patients generating CDXs have a shorter progression-free survival and overall sur-
vival [224].

The single cell-analysis at the level of CTCs and of CTC-derived xenografts (CDX) al-
lowed to define the level of genetic heterogeneity of SCLC and its contribution to therapeu-
tic resistance [56]. CTCs were derived from patients at different time points during therapy.
In both cellular models the onset of drug resistance, was associated with an increase of in-
tratumor resistance; longitudinal single-cell profiling of CTCs derived from patients before
and after platinum relapse showed increased intra-tumor heterogeneity after relapse in as-
sociation with unique gene expression patterns that were reproduced in paired CDXs [56].
These observations support the need to potentiate the efficacy of frontline treatments of
SCLC before these tumors can develop consistent intra-tumor heterogeneity.

8. Other Neuroendocrine Lung Tumors

Neuroendocrine tumors (NET) of the lung comprise a heterogeneous group of tu-
mors that differ for their molecular and biological properties and exhibit different degrees
of malignancy, ranging from indolent lesions associated with long-term life expectancy
(low-grade cell differentiated bronchial carcinoids, known as atypical carcinoid) to ag-
gressive tumors associated with poor outcomes (such as large cells neuroendocrine carci-
nomas and SCLCs) [225]. The 2015 World Health Organization (WHO) classification has
grouped four histological variants of NETs: typical carcinoid (TC) and atypical carcinoid
(AC) as low-grade carcinoids; large cell neuroendocrine carcinoid (LCNEC) and SCLC as
high-grade carcinoids [226,227]. The main properties of these tumors are summarized in
Table 5. At the clinical level, TCs are low-grade tumors associated with a good prognosis
and successfully treated with surgery alone; ACs are intermediate-grade tumors associ-
ated with a more aggressive clinical course and are treated with a multimodal approach
based on chemo-radiotherapy; LCNECs and SCLCs are high-grade tumors associated
with a very aggressive clinical course and with a dismal prognosis [228]. The various
NETs are distinguished to cytological and immunohistochemical criteria: TCs and ACs
display a well-differentiated neuroendocrine morphology being composed by cells resem-
bling normal neuroendocrine cells present in pulmonary epithelium, exhibit a organoid
growth pattern, not have necrotic areas, express neuroendocrine markers and have a mi-
totic index <10 mitoses/2 mm?; LCNECs and SCLCs are composed by poorly differentiated
neuroendocrine cells, display variable growth pattern (trabecular, solid and diffuse), ex-
hibit numerous necrotic areas, express neuroendocrine markers and possess a mitotic in-
dex >10 mitoses/2 mm? [228,229]. The criteria and terminology of lung cancer neuroendo-
crine tumors in the 2021 WHO classification of thoracic tumors (5th edition; 2021) re-
mained basically unchanged from the previous edition [229]. The most important param-
eter for distinguishing typical/atypical carcinoids from SCLC and LCNEC remained the
number of mitotic counts per 2 mm? [230].

Consistent differences at the level of biologic and molecular features allow to distin-
guish low-grade neuroendocrine carcinomas (LGNECs) from high-grade neuroendocrine
carcinomas (HGNECsS): tumor mutation burden is markedly higher in HGNECs than in
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LGNECs; TP53 and RBI mutations are frequent in HGNECs, but are rare in LGNECs;
smokers are very frequent among HGNECs, but are rare in LGNECs; LGNECs display
frequent alterations in chromatin-remodeling genes such as MEN1, ARID1A and compo-
nents of the SWI/SNF complex; paraneoplastic syndromes are frequent in HGNECs but
rare in LGNECs; 13q and 17p chromosome deletions are frequent in HGNECs, but absent
in LGNECs, while 11q chromosome deletions are common to all neuroendocrine lung tu-
mors; amplifications of MYC family genes are frequent in HGNEC but absent/rare in
LGNEC; decrease of E-cadherin expression, alterations of the Rb pathways and defects of
the extrinsic and intrinsic apoptotic pathway are found in HGNECs, but absent in
LGNECs; FHIT tumor suppressor is inactivated in HGNECs, but not in LGNECs [229].

Table 5. Main biologic properties and genetic abnormalities of different types of lung neuroendo-
crine tumors.

Tumor % of Lung Main Bml?glc Proper- Recurrent Genetic Alterations Molecular Subgroups Progn.osw
Tumors ties Survival
. Cell size variable .
Typical L Mutation/loss: EIF1AX, ARID1A, Good
o 1-2 Low mitotic index .
Carcinoid Ki-67: Tow LRP1B, NF1, DST 5-yr: high
Cluster Al: immune infiltra-
Cell size variable tion, ASCL1, DLL3*
Atypical Low/intermediate mi- Mutation/loss: MEN1, ATP1A2, Cluster A2: Variable
Carcinoid 1-2 totic index EIF1AX, ARID1A, SMARCA4, EIF1AXmutation SLIT1, 5-yr: middle
Ki-67: intermediate PKD1, AMER1, RAD51C ROBO1 downregulation
Cluster B: MEN1 mutations,
monocytes, poor prognosis.
Mutation/loss: TP53, LRP1B, RB1,
Large-cell NE Cell size large, with ~ SYNE1, ADAMTSI12, USH2A,
cancer 3 abundant cytoplasm KEAP1, Type I (TP53, STK11, KEAP1) Poor
(LCNEC) High mitotic index STK11, PTEN, NOTCHI1, KMT2A Type II (TP53, RB1) 5-yr: low
Ki-67: high Amplification: MYC, MYCN,
MYCL1
Mutation/loss: TP53, RB1, LRP1B,
Small-cell Cell size small, with CSMD3, ZFHX4, SYNEI], SCLC-A
lung cancer 15-20 scarce cytoplasm USH2A, KMT2D, PTEN, SCLC-N Poor
(SCLC) High mitotic index NOTCHI, KMT2A SCLC-P 5-yr: very low
Ki-67: very high Amplification: MYC, MYCN, SCLC-Y
MYCL1

Various studies have contributed to the identification of the most recurrent genetic al-
terations observed in the different types of NETs. In 2014, Fernandez-Cuesta and coworkers,
performed an integrated genome/exome sequencing of 44 LGNECs. Covalent histone mod-
ifiers and subunits of the SWI/SNF complex are mutated in 40% and 22% of cases, respec-
tively [231]. MEN1, ARID1A and EIF1AX are the most recurrently mutated genes; ARID1A
and MENTI genes play an important role in chromatin remodeling [231]. Mutations of the
eukaryotic translation initiation factor 1A (EIF1AX) were observed in 9% of cases [186].
Other gene mutations observed in these tumors occur at the level of histone methyltransfer-
ases (SET1B, SETDB1 and NSD1), demethylases (KDM4A, PHF8 and JM]D1C) a in members
of the Polycomb complex (CBX6, EZH1 and YY1). TP53 and RB1 gene alterations were only
very rarely observed in these patients. The presence of only these mutations affecting few
biochemical pathways and the virtual absence of other cancer-associated mutations support
an independent origin of these tumors from HGNECs [231].

MENT is a tumor suppressor gene that encodes the protein menin, mutated at high
frequencies in neuroendocrine tumors. MEN1 acts as an epigenetic regulator and its ge-
netic deficiency is associated with the inherited tumor syndrome multiple endocrine neo-
plasia type 1 (MENI). The study of a mouse model driven by mutant KRAS and
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homozygous deficient MEN1 leads to neuroendocrine differentiation of lung cancer: de-
ficiency of menin resulted in the accumulation of DNA damage and antagonized onco-
genic KRas-induced senescence [232].

More recently, molecular studies comparatively analyzed the molecular abnormali-
ties of the four different subtypes of neuroendocrine tumors and better defined the mo-
lecular heterogeneity of each of these subtypes. Thus, Simbolo and coworkers have per-
formed a whole-exome sequencing analysis 148 NETs, corresponding to the four subtypes
of lung neuroendocrine tumors (including 53 TCs, 35 ACs, 27 LCNECs and 33 SCLCs),
showing their peculiar clinical-biological and molecular properties [232]. At clinical/bio-
logical level, the mean age of patients with carcinomas was higher than that of patients
with carcinoids; the proportion of patients with high tumor stages (IIl and IV) progres-
sively increased from TCs, to ACs, LCNECs and SCLCs; the proportion of smokers was
higher in carcinomas than in carcinoids; mitotic count and Ki67 index progressively in-
creased from TCs to SCLCs [233]. Carcinomas had more mutations than carcinoids: TCs
0.8/Mb, ACs 1.6/Mb, LCNECs 3.0/Mb and SCLCs 2.9/Mb [233]. Some genes, such as those
involved in the control of cell cycle (TP53, RB1 and ATM) and KMT2D are preferentially
mutated in carcinomas, while other genes such as MENI are preferentially mutated in
carcinoids [233]. In contrast, genes involved in the control of chromatin remodeling, such
as KMT2A, KMT2C, ARID1A, ARID1B, ARID? displayed a comparable rate of mutations
in both carcinomas and carcinoids. The mutations of the PI3K/AKT/mTOR pathway do
not are frequent in neuroendocrine tumors, but their frequency of mutations is higher in
carcinomas than in carcinoids [233]. Copy number alterations are more frequently ob-
served in carcinomas than in carcinoids, such as focal deletion events involving TP53 and
RB1 genes or focal gain events at the level of genes, such as TERT, SDHA, RICTOR and
PIK3CA genes [233]. Interestingly, ACs displayed a hybrid pattern, with gains of TERT,
SDHA, RICTOR, PIK3CA, MYCL and SRC at frequencies similar to those observed in car-
cinomas, whereas the MEN1 loss was found at a rate similar to that observed in TCs [233].

These results were confirmed and extended by Centonze et al. who reported the next
generation sequencing analysis of 790 lung NENSs, subdivided into the four major subtypes
[234]. The mutational rate and somatic mutation per case increased from TCs to SCLCs: mu-
tational rate (%), median value 2.17 in TCs, 3.85 in ACs, 4.22 in LCNECs and 4.55 in SCLCs;
somatic coding mutation per case, median value 1 in TCs, 2 in ACs, 3 in LCNECs and 7 in
SCLCs [233]. Furthermore, the variability of these two parameters was much higher in car-
cinomas than in carcinoids. The genes most recurrently mutated in ACs were EIFIAX
(4.8%). ARID1A (4.7%), LPR1B (4.3%), NF1 (3.5%); the most frequently mutated genes in
ACs were: MEN1 (24.7%), ATP1A2 (18.2%), EIF1IAX (16.7%), SPHKAP 12.8%), ARID1A
(9.6%) and SMARCA4 (9.6%); mutations in tumor suppressor genes TP53 and RB1 were
0.8% and 1% in TCs and 5.3% and 2.2% in ACs [234]. It is important to note that EIF1IAX
gene mutations were enriched in both NETs but completely absent in NECs; ARID1A gene
mutations were observed both in NETs and NECs but preferentially in ACs and LCNEC;
MENT1 gene mutations were much more frequent in ACs compared to TCs [234].

Laddha et al. have explored 30 well-differentiated NETs (17 TCs and 13 ACs) and
observed that the most recurrently mutated genes were MEN1 (13.8%), ARID1A (10%),
KTM2A (3%), KMT2C (7%), KMT2D (3%) and SMARCA4 (3%) [235]. Transcriptome and
methylome profiles showed three distinct subtypes (LC1, LC2 and LC3): LC1 was charac-
terized by the presence of KTM2C, ARID1A and EIFIAX mutations, high ASCL1 expres-
sion, high expression of cell cycle and mitotic genes expression; LC2 was characterized by
the presence of MEN1 mutations, positivity of S100, expression of HNF1A and FOXA3;
LC3 expression was characterized by the absence of mutations of histone modifier genes,
absence of ASCL1 and 5100 expression and endobronchial localization [235].

Alcala et al. have performed integrative and comparative genomic analyses on 171 pul-
monary carcinoids, 75 LCNECs and 66 SCLCs. This integrative analysis allowed to stratify
ACs into two prognostically relevant subgroups with significantly different 10-year overall
survival, corresponding to 88% and 27%, respectively [236]. It was identified also a third
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group of tumors with carcinoid-like morphology but molecular profile more similar to that
of LCNECs and defined as supracarcinoids; these observations support the hypothesis of a
possible link between carcinoids and LCNECs, thus suggesting that a part of carcinoids may
evolve into LCNECs [236]. Using the machine learning techniques and multi-omics factor
analyses, 3 groups of lung carcinoids were identified. The first group (cluster Al) showed
overexpression of ASCL1 and DLL3, high infiltration by dendritic cells; the second group
(cluster A2) was characterized by recurrent mutations of EIF1AX and downregulation of the
SLIT1 and ROBOL1 genes; the third group (cluster B) was characterized by recurrent MEN1
mutations, enrichment in monocytes and depletion in dendritic cells [236]. Among these
three subgroups, the subgroup B had the worst median survival.

Genetic alterations occurring in LCNECs were extensively characterized in addi-
tional studies. LCNECs are distinguished from SCLCs based on various histologic criteria,
including the cell size that is larger in LCNECs than in SCLCs, a polygonal cell shape,
abundant cytoplasm and the presence of prominent nucleoli. Miyoshi et al. have per-
formed a targeted capture sequence analysis of 244 cancer-related gene in 78 LCNEC tu-
mor samples and compared the genetic alterations observed in these tumors with those
of 145 SCLC samples [237]. At the mutational level the most frequent alterations were
observed at the level of TP53 (71%) and RB1 (26%) genes; frequent alterations were ob-
served at the level of various members of the PI3k/AKT/mTOR pathway (RICTOR 5%,
PIK3CA 3%, PTEN 4%, AKT2 4% and mTOR 1%); mutations at the level of RTK pathway
are observed in 14% of cases (FGFR1 5%, KIT 4%, ERBB2 4% and EGFR 1%); MAPK/ERK
pathway alterations were observed in 11% of cases (KRAS 6%, NF1 4% and HRAS 1%);
MYC family genes were amplified in 14% of cases (MYCLI 10%, MYC 3%, MYCN 1%)
[237]. According to these findings it was concluded that LCNECs have a similar genomic
profile to SCLC [237]. However, this study also evidenced some remarkable differences
between LCNECs and SCLCs: the frequency of RB1 alterations is lower in LCNECs than
in SCLCs; the mutations of LAMAI1, PCLO, MEGF8 and RICTOR genes were more fre-
quent in LCNECs than in SCLCs; copy number gains or amplifications involving ERBB2
and SETBP1 genes were more frequent in LCNECs than in SCLCs [237].

Rethkman et al. have reported the results of targeted next generation sequencing of
45 LCNEC using the MSK-IMPACT platform in association with a comprehensive clinic-
pathologic evaluation [238]. The genes most frequently altered in these tumors were TP53
(78%), RB1 (38%), STK11 (33%), KEAP1 (31%) and KRAS (22%). According to the genomic
profiles LCNECs were subdivided into two major and one minor subset: SCLC-like (40%
of cases), characterized by TP53 + RB1 co-mutation/loss and MYC, MYCL and SOX2 am-
plification; NSCLC-like (55% of cases), characterized by the lack of co-altered TP53/RB1
and frequent NSCLC-like mutations, such as STK11 (60%), KRAS (40%) and KEAP1 (32%);
carcinoid-like (5% of cases), characterized by MEN1 mutation and low tumor burden
[238]. In spite the similarities with lung adenocarcinoma, the NSCLC-like subtype exhib-
ited peculiar genomic alterations, such as the frequent mutations in NOTCH family genes
(28%) [238]. These subtypes differ also for some remarkable clinicopathologic properties,
such as a higher proliferative activity in SCLC-like tumors and the presence of adenocar-
cinoma-specific differentiation markers in NSCLC-like tumors [238]. This study showed
both the molecular heterogeneity of tumors classified as LCNECs and the existence of
some difference between these tumors and SCLCs. A meta-analysis of all the main litera-
ture data on molecular landscape of LCNECs confirmed the existence of a SCLC-like sub-
set, characterized by concomitant co-mutation of TP53 and RB1 [239]. These observations
have triggered the development of a prospective pilot clinical trial involving the treatment
of LCNECs according to the TP53 + RB1 co-mutation status.

Additional studies supported the existence of a subset of adenocarcinoma-like LCNEC
and identified Napsin A as an immunohistochemical marker of these tumors. Napsin A
(Novel aspartic proteinase of the pepsin family) is an enzyme involved in surfactant protein
maturation, expressed in type II pneumocytes and currently used for the identification of
lung adenocarcinomas. Napsin A was expressed in about 15% of LCNECs, at variance with
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lung carcinoids and SCLCs that were constantly negative [240]. Napsin A reactivity ob-
served in LCNECs was lower compared to that reported in lung adenocarcinomas [239].
Napsin A LCNECs displayed the classical neuroendocrine morphology of these tumors and
do not show a distinct adenocarcinoma component [240]. Genomic analysis showed that
78% of these tumors exhibited the presence of KRAS and/or STK11 mutations [240].

Derks and coworkers have explored the possible influence of molecular heterogene-
ity on the response of LCNEC patients to chemotherapy [240]. The genomic profile of 78
LCNEC patients was correlated with the response to two different chemotherapy regi-
mens: a NSCLC chemotherapy based on the administration of platinum + gemcitabine +
taxanes and a SCLC chemotherapy based on the administration of platinum + etoposide
[241]. RB1 mutation and protein loss were observed in 47% and 72% of these patients,
respectively; patients with RBI-WT LCNEC treated with NSCLC chemotherapy dis-
played a longer median overall survival (9.6 months) than those treated with SCLC chem-
otherapy (5.8 months) [241]. The same outcome was observed for both patients with a RB1
mutation or with Rb1 protein loss [241].

George and coworkers reported a comprehensive genomic and transcriptomic anal-
ysis of LCNECs [242]. LCNECs displayed an exome mutation rate of 8.6 mutations/Mb
and a C:G>A:T transversion rate of 38.7%, suggestive of tobacco exposure [242]. This anal-
ysis confirmed the genetic heterogeneity of LCNECs and supported the existence of two
molecular subgroups, comparable to those described above. Type  LCNECs were charac-
terized by-allelic TP53 and STK11/KEAP1 alterations, KRAS mutations (less frequent that
STK11 or KEAPI mutations) NKX2-1 amplification and CDKN2A deletion; type II
LCNECs were characterized by bi-allelic inactivation of TP53 and RB1 [242]. Although
type I LCNECs display some remarkable similarities at the level of genomic alterations
with lung adenocarcinomas and squamous cell carcinomas, at gene expression level these
tumors display a neuroendocrine profile, in part like SCLC; an opposite situation is ob-
served for type II LCNECs, exhibiting similarities with SCLCs at the level of genomic al-
terations, but displaying a low neuroendocrine gene expression profile, with high activity
of the NOTCH pathway [242]. At the level of copy number alterations, the most significant
amplifications involved MYCLNT1 (12%), NKX2-1 (10%), FGFR1 (7%), MYC (5%) and IRS2
(8%); the most significant deletions were observed at the level of CDKN2A (8%) and
PTPRD (7%) [242]. The analysis of the mutational profile showed that 8 genes were fre-
quently mutated in LCNECs. TP53 was mutated in 92% of cases and RB1 in 48% of cases;
bi-allelic alterations in both these genes were observed in 40% of cases [242]. It is of interest
to note that RB1 alterations are preferentially observed in LCNECs exhibiting at histolog-
ical level, admixtures with other histological components. After TP53 and RB1, STK11
(80%) and KEAP1 (22%) are two frequently mutated genes; in most of the cases, STK11
and KEAPI mutations do not co-occur; combined with loss of-of-heterozygosity, biallelic
alterations of STK11 and KEAP1 are observed in 37% of cases [242]. The two genes encod-
ing the metalloproteinases ADAMTS2 (15%) and ADMTS12 (20%) are frequently mutated,
as well as the genes encoding GAS7 (12%) and NMT (10%), not significantly mutated in
other lung cancer types; the mutations affected functionally relevant protein domains,
thus suggesting a potential role in LCNEC tumorigenesis [242]. RAS family genes (includ-
ing KRAS, NFE2L2 and BRAF) are altered either in consequence of mutational events or
of focal amplifications in about 10% of cases; these findings indicate that SCLCs harbor
also mutations of genes commonly mutated in lung adenocarcinomas but usually absent
in neuroendocrine tumors [242]. The analysis of clonality of mutations showed that
LCNEC:s exhibit only a limited intratumor heterogeneity: only 7% of mutations were sub-
clonal and all the main driver mutant genes have a clonal pattern [242]. The analysis of
transcriptomic profiling showed that LCNEC tumors resembled more to SCLCs than to
lung adenocarcinoma or squamous cell carcinomas. At the transcriptional level, two main
types of LCNECs were identified: type I LCNECs display neuroendocrine profile, similar
to SCLCs, characterized by ASCL1hgh/DLL3Mst/NOTCH!ow expression, whereas type II
LCNECs display a low  neuroendocrine  profile,  characterized by
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ASCL1v/DLL3lw/NOTCHPMigh expression, frequent TP53 and RB1 alterations and upreg-
ulation of immune-related gene pathways [242]. The ensemble of these findings supports
the view that LCNECs constitute a distinct subset of HGNECs with peculiar histological
and molecular properties and with a consistent degree of heterogeneity.

Simbolo and coworkers have explored the gene expression profiling of a series of
ACs and LCNECs and have identified in these tumors three transcriptomic subtypes with
specific genomic alterations: cluster 1 almost exclusively composed of LCNECs, display-
ing concurrent TP53 and RB1 inactivation in the absence of MENI mutations; cluster 2
comprising a majority of ACs and a minority of LCNECs and displaying intermediate
molecular abnormalities, including inactivation of TP53 (40.9%), MEN1 (22.7%) and RB1
(18.2%); cluster 3 is composed by 85% of ACs and is characterized by recurrent MEN1
mutations (37.5%) and less frequent TP53 mutations (16.7%) [243]. As expected, patients
in cluster 1 had a shorter overall survival than did patients pertaining to clusters 2 and 3
[242]. The intermediate pattern of C2 suggests a progression of malignancy for a part of
ACs to LCNECs [243].

Zhuo et al. have explored the prognostic impact of genomic classification of LCNECs
[244]. In this study the authors have shown also that the evaluation of mutational land-
scape of recurrently mutated genes using cell-free plasmatic DNA closely resembled that
from tumor DNA [244]. Tumors displaying mutations/copy number loss of both TP53 and
RB1 were classified as SCLC-like while all the rest was classified as NSCLC: patients with
SCLC-like LCNEC have a shorter overall survival than those with NSCLC-like LCNEC
despite higher response rate to chemotherapy [244].

LCNECs can be subdivided into pure LCNEC and combined LCNECs (C-LCNEC);
the C-LCNEC is defined as a LCNEC type that is mixed with other histological compo-
nents, such as adenocarcinoma or squamous cell carcinoma. The frequency of C-LCNEC
varied from about 10% to 30% in different studies [245,246]. Milione et al. recently ex-
plored a cohort of 111 LCNEC patients, subdivided into a subgroup of C-LCNECs (31.5%),
pure LCNECs (63%) and Napsin A-positive LCNECs (3.5%) [247]. A Ki-67 index cutoff of
55 was selected as predictor of overall survival in these patients, with about 30% of pa-
tients with a Ki-67 index <55% and 70% with a Ki-67 index >55% [247]. C-LCNECs exhib-
ited a better overall survival compared to pure LCNECs; C-LCNECs with an adenocarci-
noma component and Napsin A-positive LCNECs displayed a better overall survival than
pure LCNECs and LCNECs with a squamous cell component [247].

Although the proposed classification of lung neuroendocrine tumors is able to pro-
vide an unequivocal definition of most of cases, some tumors, such as highly proliferative
carcinoids, display in the same tumor the properties of tumors classified into two different
types. Thus, these tumors, in spite a well differentiated morphology typical of carcinoids
display a high mitotic index. Several studies have reported the properties of these highly
proliferative lung carcinoids. Quinn et al. reported the characterization of 12 cases, show-
ing the typical histological and cytomorphologic features of lung carcinoids, absence of
anaplastic cytologic and of necrotic areas; most of these tumors displayed properties more
in common with carcinoids than with LCNECs [248]. Rekhtman et al. have explored a
group of 66 stage IV lung carcinoid and observed that 27% of sampled displayed mitotic
counts higher than those expected for this type of patients; these high-proliferative cases
displayed a well differentiated morphology, at genetic level displayed absence of TP53
and RBI mutations and had a median overall survival of 2.7 years [249]. For the ensemble
of these properties, these tumors should be considered as a separate group, distinct from
high-grade neuroendocrine cancers [249]. Rubino et al. reported the retrospective analysis
of 514 lung carcinoid and observed that 6% of these tumors displays a high proliferative
index, as defined by mitotic count >10/2 mm? and a Ki-67 index >20% [250]. In the whole
population of patients with lung carcinoids, those with a Ki67 index displayed a median
OS of 203 months, those with a Ki67 index of 6-20% showed an OS of 101 months and in
those with KI67 index >20% the median OS was 53 months [250]. Hermans et al. explored
7 patients with stage IV, high proliferative lung carcinoids: 4/7 patients displayed
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preserved RB1 expression and exhibited a median overall survival of 45 months, while 3/7
patients showed decreased RB1 expression and a much lower median overall survival
[251]. In conclusion, these studies support the view that lung carcinoids with a high pro-
liferation index could be considered as a peculiar subset of lung neuroendocrine tumors
more resembling to carcinoids than to LCNECs, with an intermediate prognosis between
carcinoids and LCNECs.

It was suggested that lung NETs are separate entities as opposed to lung NECs. How-
ever, growing evidence suggests that at least a part of high-grade NENs of the lung may
develop from pre-existing carcinoids. Thus, Pelosi et al. have performed a two-way clus-
tering analysis of next generation sequencing data on 148 NETs, subdivided into six dif-
ferent histology clusters. According to this analysis they have concluded that low-grade
lung NETs may evolve into high-grade tumors through two different, smoke related path-
ways: one pathway was compatible with the hypothesis of the evolution of TCs to
LCNECs, whereas the other pathway was in line with a possible evolution from ACs to
SCLCs [252]. Recently, Cros et al. reported the molecular analysis of 11 patients with high-
grade (Ki-67 index >20% and mitotic rate >10%) lung neuroendocrine tumors with a car-
cinoid morphology [253]. The genomic characterization of these tumors showed some rel-
evant alterations: Losses at the level of chromosomes 11, 3 and 13 were frequently ob-
served; targeted NGS identified in 2/11 patients’ mutations of TPP53, ATM, PTEN, RAD50,
TSC2 genes and in 1/11 cases mutations of TSC1, RB1 and ARID1A genes [253]. Compar-
ative spatio/temporal analyses supported the view that these tumors derive from clones
of lower malignancy and were genetically heterogeneous with a carcinoid mutational
background and the progressive acquisition of NEC-like alterations, such as TP53/RB1
alterations during tumor progression [253]. According to this view it was proposed that
lung NENs can be subdivided into three groups: (i) primary high-grade NENs represent-
ing the most frequent NENS (70-75%) arising de novo without detectable precursor le-
sions; (ii) secondary high-grade NENs, observed in 20-25% of pulmonary NENs, with
variable morphology and frequently showing the presence of precursor lesions; (iii) low-
grade NENSs, representing about 5% of pulmonary NENs [254].

The relationship between LCNEC and SCLC is at a large extent unknown and is a
matter of debate. Mouse models could provide an important experimental tool to analyze
possible biological relationships between LCNECs and SCLCs. In this context, Lazaro et
al. described murine models of high-grade neuroendocrine lung carcinomas generated by
the loss of four tumor suppressors [255]. The results of these studies showed that the type
of neuroendocrine tumors generated in mice is related to the type of cells transformed
with the four mutated tumor suppressors (RBL1, RB1, TP53, PTEN). Using the conven-
tional cytomegalovirus promoter that targets most lung cell types, LCNECs were the pre-
dominant tumors developed in mice; using the adenovirus Ad5-K5cre that targets the ker-
atin K5 promoter and then proximal airway basal cells, SCLCs were the predominant tu-
mors originated in mice [255]. Molecular and transcriptomic analyses of both these two
models supported a marked similarity to human counterparts [255].

9. SCLC Transformation from NSCLC

In some instances, NSCLCs can undergo a process of cellular transformation from
NSCLC to SCLC. This transformation process is usually observed in NSCLC patients un-
dergoing treatment with EGFR-TKIs (3-10% of EGFR-mutant cases) and represents one
of the mechanisms of resistance to these drugs [256]. SCLC transformation from NSCLC
has been observed also in EGFR-wild type lung cancer, or during treatment of anaplastic
lymphoma kinase (ALK)-mutant NSCLCs with targeted therapy and PD-1/PD-L1 immu-
notherapy [256].

Various studies have reported the analysis of consistent numbers of EGFR-mutated
lung cancer patients developing SCLC. In this context, fundamental was the study of Mar-
coux et al. reporting a group of 67 patients with EGFR-mutated SCLC: at the initial lung
cancer diagnosis, 57 of these patients had NSCLC and 9 de novo SCLC or mixed histology;
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EGFR mutations included exon 19 deletion (69%), L858R mutation (25%) and other (6%). All
the patients with initial NSCLC received one or more lines of EGFR TKIs [257]. In these
patients the median time to SCLC transformation was 17.8 months; after SCLC transfor-
mation, the patients displayed a response to platinum-etoposide and taxanes, with a median
overall survival of 10.9 months after transformation [256]. The genotyping of these patients
showed that all maintained their founder EGFR mutation and 15 of 19 with EGFR T790M
positivity become WT at transformation; recurrent mutations in these SCLC-transformed
patients included TP53 (79%), RB1 (58%) and PIK3CA (27%) [256]. Ferrer et al. reported a
study on 61 SCLC transformed from NSCLC, 47 EGFR-mutant and 13 non-EGFR-mutant
cases. The median time to SCLC transformation was shorted in the EGFR-mutant than in
the non-EGFR-mutant group (16 months vs. 26 months); both tumor groups were sensitive
to platinum-etoposide regimens [258]. The median overall survival was 28 months in the
EGFR-mutant group and 37 months in the non-EGFR-mutant group; however, the median
survival time after SCLC transformation was similar in the two groups (10 months in the
EGFR-mutant group vs. 9 months in the non-EGFR-mutant group) [258].

It remains highly debated whether the NSCLC to SCLC transformation is a real event
of transformation of pre-existing NSCLC cells into SCLC cells or whether it originates
from the coexistence in the initial tumor of both tumor types (mixed histology). A contri-
bution to address this problem derives from histological and molecular genetic studies.

An initial study by Niederst et al. provided fist molecular analysis of the genetic and
epigenetic alterations observed in 11 SCLC transformed EGFR-mutated NSCLC and
showed that: (i) transformed SCLC RNA profiles mimic those observed in de novo SCLCs;
(if) DNA sequencing showed some genetic lesions specific to transformed SCLC com-
pared to NSCL, such as constant loss of RBI; (iii) transformed SCLCs displayed loss of
EGFR expression [259].

Oser et al. proposed that both NSCLC and SCLC have a common cell of origin and
analyzed according to literature data the cellular and molecular relationship of lung ade-
nocarcinoma to SCLC [260]. A first element to be considered is related to the occurrence
of some SCLCs with combined histology: about 10% of SCLCs display a LCNEC compo-
nent; 2-10% of SCLCs have a NSCLC histological component [260,261]. A second element
is related to the development of resistance to EGFR-TKIs, an event usually occurring
within 12-18 months and most frequently represented by a Thr790Met mutation in EGFR;
in 5-14% of these patients, the mechanism of resistance is related to a transformation from
NSCLC to SCLC [262,263]. A third element is related to the presence in a minority (3-4%)
of de novo SCLC patients of EGFR alterations; a part of these patients were less strong
smokers and a part of them had combined SCLC/adenocarcinoma histology [264,265]. Ac-
cording to all these findings, Oser et al. have proposed the hypothesis that alveolar type
IT cells could represent the cells responsible for the formation of both lung adenocarci-
noma and SCLC; according to this hypothesis, the type of tumor generated by the malig-
nant transformation of these cells would be dependent on the mutational status of key
oncogenes and tumor suppressors [260].

Zhang et al. reported the next generation sequencing analysis of 10 combined SCLC
and of 30 pure SCLC [266]. At the clinical level there no significant differences in the two
groups; overall survival of combined SCLC patients was worse than that observed for
pure SCLC [266]. TP53 and RB1 were the most frequently mutated genes in both combined
SCLC (83% and 66%) and pure SCLC (88% and 63%) groups; however, less than 10% com-
mon mutations were found in the two groups of tumors [266]. The analysis of the muta-
tional profile of the SCLC and NSCLC components of individual combined SCLC showed
the presence of more than 50% of common mutations [266].

Lee et al. performed a longitudinal sequencing study to explore the genomic profile
of NSCLC patients undergoing transformation to SCLC; whole genome sequencing was
carried out for 9 tumors derived from 4 patients at various time points [266]. The diver-
gence of SCLC ancestors from the lung adenocarcinoma cells occurred before the first
treatments with EGFR TKIs and the inactivation of both TP53 and RB1 occurred at the
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early lung adenocarcinoma stages [267]. Analysis of additional 76 lung adenocarcinoma
patients treated with EGFR TKIs showed that inactivation of both TP53 and RB1 was
markedly more frequent in the SCLC-transformed group than in the non-transformed
group; lung adenocarcinoma patients with TP53 and RBI1 inactivation have a markedly
higher risk of SCLC transformation [266]. Ahn et al. reported the longitudinal analysis of
six lung adenocarcinomas that showed transformation to SCLC: four of these patients
were pure SCLCs and two combined SCLC and adenocarcinoma; at clinical level, four of
these cases were EGFR-mutant tumors from non-smoking females who were treated with
EGFR TKiIs (in these patients, the original EGFR mutation was retained in the transformed
SCLC tumors) and the remaining two were EGFR-WT lung adenocarcinomas [268].

More recent studies have investigated the properties of combined SCLCs at cellular
and molecular level. Thus, Zhao et al. have analyzed 170 SCLC cases and reported that 10
cases displayed a NSCLC component (5 cases adenocarcinoma and 5 cases squamous lung
carcinoma) [269]. No significant clinical or pathological differences between pure SCLC
and combined SCLC were observed; combined SCLC was associated with decreased over-
all survival compared with pure SCLC; the histologic components of combined SCLCs
showed a high concordance but also showed divergent genotypes [269]. These findings
were considered supportive of the origin from a common precursor, acquiring oncogenic
changes in combined SCLC [269]. Lei et al. reported the study of 181 patients with com-
bined SCLC and observed that: 58% were mixed SCLC/LCNEC, 13.8% SCLC/Adenocar-
cinoma and 13.2% SCLC/squamous lung carcinoma; patients with SCLC/LNCEC had
longer disease-free survival compared to other patients with combined SCLC [270].

Recent studies support the view that concurrent TP53 and RB1 alterations define a
subset of EGFR-mutant lung cancers at risk for SCLC histologic transformation. Offin et
al. reported the results of a retrospective analysis based on 4112 lung cancer patients: 21%
of these patients were EGFR-mutated and about 1% displayed triple EGFR/TP53/RB1-mu-
tant genotype; all these triple-mutated patients had metastatic disease [271]. A total of 9%
of the triple-mutated patients displayed a SCLC histology at the initial diagnosis; of the
patients triple EGFR/TP53/RB1-mutant with lung adenocarcinomas (39/43), 18% had
SCLC transformation during their disease course, with a median time to transformation
of 1.1 years [270]. Triple-mutant lung cancers displayed an enrichment in concurrent mu-
tations in ERBB2, AKT3, SOX17, PTEN [271]. The triple-mutant lung cancer population
had displayed a higher incidence of whole-genome doubling compared to NSCLC or
SCLC, with a further enrichment in triple-mutant cancers that transformed to SCLC; acti-
vation-induced cytidine deaminase/apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like mutation signature (AID/APOBEC) was enriched in triple-mutated can-
cers that transformed to SCLC [271].

Xie et al. have explored by whole exome sequencing 5 patients with lung adenocar-
cinomas undergoing transformation to SCLC [272]. The results obtained in this study
showed that (i) after SCLC transformation, the mutational spectrum changed with de-
creased C>T and increased C>A; (ii) copy number variation (CNV) burden of SCLC-trans-
formed tumors was considerably increased; and (iii) the extent of CNV burden reduced
the time to SCLC transformation and was associated with a shorter overall survival after
SCLC transformation [272]. CNV burden seems to represent an important determinant in
the transformation of NSCLCs to SCLCs [272].

Multi-omics analysis, based on genomic, epigenomic, transcriptomic, and protein
characterization of combined NSCLC/SCLC tumors and of pre-/post-transformation sam-
ples, provided evidence that the neuroendocrine transformation is more related to tran-
scription program changes than to genomic alterations [273]. The genomic context in
which neuroendocrine transformation is favored is represented by 3p chromosome loss,
an event frequently occurring in SCLC [273]. In line with these findings, previous studies
have shown that at the level of lung neuroendocrine tumors, loss of heterozygosity at
3p14.2 is most frequently observed in SCLC [274]. These tumors were also characterized
by increased expression of genes involved in PRC2 complex and PI3K/AKT and NOTCH
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pathways; importantly, PI3K/AKT pathway inhibition reduced tumor growth and de-
layed neuroendocrine transformation in a mouse model, PDX-derived, of neuroendocrine
transformation [274].

10. Conclusions

The studies carried out in the last years have led to the identification of the peculiar
genetic abnormalities that characterize SCLC and other neuroendocrine lung tumors.
Analysis of human tumors and of animal models have led to a molecular classification of
SCLCs based on the dominance of transcriptional regulators.

These progresses in the understanding of the molecular basis and the biology of
SCLC do not have been translated into corresponding clinical progress. However, the re-
cent introduction of immune checkpoint inhibitors into the treatment of SCLC patients
has been associated with prolonged clinical benefit in a subset of patients. However, the
benefit of ICIs in SCLC is more limited than in NSCLC, thus suggesting that a better un-
derstanding of SCLC phenotypes and the identification of predictive biomarkers may pro-
vide more rational criteria for patient selection. Furthermore, the improvements in the
techniques of molecular analysis have led to the identification of subsets of patients that
may benefit from treatment with targeted therapies. A better understanding of SCLC at
molecular level and of its consistent heterogeneity and plasticity is fundamental for the
identification of therapeutic vulnerabilities and for the development of a more efficacious
therapeutic strategy.

Author Contributions: U.T., E.P. and G.C. have equally contributed to critical analysis of literature
data, to preparation of the manuscript and to editing of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Van Meerbeeck, ].P; Fennell, D.A.; De Ruysscher, D. Small-cell lung cancer. Lancet 2011, 378, 1741-1755.

2. Fissler-Eckoff, A.; Demes, M. Neuroendocrine tumors of the lung. Cancers 2012, 4, 777-798.

3. Rekhtman, N. Lung neuroendocrine neoplasms: Recent progress and persistent challenges. Mod. Pathol. 2021, 35, 36-50.

4. Hiddinga, B.I; Raskin, J.; Janssen, A.; Pauwels, P.; ven Meerbeeck, J.P. Recent developments in the treatment of small cell lung
cancer. Eur. Respir. Rev. 2021, 31, 210079.

5. Witsuba, LL; Gazdar, A.F.; Minna, ].D. Molecular genetics of small cell lung carcinoma. Semin. Oncol. 2001, 28 (Suppl. 4), 3-13.

6. Pleasance, E.D.; Stephens, R.J.; O'Meara, S.; McBride, D.]J.; Meynert, A.; Jones, D.; Lin, M.L.; Beare, D.; Lau, KW.; Greenman, C,;
et al. A small-cell lung cancer genome with complex signatures of tobacco exposure. Nature 2010, 463, 184-190.

7. Alexandrov, L.B,; Ju, Y.S.; Haase, K.; Van Loo, P.; Martincorena, I.; Nik-Zainal, S.; Totoki, Y.; Fujimoto, A.; Nakagawa, H.;
Shibara, T.; et al. Mutational signatures associated with tobacco smoking in human cancer. Science 2016, 354, 618-622.

8.  Peifer, M.; Fernandez-Cuesta, L.; Sos, M.L.; George, ].; Seidel, D.; Kasper, L.H.; Plenker, D.; Leenders, F.; Sun, R.; Zander, T.; et
al. Integrative genome analyses identify key somatic driver mutations of small-cell lung cancer. Nat. Genet. 2012, 44, 1104-1110.

9.  Sos, M.L.; Dietlain, F.; Peifer, M.; Schéttle, J.; Balke-Want, H.; Miiller, C.; Koker, M.; Richters, A.; Heynck, S.; Malchers, F.; et al.
A framework for identification of actionable cancer genome dependencies in small cell lung cancer. Proc. Natl. Acad. Sci. USA
2012, 109, 17034-17039.

10. Rudin, C; Durinck, S.; Stawiski, E.; Poirier, ].T.; Modrusan, Z.; Shames, D.S.; Bergbower, E.A.; Guan, Y.; Shin, J.; Guillory, J.; et
al. Comprehensive genomic analysis identifies Sox2 as a frequently amplified gene in small-cell lung cancer. Nat. Genet. 2012,
44, 1111-1116.

11. Voigt, E.; Wollenzien, H.; Feiner, J.; Thompson, E.; Vande Kamp, M.; Kareta, M.S. Sox2 in an oncogenic driver of small cell lung
cancer. BioRxiv 2019, 10, 657924.

12. Voigt, E.; Wallenburg, M.; Wollenzien, H.; Thompson, E.; Kumar, K. Feiner, J.; McNally, M.; Friesen, H.; Mukherjee, M;
Afeworki, Y.; et al. Sox2 is on oncogenic driver of small-cell lung cancer and promotes the classic neuroendocrine subtype. Mol.
Cancer Res. 2021, 19, 2015-2025.

13. Tenjin, Y.; Matsuura, K.; Kudoh, S.; Usuki, S.; Yamada, T.; Matsuo, A.; Sato, Y.; Saito, H.; Fujino, K.; Wakimoto, J.; et al. Distinct
transcriptional programs of SOX2 in different types of small cell lung cancers. Lab. Investig. 2020, 100, 1575-1588.

14. Cui, F.; Hao, Z.; Li, ].; Zhang, Y.; Li, X.; He, ]. SOX2 mediates cisplatin resistance in small-cell lung cancer with downregulated

expression of hsa-miR-340-5p. Mol. Genet. Genomic Med. 2020, 8, e1195.



Onco 2022, 2 232

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Romero, O.A.; Torres-Diz, M.; Pros, E.; Savola, S.; Gomez, A.; Moran, S.; Saez, C.; Iwakawa, R.; Villanueva, A.; Montuenga,
L.M,; et al. MAX inactivation in small cell lung cancer disrupts MYC-SW1/SNF program and is synthetic lethal with BRGI.
Cancer Discov. 2014, 4, 292-303.

Augert, A.; Mathsyaraja, H.; Ibrahim, A.H.; Freie, B.; Geuenich, M.].; Cheng, P.F.; Alibeckoff, S.; Wu, N.; Hiatt, ].B.; Basom, R.;
et al. MAX functions as a tumor suppressor and rewires metabolism in small cell lung cancer. Cancer Cell 2020, 38, 97-114.
Llabata, P.; Torres-Diz, M.; Gomez, A.; Tomas-Daza, L.; Romero, O.A.; Grego-Bessa, ].; Liams-Arias, P.; Valencia, A.; Esteller,
M.; Javierre, B.M.; et al. MAX mutant small-cell lung cancers exhibit impaired activities of MGA-dependent noncanonical pol-
ycomb repressive complex. Proc. Natl. Acad. Sci. USA 2021, 118, e2024824118.

Mollaoglu, G.; Guthrie, M.R.; Bohm, S.; Bragelmann, J.; Can, L; Ballieu, P.M.; Marx, A.; George, J.; Heinen, C.; Chalishazar, M.D;
et al. MYC drives progression of small cell lung cancer to variant neuroendocrine subtype with vulnerability to aurora kinase
inhibition. Cancer Cell 2017, 31, 270-285.

Ross, ].S. Next-generation sequencing reveals frequent consistent genomic alterations in small cell undifferentiated lung cancer.
J. Clin. Pathol. 2014, 67, 772-776.

George, J.; Lim, ].S.; Jang, S.J.; Cun, Y.; Ozretic, L.; Kong, G.; Leenders, F.; Lu, X,; Fernandez-Cuesta, L.; Bosco, G.; et al.
Comprehensive genomic profiles of small cell lung cancer. Nature 2015, 524, 47-52.

Oser, M.G.; Sabet, A.H.; Gao, W.; Chakraborty, A.A.; Schinzel, A.C.; Jennings, R.B.; Fonseca, R.; Bonal, D.M.; Booker, M.A ;
Flaifel, A.; et al. The KDM5A/RBP2 histone demethylase represses NOTCH signaling to sustain neuroendocrine differentiation
and promote small cell lung cancer tumorigenesis. Genes Dev. 2019, 33, 1718-1738.

Augert, A.; Zhang, Q.; Bates, B.; Cui, M.; Wang, X.; Wildey, G.; Dowlati, A.; MacPherson, D. Small cell lung cancer exhibits
frequent inactivating mutations in the histone methyltransferase KMTD2/MLL2: CALGB 151111 (Allience). J. Thorac. Oncol.
2016, 12, 704-713.

Gu, W.; Wang, H.; Li, K;; Wei, G.; Zhang, J.; Zhang, S. KMT2C mutation associated with tumor mutational burden in small cell
lung cancer. J. Clin. Oncol. 2019, 37 (Suppl. 1), e20098.

Alam, H.; Tang, M.; Maitituoheti, M.; Dhar, S.S.; Kumar, M.; Han, C.Y.; Ambati, CR,; Amin, S.B.; Gu, B.; Chen, T.Y; et al.
KMT2D deficiency impairs super-enhancers to confer a glycolytic vulnerability in lung cancer. Cancer Cell 2020, 37, 599-617.
Jia, D.; Augert, A.; Kim, D.W.; Eastwood, E.; Wu, N.; Ibrahim, A.H.; Kim, K.B.; Dunn, C.T.; Pillai, S.; Gazdar, A.F.; et al. Crebbp
loss drives small cell lung cancer and increases sensitivity to HDAC inhibition. Cancer Discov. 2018, 8, 1422-1437.

Hellwig, M.; Merk, D.J.; Lutz, B.; Schuller, U. Preferential sensitivity to HDAC inhibitors in tumors with CREBBP mutation.
Cancer Gene Ther. 2020, 27, 294-300.

Carazo, F.; Bertolo, C.; Castilla, C.; Cendoya, X.; Campuzano, L.; Serrano, D.; Gimeno, M.; Planes, F.J.; Pio, R.; Montuega, L.M.;
et al. DrugSniper, a tool to exploit loss-of-function screens, identifies CREBBP as a predictive biomarker of VOLASERTIB in
small cell lung carcinoma (SCLC). Cancers 2020, 12, 1824.

Dowlati, A.; Lipka, M.B.; McCopll, K; Dabir, S.; Behtaj, M.; Kresak, A.; Miron, A.; Yang, M.; Sharma, N.; Fu, P.; et al. Clinical
correlation of extensive-stage small-cell lung cancer genomics. Ann. Oncol. 2016, 27, 642-647.

Udagawa, H.; Umemura, S.; Murakami, I.; Mimaki, S.; Makinoshima, H.; Ishii, G.; Miyoshi, T.; Kirita, K.; Matsumoto, S.; Yoh,
K.; et al. Genetic profiling-based prognostic prediction of patients with advanced small-cell lung cancer in large scale analysis.
Lung Cancer 2018, 126, 182-188.

Sonkin, D.; Vural, S.; Thomas, A.; Teichjer, B.A. Neuroendocrine negative SCLC is mostly RB1 WT and may be sensitive to
CDK4/6 inhibition. BioRxiv 2019, 516351. https://doi.org/10.1101/516351.

Sonkin, D.; Thomas, A.; Teicher, B.A. Are neuroendocrine negative small cell lung cancer and large cell neuroendocrine carci-
noma with WT RB1 two faces of the same entity? Lung Cancer Manag. 2019, 8, LMT13.

Yokouchi, H.; Nishihara, H.; Harada, T.; Yamazaki, S.; Kikuchi, HM.; Oizumi, S.; Uramoto, H.; Tanaka, F.; Harada, M.; Akie,
K.; et al. Detection of somatic TP53 mutation in surgically resected small-cell lung cancer by targeted exome sequencing: Asso-
ciation with longer relapse-free survival. Heliyon 2020, 6, €04439.

Chen, J.; Yang, H.; Teo, A.S.M.; Amer, L.B.; Sherbaf, F.G; Tan, C.Q.; Santiago Alvarez, J.J.; Lu, B.; Lin, J.Q.; Takano, A.; et al.
Genomic landscape of lung adenocarcinoma in East Asians. Nat. Genet. 2020, 52, 177-186.

Jiang, L.; Huang, J.; Higgs, BW.; Hu, Z.; Xiao, Z.; Conley, S.; Zhong, H.; Liu, Z.; Brohawn, P.; Shen, D.; et al. Genomic landscape
survey identifies SRSF1 as a key oncodriver in small cell lung cancer. PLoS Genet. 2016, 12, €1005895.

Hu, J.; Wang, Y.; Zheng, Y.; Yu, Y.; Chen, H; Liu, K.; Yao, M.,; Wang, K.; Gu, W.; Shou, T. Comprehensive genomic profiling of
small cell lung cancer in Chinese patients and the implications for therapeutic potential. Cancer Med. 2019, 8, 4338-4347.

Chen, D.; Xu, J.; Qian, R.; Zho, Y.; Chu, T.; Han, B.; Zhong, R. Detection of genetic mutations by next-generation sequencing for
predicting prognosis of extensive-stage small-cell lung cancer. J. Oncol. 2020, 2020, 8811487.

Yuan, T.; Wang, X; Sun, S.; Cao, Z.; Feng, X.; Gao, Y. Profiling of 520 candidate genes in 50 surgically treated chinese small cell
lung cancer patients. Front. Oncol. 2021, 11, 644434.

Wagner, A.H.; Devarakonda, S.; Skidmore, Z.L.; Krysiak, K.; Ramu, A.; Trani, L.; Kunisaki, J.; Masood, A.; Wagqar, S.N.; Spies,
N.C.; et al. Recurrent WNT pathway alterations are frequent in relapsed small cell lung cancer. Nat. Commun. 2018, 9, 3787.
Thomas, A.; Mian, L; Tlesmani, C.; Pongor, L.; Takahashi, N.; Maignan, K.; Snider, J.; Li, G.; Frampton, G.; Ali, S.; et al. Clinical
and genomic characteristics of small cell lung cancer in never smokers. Results from a retrospective multicenter cohort study.
Chest 2020, 158, 1723-1733.



Onco 2022, 2 233

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ogino, A.; Choi, J.; Lin, M.; Wilkens, M.K,; Calles, A.; Xu, M.; Adeni, A.E.; Chambers, E.S.; Capelletti, M.; Butaney, M.; et al.
Genomic and pathological heterogeneity in clinically diagnosed small cell lung cancer in never/light smokers identifies thera-
peutically targetable alterations. Mol. Oncol. 2021, 15, 27-42.

Wang, L.; Wang, J.; Hu, J.; Song, L.; Ni, J.; He, Y.; Zhou, C. Distinct patterns of somatic genomic alterations and mutational
signatures in central and peripheral-type small-cell lung cancer. Transl. Lung Cancer Res. 2021, 10, 1747-1760.

Almodovar, K.; Iams, W.T.; Maedor, C.R.; Zhao, Z.; York, S.; Horn, L.; Yan, Y.; Hernandez, J.; Chen, H.; Shyr, Y.; et al. Longitu-
dinal cell-free DNA analysis in patients with small cell lung cancer reveals dynamic insights into treatment efficacy and disease
relapse. J. Thorac. Oncol. 2018, 13, 112-123.

Nong, J.; Gong, Y.; Guan, Y.; Yi, X;; Yi, Y.; Chang, L.; Yang, L.; Lv, J.; Guo, Z; Jia, H.; et al. Circulating tumor DNA analysis
depicts subclonal architecture and genomic evolution of small cell lung cancer. Nat. Commun. 2018, 9, 3114.

Mohan, S.; Foy, V.; Ayub, M.; Leong, H.S.; Schoffield, P.; Sahoo, S.; Descamps, T.; Kilerci, B.; Smitch, N.K.; Carter, M.; et al.
Profiling of circulating free DNA using targeted and genome-wide sequencing in patients with SCLC. ]. Thor. Oncol. 2020, 15,
216-230.

Devarakonda, S.; Sankararaman, S.; Herzog, B.H.; Gold, K.A.; Wagar, SN.; Ward, J.P.; Raymond, V.M.; Lanman, R.B,;
Chaudhuri, A.A.; Owonikoko, T.K,; et al. Circulating tumor DNA profiling in small-cell lung cancer identifies potentially tar-
getable alterations. Clin. Cancer Res. 2019, 25, 6119-6126.

Feng, Y.; Liu, Y.; Dong, G.; Zhang, H.; Zhang, T.; Chang, L.; Xia, X;; Li, L.; Zhu, H.;Zhu, H.; et al. The feasibility of using bi-
omarkers derived from circulating tumor DNA sequencing as predictive classifiers in patients with small-cell lung cancer. Can-
cer Res. Treat. 2021, 54, 753-766.

Hodgkinson, C.L.; Morrow, C.J.; Dive, C. Tumorigenicity and genetic profiling of circulating tumor cells in small-cell lung
cancer. Nature Med. 2014, 20, 897-903.

Hou, ].M.; Krebs, M.G.; Lancashire, L.; Sloane, R.; Backen, A.; Swain, R.K,; Priest, L.].C.; Greystoke, A.; Zhou, C.; Morris, K,;
Clinical significance and molecular characteristics of circulating tumor cells and circulating microemboli in patients with small-
cell lung cancer. . Clin. Oncol. 2012, 30, 525-532.

Carter, L.; Rothwell, D.G.; Mesquita, B.; Smowton, C.; Leong, H.S.; Fernandez-Gutierrez, F.; Li, Y.; Burt, D.J.; Antonello, J.;
Morrow, C.J.; et al. Molecular analysis of circulating tumor cells identifies distinct copy-number profiles in patients with chemo-
sensitive and chemorefractory small-cell lung cancer. Nat. Med. 2017, 23, 114-119.

Tay, R.Y.; Fernadez-Gutierrez, F.; Foy, V.; Burns, K.; Pierce, J.; Morris, K.; Priest, L.; Tugwood, J.; Ashcroft, L.; Lindsay, C.R.; et
al. Prognostic value of circulating tumour cells in limited stage lung cancer: Analysis of the concurtrent once-daily versus twice-
daily radiotherapy (CONVERT) randomized controlled trial. Ann. Oncol. 2019, 30, 1114-1120.

Su, Z.; Wang, Z.; Ni, X.; Duan, J.; Gao, Y.; Zhuo, M,; Li, R.; Zhao, ].; Ma, Q.; Bai, H.; et al. Inferring the evolution and progression
of small-cell lung cancer by single-cell sequencing of circulating tumor cells. Clin. Cancer Res. 2019, 25, 5049-5060.

Rudin, C.M,; Poirier, C.T.; Byers, Z.A.; Dive, C.; Dowlati, A.; George, ].; Heymach, ].V.; Johnson, ].E.; Lehman, ].M.; MacPherson,
D.; et al. Molecular subtypes of small cell lung cancer: A synthesis of human and mouse model data. Nat. Rev. Cancer 2019, 19,
289-297.

Borromeo, M.D.; Savage, T.K.; Kollipara, R.K.; He, M.; Augustyn, A.; Osborne, ] K.; Girard, L.; Minna, ].D.; Gazdar, A.-F.; Cobb,
M.H.; et al. ASCL1 and NEURODI1 reveal heterogeneity in pulmonary neuroendocrine tumors and regulate distinct genetic
programs. Cell Rep. 2016, 16, 1259-1272.

Baine, M.K,; Hsieh, M.S; Lai, W.V.; Egger, ].V.; Jungbluth, A.A_; Daneshbod, Y.; Beras, A.; Spencer, R.; Lopardo, J.; Bodd, F.; et
al. SCLC subtypes defined by ASCL1, NEUROD1, POUF3, and YAP1: A comprehensive immunohistochemical and histopath-
ologic characterization. J. Thor. Oncol. 2020, 15, 1823-1835.

Huang, Y.H.; Klingbeil, O.; Hex, Y.; Arun, G.; Lu, B.; Sommerville, T.; Milazzo, ].P.; Wilkinson, J.E.; Damerdash, D.E.; Spector,
D.L. POU2F3 is a master regulator of small cell lung cancer. Genes Dev. 2018, 32, 915-928.

Gay, C.M,; Stewart, C.A.; Park, E.M.; Diao, L.; Groves, S.M.; Heeke, S.; Nabet, B.Y.; Fujimoto, J.; Solis, L.M.; Lu, W.; et al. Patterns
of transcription factor programs and immune pathway activation define four major subtypes of SCLC with distinct therapeutic
vulnerabilities. Cancer Cell 2021, 39, 1-15.

Simpson, K.L.; Stoney, R.; Frese, K.K.; Simms, N.; Rowe, W.; Pearce, S.P.; Humphrey, S.; Booth, L.; Morgan, D.; Dynowski, M.;
et al. A biobank of small cell lung cancer CDX models elucidates inter- and intratumoral phenotypic heterogeneity. Nature
Cancer 2020, 1, 437-451.

Pearsall, S.M.; Humphrey, S.; Revill, M.; Morgan, D.; Frese, KK.; Galvin, M.; Kerr, A; Carter, M.; Priest, L.; Blackhall, F.; et al.
The rare YAP1 subtype of SCLC revisited in a biobank of 39 circulating tumor cell patient derived explants models: A brief
report. J. Thor. Oncol. 2020, 15, 1836-1843.

Ireland, A.S.; Micinski, A.M.; Kastner, D.W.; Guo, B.; Wait, S.J.; Spainhover, K.B.; Conley, C.-C.; Chen, O.S.; Guthrie, M.R,;
Soltero, D.; et al. MYC drives temporal evolution of small cell lung cancer subtypes by reprogramming neuroendocrine fate.
Cancer Cell 2020, 38, 60-78.

Wooten, D.J.; Groves, SM.; Tyson, D.R;; Liu, Q; Lim, J.S.; Albert, R.; Lopez, C.F.; Sage, J.; Quaranta, V. Systems-level network
modeling of small cell lung cancer subtypes identifies master regulators and destabilizers. PLoS Comput. Biol. 2019, 15, e10007343.
Ouadah, Y.; Rojas, E.R; Riordan, D.P.; Capostagno, S.; Kuo, C.S.; Krasnow, M.A. Rare pulmonary neuroendocrine cells are stem
cells regulated by Rb, p53, and Notch. Cell 2019, 179, 403-416.



Onco 2022, 2 234

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Kalari, S.; Jung, M.; Kernstine, K.H.; Takahashi, T.; Pfeifer, G.P. The DNA methylation landscape of small cell lung cancer sug-
gests a differentiation defect of neuroendocrine cells. Oncogene 2013, 32, 3559-3568.

Poirier, ].T.; Gardner, E.E.; Connis, N.; Moreira, A.L.; de Stanchina, E.; Hann, C.L.; Rudin, C.M. DNA methylation in small cell
lung cancer defines distinct disease subtypes and correlates with high expression of EZH2. Oncogene 2015, 34, 5869-5878.
Hopkins-Donaldson, S.; Ziegler, A.; Kurtz, S.; Kandioler, D.; Ludwig, C.; Zangemeister-Wittke, U.; Stahel, R. Silencing of death
receptor and caspase-8 expression in small cell lung carcinoma cell lines and tumors by DNA methylation. Cell Death Differ.
2003, 10, 356-364.

Zhang, Y.; Zhou, N.; Zhou, H.; Song, M.; Li, P.; Guan, Y.F.; Xia, X. Intratumoral heterogeneity and tumor evolution of small cell
lung cancer through multi-regional sequencing. J. Clin. Oncol. 2020, 38 (Suppl. 15), €21103.

Zhou, H,; Hu, Y.; Luo, R;; Zhao, Y.; Pan, H; Ji, L.; Zhou, T.; Zhang, L.; Long, H.; Fu, J.; et al. Multi-region sequencing reveals
the intratumoral heterogeneity of surgically resected small cell lung cancer. Nat. Commun. 2021, 12, 5431.

Stewart, C.A.; Gay, C.M.; Xi, Y.; Sivajothi, S.; Sivakamasundari, V.; Fujimoto, J.; Bolisetty, M.; Hartsfield, P.M.; Balasubramani-
yanm, V.; Calishabazar, M.D.; et al. Single-cell analyses reveal increased intratumoral heterogeneity after the onset of therapy
resistance in small-cell lung cancer. Nat. Cancer 2020, 1, 423-436.

Gardner, E.E.; Lok, B.H.; Schneeberger, V.E.; Desmeules, P.; Miles, L.A.; Arnold, P.K.; Ni, A.; Khodos, I.; De Stanchina, E.; Ngu-
yen, T.; et al. Chemosensitive relapse in small cell lung cancer proceeds through an EZH2-SLEN11 axis. Cancer Cell 2017, 31,
286-299.

Lok, B.H.; Gardner, E.E.; Schneeberger, V.E.; Ni, A.; Desmeules, P.; Rakhtman, N.; de Stanchina, E.; Teicher, B.A; Riaz, N;
Powell, S.N.; et al. PARP inhibitor activity correlates with SLEN11 expression and demonstrates synergy with temozolomide in
small cell lung cancer. Clin. Cancer Res. 2016, 23, 523-535.

Pietanza, M.C.; Wagqar, S.N.; Krug, L.M.; Dowlati, A.; Hann, C.L.; Chiappori, A.; Owonikoko, T.K.; Woo, K.M.; Cardnell, RJ;
Fijimoto, N.J.; et al. Randomized, double-blind, phase II study of temozolomide in combination with either veliparib or placebo
in patients with relapsed-sensitive or refractory small-cell lung cancer. J. Clin. Oncol. 2018, 36, 2386-2394.

Farago, A.F.; Yeap, B.Y.; Tanzione, M.; Hung, Y.P.; Heist, R.S.; Marcoux, J.P.; Zhong, ].; Rangachari, D.; Barbie, D.A.; Phat, S.; et
al. Combination of Olaparib and Temozolomide in relapsed small-cell lung cancer. Cancer Discov. 2019, 9, 13721387.

Willis, S.E.; Winkler, C.; Roudier, M.P.; Baird, T.; Marco-Casanova, P.; Jones, E.V.; Rowe, P.; Rodriguez-Canales, J.; Angell, HK;
Ng, F.; et al. Retrospective analysis of Schlafen 11 (SLFN11) to predict the outcomes to therapies affecting the DNA damage
response. Brit. J. Cancer 2021, 125, 1666—-1676.

Qu, S.; Fetsch, P.; Thomas, A.; Pommier, Y.; Schrump, D.S.; Miettinen, M.M.; Chen, H. Molecular subtypes of primary SCLC
tumors and their associations with neuroendocrine and therapeutic markers. J. Thor. Oncol. 2021, 17, 141-153.

Zhang, B.; Stewart, C.A.; Gay, C.M.; Wang, Q.; Cardnell, R.; Fujimoto, J.; Fernandez, L.; Jendrisak, A.; Gilbertson, C.; Schonhoft,
J.; et al. Detection of DNA blocker SLEN11 in tumor tissue and circulating tumor cells to predict platinum and PARP inhibitors
response in small cell lung cancer. Cancer Res. 2021, 81, 384.

Krushkal, J.; Silvers, T.; Reinhold, W.C.; Sonkin, D.; Vural, S.; Connelly, J.; Varma, S.; Meltzer, P.S.; Kunkel, M.; Rapisarda, A.;
et al. Epigenome-wide DNA methylation analysis of small cell lung cancer cell lines suggests potential chemotherapy targets.
Clin. Epigenet 2020, 12, 93.

Mao, S.; Chaerkady, R.; Yu, W.; D’Angelo, G.; Garcia, A.; Chen, H.; Barrett, A.M.; Phipps, S.; Fleming, R.; Hess, S.; et al. Re-
sistance to pyrrolobenzodiazepine dimers is associated with SLFN11 downregulation and can be reversed through inhibition
of ATR. Mol. Cancer Ther. 2021, 20, 541-552.

Trigo, J.; Subbiah, V.; Besse, B.; Moreno, V.; Lopez, R.; Sala, M.A ; Peters, S.; Ponce, S.; Fernandez, C.; Alfaro, V.; et al. Lurbi-
nectedin as second-line treatment for patients with small-cell lung cancer: A single-arm, open-label, phase 2 basket trial. Lancet
Oncol. 2020, 21, 645-654.

Kundu, K; Cardnell, RJ.; Zhang, B.; Shen, L.; Stewart, C.A.; Ramkumar, K.; Cargill, K.R.; Wang, J.; Gay, C.M.; Byers, L.A.
SLFN11 biomarker statrus predicts response to lurbinectedin as a single agent and in combination with ATR inhibition in small
cell lung cancer. Transl. Lung Cancer Res. 2021, 10, 4095-4105.

Byers, L.A.; Wang, J.; Nilsson, M.B.; Fujimoto, J.; Saintigny, P.; Yordy, J.; Giri, U.; Peyton, M.; Fan, Y.H.; Diao, L.; et al. Proteomic
profiling identifies dysregulated pathways in small cell lung cancer and novel therapeutic targets including PARP1. Cancer
Discov. 2012, 2, 798-811.

Park, S.; Lee, H.; Lee, B.; Lee, SH.; Sun, ].M,; Park, W.Y.; Ahn, ].S.; Ahn, M.].; Park, K. DNA damage response and repair path-
way alteration and its association with tumor mutation burden and platinum-based chemotherapy in SCLC. ]. Thor. Oncol. 2019,
14, 1640-1650.

Atrafi, F.; Groen, H.J.M.; Byers, L.A_; Garralda, E.; Lolkema, M.P.; Sangha, R.S.; Viteri, S.; Chae, Y.K,; Camidge, D.R.; Gabrail,
N.Y; et al. A phase I dose-escalation study of veliparib combined with carboplatin and etoposide in patients with extensive-
stage small cell lung cancer and other solid tumors. Clin. Cancer Res. 2019, 25, 496-505.

Owonikoko, T.K.; Dahlberg, S.E.; Sica, G.L.; Wagner, L.I; Wade, J.L., III; Srkalovic, G.; Lash, BW.; Leach, ]JJW.; Leal, T.B,;
Aggarwal, C.; et al. Randomized phase II trial of cisplatin and etoposide in combination with veliparib or placebo for extensive-
stage small-cell lung cancer: ECOG-ACRIN 2511 study. J. Clin. Oncol. 2018, 37, 222-229.

Byers, L.A.; Bentsion, D.; Gans, S.; Penkov, K.; Son, C.H.; Sibille, A.; Owonikoko, T.K.; Groen, H.].M.; Gay, C.M.; Fujimoto, J.; et
al. Veliparib in combination with carboplatin and etoposide in patients with treatment-naive extensive-stage small cell lung
cancer: A phase 2 randomized study. Clin. Cancer Res. 2021, 27, 3884-3895.



Onco 2022, 2 235

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Tlemsani, C.; Takahashi, N.; Pongor, L.; Rajapakse, V.; Tyagi, M.; Wen, X.; Fasaye, G.A.; Schmidt, K.T.; Desai, P.; Kim, C.; et al.
Whole-exome sequencing reveals germline-mutated small cell lung cancer subtype with favorable response to DNA repair-
targeted therapies. Sci. Transl. Med. 2021, 13, eabc7488.

Knelson, E.H.; Patel, S.A.; Sands, ].M. PARP inhibitors in small-cell lung cancer: Rational combinations to improve responses.
Cancers 2021, 13, 727.

Thomas, A.; Takahashi, N.; Rajapakse, V.N.; Zhang, X.; Sun, Y.; Ceribelli, M.; Wilson, KM.; Zhang, Y.; Beck, E.; Sciuto, L.; et al.
Therapeutic targeting of ATR yields durable regressions in small cell lung cancers with high replication stress. Cancer Cell 2021,
39, 566-579.

Nagel, R.; Avelar, A.T.; Aben, A.; Proost, N.; ven de Ven, M.; van der Vliet, J.; Cozijnsen, M.; de Vries, H.; Wessels, L.; Berns, A.
Inhibition of the replication stress response is a synthetic sulverability in SCLC that acts synergistically in combination with
cisplatin. Mol. Cancer Ther. 2019, 18, 762-770.

Jin, Y; Chen, Y.; Tang, H.; Hubert, SM.; Li, Q.; Hu, X;; Su, D.; Xu, H.; Fan, Y.; Yu, X; et al. Activation of PI3K/AKT pathway is
a potential mechanism of treatment resistance in small cell lung cancer. Clin. Cancer Res. 2021, 28, 526-539.
Quintanal-Villalonga, A.; Taniguchi, H.; Hao, Y.; Chow, A.; Zhan, Y.A,; Chavan, S.S.; Uddin, F.; Allaj, V.; Manoj, P.; Shah, N.S,;
et al. Inhibition of XPO1 sensitizes small cell lung lung cancer to first- and second-line chemotherapy. Cancer Res. 2021, 82, 472—
483.

Schenk, M.W.; Humprey, S.; Hossain, M.; Revill, M.; Pearsall, S.; Lallo, A.; Brown, S.; Bratt, S.; Galvin, M.; Descampos, T.; et al.
Soluble guanylate cyclase signaling mediates etoposide resistance in progressing small cell lung cancer. Nat. Commun. 2021, 12,
6652.

Sen, T.; Tong, P.; Stewart, A.; Cristea, S.; Valliani, A.; Shames, D.S.; Redwood, A.; Fan, Y.H.; Li, L.; Glisson, B.S. CHK1 inhibition
in small-cell lung cancer produces single-agent activity in biomarker-defined disease subsets and combination activity with
cisplatin or olaparib. Cancer Res. 2017, 77, 3870-3884.

Doerr, F.; George, J.; Schmitt, A.; Beleggia, F.; Rehkamper, T.; Hermann, S.; Walter, V.; Weber, ].P.; Thomas, R.K.; Wittersheim,
M.; et al. Targeting a non-oncogene addiction to the ATR/CHK1 axis for the treatment of small cell lung cancer. Scient. Transl.
2017, 7, 15511.

Hsu, W.H.; Zhao, X,; Zhu, ].; Kim, LK.; Rao, G.; McCutcheon, J.; Hsu, S.T.; Teicher, B.; Kallakury, B.; Dowlati, A.; et al. Check-
point kinase 1 inhibition enhances cisplatin cytotoxicity and overcomes cisplatin resistance in SCLC promoting mitotic cell
death. J. Thorac. Oncol. 2019, 4, 1032-1045.

Sen, T.; Rodriguez, B.L.; Chen, L.; Della Corte, C.M.; Morikawa, N.; Fujimoto, ].; Cristea, S.; Nguyen, T.; Diao, L.; Li, L.; et al.
Targeting DNA damage response promotes antitumor immunity through STING-mediated T-cell activation in small cell lung
cancer. Cancer Discov. 2019, 9, 646—-661.

Sen, T.; Della Corte, C.M.; Milutinovic, S.; Cardnell, R.J.; Diao, L.; Ramkumar, K.; Gay, C.M.; Stewart, A.; Fan, Y.; Shen, L.; et al.
Combination treatment of the oral CHK1 inhibitor, SRA737, and low-dose gemcitabine enhances the effect of programmed
death ligand 1 blockade by modulating the immune microenvironment in SCLC. J. Thor. Oncol. 2019, 12, 2152-2163.

Byers, L.A.; Navarro, A.; Schaefer, E.; Johnson, M.; Ozguroglu, M.; Han, J.Y.; Bondarenko, I.; Cicin, I.; Dragnev, K.; Abel, A.; et
al. A phase II trial of prexasertib (LY2606368) in patients with extensive-stage small-cell lung cancer. Clin. Lung Cancer 2021, 22,
531-540.

Sen, T.; Tong, P.; Diao, L.; Li, L.; Fan, Y.; Hoff, ].; Heymach, J.V.; Wang, J.; Byers, L.A. Targeting AXL and mTOR pathway
overcomes primary and acquired resistance to WEE1 inhibition in small-cell lung cancer. Clin. Cancer Res. 2017, 23, 6239-6253.
Park, S.; Shim, J.; Jung, H.A.; Sun, ].M.; Lee, S.H.; Park, W.Y. Biomarker driven phase II umbrella trial study of AZD1775,
AZD2014, AZD2811 monotherapy in relapsed small cell lung cancer. . Clin. Oncol. 2017, 37 (Suppl. 5), abst. 8514.

Lallo, A.; Frese, K.K.; Morrow, C.J.; Sloane, R.; Gulati, S.; Schenk, M.W.; Trapani, F.; Simms, N.; Galvin, M.; Brown, S; et al. The
combination of the PARP inhibitor olaparib and the WEE1 inhibitor AZD1775 as a new therapeutic option for small cell lung
cancer. Clin. Cancer Res. 2018, 24, 5153-5164.

Zhao, X.; Kim, LK,; Kallakury, B.; Chahine, J.J.; Iwama, E.; Pierobon, M.; Petricoin, E.; McCucheon, ].N.; Zhang, Y.W.; Umemura,
S.; et al. Acquired small cell lung cancer resistance to Chk1 inhibitors involves Weel up-regulation. Mol. Oncol. 2021, 15, 1130-
1145.

Saunders, L.R.; Bankovich, A.J.; Anderson, W.C.; Aujay, M.A.; Bheddah, S.; Black, K.; Desai, R.; Escarpe, P.A.; Hampl, J;
Laysang, A.; et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary neuroendocrine tumor-initiat-
ing cells in vivo. Sci. Trans. Med. 2015, 7, 302ra136.

Ali, G.; Di Stefano, I.; Poma, A.M.; Ricdi, S.; Proietti, A.; Davini, F.; Lucchi, M.; Melfi, F.; Fontanini, G. Prevalence of delta-like
protein 3 in a consecutive series of surgically resected lung neuroendocrine neoplasms. Front. Oncol. 2021, 11, 729765.

Tanaka, K.; Isse, K.; Fujihira, T.; Takenoyama, M.; Saunders, L.; Cheddah, S.; Nakanishi, Y.; Okamoto, I. Prevalence of Delta-
like protein 3 expression in patients with small cell lung cancer. Lung Cancer 2018, 115, 116-120.

Rojo, F.; Corassa, M.; Mavroudis, D.; Oz, A.B.; Biesma, B.; Brcic, L.; Pauwels, P.; Sailer, V.; Gosney, J.; Miljkovic, D.; et al. Inter-
national real-world study of DLL3 expression in patients with small cell lung cancer. Lung Cancer 2020, 147, 237-243.

Hu, C; Dong, J.; Liu, L.; Liu, J.; Sun, X,; Teng, F.; Wang, X.; Ying, J.; Li, J.; Xing, P.; et al. ASCL1 and DLL3 expressions and their
clinicopathological implications in surgically resected pure small cell lung cancer: A study of 247 cases from the National Cancer
Center of China. Thorac. Cancer 2021, 13, 338-345.



Onco 2022, 2 236

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Rudin, C.M.; Pietanza, M.C.; Bauer, T.M.; Ready, N.; Morgensztern, D.; Glisson, B.S.; Byers, L.A.; Johnson, M.L.; Burris, H.A;
Robert, F.; et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate, in recurrent small-cell lung cancer: A first-
in-human, first-in-class, open-label, phase 1 study. Lancet Oncol. 2017, 18, 42-51.

Sharma, S.K.; Pourat, J.; Abdel-Atti, D.; Carlin, S.D.; Piersigilli, A.; Bankovich, A.J.; Gardner, E.E.; Hamdy, O.; Isse, K.; Bheddah,
S.; et al. Noninvasive interrogation of DLL3 expression in metastatic small cell lung cancer. Cancer Res. 2017, 77, 3931-3941.
Komarnitsky, P.B.; Lee, H.J.; ShaH, M.; Wong, S.; Gauthier, S.; Dziubinski, J. A phase III study of ravailpituzumab teserine
maintenance therapy following first-line platinum-based chemotherapy in patients with extensive disease small cell lung cancer
(ED SCLQ). J. Clin. Oncol. 2017, 35, abst. TPS8583.

Blackhall, F.; Jao, K.; Greillier, L.; Cho, B.C.; Penkov, K.; Reguart, N.; Majem, M.; Nackaerts, K.; Syrigos, K.; Hansen, K; et al.
Efficacy and safety oif rovalpituzumab tesirine compared with topotecan as second-line therapy in DLL3-high SCXLC: Results
from the phase 3 TAHOE study. J. Thorac. Oncol. 2021, 16, 1547-1558.

Johnsson, ML.L.; Zvirbule, Z.; Laktionov, K.; Helland, A.; Cho, B.C.; Gutierrez, V.; Colinet, B.; Lena, H.; Wolf, M.; Gottfried, M.;
et al. Rovalpituzumab tesirine as a maintenance therapy after first-line platinum-based chemotherapy in patients with exten-
sive-satge-SCLC: Results from the phase 3 MERU study. J. Thorac. Oncol. 2021, 16, 1570-1581.

Morgensztern, D.; Besse, B.; Greillier, L. Efficacy and safety of Rovalpituzumab Tesirine in third-line and beyond patients with
DLL3-expressing, relapsed/refractory small-cell lung cancer: Results from the phase II TRINITY study. Clin. Cancer Res. 2019,
25, 6958-6966.

Hipp, S.; Voynov, V.; Drobits-Dand], B.; Giragossian, C.; Trapani, F.; Nixon, A.E.; Scheer, ].M.; Adam, P.J. A bispecific DLL3/CD3
IgG-like T-cell engaging antibody induces antitumor responses in small cell lung cancer. Clin. Cancer Res. 2020, 26, 5258-5268.
Giffin, M.J.; Cooke, K.; Lobenhofer, E.K.; Estrada, J.; Zhan, J.; Deegen, P.; Thomas, M.; Murawsky, C.M.; Werner, J.; Liu, S; et al.
AMG 757, a half-life extended, DLL3-targeted bispecific T-cell engager, shows high potency and sensitivity in preclinical models
of small-cell lung cancer. Clin. Cancer Res. 2021, 27, 1526-1537.

Owonikoko, T.K.; Champiat, S.; Johnson, M.L.; Govindan, R.; Tzumi, H.; Lai, V.V. Updated results from a phase I study of AMG
757, a half-life extended bispecific T-cell engager (BiTE) immune-oncology therapy against delta-like ligand 3 (DLL3), in small
cell lung cancer (SCLC). J. Clin. Oncol. 2021, 39 (Suppl. 5), abst. 8510.

Chen, X.; Amar, N.; Zhu, Y.,; Wang, C.; Xia, C.; Yang, X.; Wu, D.; Feng, M. Combined DLL3-targeted bispecific antibody with
PD-1 inhibition is efficient to suppress small cell lung cancer growth. J. Immunother. Cancer 2020, 8, e000785.

Isobe, Y.; Sato, K.; Nishinaga, Y.; Takahashi, K; Taki, S.; Yasui, H.; Shimizu, M.; Endo, R.; Koike, C.; Kuramoto, N.; et al. Near
infrared photoimmunotherapy targeting DLL3 for small cell lung cancer. EBioMedicine 2020, 52, 102632.

Ardeshir-Larijani, F.; Widley, G.; Fu, P.; Bhateya, P.; Dowlati, A. Frequency of NOTCH pathway mutation in primary tumor of
SCLC compared to metastatic biopsies and association with better survival. J. Clin. Oncol. 2018, 36 (Suppl.1), abst. E20574.
Tendler, S.; Kamper, L.; Lewensohn, R.; Ortiz-Villala, C.; Viktorsson, K.; De Petris, L. The prognostic implications of Notchl,
Hesl, Ascll, and DLL3 protein expression in SCLC patients receiving platinum-based chemotherapy. PLoS ONE 2020, 15,
€0240973.

Lim, J.S,; Ibaseta, A.; Fischer, M.M.; Cancilla, B.; O’Young, G.; Cristea, S.; Luca, V.C.; Liu, Y.W; Jahchan, N.S.; Hamard, C.; et al.
Intratumoral heterogeneity generated by Notch signaling promotes small-cell lung cancer. Nature 2017, 545, 361-366.

Daniel, D.B.; Rudin, C.M.; Hart, L.; Faoro, L.; Chaing, A.C. Results of a randomized, placebo-controlled, phase 2 study of tarex-
tumab (TRTX, anti Notch2/3) in combination with etoposide and platinum (EP) in patients (pts) with untreated extensive-stage
small-cell lung cancer (ED-SCLC). Ann. Oncol. 2017, 28 (Suppl.5), V540.

Yan, W.; Chung, C.Y.; Xia, T.; Ozeck, M.; Nichols, T.C.; Frey, J.; Udyavar, A.R.; Sharma, S.; Paul, T.A. Intrinsic and acquired
drug resistance o LSD1 inhibitors in small cell lung cancer occurs through a TEAD4-driven transcriptional state. Mol. Oncol.
2021, 16, 1309-1328.

Ponce Aix, S.; Juan-Vidal, O.; Carcereny, E.; Trigo, ] M.; Provencio, M.; Greillier, L.; Navarro, A.; Bennouna, ].; Santoro, A;
Berardi, R; et al. A phase Ib study of CC-90011, a potent, reversible, oral LSD1 inhibitor, plus etoposide and cisplatin (EP) or
carboplatin (EC) in patients (pts) with first-line (1L) extensive-stage (ES) small cell lung cancer (SCLC): Updated results. ]. Thorac.
Oncol. 2021, 16 (Suppl. 4), S720-5728.

Augert, A,; Eastwood, E.; Ibrahim, A.H.; Wu, N.; Grunblatt, E.; Basom, R,; Liggitt, D.; Eaton, K.D.; Martins, R.; Poirier, ].T.; et
al. Targeting NOTCH activation in small cell lung cancer through LSD1 inhibition. Sci. Signal. 2019, 12, eauu2922.

Pozo, K.; Kollipara, R.K.; Rodarte, K.; Kelenis, D.P.; Zhang, X.; Minna, ].D.; Johnson, J.E. Lineage transcription factors ASCL1,
NKX2-1 and PROX1 are enriched at superenhancers and co-regulate subtype-specific genes in small cell lung cancer. BioRxiv
2020, 24, 102953. https://doi.org/10.1101/2020.08.13.

Pozo, K.; Kollipara, R.K.; Kelenis, D.P.; Rodarte, K.E.; Ullrich, M.S.; Zhang, X.; Minna, J.D.; Johnson, J.E. ASCL1, NKX2-1, and
PROX1 co-regulate subtype-specific genes in small-cell lung cancer. iScience 2021, 24, 102953.

Tlemsani, C.; Pongor, L.; Elloumi, F.; Girard, L.; Huffman, K.E.; Raper, N.; Varma, S.; Luna, A.; Rajapakse, V.N.; Sebastian, R.;
et al. SCLC-cell miner: A resource for small cell lung cancer cell line genomics and pharmacology based on genomic signatures.
Cell Rep. 2020, 33, 108296.

Wei, J; Liu, L.; Guo, Y.; Zhang, J.; Wang, X.; Dong, J.; Xing, P.; Ying, Y.; Yang, L.; Li, ]. Clinicopathological features and prog-
nostic implications of ASCL1 expression in surgically resected small cell lung cancer. Thorac. Cancer 2021, 12, 40-47.



Onco 2022, 2 237

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Augustyn, A.; Borromeo, M.; Wang, T.; Fujimoto, J.; Shao, C.; Dospoy, P.D.; Lee, V.; Tan, C.; Sullivan, J.P.; Larsen, J.E.; et al.
ASCL1 is a lineage oncogene providing therapeutic targets for high-grade neuroendocrine lung cancers. Proc. Natl. Acad. Sci.
USA 2014, 111, 14788-14793.

He, M,; Liu, S.; GalloluKankamalage, S.; Borromeo, M.D.; Girard, L.; Gazdar, A.F.; Minna, ].D.; Johnson, J.E.; Cobb, M.H. The
epithelial sodium channel (dkENaC) is a downstream therapeutic target of ASCL1 in pulmonary neuroendocrine tumors. Transl.
Oncol. 2018, 11, 292-299.

Alam, S.R.; Wang, L.; Ren, Y.; Hernandez, C.E.; Kosari, F.; Roden, A.C; Yang, R.; Hoeppner, L.H. ASCL1-regulated DARPP-32
and t-DARPP stimulate small cell lung cancer growth and neuroendocrine tumor cell proliferation. Brit. ]. Cancer 2020, 123, 819-
832.

Rudin, C.M.; Hann, C.L.; Garon, E.B.; Ribeiro de Oliveira, M.; Bonomi, P.D.; Camidge, D.R.; Chu, Q.; Giaccone, G.; Khaira, D.;
Ramalingam, S.S.; et al. Phase II study of the single agent Navitoclax (ABT-263) and biomarker correlates in patients with re-
lapsed small cell lung cancer. Clin. Cancer Res. 2012, 18, 3163-3169.

Lochmann, T.L.; Floros, K.; Naseri, M.; Powell, K.M.; Cook, W.; March, R.J.; Stein, G.T.; Greninger, P.; Maves, Y.K.; Saunders,
L.R.; et al. Venetoclax is effective in small-cell lung cancers with high BCL-2 expression. Clin. Cancer Res. 2017, 24, 360-369.
Yasuda, Y.; Ozasa, H.; Kim, Y.H.; Yamazoe, M.; Ajimizu, H.; Funazo, T.Y.; Nomizo, T.; Tsuji, T.; Yoshida, H.; Sakamori, Y.; et
al. MCL1 inhibition is effective against a subset of small-cell lung cancer with high MCL1 and low BCL-Xv expression. Cell Death
Dis. 2020, 11, 177.

Qin, A.; Kalemkerian, G.P.; Patel, ].D.; Mohindra, N.A.; Carlisle, ]JW.; Sands, J.; He, Z.; Winkler, R; Liang, Z.; Hammock, V_; et
al. Trial in progress: A multicenternphase Ib/II study of pelcitoclax (APG-1252) in combination with paclitaxel in patients with
relapsed/refractory small-cell lung cancer (R/R SCLC). J. Clin. Oncol. 2021, 39 (Suppl. 15), TP58589.

Caesar, R.; Hulton, C.; Costa, E.; Durani, V.; Little, M.; Chen, X,; Tischfield, S.E.; Asher, M.; Kombak, F.E.; Chavan, S.S.; et al.
MAPK pathway activation selectively inhibits ASCL1-driven small cell lung cancer. iScience 2021, 24, 103224.

Patel, A.S.; Yoo, S.; Kong, R.; Sato, T.; Sinha, A.; Bao, L.; Fridrikh, M.; Emoto, K.; Nudelman, G.; Powell, C.A.; et al. Prototypical
oncogene family Myc defines unappreciated distinct lineage states of small cell lung cancer. Sci. Adv. 2021, 7, eabc2578.
Melichar, B.; Adenis, A.; Lochart, A.C. Safety and activity of alisertib, an investigational aurora kinase A inhibitor, in patients
with breast cancer, small-cell lung cancer, non-small cell lung cancer, head and neck squamous-cell carcinoma, and gastro-
oesophageal adenocarcinoma: A five-arm phase 2 study. Lancet Oncol. 2015, 16, 395-405.

Owonikoko, T.K.; Niu, H.; Nackaerts, K.; Csoski, T.; Ostoros, G.; Mark, Z; Balk, C.; Joy, A.A.; Chouaid, C.; Jaime, J.C.; et al.
Randomized phase II study of paclitaxel plus alisertib versus paclitaxel plus placebo as second-line therapy for SCLC: Primary
and correlative biomarker analyses. ]. Thorac. Oncol. 2020, 15, 274-287.

Oser, M.G.; Fonseca, R.; Chakraborty, A.A.; Brough, R.; Spektor, A.; Jenning, R.B.; Flaifel, A.; Novak, J.S.; Gulati, A.; Buss, E.; et
al. Cells lacking the RB1 tumor suppressor gene are hyperdependent on Aurora B kinase for survival. Cancer Discov. 2019, 9,
230-247.

Kolla, B.C.; Racila, E.; Patel, M.R. Deep and prolonged response to Aurora A kinase inhibitor and subsequently to nivolumab
in MYCL1-driven small-cell lung cancer: Case report and literature review. Case Rep. Oncol. Med. 2020, 2020, 8026849-6.

Vural, S.; Palmiosano, A.; Reshold, W.C.; éommier, Y.; Teichjer, B.A.; Krushkal, J. Association of expression of epigenetic mo-
lecular factors with DNA methylation and sensitivity to chemotherapeutic agents in cancer cell lines. Clin. Epigenet 2021, 13, 49.
Dammert, M.A.; Bragelmann, J.; Olsen, R.R.; Bohm, S.; Monhasery, N.; Whitney, C.P.; Calhisazar, M.D.; Tumbrink, H.L.; Guthrie,
M.R; Klein, S.; et al. MYC paralog-dependent apoptoic priming orchestrates a spectrum of vulnerabilities in small cell lung
cancer. Nat. Commun. 2019, 10, 3485.

Chalishazar, M.D.; Wait, S.J.; Huang, F.; Ireland, A.S.; Mukhopadhyay, A.; Lee, Y.; Schuman, S.S.; Guthrie, M.R,; Berrett, K.C,;
Vahrenkamp, ].M.; et al. MYC-driven small-cell lung cancer is metabolically distinct and vulnerable to arginine depletion. Clin.
Cancer Res. 2019, 25, 5107-5121.

Hall, P.E.; Ready, N.; Johnston, A.; Bomalaski, ].S.; Venhaus, R.R.; Sheaff, M.; Krug, L.; Szlosarek, P.W. Phase II study of arginine
deprivation therapy with pegargiminase in patients with relapsed sensitive or refractory small-cell lung cancer. Clin. Lung
Cancer 2020, 21, 527-533.

Cargill, K.R; Stewart, C.A.; Park, E.M.; Ramkumar, K.; Gay, C.M.; Cardnell, R.J.; Wang, Q.; Diao, L.; Shen, L.; Fan, Y.H.; et al.
Targeting MYC-enhnaced glycolysis for the treatment of small cell lung cancer. Cancer Metab. 2021, 9, 33.

Cargill, KR.; Gay, C.M.; Cardnell, R.J.; Fan, Y.H.; Wang, Q.; Diao, L.; Wang, J.; Byers, L.A. Comprehenesive metabolic profiling
and vulnerabilities to metabolic inhibitors among small cell lung cancer subtypes. Cancer Res. 2020, 80, 232.

Cristea, S.; Coles, G.L.; Hornburg, D.; Gershkovitz, M.; Arand, J.; Cao, S.; Sen, T.; Williamson, S.C.; Kim, ].W.; Drainas, A.P.; et
al. The MEK-ERK kinase axis controls lipid metabolism in small-cell lung camcer. Cancer Res. 2020, 80, 1293-1303.

Huang, F.; Ni, M.; Chalisazhar, M.D.; Huffman, K.E.; Kim, J.; Cai, L.; Shi, X.; Cai, F.; Zacharias, L.G.; Ireland, A.S.; et al. Inosine
monophosphate dehydrogenase dependence in a subset of small cell lung cancers. Cell Metab. 2018, 28, 369-382.

Huang, F.; Huffman, K.E.; Wang, Z.; Wang, X,; Li, K,; Cai, F.; Yang, C.; Cai, L.; Shih, T.S.; Zacharias, L.G.; et al. Guanosine
triphosphate links MYC-dependent metabolic and ribosome programs in small-cell lung cancer. J. Clin. Investig. 2021, 131,
€139929.

Kim, Y.H.; Girard, L.; Giacomini, C.P.; Wang, P.; Hernandez-Boussard, T.; Tibshirani, R.; Minna, ].D.; Pollack, J.R. Combined
microarray analysis of small cell lung cancer reveals altered apoptotic balance and distinct expression signatures of MYC family
gene amplification. Oncogene 2006, 25, 130-138.



Onco 2022, 2 238

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Iwakawa, R.; Takenaka, M.; Kohno, T.; Shimada, Y.; Totoki, Y.; Shibata, T.; Tsuta, K.; Nishikawa, R.; Noguchi, M.; Sato-Otsubo,
A_; et al. Genome-wide identification of genes with amplification and/or fusion in small cell lung cancer. Genes Chromoson.
Cancer 2013, 52, 802-816.

Grunblatt, E.; Wu, N.; Zhang, H.; Liu, X.; Norton, J.P.; Ohol, Y.; Leger, P.; Hiatt, ].B.; Eastwood, E.C.; Thomas, R.; et al. MYCN
drives chemoresistance in small cell lung cancer while USP7 inhibition can restore chemosensitivity. Genes Dev. 2020, 34, 1-17.
Tong, Q.; Ouyang, S.; Chen, R.; Huang, J.; Guo, L. MYCN-mediated regulation of the HES1 promoter enhances the chemo-
resistance of small-cell lung cancer by modulating apoptosis. Am. J. Cancer Res. 2019, 9, 1938-1956.

Wang, H.; Hong, B.; Li, X;; Lin, W. JQ1 synergizes with the Bcl-2 inhibitor ABT-263 against MYCN-amplified small cell lung
cancer. Oncotarget 2017, 8, 21146.

Wang, X.D.; Hu, R,; Ding, Q.; Savage, T.K.; Huffman, K.E.; Williams, N.; Cobb, M.H.; Minna, J.D.; Johnson, J.E.; Yu, Y. Subtype-
specific secretome characterization of pulmonary neuroendocrine tumors. Nat. Commun. 2019, 10, 3201.

Ding, M.; Bruick, R.Y.; Yu, Y. Secreted IGFBP5 mediates mTORC1-dependent feedback inhibition of IGF-1 signalling. Nat. Cell
Biol. 2016, 18, 319-327.

Ferté, C.; Loriot, Y.; Clémenson, C.; Commo, F.; Gombos, A.; Bibbault, J.E.; Fumagalli, I.; Hamama, S.; Auger, N.; Lahot, B.; et
al. IGF-1R targeting increases the antitumor effects of DNA-damaging agents in SCLC model: An opportunity to increase the
efficacy of standard therapy. Mol. Cancer Ther. 2013, 12, 1213-1222.

Lkshamanan, I.; Chaudhary, S.; Perumal, S.; Batra, S.; Ganti, A.K. IGF-1R inhibition in small cell lung cancer: Role of brigatinib.
Ann. Oncol. 2021, 16, S221.

Antonia, S.J.; Lopez-Martin, J.A.; Bandell, ].; Ott, P.A.; Taylor, M.; Eder, ].P.; Jager, D.; Pietanza, M.C.; Le, D.T.; de Braud, F.; et
al. Nivolumb alone and nivolumab plus ipilimumab in recurrent small-cell lung cancer (Checkmate 032): A multicenter, open
label, phasel-2 trial. Lancet Oncol. 2016, 17, 883-895.

Lee, M.S,; Jung, K.; Song, ].Y.; Sung, M.].; Ahn, S.B.; Lee, B.; Oh, D.Y. IRS2 amplification as a predictive biomarker in response
to ceritinib in small cell lung cancer. Mol. Ther. Oncolytics 2020, 16, 188-196.

Lenhart, R.; Kirov, S.; Desilva, H.; Cao, J.; Lei, M.; Johnston, K.; Peterson, R.; Schweizer, L.; Purandare, A.; Ross-Macdonald, P;
et al. Sensitivity of small cell lung cancer to BET inhibition is mediated by regulation of ASCL1 gene expression. Mol. Cancer
Ther. 2015, 14, 2167-2174.

Kato, F.; Fiorentino, F.P.; Alibés, A.; Perucho, M.; Sanchez-Céespedes, M.; Kohno, T.; Yokota, ]. MYCL is a target of a Bet bro-
modomain inhibitor, JQ1, on growth suppression efficacy in small cell lung cancer cells. Oncotarget 2016, 7, 77378-77387.
Shorstova, T.; Foulkes, W.D.; Witcher, M. Achieving clinical success with BET inhibitors as anti-cancer agents. Br. ]. Cancer 2021,
124, 1478-1490.

Piha-Paul, S.A.; Hann, C.L.; French, C.A.; Cousin, S.; Brana, I.; Cassier, P.A.; Moreno, V.; de Bono, J.S.; Duckworth Harward, S.;
Ferron-Brady, G.; et al. Phase 1 study of molibresib (GSK52525762), a bromodomain and extra-terminal domain protein inhibi-
tor, in NUT carcinoma and other sold tumors. JNCI Cancer Spectr. 2019, 4, pkz093.

Lam, L.T,; Lin, X,; Faivre, E.J.; Yang, Z.; Huang, X.; Wilcox, D.M.; Bellin, R.J.; Jin, S.; Tahir, S.K;; Mitten, M.; et al. Vulnerability
of small-cell lung cancer to apoptosis induced by the combination of BET bromodomain proteins and BCL2 inhibitors. Mol.
Cancer Ther. 2017, 16, 1511-1520.

Bian, X.; Wang, X,; Zhang, Q.; Ma, L.; Cao, G.; Xu, A.; Han, J.; Huang, ]J.; Lin, W. The MYC paralog-PARP1 axis as a potential
therapeutic target in MYC paralog-activated small cell lung cancer. Front. Oncol. 2020, 10, 565820.

Fiorentino, F.P.; Marchesi, I.; Schroeder, C.; Schmidt, R.; Yokota, J.; Bagella, L. BET-inhibitor I-BET762 and PARP-inhibitor
talzoparib synergy in small cell lung cancer cells. Int. ]. Mol. Sci. 2020, 21, 9595.

Shukla, V.; Rao, M.; Zhang, H.; Beers, ].; Wangsa, D.; Wangsa, D.; Buishand, F.O.; Wang, Y.; Yu, Z.; Stevenson, H.S.; et al. ASXL3
is a novel pluripotency factor in human respiratory epithelial cells and a potential therapeutic target in small cell lung cancer.
Cancer Res. 2017, 77, 6267-628]1.

Szczepanski, A.P.; Zhao, Z.; Sosnowski, T.; Goo, Y.A.; Barton, E.T.; Wang, L. ASXL3 bridges BRD4 to BAP1 complex and governs
enhancer activity in small cell lung cancer. Genome Med. 2020, 12, 63.

Sun, D.; Nikonova, A.S.; Zhang, P.; Deneka, A.Y.; Fitzgerald, M.E.; Michael, R.E.; Lee, L.; Lilly, A.C.; Fisher, S.L.; Phillips, A.];
et al. Evaluation of the small-molecule BRD4-degrader CFT-2718 in small cell lung cancer and pancreatic cancer models. Mol.
Cancer Ther. 2021, 20, 1367-1377.

Jiang, S.; Richaud, M.; Vieugué, P.; Rama, N.; Delcros, ].G.; Siouda, M.; Sanada, M.; Redavid, A.R.; Ducarouge, B.; Hervieu, M,;
et al. Targeting netrin-3 in small cell lung cancer and neuroblastoma. EMBO Mol. Med. 2021, 13, e12878.

Reck, M.; Bondarenko, I.; Luft, A.; Sterwatowski, P.; Barlesi, F.; Chacko, R.; Sebastian, M.; Lu, H.; Cuillerot, ].M.; Lynch, T.J.
Ipilimumab in combination with paclitaxel and carboplatin as first-line therapy in extensive-disease-small-cell lung cancer:
Results from a randomized, double-blind, multicenter phase 2 trial. Ann. Oncol. 2013, 24, 75-83.

Reck, M.; Luft, A.; Szczesna, A.; Havel, L.; Kim, SW.; Akerley, W.; Pietanza, M.C.; Wu, Y.L.; Zielinski, C.; Thomas, M.; et al.
Phase Il randomized trial of ipilimumab plus etoposide and platinum versus placebo plus etoposide and platinum in extensive
-stage small-cell lung cancer. J. Clin. Oncol. 2016, 34, 3740-3748.

Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.J.; Huemer, F.; Losonczy, C.; Johson, M.L.;
Nishioi, M.; First-line atezolizumab plus chemotherapy in extensive-stage small-cell lung cancer. N. Engl. |. Med. 2018, 379,
2220-2229.



Onco 2022, 2 239

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Liu, S.V.; Reck, M.; Mansfield, A.S.; Mok, T.; Scherpereel, A.; Reinmuth, N.; Garassino, M.C.; De Castro Carpeno, J.; Califano,
R.; Nishio, M; et al. Updated opverallk survival and PD-L1 subgroup analysis of patients with extensive-stage small-cell lung
cancer treated with atezolizumab, carboplatin, and etoposide (Impower133). J. Clin. Oncol. 2021, 39, 619-630.

Paz-Ares, L.; Dvorkin, M.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.].; Ozguroglu, M.; Ji, . H.;
et al. Durvalumab plus platinum-etoposide versus platinum-etoposide in first-line treatment of extensive-stage small-cell lung
cancer (cisplatin): A randomized, controlled, open-label, phase 3 trial. Lancet 2019, 394, 1929-1939.

Paz-Ares, L.; Dvorkin, M.; Chen, Y. Dervalumab + tremelimumab + platinum-etoposide in first-line extensive-stage SCLC (ES-
SCLC): Updated results from the phase IIl CASPIAN study. J. Clin. Oncol. 2020, 15 (Suppl. 9002), 378.

Goldman, ].W.; Dvorkin, M.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.; Ozguroglu, M.; Ji,
J.H.; et al. Durvalumab, with or without tremelimumab, plus platinum-etoposide versus platinum-etoposide alone in first-line
treatment of extensive-stage small-cell lung cancer (CASPIAN): Updated results from a randomized, controlled, open-label,
phase 3 trial. Lancet Oncol. 2021, 22, 51-65.

Paz-Ares, L.; Chen, Y.; Reinmuth, K.; Hotta, D.; Trukhin, D.; Statsenko, G.; Hochmair, M.J.; Ozguroglu, M.; Ji, ].H.; Voitko, F.;
et al. Durvalumb + tremelimumab + platinum-etoposide in first-line extensive-stage SCLC (ES-SCLS): 3-year overall survival
update from the phase III CASPIAN study. Annals Oncol. 2021, 32 (Suppl. 5), 51283-51346.

Rudin, C.M.; Awad, M.M.; Navarro, A.; Gottfried, M.; Peters, S.; Csoszi, T.; Cheema, P.K.; Rodriguez-Abreu, D.; Wollner, M.;
Yang, ].C.; et al. Pembrolizumab or placebo plus etoposide and platinum as first-line therapy for extensive-stage small-cell lung
cancer: Randomized double-blind, phase III Keynote-604 trial. J. Clin. Oncol. 2020, 38, 2369-2379.

Leal, T.; Wang, Y.; Dowlati, A.; Chen, Y.; Ramesh, A.; Razag, M,; Liu, J.; Joseph, C.; King, D.M.; Ahuja, H.G.; et al. Randomized
phase II clinical trial of cisplatin/carboplatin and etoposide (CE) alone or in combination with EA5161. J. Clin. Oncol. 2020, 38,
9000.

Ott, P.A.; Elez, E.; Hiret, S.; Kim, D.W.; Morosky, A.; Saraf, S. Pembrolizumab in patients with extensive-stage small-cell lung
cancer: Results from the phase Ib KEYNOTE-028 study. J. Clin. Oncol. 2017, 35, 3823-3829.

Chung, H.C.; Lopez-Martin, J.A.; Kao, S.C.; Miller, W.H.; Ros, W.; Gao, B. Phase 2 study of pembrolizumab in advanced small-
cell lung cancer (SCLC): KEYNOTE-158. J. Clin. Oncol. 2018, 36, 8506.

Owonikoko, T.; Park, K.; Govindan, R.; Ready, N.; Reck, M.; Peters, S.; Dakhil, S.R.; Navarro, A.; Rodriguiez-Cid, J.; Schenker,
M.; et al. Nivolumab and ipilimumab as maintenance therapy in extensive-disease small-cell lung cancer: CheckMate 451. |.
Clin. Oncol. 2021, 39, 1349-1359.

Hong, L.; Negrao, M.V.; Dibaj, S.S.; Chen, R.; Reuben, A.; Bohac, ].M.; Liu, X.; Skoulidis, F.; Gay, C.M.; Cascone, T.; et al. Pro-
grammed death-ligand 1 heterogeneity and its impact on benefit from immune checkpoint inhibitors in NSCLC. . Thorac. Oncol.
2020, 15, 1449-1459.

Yu, H.; Batenchuk, C.; Badzio, A.; Boyle, T.A.; Czapiewski, P.; Chan, D.C.; Lu, X.; Gao, D.; Ellison, K.; Kowalewski, A.A_; et al.
PD-L1 expression by two complementary diagnostic assays and mRNA in situ hybridization in small cell lung cancer. J. Thorac.
Oncol. 2016, 12, 110-120.

Hellmann, M.D.; Callahan, M.K,; Awad, M.M.; Calvo, E.; Ascierto, P.A.; Atmaca, A.; Rivzi, N.A,; Hirsch, F.R; Selvaggi, G.;
Szustakowski, ].D.; et al. Tumor mutational burden and efficacy of nivolumab monotherapy and in combination with ipili-
mumab in small-cell lung cancer. Cancer Cell 2018, 33, 853-861.

Ricciuti, B.; Kravers, S.; Dahlberg, S.E.; Umeton, R.; Albayrak, A.; Subegdjo, S.J.; Johnson, B.E.; Nishino, M.; Sholl, L.M.; Awad,
M.M. Use of targeted next generation sequencing to characterize tumor mutational burden and efficacy of immune checkpoint
inhibition in small cell lung cancer. J. Immun. Cancer 2019, 7, 87.

Owonikoko, T.K.; Dwivedi, B.; Chen, Z.; Zhang, C.; Barwick, B.; Ernani, V.; Zhang, G.; Gilbert-Ross, M.; Carlisle, ].; Zhuri, F.R,;
et al. YAP1 expression in SCLC defines a distinct subtype with T-cell-inflamed phenotype. ]. Thor. Oncol. 2021, 16, 464-476.
Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R.; Albright, A.; Cheng, J.D.; Kang, S.P.; Shanka-
ran, V.; et al. IFN-y-related mRNA profile predicts clinical response to PD-1 blockade. |. Clin. Investig. 2017, 127, 2930-2940.
Ott, P.A; Bang, Y.J.; Piha-Paul, S.A; Razak, A.; Bennouna, J.; Soria, ].C.; Rugo, H.S.; Cohen, R.B.; O’'Neil, B.H.; Mehnert, ] M.; et
al. T-cell-inflamed gene-expression profile, programmed detah ligand 1 expression, and tumor mutational burden predict effi-
cacy in patients treated with pembrolizumab across 20 cancers: KEYNOTE-028. ]. Clin. Oncol. 2018, 37, 318-328.

Chen, M,; Chen, R;; Jin, J.; Hu, X.; Zhang, J.; Fujimoto, J.; Hubert, S.M.; Gay, C.M.; Zhu, B.; Tian, Y.; et al. Cold and heterogeneous
T cell repertoire is associated with copy number aberrations and loss of immune genes in small-cell lung cancer. Nat. Commun.
2021, 12, 6655.

Davoli, T.; Uno, H.; Wooten, E.C.; Elledge, S.J. Tumor aneuploidy correlates with markers of immune evasion and with reduced
response to immunotherapy. Science 2017, 355, eeaf8399.

Liu, L.; Bai, X.; Wang, J.; Tang, X.R.; Wu, D.H.; Du, S.S.; Du, XJ.; Zhang, Y.W.; Zhu, H.B.; Fang, Y.; et al. Combination of TMB
and CAN stratifies prognostic and predictive responses to immunotherapy across metastatic cancer. Clin. Cancer Res. 2019, 25,
7413-7423.

Chan, ].M.; Quintanal-Villalonga, A.; Gao, V.R.; Xie, Y.; Allaj, V.; Choudhary, O.; Masilionis, I.; Egger, J.; Chow, A.; Walle, T.; et
al. Signatures of plasticity, metastasis, and immunosuppression in an atlas of humn small cell lung cancer. Cancer Cell 2021, 39,
1479-1496.

Roper, N.; Velez, M.].; Chiappori, A.; Kim, Y.S.; Wei, J.S.; Sindiri, S.; Takahashi, N.; Mulford, D.; Kumar, S.; Vlaya, K.; et al.
Notch signaling and efficacy of PD-1/PD-L1 blockade in relapsed small cell lung cancer. Nat. Commun. 2021, 2, 3880.



Onco 2022, 2 240

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Mahadevan, N.R.; Knelson, E.H.; Wolff, ].O.; Vajdi, A.; Saigi, M.; Campisi, M.; Hong, D.; Thai, T.C.; Piel, B.; Han, S; et al.
Inrtinsic immunogenicity of small cell lung carcinoma revealed by its cellular plasticity. Cancer Discov. 2021, 11, 1952-1969.
Muppa, P.; Terra, S.B.; Sharma, A.; Mansfield, A.S.; Aubry, M.C.; Bhinge, K.; Asiedu, M.K,; de Andrade, M.; Janaki, N.; Murphy,
S.J.; et al. Immune cell infiltration may be a key determinant of long-term survival in small cell lung cancer. J. Thorac. Oncol.
2019, 14, 1286-1295.

Zhao, X.; Kallakury, B.; Chahine, J.J.; Hartmann, D.; Zhang, Y.W.; Chen, Y.; Zhang, H.; Zhang, B.; Wang, C.; Giaccone, G.
Surgical resection of SCLC: Prognostic factors and the tumor microenvironment. J. Thorac. Oncol. 2019, 14, 914-923.

Best, S.A.; Hess, ].B.; Souza-Fonseca-Guimares, F.; Cursons, J.; Kersbergen, A.; Dong, X.; Rautela, J.; Hyslop, S.R.; Ritchie, M.E.;
Davis, M.].; et al. Harnessing natural killer immunity in metastatic SCLC. J. Thorac. Oncol. 2020, 15, 1507-1521.

Zhu, M.; Huang, Y.; Bender, M.E.; Girard, L.; Kollipara, R.; Eglenen-Polat, B.; Naito, Y.; Savage, T.K.; Huffman, K.E.; Koyama,
S.; et al. Evasion of innate immunity contributes to small cell lung cancer progression and metastasis. Cancer Res. 2021, 81, 1813—
1826.

Thomas, P.L.; Groves, SM.; Zhang, Y.K.; Zhang, Y.K;; Li, J.; Gonzalez-Ericsson, P.; Sivagnam, S.; Betts, C.B.; Chen, H.C; Liu,
Q.; et al. Beyond programmed death-ligand 1: B7-H6 emerges as a potential immunotherapy target in SCLC. |. Thorac. Oncol.
2021, 16, 1211-1223.

Yu, H.; Coczara, C.; Badzio, A.; Gao, D.; Rivard, C.J.; Ellison, K; Suda, K.; Ren, S.; Caldwell, C.; Brosky, K.A,; et al. Expression
of an immune checkpoint-Poliovirus receptor (PVR) in small cell liugn cancer. Cancer Res. 2018, 78, 3637.

Xu, Y.; Cui, G; Jiang, Z.; Li, N.; Zhang, X. Survival analysis with regard to PD-L1 and CD155 expression in human small cell
luing canecr and a comparison with associatyed receptors. Oncol. Lett. 2019, 17, 2960-2968.

Dora, D.; Rivard, C; Yu, H,; Bunn, P.; Suda, K;; Ren, S.; Pickard, S.L.; Laszlo, V.; Harko, T.; Majesfalvi, Z.; et al. Neuroendocrine
subtypes of small cell lung cancer differ in terms of immune microenvironment and checkpoint nolecule distribution. Mol. Oncol.
2020, 14, 1947-1965.

Lee, J.H.; Yoo, S.S.; Hong, M.].; Choi, J.E.; Kim, S.; Kang, H.G.; Do, S.K; Kim, ].H.; Baek, S.A.; Lee, W.K; et al. Impact of immune
checkpoint gene CD155 Ala67Thr and CD226 Gly307Ser polymorphisms on small cell lung cancer clinical outcome. Sci. Rep.
2021, 11, 1794.

Remon, J.; Aldea, M.; Besse, B.; Planchard, D.; Reck, M.; Giaccone, G.; Soria, ]J.C. Small cell lung cancer: A slightly less orphan
disease after immunotherapy. Ann. Oncol. 2021, 32, 698-709.

Bebber, C.M.; Thomas, E.S.; Stroh, J.; Chen, Z.; Androulidaki, A.; Schmitt, A.; Hohne, M.N.; Stuker, L.; de Paula Alves, C,;
Khonsari, A ; et al. Ferroptosis response segregates small cell lung cancer (SCLC) neuroendocrine subtypes. Nat. Commun. 2021,
12,2048.

Simbolo, M.; Centonze, G.; Ali, G.; Garzone, G.; Taormina, S.; Sabella, G.; Ciaparrone, G.; Mafficini, A.; Grillo, F.; Mangogna,
A.; et al. Integrative molecular analysis of combined small-cell lung carcinomas identifies major subtyeps with different thera-
peutic opportunities. ESMO Open 2021, 21, 100308.

lida, Y.; Okamoto-Katsuyama, M.; Maruoka, S.; Takahashi, M.; Tsuya, K.; Shikano, S.; Hikichi, M.; Takahashi, M.; Tsuya, K;
Okamoto, S.; et al. Effective ferroptic small-cell lung cancer cell death from SLC7A11 inhibition by sulphoraphane. Oncol. Lett.
2021, 21, 71.

Lai, A.Y.; Sorrentino, J.A.; Dragnev, K.H.; Weiss, ].M.; Owonikoko, T.K.; Rytlewski, ].A.; Hood, J.; Yang, Z.; Malik, R.K; Strum,
J.C.; et al. CDK4/6 inhibition enhances antitumor efficacy of chemotherapy and immune checkpoint inhibitor combinations in
preclinical models and enhances T-cell activation in patients with SCLC receiving chemotherapy. J. Immunother. Cancer 2020, 8,
€000847.

Weiss, ].M.; Csoszi, T.; Maglakekelidze, M.; Hoyer, R.J.; Beck, ].T.; Gomez, M.D.; Aljumaily, R.; Rocha Lima, C.M.; Boccia, R.V;
Hanna, W; et al. Myelopreservation with the CDK4/6 inhibitor trilaciclib in patients with small-cell lung cancer receiving first-
line chemotherapy: A phase Ib/randomized phase II trial. Ann. Oncol. 2019, 30, 1613-1621.

Weiss, J.; Goldschmidt, J.; Andric, Z.; Dragnev, K.H.; Gwaltney, C.; Slatsa, K.; Pritchett, Y.; Antal, ].M.; Morris, S.R.; Daniel, D.
Effects of trilaciclib on chemotherapy-induced myelosuppression and patient-erported outcomes in patients with extensive-
stage small cell lung cancer: Pooled results from three phase Il randomized, double-blind, placebo-controlled studies. Clin. Lung
Cancer 2021, 22, 449-460.

Daniel, D.; Kuchava, V.; Bondarenko, I.; Ivashchuk, O.; Reddy, S.; Jaal, J.; Kudaba, I.; Hart, L.; Matitashvili, A.; Pritchett, Y.; et
al. Tricaciclib prior to chemotherapy and atezolizumab in patients with newly diagnosed extensive-stage small cell lung cancer:
A multicenter, randomized, double-blind, placebo-controlled phase II trial. Int. J. Cancer 2020, 148, 2557-2570.

Nilsson, O.; Brezicka, F.T.; Holmgren, J.; Sorenson, S.; Svennerholm, L.; Yngvason, F. Detection of a ganglioside antigen
associated with small cell lung carcinoma using monoclonal antibodies directed against fucosyl GM1. Cancer Res. 1986, 46, 1403—
1407.

Tokuda, N.; Zhang, Q.; Yoshida, S.; Kusunoki, S.; Urano, T.; Furukawa, K.; Furukawa, K. Genetic mechanisms for the synthesis
of fucosyl GM1 in small cell lung cancer cell lines. Glycobiology 2006, 16, 916-925.

Ponath, P.; Menezes, D.; Pan, C.; Chen, B.; Oyasu, M.; Strachan, D.; LeBlanc, H.; Sun, H.; Wang, X.T.; Rangan, V.S,; et al. A novel,
fully human anti-fucosyl-GM1 antibody demonstrates potent in vitro and in vivo antitumor activity in preclinical models of
small cell lung cancer. Clin. Cancer Res. 2018, 24, 5178-5189.

Matsuo, T.; Iguchi-Manaka, A.; Shibuya, A.; Shibuya, K. CD155 mutation (Ala67Thr) increases the binding affinity for and the
signaling via an inhibitory immunoreceptor TIGIT. Cancer Sci. 2022, in press.



Onco 2022, 2 241

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Chu, Q.S.C.; Markman, B.; Leighl, N.; Krug, L.; Rudin, C.; Lathers, D.; Basciano, P.; Fracasso, P.M.; Kollia, G.; Phillips, P.; et al.
A phase I/II trial of a transcriptional targeting fucoyl GM1 in relapsed/refractory small cell lung lung cancer /SCLC): Safety and
preliminary efficacy. Ann. Oncol. 2016, 27 (Suppl. 6), 1427PD.

Chu, Q.; Leighl, N.; Surmont, V.; Van Herpen, C.; Sibille, A.; Markman, B.; Calrke, S.; Juergens, R.; Acosta Rivera, M.; Adelkovic,
V.; et al. Clinical activity of BMS-986012, an anti-fucosyl-GM1 monoclonal antibody, plus nivolumab in small cell lung cancer.
J. Thorac. Oncol. 2021, 16, S195.

Paz-Ares, L.; Provencio, M.; Trigo, ] M.; Tannenbuam-Dvir, S.; Basciano, P.; Lathers, D.; Urbanska, K.; Kollia, G.; He, C.; Dipiero,
A_; et al. Safety of BMS-986012, an anti-fucosyl-GM1 monoclonal antibody plus platinum/etposide in untreated extensive-stage
SCLC. J. Thorac. Oncol. 2021, 16, S345-S346.

Vidhyasagar, V.; Haq, S.U.; Lok, B.H. Patient-derived xenograft models of small cell lung cancer for therapeutic development.
Clin. Oncol. 2020, 32, 619-625.

Drapkin, B.J.; George, J.; Christensen, C.L.; Mino-Kenudson, M.; Dries, R.; Sundaresan, T.; Phat, S.; Myers, D.T.; Zhong, J.; Igo,
P.; et al. Genomic and functional fidelity of small cell lung cancer patient-derived xenografts. Cancer Discov. 2018, 8, 600-615.
Vickers, A.J.; Frise, K.; Galvin, M.; Carter, M.; Franklin, L.; Morris, K.; Pierce, J.; Descamps, T.; Blackhall, F.; Dive, C.; et al. Brief
report on the clinical characteristics of patients whose samples generate small cell lung cancer circulating tumour cell derived
explants. Lung Cancer 2020, 150, 216-220.

Swarts, D.; Ramaekers, F.C.; Speel, E.]. Molecular and cellular biology of neuroendocrine lung tumors: Evidence for separate
biological entities. Biochim. Biophys. Acta 2012, 1826, 255-271.

Travis, W.D.; Brambilla, E.; Burke, A. WHO Classification of Tumors of the Lung, Pleura, Thymus and Heart. Fourth Ed., World Health
Organization Classification of Tumours; IARC Press: Lyon, France, 2015.

Travis, W.D.; Brambilla, E.; Nicholson, A.G. The 2015 World Health Organization Classification of lung tumours: Impact of
genetic, clinical and radiologic advances since the 2004 classification. J. Thorac. Oncol. 2015, 10, 1243-1260.

Rindi, G.; Klimstra, D.S.; Abedi-Ardekani, B.; Asa, S.L.; Bosman, F.T.; Brambilla, E.; Busam, K.J.; de Krijger, R.R.; Dietel, M.; El-
Naggar, A.K,; etal. A common classification framework for neuroendocrine neoplasms: An International Agency for Research
on Cancer (IARC) and World Health Organization (WHO) expert consensus proposal. Mod. Pathol. 2018, 31, 1770-1786.
Metovic, J.; Barella, M.; Bianchi, F.; Hofman, P.; Hofman, V.; Remmelink, M.; Kern, L; Carvalho, L.; Pattini, L.; Sonzogni, A.; et
al. Morphologic and molecular classification of lung neuroendocrine neoplasms. Virchows Arch. 2021, 478, 5-19.

WHO Classification of Tumours Editoprial Board. Thoracic Tumours, 5th ed.; International Agency for Research on Cancer: Lyon,
France, 2021.

Fernandez-Cuesta, M.; Peifer, M.; Lu, X.; Sun, R.; Ozreti¢, L.; Seidal, D.; Zander, T.; Leenders, F.; George, J.; Miiller, C.; et al.
Frequent mutations in chromatin-remodeling genes in pulmonary carcinoids. Nat. Commun. 2014, 3, 3518.

Qiu, H,; Jin, B.M.; Wang, Z.F; Xu, B.; Zheng, Q.F.; Zhang, L.; Zhu, L.Y.; Shi, S.; Yuan, ].B.; Lin, X; et al. MEN1 deficiency leads
to neuroendocrine differentiation of lung cancer and disrupts the DNA damage response. Nat. Commun. 2020, 11, 1009.
Simbolo, M.; Mafficini, A.; Sikora, K.O.; Fassan, M.; Barbi, S.; Corbo, V.; Mastracci, L.; Rusev, B.; Grillo, F.; Vicentini, C.; et al.
Lung neuroendocrine tumours: Deep sequencing of the four World Health Organization histotypes reveals chromatin-remod-
elling gene as major players and a prognostic role for TERT, RB1, MEN1 and KMT2D. ]. Pathol. 2017, 241, 488-500.

Centonze, G.; Biganzoli, D.; Prinzi, N.; Pusceddu, S.; Mangogna, A.; Tamborini, E.; Perrone, F.; Busico, A.; Lagano, V.; Cattaneo,
L.; et al. Beyond traditional morphological characterization of lung neuroendocrine neoplasms: In silico study of next-genera-
tion sequencing mutations analysis across the four world health organization defined groups. Cancers 2020, 12, 2753.

Laddha, S.V.; DaSilva, E.M.; Robzyk, K.; Untch, B.R.; Ke, H.; Rekhtman, N.; Poirier, ].T.; Travis, W.D.; Tang, L.H.; Chan, C.S.
Integrative genomic characterization identifies molecular subtypes of lung carcinoids. Cancer Res. 2019, 79, 4339-4347.

Alcala, N.; Leblay, N.; Gabriel, A.A.G.; Mangiante, L.; Hervas, D.; Giffon, T.; Sertier, A.S.; Ferrari, A.; Derks, J.; Ganthous, A.; et
al. Integrative and comparative genomic analyses identify clinically relevant pulmonary carcinoid groups and unveil the supra-
carcinoids. Nat. Commun. 2019, 10, 3407.

Miyoshi, T.; Umemura, S.; Matsumura, Y.; Mimaki, S.; Tada, S.; Makinoshima, H.; Ishii, G.; Udagawa, H.; Matsumoto, S.; Yoh,
K.; et al. Genomic profiling of large-cell neuroendocrine carcinoma of the lung. Clin. Cancer Res. 2016, 23, 757-765.

Rekhtman, N.; Pietanza, M.C.; Hellmann, M.D.; Naidoo, J.; Arora, A.; Won, H.; Halpenny, D.F.; Wang, H.; Tian, S.K.; Litvak,
AM.,; et al. Next-generation sequencing of pulmonary large cell neuroendocrine carcinoma reveals small cell carcinoma-like
and non-small cell carcinoma-like subsets. Clin. Cancer Res. 2106, 22, 3618-3629.

Esfahani, H.S.; Vela, C.M.; Chauhan, A. Prevalence of TP-53/Rb-1 co-mutation in large cell neuroendocriene carcinoma. Front
Oncol. 2021, 11, 653153.

Rekhtman, N.; Pietanza, C.M.; Sabari, J.; Montecalvo, J.; Wang, H.; Habeeb, O.; Kadota, K.; Adusumilli, P.; Ruding, CM.;
Ladanyi, M.; et al. Pulmonary large cell neuroendocrine carcinoma with adenocarcinoma-like features: Napsin A expression
and genomic alterations. Mod. Pathol. 2018, 31, 111-121.

Derks, J.L.; Leblay, N.; Thunissen, E.; van Suylen, R.].; den Bakker, M.; Groen, H.; Smit, E.F.; Damhuis, R.; den Broek, E.; Charbier,
A.; et al. Molecular subtypes of pulmonary large-cell neuroendocrine carcinoma predict chemotherapy treatment outcome. Clin.
Cancer Res. 2017, 24, 33-42.

George, J.; Walter, W.; Peifer, M.; Alexandrov, L.B.; Seidel, D.; Leenders, F.; Maas, L.; Muller, C.; Dahmen, I.; Delhomme, T.M.;
et al. Integrative genomic profiling of large-cell neuroendocrine carcinomas reveals distinct subtypes of high-grade neuroendo-
crine lung tumors. Nat. Commun. 2018, 9, 1048.



Onco 2022, 2 242

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

Simbolo, M.; Barbi, S.; Fassan, M.; Mafficini, A.; Ali, G.; Vicentini, C.; Sperandio, N.; Corbo, V.; Rusev, B.; Mastracci, L.; et al.
Gene expression profiling of lung atypical carcinoids and large neuroendocrine carcinomas identifies three transcriptomic sub-
types with specific genomic alterations. J. Thor. Oncol. 2019, 14, 1651-1661.

Zhuo, M.; Guan, Y.; Yang, X.; Hong, L.; Wang, Y.; Li, Z.; Chen, R.; Abbas, H.A.; Chang, L.; Gong, Y.; et al. The prognostic and
therapeutic role of genomic subtyping by sequencing tumor or cell-free DNA in pulmonary large-cell neuroendocrine cancer.
Clin. Cancer Res. 2020, 26, 892-901.

Kinoshita, T.; Yoshida, ]J.; Ishii, G.; Aokage, K.; Hishida, T.; Nagai, K. The differences of biological behavior based on the clini-
copathological data between resectable large-cell neuroendocrine carcinoma and small-cell luing carcinoma. Clin. Lung Cancer
2013, 14, 535-540.

Zhang, ].T.; Li, Y.; Yan, L.X,; Zhu, Z.F.; Dong, X.R.; Chu, Q.; Wu, L.; Zhang, HM.; Xu, CW.; Lin, G; et al. Disparity in clinical
outcomes between pure and combined pulmonary large-cell neuroendocrine carcinoma: A multi-center retrospective study.
Lung Cancer 2020, 139, 118-123.

Milione, M.; Maisonnuieve, P.; Grillo, F.; Mangogna, A.; Centonze, G.; Prinzi, N.; Pusceddu, S.; Garzone, G.; Cattaneo, L.; Busico,
A_; et al. Ki-67 index of 55% distinguishes ywo groups of bronchopulmonary pure and composite large cell neuroendocrine
carcinomas with distinct prognosis. Neuroendocrinology 2021, 111, 475-489.

Quinn, A.M.; Chaturvedi, A.; Nonaka, D. High-grade neuroendocrine carcinoma of the lung with carcinoid morphology: A
study of 12 cases. Am. ]. Surg. Pathol. 2017, 41, 263-270.

Rekhtman, N.; Desmeules, P.; Litvak, A.M.; Pietanza, M.C.; Santos-Zabala, M.L.; Ni, A.; Montecalvo, J.; Chang, J.C.; Beras, A.;
Preeshagul, LR.; et al. Stage IV carcinoids: Spectrum and evolution of proliferation rate, focusibng on variants with elevated
proliferation indices. Mod. Patol. 2019, 32, 1106-1122.

Rubino, M.; Scoazec, ].Y.; Pisa, E.; Faron, M.; Spaggioari, L.; Hadoux, ].; Spada, F.; Planchjard, D.; Cella, C.A.; Leboullex, S.; et
al. Lung carcinoids with high proliferative activity: Firther suppport for the identification of a new tumor category in the clas-
sification of lung neuroendocrine neoplasms. Lung Cancer 2020, 148, 149-158.

Hermans, B.C.M.; Derks, J.L.; Moonen, L.; Habraken, C.H.J.; von der Thusen, ].; Hillen, L.M.; Speel, E.].M.; Dingemans, A.M.C.
Pulmonary neuroendocrine neoplasms with well differentiated morphology and high proliferative activity: Illustrated by a case
series and review of the literature. Lung Cancer 2020, 150, 152-158.

Pelosi, G.; Bianchi, F.; Dama, E.; Simbolo, M.; Mafficini, A.; Sonzogni, A.; Pilotto, S.; Harari, S.; Papotti, M.; Volante, M.; et al.
Most high-grade neuroendocrine tumours of the lung are likely to secondarily develop from pre-existing carcinoids: Innovative
findings skipping the current pathogenesis paradigm. Virchows Arch. 2018, 472, 567-577.

Cros, J.; Théou-Anton, N.; Gounant, V.; Nicolle, R;; Reyes, C.; Humez, S.; Hescot, S.; Thomas de Montpréville, V.; Guyétant, S.;
Scoazec, ].Y.; et al. Specific genomic alterations in high-grade pulmonary neuroendocrine tumours with carcinoid morphology.
Neuroendocrinology 2021, 111, 158-169.

La Rosa, S.; Uccella, S. Classification of neuroendocrine neoplasms: Lights and shadows. Rev. Endocr. Metab. Disord. 2021, 22,
527-538.

Lazaro, S.; Pérez-Crespo, M.; Lorz, C.; Bernardini, A.; Oteo, M.; Enguita, A.B.; Romero, E.; Hernandez, P.; Tomas, L.; Morcillo,
M.A.; et al. Differential development of large-cell neuroendocrine or small-cell lung carcinoma upon inactivation of 4 tumor
suppressor genes. Proc. Natl. Acad. Sci. USA 2019, 116, 22300-22306.

Oser, M.G.; Niederst, M.].; Sequist, L.V.; Engelamn, ].A. Transformation from non-small-cell lung cancer: Molecular drivers and
cells of origin. Lancet Oncol. 2015, 16, e165—e172.

Marcoux, N.; Gettinger, S.N.; O’Kanne, G.; Arbour, K.C.; Neal, ] W.; Husain, H.; Evans, T.L.; Brahmer, J.R.; Muzikansky, A;
Bonomi, P.D.; et al. EGFR-mutant adenocarcinomas that transform to small-cell lung cancer and other neuroendocrine carcino-
mas: Clinical outcomes. J. Clin. Oncol. 2018, 37, 278-285.

Ferrer, L.; Levra, M.G.; Brevet, M.; Antoine, M.; Mazieres, J.; Rossi, G.; Chiari, R.; Westeel, V.; Poudenx, M.; Letreut, ].; et al. A
brief report of transformation from NSCLC to SCLC: Molecular and therapeutic characteristics. ]. Thorac. Oncol. 2018, 14, 130—
134.

Niederst, M.].; Sequist, L.V.; Porier, ].T.; Mermel, C.H.; Lockerman, E.L.; Garcia, A.R.; Katayama, R.; Costa, C.; Ross, K.N.; Miron,
T.; et al. RB loss in resistant EGFR mutant lung adenocarcinoma that transform to small-cell lung cancer. Nat. Commun. 2015, 6,
6377.

Adelstein, D.J.; Tomashfskiu, J.F.; Snow, N.J.; Horrigan, T.P.; Hines, ].D. Mixed small cell and non-small cell lung cancer. Chest
1986, 8, 699-704.

Mangum, M.D.; Greco, F.A.; Hainsworth, ].D.; Hande, K.R.; Johnson, D.H. Combined small-cell -lung cancer. . Clin. Oncol. 1989,
7, 607-612.

Sequist, L.V.; Waltman, B.A.; Dias-Santagata, D. Genotypic and histological evolution of lung cancers acquiring resistance to
EGEFR inhibitors. Sci. Transl. Med. 2011, 3, 75ra26.

Yu, H.A,; Arcila, M.E.; Rekhtman, N. Analysis of tumor specimens at the time of acquired resistance to EGFR-TKI therapy in
155 patients with EGFR-mutant lung cancers. Clin. Cancer Res. 2013, 19, 2240-2247.

Tatematsu, A.; Shimizu, J.; Murakami, Y. Epidermal growth factor receptor mutations in small cell lung cancer. Clin. Cancer Res.
2008, 14, 6092-6096.

Shiao, T.H.; Chang, Y.L.; Yu, C.J. Epidermal growth factor receptor mutations in small cell lung cancer. ]. Thorac. Oncol. 2011, 6,
195-198.



Onco 2022, 2 243

266.

267.

268.

269.

270.

271.

272.

273.

274.

Zhang, J.; Zhang, L.; Luo, J.; Ge, T; Fan, P.; Sun, L.; Hou, L.; Li, J.; Yu, H.; Wu, C. Comprehensive genomic profiling of combined
small cell lung cancer. Transl. Lung Cancer Res. 2021, 10, 636—650.

Lee, ] K; Lee, J.; Kim, S.; Kim, S.; Youk, J; Park, S.; An, Y.; Keam, B.; Kim, D.W.; Heo, D.S.; et al. Clonal history and genetic
predictors of transformation into small-cell carcinomas from lung adenocarcinomas. . Clin. Oncol. 2017, 35, 3065-3074.

Ahn, S.; Hwang, S.H.; Choi, Y.L, Lee, S.H.; Ahn, ].S.; Park, K.; Ahn, M.].; Park, W.Y. Transformation to small cell lung cancer of
pulmonary adenocarcinoma. Clinicopathologic analysis of six cases. J. Pathol. Transl. Med. 2016, 50, 258-263.

Zhao, X.; McCutcheon, ].N.; Kallakury, B.; Chahine, J.; Pratt, D.; Raffeld, M.; Chen, Y.; Wang, C.; Giaccone, G. Combined small
cell carcinoma of the lung: Is it a single entity? ]. Thorac. Oncol. 2017, 13, 237-245.

Lei, Y.; Feng, H.; Qiang, H.; Shang, Z.; Chang, C.; Qian, J.; Zhang, Y.; Zhong, R.; Fan, X.; Chu, T. Clinical characteristics and
prognostic factors of surgically resected combined small cell lung cancer: A retrospective study. Lung Cancer 2020, 146, 244-251.
Offin, M.; Chen, ].M.; Tenet, M; Rizvi, H.A ; Shen, R.; Riely, G.J.; Rekhtman, N.; Daneshbord, Y.; Quintal-Villalonga, A.; Penson,
A.; etal. Concurrent RB1 and TP53 alterations define a subset of EGFR-mutant lung cancers at risk for histologic transformation
and inferior clinical outcomes. J. Thorac. Oncol. 2019, 14, 1784-1793.

Xie, T.; Li, Y.; Yimng, J.; Cai, W.; Li, J.; Lee, K.Y.; Ricciuti, B.; Pacheco, J.; Xing, P. Whole exome sequencing (WES) analysis of
transformed small cell lung cancer (SCLC) from lung adenocarcinoma (LUAD). Transl. Lung Cancer Res. 2020, 9, 2428-2439.
Quintanal-Villalonga, A.; Taniguchi, H.; Zhan, Y.A.; Hasan, M.M.; Chavan, S.S.; Meng, F.; Uddin, F.; Manoj, P.; Donoghue, M.;
Won, H.H.; et al. Multi-omic analysis of lung tumors defines pathways activated in neuroendocrine transformation. Cancer
Discov. 2021, 11, 3028-3047.

Takeuchi, T.; Minami, Y.; lijima, T.; Kameya, T.; Asamura, H.; Noguchi, M. Characteristics of loss of heterozygosity in large cell
neuroendocrine carcinomas of the lung and small cell lung carcinomas. Pathol. Int. 2006, 56, 434—439.



