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Small cell lung cancer (SCLC) is an aggressive malignancy characterized by rapid proliferation, early dissemination,

acquired therapy resistance, and poor prognosis. Early diagnosis of SCLC is crucial since most patients present with

advanced/metastatic disease, limiting the potential for curative treatment. While SCLC exhibits initial responsiveness to

chemotherapy and radiotherapy, treatment resistance commonly emerges, leading to a five-year overall survival rate of up

to 10%. New effective biomarkers, early detection, and advancements in therapeutic strategies are crucial for improving

survival rates and reducing the impact of this devastating disease.
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1. Introduction

Lung cancer remains a significant global health concern, with staggering mortality rates. According to GLOBOCAN, it

accounted for 2.1 million new cases and 1.8 million deaths in 2018, making it the leading cause of cancer-related deaths

worldwide . Lung cancer is categorized into two main histological types: non-small cell lung cancer (NSCLC) and small

cell lung cancer (SCLC). NSCLC comprises approximately 85% of cases, while SCLC represents around 15% . SCLC is

an aggressive neoplasm characterized by rapid proliferation, early dissemination, metastases, acquired therapy

resistance, and poor outcomes . Each year, approximately 250,000 new cases of SCLC are reported, resulting in at

least 200,000 deaths worldwide . While historically more common in men, the prevalence of SCLC among women has

risen due to global smoking trends. Exposure to tobacco carcinogens (polycyclic aromatic hydrocarbons and tobacco-

specific nitrosamines) is considered a key risk factor for SCLC, as only 2% of all SCLC cases are among never-smokers

. Early diagnosis of SCLC is crucial as most patients present with metastatic disease, limiting the potential for curative

treatment. While SCLC exhibits initial responsiveness to chemotherapy and radiotherapy, treatment resistance often

emerges, leading to a five-year overall survival rate of only 10% . Poor prognosis is associated with factors such as

male gender, poor performance status, and age over 70 . Diagnostic procedures for SCLC typically involve physical

examination, performance status evaluation, laboratory tests, and imaging techniques, including contrast-enhanced CT

scans of the chest and abdomen, brain MRI or CT, and optional FDG PET/CT for limited-stage disease. Pathological

examination following bronchoscopy, lymph node biopsy, and metastatic lesion biopsy is essential for accurately

classifying SCLC . To combat the high mortality rates associated with lung cancer, smoking cessation, and prevention

remain the most critical interventions in reducing lung cancer mortality .

Common clinical manifestations of SCLC at diagnosis include central tumor masses, mediastinal involvement, and

extrathoracic spread in 75–80% of patients . Symptoms may include cough, wheezing, dyspnea, hemoptysis, weight

loss, pain, fatigue, and paraneoplastic syndromes. Metastasis frequently occurs in the brain, liver, adrenal glands, bone,

and bone marrow, often resulting in neurological deficits and paraneoplastic syndromes .

With the addition of programmed cell death protein-1 (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors to

chemotherapy in the first line of extensive small cell lung cancer (SCLC), a step forward has been made in improving

overall treatment outcomes for patients with SCLC . In routine clinical practice, there are currently no available

predictive biomarkers for immunotherapy response, and the use of programmed death-ligand 1 (PD-L1) and tumor

mutational burden (TMB) testing is not recommended . The need for biomarkers to predict treatment response in

patients with SCLC is urgent. Potential biomarkers such as PD-L1 expression, high TMB (TMB-H), and microsatellite

instability (MSI-H) need further investigation for applicability in SCLC. Effective biomarkers, early detection, and

advancements in therapeutic strategies are crucial for improving survival rates and reducing the impact of this devastating

disease.

[1]

[2]

[3]

[1]

[4]

[5]

[5][6]

[5]

[5][6]

[6]

[7]

[8]

[5]



2. Pathology of SCLC

SCLC belongs to the spectrum of neuroendocrine pulmonary neoplasms that share some common morphologic,

ultrastructural, immunohistochemical, and molecular genomic characteristics . Four major neuroendocrine pulmonary

neoplasms are carcinoids (typical and atypical) and neuroendocrine carcinomas (SCLC and large cell neuroendocrine

carcinomas; LCNEC). A typical carcinoid is a low-grade neoplasm, and atypical carcinoid is intermediate-grade, whereas

both neuroendocrine carcinomas are, per definition, high-grade neoplasms. The current evidence suggests that carcinoids

(typical and atypical) are closely related and etiologically different from SCLC and LCNEC . Carcinoids are not

precursor lesions of neuroendocrine carcinomas (SCLC and LCNEC) and may be seen more frequently among non-

smokers . A small subset of carcinoids can be seen in patients with multiple endocrine neoplasia 1 (MEN1) syndrome

(OMIM#131100), while somatic MEN1 gene mutations are commonly observed in carcinoids . Rare cases of

histologic transformation of epidermal growth factor receptor (EGFR)—or anaplastic large kinase (ALK)-altered pulmonary

adenocarcinomas have also been well-documented . It is widely accepted that SCLC has the same endodermal origins

as other major subtypes of lung carcinoma (e.g., adenocarcinoma or squamous cell carcinoma), arising from multipotent

precursor cells .

Morphologically, SCLC is composed of densely packed, small neoplastic cells with scanty cytoplasm and finely granular

nuclear chromatin but without prominent nucleoli; nuclear molding and smudging are commonly present (Figure 1A,B).

The cells are round or oval, although spindle cells (fusiform pattern of cancer cells) are frequently seen. Mitotic figures are

numerous, while the tumor necrosis and crush artifacts may be extensive.

Figure 1. (A,B) Hematoxylin and Eosin (H&E) stain of a lung biopsy showing a small cell carcinoma with sheet-like diffuse

growth pattern and basophilic appearance (A, magnification 10×); Image 1B reveals a prominent nuclear molding of

neoplastic cells (magnification 20×).

SCLC expresses neuroendocrine markers, such as synaptophysin, chromogranin-A, and CD56/NCAM, which should be

used as a panel . CD56 is the most sensitive as it stains 90–100% of all SCLC, while synaptophysin and

chromogranin-A can be negative in >50% of cases . Neuron-specific enolase (NSE) is frequently positive in SCLC

but is considered non-specific due to its widespread expression in non-neuroendocrine neoplasms (both pulmonary and

extrapulmonary) . Thyroid transcription factor 1 (TTF-1) is positive in ~80–90% of cases . Other pulmonary

biomarkers, including Napsin-A (positive in adenocarcinomas), p63, and p40 (positive in squamous cell carcinomas), are

not immunoreactive in SCLC and can help in differential diagnosis, particularly on small biopsies. Other challenging cases

(metastatic neuroendocrine tumors from other anatomic locations, e.g., mammary, gastrointestinal, or Merkel cell

carcinoma from the skin) can be resolved using clinical history and other specific immunohistochemical biomarkers.

3. Genomic Features of SCLC

Recent research has focused on understanding the genetic basis of SCLC to identify new therapeutic targets and develop

more effective treatments . Genetic alterations contribute significantly to the development and progression of SCLC.

Concomitant inactivation of two tumor suppressor genes, TP53 and RB1, is found in most SCLC cases  and is found

in up to 90% and 50–90% of SCLC cases, respectively. These molecular features are strikingly different from those seen

in NSCLC, in which various oncogenic driver mutations/fusions prevail (e.g., EGFR, KRAS, ALK, BRAF, RET, ROS1,
MET, NTRK1-3, HER2/ERBB2) . Additionally, genetic alterations contributing to SCLC’s development include

amplifying the MYC family of oncogenes (MYC, MYCL, and MYCN), inactivation of the phosphatase and tensin homolog

(PTEN) tumor suppressor gene, and mutations in the Notch signaling pathway. Genomic alterations of MYC family

members are seen in SCLC and represent biomarkers of poor prognosis. In particular, MYCN alterations are related to

SCLC cases with immunotherapy failure. The most important genes altered in SCLC in humans are summarized in Table
1.
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Different studies have identified recurrent mutations in chromatin remodeling genes, such as ARID1A, ARID1B, and

SMARCA4, which regulate gene expression. These mutations may contribute to the dysregulation of critical genes

involved in cell proliferation and survival, leading to the development of SCLC, characterized by a high frequency of

mutations in genes that regulate cell cycle and DNA damage response pathways, such as TP53, RB1, and PTEN.

Additionally, SCLC often exhibits widespread chromosomal instability, with frequent amplifications and deletions of large

genome regions. In addition to these genetic alterations, SCLC is characterized by a high frequency of copy number

alterations, including amplification of MYC family members and deletion of the tumor suppressor gene cyclin-dependent

kinase inhibitor 2A (CDKN2A) . In addition, the changes in the stroma and immune microenvironment are additional

factors involved in the pathogenesis of SCLC .

Overall, the genetic landscape of SCLC is complex and heterogeneous, with multiple genetic alterations contributing to its

aggressive phenotype. Understanding the underlying genetic mechanisms of SCLC is crucial for developing effective

targeted therapies and personalized treatment strategies for patients with this aggressive cancer. SCLC mutational

characteristics reveal a clear causal connection with smoking. Direct scientific evidence confirms that carcinogens from

tobacco are responsible for initiating SCLC .

Genomic profiling in patients with SCLC has not revealed mutationally defined subtypes of SCLC. However, due to the

lack of larger studies, this may be a consequence of the insufficient number of tumor samples included in analyses.

Therefore, there is a substantial need for clinical trials that include the analyses of tumor tissue to identify vital genomic

triggers. However, there is an accentuated difficulty in tumor material collection. Ethnicity or smoking status did not affect

the consistency of mutational differences; however, the prevalence of oncogenic triggers is considered higher in never-

smokers with SCLC compared to tobacco users .

In addition, genetically modified mice have provided critical genetic lessons and contributed to the knowledge of molecular

mechanisms of SCLC etiopathogenesis, metastasis, and response to treatment. It has been shown that tumors in mice

show genetic alterations and histological features like those in humans. Ferone et al. provided a comprehensive review of

lung cancers and lessons from mouse studies, showing an enormous contribution of animal studies in pulmooncology .

Table 1. Most important genes altered in SCLC (mostly according to memorial Sloan Kettering-integrated mutation

profiling of actionable cancer targets—MSK-IMPACT sequencing of SCLC tumors)—data adopted from Cheng et al. ,

Rudin et al. , and Liu et al. .
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Gene Aliases Gene
Location on
Human
Chromosome
and Number
of Amino
Acids

Gene Alteration in SCLC Known Function
and Features

Frequency
of
Mutation
in SCLC
(% in
Various
Cohorts)

Refs.

TP53 Tumor protein 53;
p53;
Phosphoprotein P53;
Antigen NY-CO-13;
Transformation-
Related Protein 53;
BCC7, LFS1, TRP53,
tumor protein
BMFS5

Chromosome
17 at position
17p13.1.;
375 amino
acids

Inactivating mutation;
deletion

Nuclear
phosphoprotein
involved in the
regulation of cell
proliferation; tumor
suppressor;
transcription
regulation

77–89 Chang et al.

Rudin et al.

RB1 RB1, pRb, RB,
retinoblastoma 1,
OSRC, PPP1R130,
p105-Rb, pp110,
Retinoblastoma
protein, RB
transcriptional
corepressor 1, p110-
RB1

Chromosome
13 at position
13q14.1-
q14.2.;
928 amino
acids

Inactivating mutation;
deletion; loss or
inactivation of both copies
of the gene

Tumor suppressor
protein that is
dysfunctional in
several major
cancers. Prevents
excessive cell
growth by inhibiting
cell cycle
progression -key
regulator of the
G1/S transition of
the cell cycle

50–90 George et al.

Febres-
Aldana et al.
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Gene Aliases Gene
Location on
Human
Chromosome
and Number
of Amino
Acids

Gene Alteration in SCLC Known Function
and Features

Frequency
of
Mutation
in SCLC
(% in
Various
Cohorts)

Refs.

KMT2D KMT2D, ALR,
KABUK1, MLL2,
MLL4, lysine
methyltransferase
2D, histone-lysine
methyltransferase
2D, TNRC21, AAD10,
KMS, CAGL114

Chromosome
12 at position
12q13.12.;
5316 amino
acids

Inactivating mutation;
deletion; gene fusion;
truncating
nonsense/frameshift/splice
site mutations

Key regulator of
transcriptional
enhancer function;
major enhancer
regulator in
mammalian cells,
including regulation
of development,
differentiation,
metabolism, and
tumor suppression.

5–13 Wu et al. 
Simbolo et
al. 
Augert et al.

CREBBP AW558298, CBP,
CBP/p300, KAT3A,
p300/CBP, RSTS,
CREB binding
protein, RSTS1,
MKHK1

Chromosome
16 at position
16p13.3.
2414 amino
acids.

Inactivating mutation,
deletion

Crucial role in
transcriptional
regulation and
chromatin
remodeling.
Interacts with
various
transcription factors
and coactivators,
influencing the
expression of target
genes involved in
cell growth,
differentiation, and
development.

4–10 Carazo et al.

Jia et al. 

PTEN PTEN, 10q23del,
BZS, CWS1, DEC,
GLM2, MHAM,
MMAC1, PTEN1,
TEP1, phosphatase
and tensin homolog,
Phosphatase and
tensin homolog,
PTENbeta

Chromosome
10 at position
10q23.3.
403 amino
acids

inactivating mutations,
deletions, or loss of
expression

Tumor suppressor
involved in the
regulation of the
PI3K/AKT/mTOR
pathway, which
plays a critical role
in cell survival and
proliferation.
PTEN’s protein
phosphatase
activity may be
involved in the
regulation of the
Cell cycle,
preventing cells
from growing and
dividing too rapidly.

3–10 Sivakumar et
al. 
Zhang et al.

FAT1 CDHF7, CDHR8, FAT,
ME5, hFat1, FAT
atypical cadherin 1

Chromosome
4 at position
4q35.2.
4410 amino
acids

Inactivation mutation;
deletion

Cell-cell adhesion,
migration and
communication,
regulation of tissue
growth, cell polarity,
and migration;
tumor suppressor
gene

2–10 JiaXin et al.

Pop-Bica et
al. 

PIK3CA PIK3CA, CLOVE,
CWS5, MCAP, MCM,
MCMTC, PI3K, p110-
alpha, PI3K-alpha,
phosphatidylinositol-
4,5-bisphosphate 3-
kinase catalytic
subunit alpha,
CLAPO, CCM4

Chromosome
3 at position
3q26.3.;
1068 amino
acids

Activating mutation;
mutations in specific
regions

The PIK3CA gene
for synthesis of the
catalytic subunit
alpha of the enzyme
phosphatidylinositol
3-kinase, having
crucial role in cell
growth,
proliferation, and
survival

1–7 Hung et al.

Pop-Bica et
al. 

NOTCH1 NOTCH1, Notch1,
9930111A19Rik,
Mis6, N1, Tan1, lin-
12, AOS5, AOVD1,
hN1

Chromosome
9 at position
9q34.3.
2527 amino
acids

Inactivating mutation Tumor suppressor;
involved in cell
signalling
processes

1–6 Li et al. 
Roper et al.

Herbreteau
et al. 
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4. Biomarkers in SCLC

In contrast to NSCLC, the discovery of therapeutic targets in SCLC has not been easy, partly because driver mutations

are in first-line loss of function or untargetable, e.g., MYC family members . The recent division of SCLC into molecular

subtypes based on the expression of transcription factors has provided an essential step in searching for new therapeutic

targets for the disease. This classification system identifies four distinct subtypes of SCLC: achaete-scute homolog 1

(ASCL1), neurogenic differentiation factor 1 (NEUROD1), yes-associated protein 1 (YAP1), and POU class 2 homeobox 3

(POU2F3) .

Gene Aliases Gene
Location on
Human
Chromosome
and Number
of Amino
Acids

Gene Alteration in SCLC Known Function
and Features

Frequency
of
Mutation
in SCLC
(% in
Various
Cohorts)

Refs.

NF1 NFNS, VRNF, WSS,
neurofibromin 1

Chromosome
17 at position
17q11.2.
2818 amino
acids

Inactivating mutation,
deletion

Tumor suppressor.
Neurofibromin 1
plays a role in
regulating cell
growth and
proliferation by
negatively
regulating the
activity of Ras,
associated with
uncontrolled cell
growth.

3–4 Ross et al.

Shimizu et
al. 

APC BTPS2, DP2, DP2.5,
DP3, GS, PPP1R46,
adenomatous
polyposis coli, WNT
signaling pathway
regulator

Chromosome
5 at position
5q22.2.
2843 amino
acids

Inactivating mutation,
deletion

Crucial role in
regulating the Wnt
signaling pathway
and controlling cell
proliferation,
growth,
differentiation, and
migration.

3–4 Jin et al. 
Grote et al.

EGFR ERBB, ERBB1,
HER1, NISBD2,
PIG61, mENA,
epidermal growth
factor receptor,
erbB-1, ERRP

Chromosome
7 at position
7p12.1.
1210 amino
acids

Activating mutation Oncogene; a
receptor tyrosine
kinase that plays a
critical role in cell
growth,
proliferation, and
survival; involved in
RAS signaling
pathway.

3–4 Ding et al.

Hao et al. 

KRAS C-K-RAS, CFC2, K-
RAS2A, K-RAS2B, K-
RAS4A, K-RAS4B,
KI-RAS, KRAS1,
KRAS2, NS, NS3,
RALD, RASK2, K-
ras, KRAS proto-
oncogene, GTPase,
c-Ki-ras2, OES, c-Ki-
ras, K-Ras 2, K-Ras,
Kirsten Rat Sarcoma
virus

Chromosome
12 at position
12p12.1.
189 amino
acids

Activating mutation A GTPase involved
in cell
signalingpathways
that regulate cell
growth and
proliferation
(RAS/MAPK). KRAS
mutations can lead
to the constitutive
activation of the
KRAS protein,
resulting in
dysregulated cell
signaling and
increased cell
proliferation.

1–3 Otegui et al.

Li et al. 

NOTCH3 CADASIL, CASIL,
IMF2, LMNS,
CADASIL1, notch 3,
notch receptor 3

Chromosome
19 at position
19p13.2.
2345 amino
acids

Inactivating mutation,
deletion

Involved in cell
signaling pathways.
Notch signaling
plays a critical role
in cellular
processes, such as
cell fate
determination,
differentiation, and
development.

<3 Herbreteau
et al. 
Du et al. 
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New blood-based biomarkers for the early detection of lung cancer have been developed and evaluated, with several

showing promising results. “Liquid biopsy”—biomarkers such as tumor-derived extracellular vesicles, circulating tumor

cells (CTC), and circulating tumor DNA (ctDNA) seem to be promising tools in cancer monitoring. For example, SCLC

cells express different tumor-specific markers, including Delta-like protein 3 (DLL-3), which may be associated with a

worse prognosis in patients with SCLC . However, whether these biomarkers listed in Table 2 will impact cancer control

in the population, especially in cancer with aggressive biologic behavior such as SCLC, remains unknown. To date, it

seems that patients with SCLC have the greatest number of CTC, which was suggested to be a prognostic biomarker for

clinically evaluating therapy efficacy . Likewise, CTC-derived DNA and plasma cell-free DNA, along with their genomic

alterations, have been recognized as potential non-invasive biomarkers that could provide insights into treatment efficacy

and the occurrence of SCLC relapse .

Furthermore, the characterization of extracellular vesicles, such as exosomes, appears to be a promising tool and

alternative source for various analytes in liquid biopsies . This approach has the potential to significantly contribute to

the identification of new biomarkers for the diagnosis and monitoring of SCLC patients, as well as the development of

promising prognostic models. Emerging predictive and prognostic biomarkers are crucial and indispensable for selecting

the most suitable therapeutic option for patients with SCLC.

To date, genetic alterations of MYC were noticed in about 20% of patients with SCLC, representing the third most

common genetic abnormality following TP53 and RB1 and a potential biomarker of targeted therapy . PD-L1, TMB, and

MSI-H have been studied as potential predictive biomarkers for response to immune checkpoint inhibitors (ICIs) in

patients with SCLC . Schlafen 11 (SLFN11) is a DNA/RNA helicase that sensitizes cancer cells to DNA-damaging

agents. The newest scientific evidence confirms its importance as a promising predictive biomarker for several

therapeutics, including platinum and PARP inhibitors . Expression of SLFN11 in CTCs provides a potential biomarker of

sensitivity for DNA-damaging chemotherapy drugs and poly (ADP-ribose) polymerase (PARP) inhibition in SCLC patients

. Therefore, detecting SLFN11 by liquid biopsy in circulating CTCs may provide a valuable non-invasive alternative to

tissue sampling .

Table 2. Potential biomarkers in small cell lung carcinoma.

Biomarker Type Potential Application References

Delta-like ligand 3
DLL3

Tumor-specific marker Biomarker for SCLC prognosis Chen et al. 

Circulating tumor cells (CTC) Liquid biopsy biomarker Prognostic biomarker for therapy evaluation
of therapy efficacy

Roumeliotou et
al. 

Circulating tumor DNA
(ctDNA)

Liquid biopsy biomarker Biomarker for treatment efficacy and relapse
detection

Almodovar et al.

Exosomes Extracellular vesicles Non-invasive biomarkers for prognosis Zhang et al. 

MYC proto-oncogene/bHLH
transcription factor (MYC)

Genetic alteration Potential biomarker for targeted therapy Taniguchi et al.

Programmed death-ligand 1
(PD-L1)

Immune checkpoint
protein

Potential biomarker for immunotherapy
response

Taniguchi et al.

Tumor mutational burden
(TMB)

Mutation load of a tumor Potential biomarker for immunotherapy
response

Taniguchi et al.
 and

Li et al. 

Microsatellite instability
(MSI-H)

Genetic marker of
Microsatellite Instability

Potential biomarker for immunotherapy
response

Taniguchi et al.
 and

Chang et al. 

Schlafen 11
(SLFN11)

Liquid biopsy biomarker Potential biomarker for the response on DNA
damaging chemotherapy and PARP
inhibition

Taniguchi et al.
 and

Zhang et al. 

 

Gene Aliases Gene
Location on
Human
Chromosome
and Number
of Amino
Acids

Gene Alteration in SCLC Known Function
and Features

Frequency
of
Mutation
in SCLC
(% in
Various
Cohorts)

Refs.

ARID1A B120, BAF250,
BAF250a, BM029,
C1orf4, ELD, MRD14,
OSA1, P270,
SMARCF1, hELD,
hOSA1, CSS2, AT-
rich interaction
domain 1A

Chromosome
1 at position
1p36.11.
2254 amino
acids

Inactivating mutation,
deletion

Tumor suppressor
gene; plays a
crucial role in
regulating
chromatin
remodeling and
gene expression;
involved in various
cellular processes,
including DNA
repair, cell cycle
regulation, and
differentiation.

<3 Du et al. 
Devarakonda
et al. 

PTPRD HPTP, HPTPD,
HPTPDELTA, PTPD,
RPTPDELTA, protein
tyrosine
phosphatase,
receptor type D,
protein tyrosine
phosphatase
receptor type D, R-
PTP-delta

Chromosome
9 at position
9p23.3.
1840 amino
acids

Inactivating mutation,
deletion

Protein tyrosine
phosphatase
receptor that plays
a role in regulating
cell signaling
pathways, including
those involved in
cell growth,
differentiation, and
migration.

<3 Sato et al.

ATRX ATR2, JMS, MRXHF1,
RAD54, RAD54L,
SFM1, SHS, XH2,
XNP, ZNF-HX,
MRX52, alpha
thalassemia/mental
retardation
syndrome X-linked,
chromatin
remodeler, ATRX
chromatin remodeler

X
chromosome
at position
Xq21.1.

Inactivating mutation,
deletion

Tumor suppressor;
plays a critical role
in chromatin
remodeling and the
regulation of gene
expression. ATRX is
involved in
maintaining the
stability and
structure of
telomeres and in
cell signaling

<2 Du et al. 

[54]

[55]

[56]

[54]

[58]

[59]

[60]

[61]

[62]

[62]

[63]

[62]

[64]

[58]

[59]

[60]

[61]

[62]

[62]

[62]

[65]

[62]

[66]

[62]

[63]



References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424.

2. Kerr, K.M.; Bubendorf, L.; Edelman, M.J.; Marchetti, A.; Mok, T.; Novello, S.; O’Byrne, K.; Stahel, R.; Peters, S.; Felip,
E.; et al. Second ESMO consensus conference on lung cancer: Pathology and molecular biomarkers for non-small-cell
lung cancer. Ann. Oncol. 2014, 25, 1681–1690.

3. Wang, S.; Tang, J.; Sun, T.; Zheng, X.; Li, J.; Sun, H.; Zhou, X.; Zhou, C.; Zhang, H.; Cheng, Z.; et al. Survival changes
in patients with small cell lung cancer and disparities between different sexes, socioeconomic statuses and ages. Sci.
Rep. 2017, 7, 1339.

4. Varghese, A.M.; Zakowski, M.F.; Yu, H.A.; Won, H.H.; Riely, G.J.; Krug, L.M.; Kris, M.G.; Rekhtman, N.; Ladanyi, M.;
Wang, L.; et al. Small-cell lung cancers in patients who never smoked cigarettes. J. Thorac. Oncol. 2014, 9, 892–896.

5. Dingemans, A.C.; Fruh, M.; Ardizzoni, A.; Besse, B.; Faivre-Finn, C.; Hendriks, L.E.; Lantuejoul, S.; Peters, S.; Reguart,
N.; Rudin, C.M.; et al. Small-cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up.
Ann. Oncol. 2021, 32, 839–853.

6. Wang, S.; Zimmermann, S.; Parikh, K.; Mansfield, A.S.; Adjei, A.A. Current Diagnosis and Management of Small-Cell
Lung Cancer. Mayo Clin. Proc. 2019, 94, 1599–1622.

7. Wilson, L.D.; Detterbeck, F.C.; Yahalom, J. Clinical practice. Superior vena cava syndrome with malignant causes. N.
Engl. J. Med. 2007, 356, 1862–1869.

8. Remon, J.; Facchinetti, F.; Besse, B. The efficacy of immune checkpoint inhibitors in thoracic malignancies. Eur. Respir.
Rev. 2021, 30, 200387.

9. Travis, W.D.; Brambilla, E.; Nicholson, A.G.; Yatabe, Y.; Austin, J.H.M.; Beasley, M.B.; Chirieac, L.R.; Dacic, S.; Duhig,
E.; Flieder, D.B.; et al. The 2015 World Health Organization Classification of Lung Tumors: Impact of Genetic, Clinical
and Radiologic Advances Since the 2004 Classification. J. Thorac. Oncol. 2015, 10, 1243–1260.

10. Travis, W.D.; Brambilla, E.; Burke, A.P.; Marx, A.; Nicholson, A.G. WHO Classification of Tumours of the Lung, Pleura,
Thymus and Heart; International Agency for Research on Cancer: Lyon, France, 2015.

11. Quintanal-Villalonga, A.; Chan, J.M.; Yu, H.A.; Pe’er, D.; Sawyers, C.L.; Sen, T.; Rudin, C.M. Lineage plasticity in
cancer: A shared pathway of therapeutic resistance. Nat. Rev. Clin. Oncol. 2020, 17, 360–371.

12. McFadden, D.G.; Papagiannakopoulos, T.; Taylor-Weiner, A.; Stewart, C.; Carter, S.L.; Cibulskis, K.; Bhutkar, A.;
McKenna, A.; Dooley, A.; Vernon, A.; et al. Genetic and clonal dissection of murine small cell lung carcinoma
progression by genome sequencing. Cell 2014, 156, 1298–1311.

13. Meuwissen, R.; Linn, S.C.; Linnoila, R.I.; Zevenhoven, J.; Mooi, W.J.; Berns, A. Induction of small cell lung cancer by
somatic inactivation of both Trp53 and Rb1 in a conditional mouse model. Cancer Cell 2003, 4, 181–189.

14. Maleki, Z. Diagnostic issues with cytopathologic interpretation of lung neoplasms displaying high-grade basaloid or
neuroendocrine morphology. Diagn. Cytopathol. 2011, 39, 159–167.

15. Nicholson, S.A.; Beasley, M.B.; Brambilla, E.; Hasleton, P.S.; Colby, T.V.; Sheppard, M.N.; Falk, R.; Travis, W.D. Small
cell lung carcinoma (SCLC): A clinicopathologic study of 100 cases with surgical specimens. Am. J. Surg. Pathol. 2002,
26, 1184–1197.

16. Kontogianni, K.; Nicholson, A.G.; Butcher, D.; Sheppard, M.N. CD56: A useful tool for the diagnosis of small cell lung
carcinomas on biopsies with extensive crush artefact. J. Clin. Pathol. 2005, 58, 978–980.

17. Hiroshima, K.; Iyoda, A.; Shida, T.; Shibuya, K.; Iizasa, T.; Kishi, H.; Tanizawa, T.; Fujisawa, T.; Nakatani, Y. Distinction
of pulmonary large cell neuroendocrine carcinoma from small cell lung carcinoma: A morphological,
immunohistochemical, and molecular analysis. Mod. Pathol. 2006, 19, 1358–1368.

18. Bobos, M.; Hytiroglou, P.; Kostopoulos, I.; Karkavelas, G.; Papadimitriou, C.S. Immunohistochemical distinction
between merkel cell carcinoma and small cell carcinoma of the lung. Am. J. Dermatopathol. 2006, 28, 99–104.

19. Mjones, P.; Sagatun, L.; Nordrum, I.S.; Waldum, H.L. Neuron-Specific Enolase as an Immunohistochemical Marker Is
Better Than Its Reputation. J. Histochem. Cytochem. 2017, 65, 687–703.

20. Lee, M.C.; Cai, H.; Murray, C.W.; Li, C.; Shue, Y.T.; Andrejka, L.; He, A.L.; Holzem, A.M.E.; Drainas, A.P.; Ko, J.H.; et al.
A multiplexed in vivo approach to identify driver genes in small cell lung cancer. Cell Rep. 2023, 42, 111990.

21. George, J.; Lim, J.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, 47–53.



22. 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.

23. Rudin, C.M.; Brambilla, E.; Faivre-Finn, C.; Sage, J. Small-cell lung cancer. Nat. Rev. Dis. Primers 2021, 7, 3.

24. Wooten, D.J.; Groves, S.M.; 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, e1007343.

25. Huang, R.; Wei, Y.; Hung, R.J.; Liu, G.; Su, L.; Zhang, R.; Zong, X.; Zhang, Z.F.; Morgenstern, H.; Bruske, I.; et al.
Associated Links Among Smoking, Chronic Obstructive Pulmonary Disease, and Small Cell Lung Cancer: A Pooled
Analysis in the International Lung Cancer Consortium. EBioMedicine 2015, 2, 1677–1685.

26. Wang, Q.; Gumus, Z.H.; Colarossi, C.; Memeo, L.; Wang, X.; Kong, C.Y.; Boffetta, P. SCLC: Epidemiology, Risk
Factors, Genetic Susceptibility, Molecular Pathology, Screening, and Early Detection. J. Thorac. Oncol. 2023, 18, 31–
46.

27. Zhou, F.; Zhou, C. Lung cancer in never smokers-the East Asian experience. Transl. Lung Cancer Res. 2018, 7, 450–
463.

28. Ferone, G.; Lee, M.C.; Sage, J.; Berns, A. Cells of origin of lung cancers: Lessons from mouse studies. Genes Dev.
2020, 34, 1017–1032.

29. Cheng, D.T.; Mitchell, T.N.; Zehir, A.; Shah, R.H.; Benayed, R.; Syed, A.; Chandramohan, R.; Liu, Z.Y.; Won, H.H.;
Scott, S.N.; et al. Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT):
A Hybridization Capture-Based Next-Generation Sequencing Clinical Assay for Solid Tumor Molecular Oncology. J.
Mol. Diagn. 2015, 17, 251–264.

30. Liu, J.; Zhao, Z.; Wei, S.; Li, B.; Zhao, Z. Genomic features of Chinese small cell lung cancer. BMC Med. Genom. 2022,
15, 117.

31. Chang, F.; Syrjanen, S.; Kurvinen, K.; Syrjanen, K. The p53 tumor suppressor gene as a common cellular target in
human carcinogenesis. Am. J. Gastroenterol. 1993, 88, 174–186.

32. Febres-Aldana, C.A.; Chang, J.C.; Ptashkin, R.; Wang, Y.; Gedvilaite, E.; Baine, M.K.; Travis, W.D.; Ventura, K.; Bodd,
F.; Yu, H.A.; et al. Rb Tumor Suppressor in Small Cell Lung Cancer: Combined Genomic and IHC Analysis with a
Description of a Distinct Rb-Proficient Subset. Clin. Cancer Res. 2022, 28, 4702–4713.

33. Wu, S.; Zhang, Y.; Zhang, Y.; Chen, L.H.; Ouyang, H.F.; Xu, X.; Du, Y.; Ti, X.Y. Mutational landscape of homologous
recombination-related genes in small-cell lung cancer. Cancer Med. 2023, 12, 4486–4495.

34. 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-remodelling genes as major players and a prognostic role for TERT, RB1, MEN1 and KMT2D. J. Pathol.
2017, 241, 488–500.

35. 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 KMT2D/MLL2: CALGB 151111 (Alliance). J.
Thorac. Oncol. 2017, 12, 704–713.

36. Carazo, F.; Bertolo, C.; Castilla, C.; Cendoya, X.; Campuzano, L.; Serrano, D.; Gimeno, M.; Planes, F.J.; Pio, R.;
Montuenga, 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.

37. Jia, D.; Augert, A.; Kim, D.W.; Eastwood, E.; Wu, N.; Ibrahim, A.H.; Kim, K.B.; Dunn, C.T.; Pillai, S.P.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.

38. Sivakumar, S.; Moore, J.A.; Montesion, M.; Sharaf, R.; Lin, D.I.; Colon, C.I.; Fleishmann, Z.; Ebot, E.M.; Newberg, J.Y.;
Mills, J.M.; et al. Integrative Analysis of a Large Real-World Cohort of Small Cell Lung Cancer Identifies Distinct
Genetic Subtypes and Insights into Histologic Transformation. Cancer Discov. 2023, 13, 1572–1591.

39. Zhang, L.; Liu, C.; Zhang, B.; Zheng, J.; Singh, P.K.; Bshara, W.; Wang, J.; Gomez, E.C.; Zhang, X.; Wang, Y.; et al.
PTEN Loss Expands the Histopathologic Diversity and Lineage Plasticity of Lung Cancers Initiated by Rb1/Trp53
Deletion. J. Thorac. Oncol. 2023, 18, 324–338.

40. Yin, J.; Cong, X.; Cui, P.; Zhao, S.; Liu, Z. Repeatedly next-generation sequencing during treatment follow-up of
patients with small cell lung cancer. Medicine 2023, 102, e34143.

41. Pop-Bica, C.; Ciocan, C.A.; Braicu, C.; Harangus, A.; Simon, M.; Nutu, A.; Pop, L.A.; Slaby, O.; Atanasov, A.G.; Pirlog,
R.; et al. Next-Generation Sequencing in Lung Cancer Patients: A Comparative Approach in NSCLC and SCLC
Mutational Landscapes. J. Pers. Med. 2022, 12, 453.



42. Hung, M.C.; Wang, W.P.; Chi, Y.H. AKT phosphorylation as a predictive biomarker for PI3K/mTOR dual inhibition-
induced proteolytic cleavage of mTOR companion proteins in small cell lung cancer. Cell Biosci. 2022, 12, 122.

43. Li, W.; Ye, L.; Huang, Y.; Zhou, F.; Wu, C.; Wu, F.; He, Y.; Li, X.; Wang, H.; Xiong, A.; et al. Characteristics of Notch
signaling pathway and its correlation with immune microenvironment in SCLC. Lung Cancer 2022, 167, 25–33.

44. Roper, N.; Velez, M.J.; Chiappori, A.; Kim, Y.S.; Wei, J.S.; Sindiri, S.; Takahashi, N.; Mulford, D.; Kumar, S.; Ylaya, K.;
et al. Notch signaling and efficacy of PD-1/PD-L1 blockade in relapsed small cell lung cancer. Nat. Commun. 2021, 12,
3880.

45. Herbreteau, G.; Langlais, A.; Greillier, L.; Audigier-Valette, C.; Uwer, L.; Hureaux, J.; Moro-Sibilot, D.; Guisier, F.;
Carmier, D.; Madelaine, J.; et al. Circulating Tumor DNA as a Prognostic Determinant in Small Cell Lung Cancer
Patients Receiving Atezolizumab. J. Clin. Med. 2020, 9, 3861.

46. Ross, J.S.; Wang, K.; Elkadi, O.R.; Tarasen, A.; Foulke, L.; Sheehan, C.E.; Otto, G.A.; Palmer, G.; Yelensky, R.; Lipson,
D.; et al. Next-generation sequencing reveals frequent consistent genomic alterations in small cell undifferentiated lung
cancer. J. Clin. Pathol. 2014, 67, 772–776.

47. Shimizu, E.; Shinohara, T.; Mori, N.; Yokota, J.; Tani, K.; Izumi, K.; Obashi, A.; Ogura, T. Loss of heterozygosity on
chromosome arm 17p in small cell lung carcinomas, but not in neurofibromas, in a patient with von Recklinghausen
neurofibromatosis. Cancer 1993, 71, 725–728.

48. Wang, J.; Zhao, L.; Sun, X.; Zhou, F.; Zhang, Y.; Zhao, S.; Guo, T.; Sun, Z.; Li, F.; Su, W.; et al. Genetic Mutation
Analysis in Small Cell Lung Cancer by a Novel NGS-Based Targeted Resequencing Gene Panel and Relation with
Clinical Features. Biomed. Res. Int. 2021, 2021, 3609028.

49. Grote, H.J.; Schmiemann, V.; Kiel, S.; Bocking, A.; Kappes, R.; Gabbert, H.E.; Sarbia, M. Aberrant methylation of the
adenomatous polyposis coli promoter 1A in bronchial aspirates from patients with suspected lung cancer. Int. J. Cancer
2004, 110, 751–755.

50. Ding, J.; Leng, Z.; Gu, H.; Jing, X.; Song, Y. Etoposide/platinum plus anlotinib for patients with transformed small-cell
lung cancer from EGFR-mutant lung adenocarcinoma after EGFR-TKI resistance: A retrospective and observational
study. Front. Oncol. 2023, 13, 1153131.

51. Hao, L.; Chen, H.; Wang, L.; Zhou, H.; Zhang, Z.; Han, J.; Hou, J.; Zhu, Y.; Zhang, H.; Wang, Q. Transformation or
tumor heterogeneity: Mutations in EGFR, SOX2, TP53, and RB1 persist in the histological rapid conversion from lung
adenocarcinoma to small-cell lung cancer. Thorac. Cancer 2023, 14, 1036–1041.

52. Otegui, N.; Houry, M.; Arozarena, I.; Serrano, D.; Redin, E.; Exposito, F.; Leon, S.; Valencia, K.; Montuenga, L.; Calvo,
A. Cancer Cell-Intrinsic Alterations Associated with an Immunosuppressive Tumor Microenvironment and Resistance to
Immunotherapy in Lung Cancer. Cancers 2023, 15, 3076.

53. Li, F.; Yang, Y.; Xu, Y.; Li, K.; Song, L.; Xue, Y.; Dong, D. Comparative study of the genomic landscape and tumor
microenvironment among large cell carcinoma of the lung, large cell neuroendocrine of the lung, and small cell lung
cancer. Medicine 2023, 102, e32781.

54. Du, M.; Thompson, J.; Fisher, H.; Zhang, P.; Huang, C.C.; Wang, L. Genomic alterations of plasma cell-free DNAs in
small cell lung cancer and their clinical relevance. Lung Cancer 2018, 120, 113–121.

55. Devarakonda, S.; Sankararaman, S.; Herzog, B.H.; Gold, K.A.; Waqar, S.N.; 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 Targetable Alterations. Clin. Cancer Res. 2019, 25, 6119–6126.

56. Sato, M.; Takahashi, K.; Nagayama, K.; Arai, Y.; Ito, N.; Okada, M.; Minna, J.D.; Yokota, J.; Kohno, T. Identification of
chromosome arm 9p as the most frequent target of homozygous deletions in lung cancer. Genes Chromosomes
Cancer 2005, 44, 405–414.

57. Rudin, C.M.; Poirier, J.T.; Byers, L.A.; Dive, C.; Dowlati, A.; George, J.; Heymach, J.V.; Johnson, J.E.; Lehman, J.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.

58. Chen, B.; Li, H.; Liu, C.; Wang, S.; Zhang, F.; Zhang, L.; Li, M.; Li, G. Potential prognostic value of delta-like protein 3 in
small cell lung cancer: A meta-analysis. World J. Surg. Oncol. 2020, 18, 226.

59. Roumeliotou, A.; Pantazaka, E.; Xagara, A.; Dimitrakopoulos, F.I.; Koutras, A.; Christopoulou, A.; Kourelis, T.; Aljarba,
N.H.; Alkahtani, S.; Koinis, F.; et al. Phenotypic Characterization of Circulating Tumor Cells Isolated from Non-Small
and Small Cell Lung Cancer Patients. Cancers 2022, 15, 171.

60. Almodovar, K.; Iams, W.T.; Meador, C.B.; Zhao, Z.; York, S.; Horn, L.; Yan, Y.; Hernandez, J.; Chen, H.; Shyr, Y.; et al.
Longitudinal 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.



61. Zhang, K.; Zhang, C.; Wang, K.; Teng, X.; Chen, M. Identifying diagnostic markers and constructing a prognostic model
for small-cell lung cancer based on blood exosome-related genes and machine-learning methods. Front. Oncol. 2022,
12, 1077118.

62. Taniguchi, H.; Sen, T.; Rudin, C.M. Targeted Therapies and Biomarkers in Small Cell Lung Cancer. Front. Oncol. 2020,
10, 741.

63. Zhang, B.; Stewart, C.A.; Wang, Q.; Cardnell, R.J.; Rocha, P.; Fujimoto, J.; Solis Soto, L.M.; Wang, R.; Novegil, V.;
Ansell, P.; et al. Dynamic expression of Schlafen 11 (SLFN11) in circulating tumour cells as a liquid biomarker in small
cell lung cancer. Br. J. Cancer 2022, 127, 569–576.

64. Keogh, A.; Finn, S.; Radonic, T. Emerging Biomarkers and the Changing Landscape of Small Cell Lung Cancer.
Cancers 2022, 14, 3772.

65. Li, L.; Chen, C.; Liu, C.; Niu, L.; Pan, C. Clinical and molecular impacts of tumor mutational burden in histological and
cytological specimens from cancer patients. Ann. Transl. Med. 2022, 10, 214.

66. Chang, L.; Chang, M.; Chang, H.M.; Chang, F. Microsatellite Instability: A Predictive Biomarker for Cancer
Immunotherapy. Appl. Immunohistochem. Mol. Morphol. 2018, 26, e15–e21.

Retrieved from https://encyclopedia.pub/entry/history/show/106033


