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Lung cancer is the leading cause of cancer deaths, with
small cell lung cancer (SCLC) representing the most
aggressive subtype. Standard treatments have not changed
in decades, and the 5-year survival rate has remained <7%.
Genomic analyses have identified key driver mutations of
SCLC that were subsequently validated in animal models
of SCLC. To provide better treatment options, a deeper
understanding of the cellular and molecular mechanisms
underlying SCLC initiation, progression, metastasis, and
acquisition of resistance is required. In this review, we
describe the genetic landscape of SCLC, features of the
cell of origin, and targeted therapeutic approaches.

Lung cancer accounts for more than one-tenth of all can-
cer cases worldwide and is one of the most common types
of cancer. In addition, it has a very poor prognosis, which
is reflected in a 5-year survival rate of 18% (Ferlay et al.
2010). Smoking is the major risk factor for the devel-
opment of lung cancer, where extensive exposure to car-
cinogens from tobacco smoke is able to induce a high
mutational load in cells of the lung. Accumulation of
mutations in different oncogenes and tumor suppressors
is ultimately the cause of tumorigenesis for almost all
lung cancers (Govindan 2006). Within the large group of
lung cancers, a vast diversity of morphological appearanc-
es and genetic aberrations has been observed, indicating
that this is a heterogeneous disease. Lung cancer has
therefore been classified into multiple subgroups, with
the broadest division made between non-small-cell lung
cancer (NSCLC) and small cell lung cancer (SCLC).
NSCLC is the most abundant form of lung cancer and
comprises several subclasses that include adenocar-
cinomas, squamous cell carcinomas, and large cell carci-
nomas (Kamangar et al. 2006). SCLC represents ∼15% of
all lung cancer cases and can be distinguished by its
neuroendocrine (NE) features (van Meerbeeck et al.
2011). According to the 2004 World Health Organization
classification, SCLC is one of the NE tumors of the

lung. This group, which represents around a third of all
lung tumors, includes low-grade typical carcinoids, inter-
mediate-grade atypical carcinoids, and two high-grade tu-
mor types: SCLC and large cell NE carcinoma (Linnoila
2006).
In addition to morphological and histological differenc-

es, lung cancer subtypes also have distinct disease progres-
sion patterns, with SCLC showing the most rapid growth
and a tendency to metastasize to distant sites of the body
early in the disease (Kato et al. 1969; Jackman and Johnson
2005). After its diagnosis, SCLC ismost commonly classi-
fied as either limited stage disease (LD) or extensive stage
disease (ED), depending on the absence or presence of dis-
tant metastases (Micke et al. 2002). Around two-thirds
of all SCLC patients are diagnosedwith ED, withmetasta-
ses commonly observed in the contralateral lung, liver,
brain, and bones (Kalemkerian et al. 2013). In spite of
the late detection of SCLC, a good initial response to che-
motherapy and radiotherapy is observed in themajority of
patients. Unfortunately, following this initial response,
almost all patients relapse within 6–12 mo with resistant
disease. Despite numerous clinical trials aimed to im-
prove the therapeutic management for SCLC, the results
have been disappointing, and, consequently, treatment
regimens have remained largely unchanged for the last
30 years.
In order to improve the durability of the responses in

SCLC, an in-depth molecular characterization of this tu-
mor type is urgently needed. Detailed analyses of the ori-
gin of the cancer cells and their genetic aberrations should
lead to a better understanding of targets that can be more
successfully exploited for therapeutic intervention.

History of SCLC

Lung cancer had been a rare disease before smoking
became common, representing only ∼1% of all cancers
in 1880 (Witschi 2001). SCLC in particular is strongly
correlated with smoking and occurs almost exclusively
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in heavy smokers. SCLCwas originally classified asmedi-
astinal sarcoma (Bensch et al. 1968). The oval-shaped tu-
mor cells of this cancer contain scant cytoplasm and
thus resemble oat grains. In 1926, Barnard (1926) de-
scribed the bronchial origin of “oat-celled sarcoma” of
themediastinum. He showed that this tumor typewas ac-
tually a carcinoma of the lung and suggested changing the
classification to bronchial carcinoma. According to Bar-
nard (1926), tumors arose from germinal cells found in
the basal layer of bronchial epithelium.

In 1959, Azzopardi (1959) provided a histochemical de-
scription of 100 cases of oat cell carcinoma and identified
considerable cytological and structural variation among
tumor samples, which he categorized into streams, rib-
bons, pseudorosettes, rosettes, tubules, and ductules.

In 1962,Watson and Berg (1962) helped to further define
oat cell carcinoma of the lung as a specific tumor type
as to its origin, symptoms, clinical presentation, and
response to treatment. They noted early involvement
of the main bronchi but also described cases of normal
uninvolved lung in the background of massive extrapul-
monary nodal disease and distant metastases. Oat cells
spread through lymphatic and blood vessels earlier than
any other type of lung cancer. Interestingly, oat cell carci-
noma showed a favorable response to nitrogen mustard,
with 90% of patients responding, pointing further to
a unique biology of this cancer type. The duration of
response, however, was brief. Watson and Berg (1962) pro-
posed radiation together with nitrogen mustard treat-
ment as a preferred form of palliation. Interestingly, the
same type of approach is still being used today, almost
60 years later.

Subsequently, a new cell of origin for oat cell carcinoma
was described. In 1965, Bensch et al. (1965) published the
ultrastructure of bronchial carcinoid tumors. The most
striking feature was the presence of electron-opaque gran-
ules of uniform size within these tumor cells, unique to
this tumor type (Bensch et al. 1965). The cells also con-
tained pseudopods, which extended over a considerable
distance between neighboring cells and often invaded sur-
rounding connective tissue. At the same time, Bensch
et al. (1968) identified a very similar cell type in normal
bronchial epithelium, closely resembling the secretory
argentaffin (Kultschitzky) cells found in the gastrointesti-
nal tract. These cells were scant and situated between the
basal parts of the columnar epithelium and likelywere the
precursor cells for the tumor. Bronchial carcinoid tumors
were located centrally within the lung, consistent with
the location of the described normal cells. Furthermore,
hormonal changes unique to patients with this cancer
type further supported the neurosecretory nature of the
precursor cells (Hattori et al. 1972).

The developmental lineage of these pulmonary cells
was uncertain at that time. Studies in mouse models pro-
vided further evidence for a NE cell as the likely cell of or-
igin of small cell carcinoma.

In the next section, we provide a brief overview of
lung development and epithelial lineage specification,
with particular attention given to pulmonary NE cells
(PNECs).

Respiratory lineage specification and function

The respiratory system arises from the anterior foregut en-
doderm. Progenitors of the trachea and lung are first iden-
tified in mice at embryonic day 9.0 (E9.0), and, at E9.5,
primordial buds of the right and left lung are formed (Car-
doso 2006; Hogan et al. 2014; Kotton and Morrisey 2014).
During the pseudoglandular period (E10.5–E17), the lung
epithelium undergoes branching morphogenesis to form
the respiratory tree (Metzger et al. 2008). At the same
time, the epithelium begins to differentiate into secretory
(club), ciliated, and NE cells. Respiratory bronchioles, al-
veolar ducts, and primitive alveoli develop during the can-
alicular stage (E16.5–E17.5), which is followed by the final
saccular stage (E17.5 to postnatal day 5), during which al-
veoli, lined by alveolar epithelial type 1 (AEC1) and AEC2
cells, are formed (Cardoso 2006; Rock and Hogan 2011).
These early events in lung development are controlled
by a variety of signaling pathways, including Fgf, Tgfb,
Wnt, Sox, Hedgehog, Notch, and retinoic acid (Rock and
Hogan 2011; Kotton and Morrisey 2014).

NE cells are the first epithelial cells to arise within the
lung and are more abundant in fetal and neonatal lungs,
suggestive of a role in pulmonary development. They are
derived from a population of multipotent epithelial pro-
genitors marked by expression of the basic helix–loop–he-
lix (bHLH) transcription factor ID2 (Rock and Hogan
2011). Lineage tracing analysis of ID2-expressing cells, la-
beled at E11.5, showed their ability to give rise to all of the
major respiratory epithelial cell types, including PNECs
(Rawlins et al. 2009). Evidence suggests that PNEC fate
specification is controlled by cross-talk between bHLHac-
tivator and repressor genes, a mechanism conserved be-
tween Drosophila and mammals (Ito et al. 2000). In the
mouse lung, the bHLH factor achaete-scute homolog 1
(ASCL1) activates NE differentiation, while hairy and en-
hancer of split 1 (HES1) represses this pathway by inhibit-
ing ASCL1/TCF3 complex formation and reducing Ascl1
transcription (Ito et al. 2000; Rock and Hogan 2011). Pre-
cocious PNECs developed in both embryonic and adult
lungs of Hes1-deficient mice, likely as a consequence of
increased expression of ASCL1 (Ito et al. 2000). In con-
trast, Ascl1-null mice had no detectible PNECs (Borges
et al. 1997). NOTCH signaling was also shown to be im-
portant in PNEC lineage specification. NOTCH ligand
delta-like-1 (DLL1) is expressed in presumptive NE cells
within proximal airways as early as E13.5 (Fig. 1A), and
its activation may be under the control of ASCL1 (Post
et al. 2000; Linnoila 2006). Recent evidence shows the in-
volvement of multiple NOTCH receptors in the mainte-
nance of Hes1 expression and in NE compartment size
regulation (Morimoto et al. 2012). Thus, interplay be-
tween bHLH factors and the NOTCH pathway contrib-
utes significantly to pulmonary NE lineage specification.

Within the mature respiratory system, epithelial cells
differ along the proximal–distal axis (Fig. 1B,C). Trachea
and bronchi are lined with pseudostratified columnar ep-
ithelium that contains ciliated and secretory cells, soli-
tary PNECs, and basal cells. More distal intrapulmonary
conducting airways in mice are lined by a simple
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columnar epithelium of ciliated and secretory cells (Rock
et al. 2010; Hogan et al. 2014). Gas exchange is carried out
within alveolar epithelium, which consists of AEC1 and
AEC2 cells. Notably, most of the airways of the human
lung are lined by pseudostratified epithelium.
PNECs are found in species ranging from primitive

amphibians to mammals and constitute a rare respiratory
cell population, representing only 0.4% of epithelial cells
in the adult lung (Van Lommel et al. 1999; Van Lommel
2001; Linnoila 2006). They are located as either solitary
cells within the nasal epithelium, trachea, and main-
stream bronchi or clusters of cells (NE bodies [NEBs]), of-
ten within airway bifurcations (Fig. 1D). PNECs have
properties of both endocrine and neuronal cells. They
express neuronal markers, such as neural cell adhesion
molecule (NCAM1) and ASCL1, a key determinant of
neuronal fate specification (Linnoila 2006; Ali et al.
2014; Chanda et al. 2014). In addition, NEBs are associated
with intraepithelial nerve fibers and can transmit signals
to the CNS. At the same time, they often contain charac-
teristic electron-dense cytoplasmic vesicles that accumu-
late peptides, such as calcitonin gene-related peptide
CGRP (CALCA) and bombesin, as well as amines, such
as serotonin. The content of the vesicles is likely being re-

leased into the extracellular space and the blood stream,
thus providing both local and distant regulation. Seroto-
nin acts as a pulmonary vasoconstrictor, while CGRP
acts as a vasodilator. Suggested functions of PNECs in-
clude oxygen sensing, control of airway tone and pulmo-
nary blood flow, and immunomodulation (Van Lommel
2001; Linnoila 2006).
Even though PNECs are specified early in lungmorpho-

genesis, which may suggest their progenitor function,
their absence inAscl1-deficientmice does not prevent dif-
ferentiation of other respiratory epithelial cell types, such
as secretory and alveolar cells (Borges et al. 1997). At the
same time, a number of studies point to their supportive
role in both the developing lung and the injured adult
lung. Temporal–spatial distribution of club cells in the
developing human lung shows their close association
with NEBs, suggesting that either direct contact or para-
crine factors secreted by NEBs may support neighboring
epithelial cells (Van Lommel et al. 1999; Van Lommel
2001). Indeed, epithelial cells located next to NEBs in
the embryonic lung were strongly labeled with 3H-thymi-
dine, indicative of division, and the amount of label
decreased with increasing distance from the NEBs
(Van Lommel 2001). PNEC hyperplasia was reported

Figure 1. Structure and cell types of the respiratory system. (A) Expression of Dll1-LacZ (white arrows) in presumptive NE cells within
proximal airways at E14.5. (Republished with permission of Annual Reviews from Rock and Hogan 2011; permission conveyed through
the Copyright Clearance Center, Inc.) (B) Schematic of human and mouse lungs with epithelial histology of regions along the proximal–
distal axis. (Republished with permission of Elsevier from Hogan et al. 2014; permission conveyed through Copyright Clearance Center,
Inc.) (Left panel) The human trachea, bronchi, and bronchioles >1 mm in diameter are lined by a pseudostratified epithelium with basal,
multiciliated, and secretory club cells. Club cells predominate in the small airways. The alveoli are lined by squamous AEC1s and cuboi-
dal AEC2s. (Right panel) In mice, only the trachea and main stem bronchi are lined by a pseudostratified mucociliary epithelium with
basal cells. The smaller bronchi and bronchioles are lined by a simple epithelium with multiciliated and club cells. The inset illustrates
amouse lung to the same scale as the human lung in the left panel. (C ) Schematic representation of individual cell typeswithin themouse
respiratory epithelial system. (Republishedwith permission of Annual Reviews fromRock andHogan 2011; permission conveyed through
the Copyright Clearance Center, Inc.) (D) Section of the adult mouse lung, with rare NE cells marked by the expression of synaptophysin
(brown). Bars: 100 μm; inset, 20 μm.
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following both pathological and induced forms of damage,
such as oxidant stress, smoking, and burn injury (Stevens
et al. 1997; Linnoila 2006). Similarly, acute injury fol-
lowing naphthalene treatment, which causes selective
elimination of club cells in mouse airways, leads to rapid
expansion of PNECs (Stevens et al. 1997). Naphthalene-
resistant club cells (also called variant club cells), located
adjacent to NEBs, were capable of restoring injured epi-
thelium (Reynolds et al. 2000). This result suggested
that NEBs may provide a unique supportive microenvi-
ronment for progenitor cells. Interestingly, a NE-specific
CGRP-CreER lineage tracing model documented a direct
contribution of CGRP-positive cells toward club and cili-
ated cell populations following naphthalene treatment,
although depletion of CGRP-positive cells before naph-
thalene treatment did not delay regeneration of the epi-
thelium (Song et al. 2012). Moreover, the epithelium
was not restored after genetic ablation of club cells upon
administration of ganciclovir to transgenic mice express-
ing herpes simplex virus thymidine kinase under a club
cell-specific promoter (Hong et al. 2001). Thus, the role
of NE cells in the context of lung epithelial homeostasis
and regeneration is not yet fully clarified.

The lung is a quiescent organ with a very slow cell turn-
over but a robust regenerative response following injury.
Distinct regions of the lung contain different progenitor
cells that are responsible for physiological homeostasis
and regeneration. Unlike classical stem cells, putative
progenitor populations of the lung are well differentiated.
Nonetheless, recent studies point to a remarkable plastic-
ity. Depending on the type and severity of damage, multi-
ple respiratory cell types can acquire stem/progenitor
activity. Currently, cells with regenerative capacity in-
clude basal cells, club cells, variant club cells, AEC2 cells,
BASCs, and ITGA6+/ITGB4+ cells (Hogan et al. 2014; Kot-
ton and Morrisey 2014). Recently, a novel putative stem
cell compartment of K5+/p63+ distal epithelial cells was
defined. This cell population was capable of restoring al-
veolar epithelium following H1N1 influenza virus infec-
tion (Vaughan et al. 2015; Zuo et al. 2015). Thus, the
lung shows a high degree of plasticity and can use a num-
ber of different cell types for its regeneration. This sug-
gests that the full regenerative potential and possible
enhanced progenitor characteristics of PNEC may still
be revealed and await further investigation.

Specific mutations can dramatically alter the cellular
phenotype, and a unique combination of a cell type with
genetic lesions sculpts the resulting tumor. The genetic
alterations found in SCLC cells are discussed next.

Genetic landscape in SCLC

Recurrent mutations found in cancers are the likely driv-
ing force for tumor development. Comprehensive ge-
nome-wide characterization of these drivers for SCLC
is currently lagging behind compared with other cancer
types,mainlydue to a scarcityof patientmaterial available
for research purposes. Tumor material is obtained only by
fine needle aspiration and endobronchial biopsies used for

regular histology (Renshawet al. 2005). The genomic stud-
ies that have been performed show that SCLC is character-
ized by an extremely high frequency of gains and losses
(Wistuba et al. 2000a). In addition, this cancer has one of
the highest mutation rates, which is linked to the expo-
sure to mutagens in tobacco smoke (Toyooka et al. 2003).

Some of the early techniques used to discover drivers
of SCLC, such as karyotyping and comparative genomic
hybridizations, gave clear insights into the overall chro-
mosomal alterations in this tumor type (Salgia and
Skarin 1998). These studies identified genomic rearrange-
ments common to all lung cancers as well as aberrations
specific for SCLC. The almost uniform loss of large re-
gions of chromosome 3p in all types of lung cancer sug-
gested that it contains important tumor suppressors
(Otterson et al. 1992). Althoughmany genes in this region
could have a tumor-suppressive role in the lung, FHIT,
ROBO1, and RASSF1 have been suggested to be the
main candidates (Wistuba et al. 2000a; George et al.
2015). However, the evidence for their functional involve-
ment in lung cancer development is currently still limit-
ed. Regions on chromosome arms 4p, 4q, 10q, 13q, 16q,
and 17p show high frequencies of loss of heterozygosity
(LOH) unique to SCLC, suggesting that genes in these re-
gions may be involved in the development of this lung
cancer subtype (Ried et al. 1994; Virmani et al. 1998; Shi-
vapurkar et al. 1999).

The most striking alterations found at the individual
gene level in SCLC are the nearly uniform loss of function
of the tumor suppressors TP53 and RB1. The frequency of
TP53 mutations in SCLC is between 75% and 90%, indi-
cating that the loss of this gene is an important event in
the onset of SCLC development (Takahashi et al. 1989).
The p53 protein is normally activated when cells encoun-
ter DNA damage or hypoxia and performs an essential
role in the maintenance of genomic integrity by inducing
a cell cycle arrest or apoptosis upon genomic stress (Car-
vajal and Manfredi 2013). Loss of functional p53 would
therefore allow for genomic instability, which could be
the basis for the further accumulation of drivermutations.
The notion that TP53 is found mutated in apparently nor-
mal bronchial epithelium accompanying SCLC further
suggests that these mutations could serve as an initiating
event in SCLC development (Wistuba et al. 2000b). Strik-
ingly, a recent study in which 110 SCLC samples were
sequenced discovered previously unidentified genomic re-
arrangements in another TP53 family member, TP73, in a
substantial fraction of cases (George et al. 2015). Specifi-
cally, these genomic alterations comprised the deletion
of exons 2 and 3 of TP73, resulting in a known oncogenic
transcript that exerts a dominant-negative function to-
ward wild-type TP53 family members (Tannapfel et al.
2008; George et al. 2015). These findings point to an
even broader involvement of the p53 family members in
the tumorigenesis of SCLC.

The second tumor suppressor that is inactivated in
nearly all SCLC is the retinoblastoma susceptibility
gene (RB1) (Harbour et al. 1988; George et al. 2015). RB1
was first identified as a tumor suppressor in retinoblasto-
ma and was also found deleted in prostatic NE carcinoma
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(Friend et al. 1988; Tan et al. 2014). Interestingly, these
cancers arise from neuronal progenitors, linking loss of
RB1 more specifically to tumors of neuronal lineage.
The retinoblastoma protein is a member of a family of

pocket proteins that includes P107 (RBL1) and P130
(RBL2). While RB1 loss is a signature mutation in SCLC,
mutations in the other family members are rarely ob-
served in SCLC (Helin et al. 1997; Modi et al. 2000).
With regard to its function, the RB1 protein has a cen-
tral role in cell cycle regulation, where it suppresses the
transition of cells from G1 to S phase (Weinberg 1995).
In addition, RB1 also plays a role in the regulation of dif-
ferentiation, as mutant forms of this protein that fail to
inhibit cell cycle progression still retain their ability to
promote cellular differentiation (Sellers et al. 1998). Re-
cently, RB1 was shown to globally repress pluripotency
networks in somatic cells through direct binding to
known pluripotency genes, such asOct4 and Sox2; the lat-
ter is amplified in 27% of SCLC (Peifer et al. 2012). Conse-
quently,Rb1 loss leads to derepression of these factors and
a gain in pluripotency, making cells more amenable to re-
programming (Kareta et al. 2015). Loss of RB1 in SCLC is
also strongly associated with augmented expression of en-
hancer of zeste 2 (EZH2) (Coe et al. 2013; Hubaux et al.
2013). Interestingly, EZH2 was shown to be expressed at
high levels in proliferating neural stem cells and has
been implicated in neuronal progenitor maintenance
and lineage specification (Sher et al. 2008; Pereira et al.
2010). In addition, EZH2 was shown to regulate the phe-
notypic switch between basal and secretory cells in the
lung (Snitow et al. 2015). Accumulating evidence thus
suggests that RB1 loss is associated with an increase in
cell plasticity.
Amplification or transcriptional up-regulation of one of

theMYC proto-oncogenes—MYC,MYCN, orMYCL—has
been identified in 20%–30% of SCLC cases (Kiefer et al.
1987; Krystal et al. 1988). The MYC family proteins are
transcriptional activators able to drive the expression of
a wide variety of genes that contribute to cell cycle pro-
gression and developmental regulation (Grandori and
Eisenman 1997). Amplification of the three MYC genes
is mutually exclusive, suggesting that the capacity to
drive SCLC development is shared between the family
members even though activation of the individual genes
seems to result in quite distinct patterns of expression
(Kim et al. 2006). The exactmechanism ofMYC-mediated
transformation in SCLC cells is not completely under-
stood. MYC has been implicated in the control of pluri-
potency, self-renewal, and epithelial-to-mesenchymal
transition, processes that are strongly implicated in cellu-
lar transformation (Chappell and Dalton 2013). Analysis
of mousemodels of SCLCwith targetedMYC overexpres-
sion can help to dissect its function further.
In addition to activation of MYC signaling, the activa-

tion of the oncogenic phosphatidylinositol 3 kinase
(PI3K) pathway has been also observed at high frequencies
in SCLC. It was discovered that phosphatase and tensin
homolog (PTEN), an inhibitor of this pathway, is lost in
a substantial fraction of SCLC cases. Initial allelotyping
studies showed that homozygous deletions of PTEN

were present in ∼10% of SCLC cell lines (Forgacs et al.
1998; Yokomizo et al. 1998). Using next-generation se-
quencing, mutations and amplifications in other mem-
bers of this pathway have been identified in 20%–40%
of all studied SCLC tumors. Importantly, all of these alter-
ations occurred in a mutually exclusive fashion (Peifer
et al. 2012; Ross et al. 2014; Umemura et al. 2014). Activa-
tion of this pathway was shown to facilitate aberrant reg-
ulation of proliferation, survival, andmigration, giving the
tumor cell a selective advantage (Wojtalla et al. 2013).
A recent study identified the presence of alterations in

NOTCH family members in a quarter of analyzed SCLC
samples (George et al. 2015). Since NOTCH signaling
is critical in regulation of the NE compartment size in
lung development, the observed inactivating mutations
could contribute to tumorigenesis by allowing expansion
of NE tumor cell mass.
The high frequencies of alterations found in TP53, RB1,

and the PI3K pathway as well as in MYC and NOTCH
familymembers suggested that their respective activation
or inactivation is an important driver for SCLC. The for-
mal proof for this has been provided by the generation of
specific mouse models with these exact lesions in the
lung, which is discussed in a later section.
Several studies on recurrent alterations have indicated

that up-regulation of anti-apoptotic signaling is another
common event in SCLC. In particular, expression of the
anti-apoptotic protein BCL2 could be detected in 75%–

90% of primary SCLC cases, whereas it was only present
in 10%–30%of all other lung cancers (Pezzella et al. 1993;
Jiang et al. 1995). As activation ofMYC,which is observed
frequently in SCLC, is associated with an increase in apo-
ptosis, the up-regulation of BCL2may permit escape from
this side effect (Fanidi et al. 1992). Interestingly, BCL2
expression is transcriptionally regulated by p53, and the
almost uniform loss of this tumor suppressor could there-
fore be a prime reason for the up-regulation of BCL2 in
SCLC (Miyashita et al. 1994). Thus, BCL2 up-regulation
might be a consequence rather than a cause for tumorigen-
esis in SCLC.
Another striking observation in the studies on recurrent

alterations in SCLC is the high number of aberrations
found in epigenetic regulators. Mutations in the histone
acetyltransferases CREBBP and EP300 and the histone
methyltransferases MLL, MLL2, and EZH2 were found
in independent studies at frequencies of 4%–6% for each
gene (Peifer et al. 2012; Rudin et al. 2012; Ross et al.
2014; Umemura et al. 2014). Mutations in these genes
could be amajor source of genome-wide alterations in epi-
genetic regulation; however, how they affect SCLC tu-
morigenesis remains an open question.
Currently, there is no consensus on the importance of

other drivers for SCLC. This is mostly due to the fact
that studies on the genetic alterations in SCLC are being
performed on a limited number of samples per study
and that validations of additional driver mutations are
time-consuming. In addition, the exceptionally high
mutational load in SCLC complicates the identification
of driver mutations in the vast background of passenger
mutations. The most interesting other changes that
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have been found in SCLC are alterations in a number of
SOX family members as well as mutations in FGFR1,
EGFR, and the Hedgehog signaling pathway (Peifer et
al. 2012; Rudin et al. 2012; Ross et al. 2014; Umemura
et al. 2014).

Models of SCLC

Both in vitro and in vivo model systems are indispensable
to study the role of recurrent genetic and epigenetic aber-
rations in SCLC. Cell lines have been established from a
fair number of SCLCs and therefore are an easily accessi-
ble source of material for research (Gazdar and Minna
1996; Gazdar et al. 2010). However, these cell lines have
been adapted to tissue culture conditions and therefore
have lost some of the features of the primary tumor. Pa-
tient-derived xenograft (PDX) models partly overcome
this drawback, as transplanted pieces of the tumor retain
at least some of the heterogeneity and structural features
of the primary tumor (Gu et al. 1988; Daniel et al. 2009).
Both cell lines and PDX models have been shown to har-
bor genetic alterations almost identical to those observed
in the original tumor; however, they do differ in their ex-
pression profiles (Daniel et al. 2009; Gazdar et al. 2010;
Leong et al. 2014).

Genetically engineered mouse models (GEMMs) for
SCLC have been successfully introduced as a system for
validation of known drivermutations. TheGEMMs repro-
duce the NE nature of the tumor and share many of the
histopathological features observed in the human disease
(Kwon and Berns 2013). Importantly, whereas tumors that
develop in themousemodels harbormostly genomic rear-
rangements, the human tumors additionally contain a
high load of point mutations caused by cigarette smoke
exposure. Most of the SCLCmodels are based on site-spe-
cific Cre-Lox-mediated conditional deletion of the two
key tumor suppressors, Trp53 andRb1, combined with ei-
ther deletion of an additional suppressor (P130 or Pten)
or activation of an oncogene (Mycl) (Table 1). In themajor-
ity of the models, cells in the lung were targeted using
intranasal or intratracheal adenoviral delivery of Cre
recombinase.

In the first mouse model generated in our laboratory in
2003, conditional deletion of Rb1 and Trp53 was accom-
plished by intratracheal adenoviral delivery of Cre using
the ubiquitous CMV promoter, thus leading to a sporadic
inactivation of both genes in a variety of respiratory epi-
thelial cell types. This approach resulted in tumors that
closely resembled human SCLC in its histopathology,mo-
lecular characteristics, and metastatic behavior (Meuwis-
sen et al. 2003). Despite the nonspecific nature of the viral
promoter, SCLC was the predominant tumor type, sug-
gesting that the cells fromwhich SCLC originates are par-
ticularly sensitive to the loss of Rb1. Strikingly, Rb1 loss
in Scgb1a1(CC10)-expressing cells in the developing lung
did not affect club and ciliated cell lineage specification
but resulted in an increase in the number of CGRP-posi-
tive cells. Similarly, when Rb1 was inactivated in adult
lungs, multifocal hypercellular CGRP-positive epithelial

lesions located at airway branch points and bronchio–
alveolar duct junctions were observed. Thus, NE cell lin-
eage specification was uniquely augmented upon Rb1
loss, with RB1 promoting non-NE specificationwhile sup-
pressing NE cell fate (Wikenheiser-Brokamp 2004). In line
with this, germline RB1 mutations confer an increased
risk of SCLC development (Kleinerman et al. 2000).

To test the relevance of additional candidate tumor sup-
pressor genes, these genes were inactivated together with
Rb1 and Trp53. Inactivation of P130, a member of the RB
family, is associated with higher grade and poorer survival
in a subset of SCLC patients (Schaffer et al. 2010). Dele-
tion of P130 in addition toRb1 and Trp53 inmice resulted
in accelerated tumor development while maintaining the
overall histopathological andmetastatic features of SCLC
(Schaffer et al. 2010).

PTEN mutations are found in a significant number of
human SCLC cases. Interestingly, in the original Trp53/
Rb1 mouse model, chromosome 19, which harbors the
Pten gene, was frequently lost (McFadden et al. 2014). It
was hypothesized that inactivation of Pten may be the
driving force behind chromosome 19 loss, establishing
Pten as a potent tumor suppressor in SCLC. To test the
role of Pten loss in SCLC initiation and progression, three
groups generated triple Trp53/Rb1/Pten conditional
knockout mouse models. All three models resulted in a
dramatic acceleration of tumor progression, thus proving
the key role of the PI3K pathway in SCLC. Cui et al.
(2014) used the ubiquitous CMV promoter, while McFad-
den et al. (2014) used theNE-specific CGRP promoter. Us-
ing the CMV promoter, homozygous deletion of all three
genes shifted the tumor phenotype toward adenocarcino-
mawithNE differentiation (Cui et al. 2014), while tumors
with heterozygous loss of PTEN inmost casesmaintained
a full NEmarker profile. It is likely that, given the nonspe-
cific nature of CMV, cells other than NE cells gave rise
to the non-NE tumor component. Indeed, when the NE-
specific CGRP promoter was used, the vast majority of tu-
mors displayed NE features (McFadden et al. 2014). Inter-
estingly, a significant proportion of adenocarcinomas,
termed NSCLC-NE, express markers of NE differentia-
tion, although the etiology of these neoplasms remains
unknown (Bhattacharjee et al. 2001; Gazdar et al. 2015).

Another group targeted CreER into the endogenous
CGRP locus and used a lineage tracing approach to charac-
terize the early events following inactivation of theTrp53,
Rb1, and Pten in the NE compartment (Song et al. 2012).
A potential drawback of this model is that all CGRP-pos-
itive cells within the mouse tissues were targeted; on the
other hand, with this approach, a much larger proportion
of PNECs is switched. Proliferation of PNECs as early as 1
wk after induction was observed, which developed into
early hyperplastic lesions, the likely precursors of SCLC
tumors. In addition, early tumors displayed an invasive
phenotype, with tumor cells found in and around vessels
(Song et al. 2012).

Tumors of SCLC patients show frequent amplifications
of one of the MYC family of oncogenes. To test the onco-
genic activity of MYC in SCLC,Mycl under the control of
a ubiquitous promoter was introduced together with the
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targeted deletion of Rb1 and Trp53 (Huijbers et al. 2014).
Adenoviral delivery of Cre under the control of a CMV
promoter significantly accelerated tumor formation,
showing the potency of Mycl as a driver. The resulting
tumors displayed the typical NE features; however, me-
tastases were rare.
To address the role of the Hedgehog pathway, members

of which were found overexpressed in SCLC tumor sam-
ples, the pathway was activated in the respiratory epithe-
lium using the Ad-Cre system. Constitutive activation of
the Hedgehog signaling molecule Smoothened (SMO) in
the background of Trp53 and Rb1 loss promoted the initi-
ation and progression of mouse SCLC in vivo (Park et al.
2011b).
In a recent publication, the consequence of Notch

pathway activation was tested in the Trp53/Rb1/Rbl2
mouse model. Conditional overexpression of an activated
form ofNOTCH2 orNOTCH1 resulted in a significant re-
duction in the number of tumors as well as increased sur-
vival, establishing Notch as a tumor suppressor in SCLC

(George et al. 2015). Interestingly, elevated NOTCH sig-
naling abrogated expression of NE markers, consistent
with its key role in regulating NE differentiation.
A thorough histopathological evaluation of mouse

models of SCLC was published this year (Gazdar et al.
2015). Although the original Trp53/Rb1 double-condi-
tional mouse model was found to best resemble human
SCLC, the combination of the models described above ap-
pears to represent the entire spectrum of high-grade NE
carcinomas of the lung, thus providing a platform for the
dissection of molecular mechanisms of initiation, multi-
stage progression, heterogeneity, and metastatic proper-
ties of these tumor subtypes.
Existing and future mouse models should allow for effi-

cient screening of newly discovered candidate drivers as
well as comprehensive evaluation of novel therapies. In
this regard, the Jacks laboratory (Sánchez-Rivera et al.
2014) has described an elegant and rapid system to
assess cooperating mutations in the model of adenocarci-
noma. They tested CRISPR/Cas9-induced inactivation of

Table 1. Mouse models of SCLC

Mouse model
Induction
method Target cell Latency Major phenotype References

Rb1lox/lox Trp53lox/lox Intratracheal
Ad-CMV-Cre

Deletion of Rb1 and Trp53
in lung cells

7–15 mo Mainly SCLC with
metastases; minor AC
and LCNEC

Meuwissen et al. 2003;
Sutherland et al.
2011; Cui et al. 2014;
Huijbers et al. 2014

Rb1lox/lox Trp53lox/lox Intratracheal
Ad-CGRP-Cre

Deletion of Rb1 and Trp53
in NE lung cells

10–18 mo SCLC; metastases Sutherland et al. 2011;
McFadden et al. 2014

Rb1lox/lox Trp53lox/lox

p130lox/lox
Intratracheal
Ad-CMV-Cre

Deletion of Rb1, Trp53,
and p130 in lung cells

4–6 mo SCLC and LCNEC;
metastases

Schaffer et al. 2010

Rb1lox/lox Trp53lox/lox

invCAG-Mycl1-
Luc2

Intratracheal
Ad-CMV-Cre

Deletion of Rb1 and Trp53
and activation of Mycl

4–5 mo SCLC; metastases
are rare

Huijbers et al. 2014

Rb1lox/lox Trp53lox/lox

Ptenlox/+
Intratracheal
Ad-CMV-Cre

Deletion of Rb1, Trp53,
and one allele of Pten in
lung cells

6–10 mo SCLC with minor
NSCLC-NE
component; metastases

Cui et al. 2014

Rb1lox/lox Trp53lox/lox

Ptenlox/lox
Intratracheal
Ad-CMV-Cre

Deletion of Rb1, Trp53,
and Pten in lung cells

3–5 mo NSCLC-NE, AC, SCLC Cui et al. 2014

Rb1lox/lox Trp53lox/lox

Ptenlox/+
Intratracheal
Ad-CGRP-Cre

Deletion of Rb1, Trp53,
and one allele of Pten in
lung cells

7–11 mo Mainly SCLC McFadden et al. 2014

Rb1lox/lox Trp53lox/lox

Ptenlox/lox
Intratracheal
Ad-CGRP-Cre

Deletion of Rb1, Trp53,
and Pten in NE lung cells

6–7 mo Mainly LCNEC; minor
SCLC and NSCLC-NE

McFadden et al. 2014

Rb1lox/lox Trp53lox/lox

Pten+/+
Cross to a
CGRPCreER/+

mouse model

Tamoxifen-based deletion
of Rb1 and Trp53 in all
NE cells of mice

6–7 mo SCLC Song et al. 2012

Rb1lox/lox Trp53lox/lox

Ptenlox/lox
Cross to a
CGRPCreER/+

mouse model

Tamoxifen-based deletion
of Rb1, Trp53, and Pten
in all neuroendocrine
cells of mice

2–3 mo SCLC Song et al. 2012

Rb1lox/lox Trp53lox/lox

Rosa26+/LSL−SmoM2

−YFP

Intratracheal
Ad-CMV-Cre

Deletion of Rb1 and Trp53
and activation of the
Hedgehog pathway in
lung cells

n.d.a SCLC Park et al. 2011b

Rb1lox/lox Trp53lox/lox

Rbl2lox/lox Smolox/

lox

Intratracheal
Ad-CMV-Cre

Deletion of Rb1, Trp53,
P130, and inactivation of
the Hedgehog pathway in
lung cells

n.d.a SCLC Park et al. 2011b

a(n.d.) Not determined.
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putative tumor suppressor genes in relevant genetic back-
grounds by intratracheal administration of lentiviral vec-
tors carrying both the CRISPR/Cas9 system and Cre
recombinase (Sánchez-Rivera et al. 2014). The same ap-
proach can be taken in models of SCLC described above,
with the aim to test the contribution of newly identified
candidate tumor suppressors such as Ep300 orCrebbp. Al-
ternatively, a similar system in which CRISPR/Cas9 is
linked to a transactivation domain can be used to test
the effects of overexpression of proto-oncogenes such as
Fgfr1, Sox2, and Pik3ca (Cheng et al. 2013; Hsu et al.
2014). In support of the applicability of current genetically
engineered SCLC mouse models for drug validation, the
Trp53/Rb1/P130 model was used to show the proapop-
totic effect of tricyclic anti-depressants and related mole-
cules on both untreated and cisplatin-treated SCLC
tumors (Jahchan et al. 2013). In addition, a newly discov-
ered sensitivity of SCLC to transcription targeting drugs,
in particular to inhibition of cyclin-dependent kinase 7,
was successfully tested in the original double-knockout
model (Christensen et al. 2014). The same model has
also been used to test the efficacy of anti-apoptotic inhib-
itors both as single agents and in a combination regimen
(Faber et al. 2015).

Dissection of the cell of origin of SCLC

Several laboratories have used the Trp53/Rb1 SCLC
mouse model with the aim to identify the cell of origin
of this tumor type. Sutherland et al. (2011) used three dif-
ferent viruses, each targeting a distinct respiratory epithe-
lial population. CGRP virus, which targets NE cells of the
lung, was most effective in generating SCLC, with 27 out
of 30 animals developing SCLC (Sutherland et al. 2011).
Interestingly, the Sftpc (SPC) virus, which targeted AT2
cells as well as BASCs, also resulted in SCLC, although
with lower frequency and longer latency. The CC10 virus,
which targets club cells and BASCs, resulted mainly in
bronchiolar and alveolar hyperplasia, while hardly any tu-
mors were formed (Sutherland et al. 2011).

In a similar approach, the Kim and Sage laboratories
(Park et al. 2011a) used CMV, CC10, and SPC viruses to
delete Trp53 and Rb1; however, in their case, neither
the CC10 virus nor the SPC virus was effective in generat-
ing SCLC. A possible explanation for this discrepancy
could be in the difference between the Cre systems,
with the Berns laboratory (Sutherland et al. 2011) using
constitutive Cre as compared with an inducible CreER
system used by the Kim group (Park et al. 2011a). The con-
stitutive Cre might have allowed for some background
switching in NE cells after prolonged times, or, alterna-
tively, since theNE tumors thatwere found by Sutherland
et al. (2011) occurred far over a year, they might have es-
caped detection in the other study.

Using lineage tracing, CGRP-CreER mice were crossed
to ROSA26-mTmG and Trp53/Rb1 conditional animals.
In this system, CGRP-expressing cells were permanently
labeled with eGFP after administration of tamoxifen, al-
lowing the examination of early events following tumor
initiation (Song et al. 2012). This analysis showed that al-

most all PNECs within early hyperplastic lesions were
lineage-labeled and likely were the cells that led to tumor
development. Thus, based on the Rb1/p53 model, all
three groups show convincing evidence for NE cells serv-
ing as the predominant cell of origin for SCLC.

However, these results do not exclude the existence of
a yet-unidentified NE cell progenitor that can act as an
alternative cell of origin or the appearance of distinct
tumor-initiating cells under conditions of injury or in-
flammation or in the presence of additional driver muta-
tions. The remarkable plasticity of various putative
stem cell compartments in the lung supports this claim.
It is interesting to point out that, in the presence of
CC10-hASH1, which is a strong NE lineage differentia-
tion factor, in combination with CC10-driven SV40 large
T antigen, club cells gave rise to adenocarcinoma with
clear NE differentiation (Linnoila et al. 2000). Large T an-
tigen is known to interfere with the RB1, TP53, and
CREBBP/EP300 pathways, all of which are mutated in hu-
man SCLC (Peifer et al. 2012; Rudin et al. 2012). Thus, the
right combination of oncogenic drivers with lineage
differentiation factors could create a favorable environ-
ment for possible transdifferentiation and broaden the
source of cancer-initiating cell populations.

Therapeutic targets

The clinical management of SCLC has been difficult due
to the aggressive nature of this tumor, as it is generally fa-
tal within 2–4 mo after diagnosis when left untreated
(Kato et al. 1969). Whereas patients with LD have been
shown to benefit from surgery or thoracic radiotherapy
in combination with chemotherapy, patients with ED
rely solely on the systemically delivered chemotherapy
to target the disseminated tumor cells. Different treat-
ment modalities for SCLC have therefore been evaluated
to increase both the survival rate and the quality of life
of these patients. This has led to a standard first-line treat-
ment that combines the two DNA-damaging compounds
cisplatin and etoposide (Johnson 1999). As SCLC frequent-
ly metastasizes to the brain, an additional treatment
consisting of prophylactic cranial irradiation (PCI) is ad-
ministered to patients that show a response to chemother-
apy at the primary site. Despite a high initial response rate
of 45%–80%, patients quickly relapse after treatment ces-
sation (Chute et al. 1999). The treatment therefore has
limited effects on overall survival of SCLC patients, and
the 5-yr survival rate has remained <7% for decades (Shep-
herd et al. 2007).

The development of resistance has become a major ob-
stacle in the management of SCLC. Several mechanisms
of resistance have been brought forward in which the
up-regulation of multidrug transporters, the alteration of
expression levels of topoisomerases, increased cellular ad-
hesion, themaintenance of cancer-initiating cells, and the
plasticity of SCLC have all been implicated (Stewart
2010). An example of the potential plasticity of lung can-
cer cells has been observed in the case of transdifferentia-
tion of primary NSCLC to SCLC following treatment
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with EGFR inhibitors (Sequist et al. 2011; Norkowski
et al. 2013; Popat et al. 2013; Kuiper et al. 2014). Impor-
tantly, whereas the primary tumors were chemoresistant,
the recurring tumors showed many of the characteristics
of SCLC, including the loss of RB1 and an increased sensi-
tivity to chemotherapy (Niederst et al. 2015). In the case of
primary SCLC, a degree of plasticity was observed follow-
ing the introduction of active RAS, where cells with the
NE phenotype acquired a mesenchymal marker profile.
This phenotypic transition may also represent a mecha-
nism of resistance exploited by SCLC cells (Calbo et al.
2011).
A recent study reporting on a novel model of human

SCLC opens up new possibilities in the ongoing search
for themechanisms behind the acquired resistance to che-
motherapeutics. Hodgkinson et al. (2014) showed that
circulating tumor cells from SCLC can be isolated from
the blood of the patient and subsequently grown as xeno-
grafts. These circulating tumor cell-derived xenografts
(CTXs) reflected the donor’s response to platinum and eto-
poside (Hodgkinson et al. 2014). The isolation of tumor
cells from the blood of a patient can be performed without
the need for invasive biopsies, but, more importantly, the
tumor cells can also be isolated longitudinally, allowing
the comparison of cells isolated before the start of the
treatment and at the moment of tumor progression.
As cancer cells rely on the continuous oncogenic sig-

nals induced by genetic aberrations, these lesions become
a potential Achilles’ heel of these cells and could thus
form a solid basis for therapeutic intervention. Most clin-
ical trials that used novel targeted therapeutics for SCLC
have failed to show a significant clinical benefit over the
existing treatment options (Sgambato et al. 2013). With
the accumulation of more data on the drivers of SCLC,
however, newly targeted therapies have been tested in
clinical trials (Table 2). Below, we discuss some of the
more promising agents.
As alterations inTP53 andRB1 have been found in near-

ly all SCLC patients, restoration of their function is an at-
tractive route to treat these tumors. In the case of SCLC
where mutant forms of p53 are expressed, the restoration
of the wild-type function would be an attractive strategy.
In line with this notion, introduction of a wild-type TP53
allele in vitro induces apoptosis in TP53 mutated tumor
cells (Adachi et al. 1996). The advent of molecular com-
pounds that can revert the properties of mutant p53
back to its wild-type functions therefore brings new possi-
bilities for the treatment of SCLC (Zandi et al. 2011). At
present, one of these compounds, PRIMA-1MET, entered
early phase clinic trials for a subset of solid tumors, and
the results of those are eagerly awaited (Duffy et al. 2014).
Restoration of RB1 function using small molecules is

not possible at present. However, the disruption of RB1
function does induce targetable changes in tumor cells.
One such change is an increase in the expression of
EZH2 (Byers et al. 2012; Hubaux et al. 2013). Inhibition
of EZH2 in SCLC cell lines reduced cell growth and in-
duced apoptosis, suggesting that this transcriptional regu-
lator is worth examining for the treatment of RB1-
deficient SCLC (Coe et al. 2013; Poirier et al. 2015).

The amplification ofMYC family members has been re-
ported in up to 30% of SCLC samples.MYC amplification
is often observed in previously treated SCLCpatients, sug-
gesting that MYC up-regulation can lead to chemoresist-
ance (Brennan et al. 1991; Johnson et al. 1996). MYC is
therefore an attractive therapeutic target, and several indi-
rect methods have been devised to targetMYC-dependent
cells. It has been shown that JQ1, a bromodomain inhibi-
tor, is able to down-regulate MYC-driven transcription,
leading to cell cycle arrest and senescence (Delmore
et al. 2011; Zuber et al. 2011). Disrupting the structure
of Aurora kinase A (AURKA) by specific AURKA inhibi-
tors is another means to interfere with MYC function
(Gustafson et al. 2014; Silva et al. 2014). Indeed, it could
be shown that AURKA inhibition was especially effective
in SCLC cell lines bearing MYC amplifications (Sos et al.
2012). Interestingly, alisertib, a highly selective AURKA
inhibitor, produced high response rates as a single agent
in relapsed SCLC (Byers and Rudin 2014; Melichar et al.
2015). It is therefore tempting to speculate that relapsed
SCLC, which generally shows highMYC expression, is re-
sponsive to AURKA inhibition.
As the involvement of the PI3K pathway in SCLC devel-

opment has been clearly established, this pathway has
also been the subject of therapeutic intervention. The in-
hibition of individual components of the pathway leads to
a potent induction of apoptosis and reversion of chemore-
sistance in preclinical studies (Razzini et al. 2000; Wu
et al. 2005). In clinical trials, however, single agent admin-
istration of mTOR inhibitors exerted only limited anti-
tumor activity (Tarhini et al. 2010). Combination thera-
pies using more potent dual PI3K/mTOR inhibitors that
circumvent the reactivation of the PI3K pathway through
a negative feedback loop may possibly be more effective
(Sun et al. 2005).
A variety of targetable receptor tyrosine kinases, such

as KIT, MET, FGFR, IGF1R, and EGFR, are found ampli-
fied, overexpressed, or mutated in SCLC (Rygaard et al.
1993; Warshamana-Greene et al. 2005; Norkowski et al.
2013). Multiple compounds targeting these tyrosine ki-
nases have already progressed into the clinic for other tu-
mor types. Unfortunately, inhibition of these receptors
in SCLC has not yet led to beneficial responses. It has to
be noted that most of these studies were performed in
unselected patient groups, and careful stratification of pa-
tients using suitable biomarkers might improve the re-
sponse rates.
The overexpression of the anti-apoptotic protein BCL2

has been demonstrated in almost all SCLC cell lines and
tumor samples (Jiang et al. 1995). Even though inhibition
of this protein showed promising effects in cell lines
and xenografts, the clinical benefit of inhibition of BCL2
was limited. Antisense oligonucleotides and several com-
pounds inhibiting BCL2 did not improve the outcome
in SCLC patients (Rudin et al. 2008; Baggstrom et al.
2011; Langer et al. 2014). However, a recent study brought
new hope for the application of BCL2 inhibitors, as the
combination of anmTOR inhibitor with a BCL2 inhibitor
induced marked apoptosis in cell lines, xenografts, and
GEMMs of SCLC (Faber et al. 2015).
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The observation that PARP1 is highly expressed in
SCLC also offers perspectives for the treatment of this
cancer (Byers et al. 2012). In preclinical work, the admin-
istration of different PARP inhibitors already exhibited

good activity when administered as a single agent, an ef-
fect that was also observed in a subset of SCLC patients
in an early phase clinical trial (Cardnell et al. 2013; Wain-
berg et al. 2014). Since SCLC is initially extremely

Table 2. Targeted therapies for SCLC in clinical trialsa

Targets Agents

Inducers of apoptotis
BCL2 AT-101, oblimersen
BCL2, BCL-W, BCL-XL Navitoclax
BCL2, Mcl-1, BCL-W, BCL-XL Obatoclax

Kinase Inhibitors
AURKA Alisertib
CDK Roniciclib
EGFR Erlotinib, tefitinib
FGFR Nintedanib, JNJ-42756493
IGF-1R Cixutumumab, dalotuzumab, figitumumab, ganitumab, lisitinib
KIT Imatinib
KIT, PDGFR, FLT3 Amuvatinib
MET Rilotumumab
mTOR Everolimus, temsirolimus,
PI3K Buparlasib
PLK1 Volasertib

SRC Dasatinib, sarcatinib
NE targeting
GD2 BIW-8962
GD3 BEC2
NCAM1 Lorvotuzumab
NTS1 Meclinertant

Anti-angiogenesis
Matrix metalloproteinases BAY 12–9566, marimastat, tanomastat
VEGF-A Bevacizumab
VEGF-A/B Aflibercept
VEGFR Cediranib
VEGFR, EGFR Vandetanib
VEGFR, PDGFR, FGFR Pazopanib
VEGFR, PDGFR, FLT-3, RET, KIT Sunitinib
VEGFR, PDGFR, Raf-1 Sorafinib, thalidomide

Immunotherapy
CTLA-4 Ipilimumab
PD-1 Nivolumab, pembrolizumab
TLR-9 MGN1703
— Interferon α

Miscellaneous
CXCR4 LY2510924
Farnesyltransferases Tipifarnib
HDAC Belinostat, depsipeptide, entinostat, panobinostat, romidepsin, vorinostat
HSP90 Ganetespib
KIF11 Litronesib
LSD1 GSK2879552
Microtubili Cabazitaxel, docetaxel, epothilone, paclitaxel, vinorelbine, sagopilone, taxol
NOTCH2,3 Tarextumab
PARP Olaparib, rucarib, talazoparib, veliparib
PGP, MRP1 Biricodar
Proteasome Bortezomib, carfilzomib
Reteinoic scid receptor Fenretinide
SMO BMS-833923, sonidegib, taladegib
TOP1 Belotecan, diflomotecan, irinotecan, rubitecan, SN-38, topotecan, XMT-1001
TOP2 Becatecarin

aAgents in clinical trials according to ClinicalTrials.gov as of March 2015.
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sensitive to chemotherapeutics, the outcomes of current-
ly ongoing trials that combine PARP inhibitors with che-
motherapy are eagerly anticipated.
In addition to targeting of specific molecular aberra-

tions in SCLC, the NE character of this tumor type has
been explored as a putative target for treatment. The
SCLC cells retain NE features, such as high expression
of ASCL1 and high secretion of the mitogenic factor
bombesin (Westerman et al. 2002). Possibly the most
promising NE-specific target for therapy is NCAM1
(CD56), which is expressed in SCLC cells. Preclinical
work on lorvotuzumab, a toxin-conjugated anti-NCAM1
antibody, showed impressive response rates in SCLC xe-
nograft models. Here the addition of lorvotuzumab to
standard chemotherapeutics showed superior responses
over the chemotherapy treatment alone (Whiteman
et al. 2014). Disappointingly, clinical trials using this
agentwere stopped prematurely due to a lack of additional
benefits.
Interestingly, a number of pathways involved in normal

lung development, such as the Fgfr, Wnt, and Notch
pathways, are aberrantly regulated in SCLC. These path-
ways are therefore also actively pursued as potential
targets for therapeutic intervention (Table 2). The Hedge-
hog pathway plays a central role in development and stem
cell renewal and is an essential pathway in lung regenera-
tion following injury (Varjosalo and Taipale 2008). A key
transcription factor in this pathway, the glioma-associat-
ed oncogene homolog 1 (GLI1), is frequently found overex-
pressed in SCLC tumor samples but not in cell lines
(Vestergaard et al. 2006). Targeting theHedgehog pathway
in patients with SCLC, however, provided no significant
benefit when added to cisplatin and etoposide.
SCLC is characterized by high vascularization and is as-

sociated with increased serum levels of vascular endothe-
lial growth factor (VEGF) (Salven et al. 1998; Lucchi et al.
2002). Consequently, trials testing a number of anti-angio-
genic compounds in SCLC patients were initiated. Bevaci-
zumab, a humanized monoclonal antibody targeting
VEGF, showed themost promising results in clinical trials
(Lu et al. 2013). Currently, however, conflicting results on
the clinical benefit of this agent for SCLC patients suggest
that careful patient selection, possibly on the basis of
VEGF expression levels, might be needed to better assess
the potential benefits of this treatment (Jalal et al. 2010;
Spigel et al. 2013).
Immunotherapy is showing promising activity in lung

cancer (Villaruz et al. 2014). The most recent approaches
include the checkpoint blockade, inwhich T-cell modula-
tory activities are inhibited by blocking signaling through
PD1, PDL1, and CTLA-4. The effectiveness of these ap-
proaches likely depends on the presence of tumor-specific
neoantigens as well as the ability of tumor cells to proper-
ly present these antigens. Tumors with a high load of
somatic mutations would generate a higher diversity of
neoantigens and therefore would more likely respond to
checkpoint blockade (Brown et al. 2014; Snyder et al.
2014). Lung cancers, including SCLC, are characterized
by a high degree of genomic instability as well as a clear
smoking-associated mutational profile and therefore are

likely to generate a variety of tumor-specific antigens
(Alexandrov et al. 2013). On the other hand, SCLC is re-
ported to have a severe reduction in the levels of both
MHC class I and class II (Doyle et al. 1985; Yazawa et al.
1999), a means of escaping anti-cancer immunity. Com-
bining checkpoint inhibition with radiotherapy and che-
motherapy, which may boost MHC levels and better
expose antigen repertoire, may be promising (Reits 2006;
Bracci et al. 2013). Currently, a number of phase I and
phase II clinical trials in patients with extensive and lim-
ited stage SCLC are testing the efficacy and tolerability of
the standard treatment in combination with checkpoint
inhibitors (Villaruz et al. 2014).

Future perspective

SCLC is an aggressive disease characterized by early met-
astatic spread and a rapid development of resistance. In
the last decades, utilization of a variety of in vitro and in
vivo model systems of SCLC helped to uncover key driver
mutations and identify NE cells as the most likely cells of
origin for this cancer type. In spite of these insights, no sig-
nificant therapeutic improvements were achieved over 30
years. It is evident that a more detailed understanding of
SCLC is required to developmore effective therapeutic ap-
proaches. Unique features dictated by both the cell of ori-
gin and the genetic lesion shape the resulting tumors and
their capacity to quickly develop resistance to therapy.
Therefore, detailed insight into signaling in NE cells and
molecular changes that lead to their transformation may
help to identify better ways to inhibit SCLC progression.
An in-depth analysis of genetic and epigenetic alter-

ations that take place within the tumor cells in the course
of acquisition of resistance is of utmost importance. Thus,
expansion of a currently limited tumor tissue collection is
urgently needed, with samples taken longitudinally, rep-
resenting different stages of disease progression. In this re-
gard, CTX models hold great promise and can facilitate
the identification of the diversity of resistance mecha-
nisms in individual patients.
Our understanding of themechanisms underlying resis-

tance and metastatic progression can come from detailed
analysis of tumor heterogeneity, including further delin-
eation of distinct cancer-initiating populations, as well
as characterization of the intrinsic or acquired plasticity
of SCLC, such as NE-to-mesenchymal transition. Ad-
vanced GEMMs that reflect complex genetic and cellular
heterogeneity of SCLC and model both primary and resis-
tant diseases can represent an important step forward. De-
velopment of mouse models that will allow tracing of NE
cells and help to assess their potential plasticity that may
arise following transformation will be of interest. For effi-
cient utilization, these models should have a relatively
short latency and allow for easy estimation of tumor bur-
den, thus providing a tool to monitor the effectiveness of
therapeutic interventions. Furthermore, GEMMs that
combine key driver alterations with carcinogen-induced
mutations might be an ideal model for preclinical testing
of immunotherapeutic interventions.
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With the availability of an increasing number of drugs
for targeted therapy, new possibilities for the treatment
of SCLC arise. At present, the results from early phase
clinical trials using these compounds are generally disap-
pointing, urging a further quest for suitable biomarkers for
patient stratification and the identification of synergistic
combination therapies.

Considering continuous improvements in molecular
and computational profiling, easier access to tumor mate-
rial, and rapid development of novel complex in vivomod-
el systems, we should be able to offer better treatments to
SCLC patients in the years to come.
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