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Abstract: The precision medicine revolution has led to the development and US FDA approval of multiple 
targeted therapies in non-squamous non-small cell lung cancers, including tyrosine kinase inhibitors 
targeting EGFR, ALK, and ROS1. However, the development of targeted therapies for squamous cell lung 
cancers (SQCLCs) and small cell lung cancers (SCLCs) has lagged behind and the mainstay of systemic 
therapy for most patients with metastatic disease remains chemotherapy; which has seen little meaningful 
progress over the past three decades. The ideal of precision medicine in these diseases may appear elusive; 
however, recent comprehensive genomic analysis of SQCLC and SCLC has led to multiple breakthroughs in 
our understanding of the biology of these diseases and has led to new therapeutic approaches currently under 
active clinical investigation. This review will focus on the therapeutic relevance of these alterations in their 
respective diseases and new insights into promising therapeutics currently under investigation. 
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Squamous cell carcinomas of the lung

Squamous cell lung cancers (SQCLCs) account for 20–30% 
of NSCLCs and are the second most common kind of lung 
cancer diagnosed world-wide (1). Despite the relatively 
high incidence of this disease, there are in practice no 
targeted therapy options for patients with SQCLC, a 
situation that stands in stark contrast to the myriad options 
available for patients diagnosed with lung adenocarcinomas. 
This barrenness belies the substantial amount of work 
performed by multiple groups to better define the genomic 
abnormalities that are present in the disease. What it does 
reflect in part, is the representational disconnect that marks 
the existing models of this disease, which in turn exposes 
the need for additional experimental resources and a 
deeper understanding of how, and whether, these genomic 
abnormalities are functionally important. 

A comprehensive review of the length and breadth of 
the molecular characteristics of SQCLCs provides an 
insufficient explanation as to why efforts at finding targeted 
therapies have largely failed, and can indeed be misleading 
when viewed strictly within the single-gene, single-target 
conceptual framework that has yielded success in the past. 
Rather, a review of the pre-clinical and clinical work on 
a handful of putative oncogenic targets provides the best 
assessment of where we currently stand in the development 
of targeted therapeutics for this disease. These events are, 
coincidentally, the most common genomic alterations 
found in SQCLCs, and include FGFR1 amplification 
(~20%), PI3K aberrations (~30–50%), and G1/S checkpoint 
alterations (~25%). What follows is a review of the pre-
clinical and clinical data reported for each, with a focus on 
how these genotype-phenotype correlations inform ways to 
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bridge the gap between the promise and reality of targeted 
options for patients with SQCLC.

FGFR1 amplification

FGFR1 is a transmembrane receptor tyrosine kinase that 
regulates embryonal development, cell proliferation, 
differentiation, and angiogenesis. The FGFR super-family 
consists of four receptors, including FGFR1, FGFR2, 
FGFR3 and FGFR4, and 22 FGF mitogenic and hormonal 
ligands. Ligand binding to the receptor, which is specific 
both to receptor isotype and organ location, causes receptor 
dimerization and activation of downstream signaling via the 
PI3K/AKT and RAS/RAF/MAPK pathways.

Alterations in FGFR1-4 were seen in 27% of early stage 
SQCLC tumor samples reported by TCGA, with FGFR1 
mutations or amplification present in 18% (2). Other 
studies have shown amplification frequencies of between 
13–22%, with variation by assay type and demographic 
group analyzed (3-6). Its impact on prognosis is unclear, 
with one study in an Asian population suggesting worse 
survival and another showing no impact on survival in a 
Caucasian population. 

The first pre-clinical data to demonstrate the oncogenic 
potential of FGFR1 amplification in SQCLC was reported 
by Weiss and colleagues in 2011, who also showed that a 
subset of lung cancer cell lines and xenograft models that 
harbored this event were sensitive to treatment with the 
FGFR inhibitor PD173074 (4). Pharmacologic sensitivity 
in this setting was also reported in a number of FGFR1 
amplified SQCLC patient derived xenografts in response to 
the FGFR inhibitor AZD4547 by Zhang and colleagues (7).

These data led to the inclusion of FGFR1 amplified 
SQCLCs in early phase clinical trials of the FGFR 
inhibitors AZD4547, BGJ398, dovitinib, and JNJ-
42756493. The overall response rate in each of these 
biomarker-selected trials was modest and disappointing, 
ranging from 8–15% (8-11). 

There are two general explanations as to why this might 
be the case. The first hinges on the presence of bypass 
pathways that confer resistance to drug inhibition. Malchers 
and colleagues, for example, have shown that high co-
expression of Myc can sensitize FGFR1 amplified SQCLC 
to pharmacologic inhibition (12). In addition, genomic 
co-alterations with potential modifiers of response are 
also common, with frequent overlap with upstream PI3K 
alterations and G1/S checkpoint alterations (2,6). It is 
important to note, however, that the biologic impact of the 

latter has not yet been characterized. 
The second explanation is definitional, that FGFR1 

amplification, at least as defined by the assays in these trials, 
is not in fact a reliable proxy of downstream expression 
and thus activation. Wynes and colleagues suggested 
that this might be the case in their analysis of cell lines 
harboring varying degrees of FGFR1 copy number, mRNA, 
and protein expression, demonstrating that a correlation 
between DNA polysomy and expression was not uniform, 
rendering FGFR1 copy number as the least robust 
predictive biomarker of response to the drug ponatinib (13).  
Comprehensive molecular analysis of SQCLC patients 
treated with the FGFR inhibitor AZD4547 by Paik and 
colleagues supports this to be the case in patient samples, 
where receptor amplification was found to variably lead to 
increased mRNA and protein expression (14). In addition, 
expression analysis of the 8p11 amplicon showed striking 
differences between the expression patterns found in 
positive control FGFR1 amplified cell lung cancer cell 
lines that are known to be sensitive to AZD4547 and those 
from patient biopsies. While the cell line positive controls 
exhibited high expression of nearly all genes on the 8p11 
amplicon, patient samples showed differential expression 
of these genes in patterns suggesting that FGFR1 was not 
central to the amplification event and, in most, not highly 
expressed relative to other genes.

These data  suggest ,  in  aggregate,  that  FGFR1 
amplification is, in most patients, not a primary oncogenic 
event that can be targeted. While a subset of these patients 
might have cancers driven by FGFR1 amplification, the 
predictive biomarker that identifies these patients remains 
unclear.

PI3K pathway

The PI3K pathway, involved in cell survival, metabolism, 
motility, and angiogenesis, is commonly altered across 
many cancers. Oncogenic alterations can occur at multiple 
levels. In sum, these alterations are more common in 
SQCLCs than in lung adenocarcinomas, suggesting an 
increased dependence on this pathway (15-17). Upwards 
of 50% of tumors harbored a somatic alteration in one of 
the components of the PI3K/AKT pathway in the TCGA 
SQCLC dataset (2). The mutation rate for PIK3CA in 
SQCLC ranges from 3.6–6.5% (16,18), with PIK3CA 
amplification occurring in roughly 40% by FISH (17) and 
PCR (19) respectively. Jin and colleagues found a PTEN 
mutation rate of 10% in SQCLCs compared to 1.7% in 



Annals of Translational Medicine, Vol 5, No 18 September 2017 Page 3 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2017;5(18):373atm.amegroups.com

lung adenocarcinomas (20). Soria and colleagues reported 
loss of PTEN expression by IHC and PTEN methylation 
in 24% and 35% of NSCLC respectively (21). 

Functionally, conditional inactivation of PTEN and LKB1 
in a transgenic murine model generates SQCLCs with 
complete penetrance (22). In vitro data has shown that cell 
lines harboring alterations in this pathway, including PIK3CA 
mutation or amplification and PTEN loss, confers sensitivity 
to pharmacologic inhibition (23). Retrospective analyses 
suggest that advanced SQCLC patients whose tumors harbor 
PI3K aberrations have a poorer prognosis, with an increased 
propensity to develop metastatic disease (6).

Despite these data, a phase 2 trial of the pan-PI3K 
inhibitor buparlisib (BKM120) in SQCLC patients with 
PI3K aberrations was negative (24). The trial enrolled 
30 SQCLC patients in total, all of whom had tumors 
harboring an alteration in the PI3K pathway (21% PIK3CA 
mutation, 28% PTEN mutation, 62% PTEN IHC negative 
with varying degrees of overlap between categories). A 
single unconfirmed partial response was reported, yielding 
an ORR of 3%, in a patient whose tumor exhibited PTEN 
loss by IHC. The study did not meet its pre-specified PFS 
primary endpoint, and closed due to futility. A phase 2 trial 
of taselisib (GDC0032) under S1400 (NCT02154490) 
initially randomized PIK3CA mutant patients to taselisib 
4 mg oral daily versus single agent docetaxel, but was 
amended to a single arm phase II trial of taselisib. Interim 
results of the first 20 patients were recently reported by 
Wade et al. and failed to meet the primary endpoint with an 
objective response rate of only 5% (95% CI, 1–24%) and a 
median PFS of 2.7 months (95% CI, 1.8–3.4 months) (25). 

In the absence of more comprehensive sequencing 
data and/or pharmacodynamic correlates, it is difficult 
to tease apart the reasons for the limited efficacy seen in 
this biomarker-selected group of patients. That some or 
many of these PI3K alterations are passenger events is 
a distinct possibility, and one that has been raised in the 
past for patients with lung adenocarcinomas. Overlap is 
not uncommon with other putative drivers, similar to 
what has been observed with PIK3CA co-mutations in 
lung adenocarcinomas (26). Ultimately, modeling will be 
required to further understand mechanisms of resistance. 
The development of the Pten/Lkb1 null transgenic SQCLC 
mouse model should assist in these efforts.

Finally, it is worth noting that the consequence of 
somatic alterations such as PTEN loss is not limited in 
scope to oncogenic effects within the cancer cell. The 
Pten/Lkb1 null transgenic mouse model generates highly 

inflamed tumors that express PD-L1, which joins other data 
that suggests that PI3K pathway aberrations play a role in 
immunosurveillance (22,27,28). 

CCND1 amplification, CDK4 amplification, CDKN2A loss

Cellular division is a highly regulated process marked by 
three general stages: quiescence (G0); DNA synthesis 
(G1, S); and mitosis (G2, M). Dysregulation of the cell 
cycle leading to uncontrolled division can occur through 
inactivation of suppressors such as RB, P53 and p16 
and upregulation of activators such as the cyclin/cyclin 
dependent kinase (CDK) complexes. Cyclins D1-3, which 
bind to CDKs 2, 4, and 6, are important early regulators 
under the control of mitogenic signaling. These complexes 
phosphorylate the tumor suppressor RB, which triggers 
dissociation of RB from the E2F transcription factors and 
moves the cell from G1 to the S phase (29).

Of the G1/S checkpoint regulators, CCND1, which 
encodes cyclin D1, is amplified in 13% of SQCLC cases; 
CDK6 is amplified in 4%; and CDKN2A, which encodes 
the tumor suppressor p16 that inhibits CDK4 and 6, is 
mutated or homozygously deleted in 45% of tumors (2).  
There are, however, limited data to suggest that at least 
single agent inhibition of this pathway is effective in models 
of lung cancer. As an example, the CDK 4/6 inhibitor 
abemaciclib (LY2835219), was shown to have clear anti-
tumor efficacy in breast and colorectal cancer models with 
and attendant decrease in RB phosphorylation (30). Modest 
growth inhibition was seen in response to abemaciclib 
monotherapy in a Calu-6 xenograft model, however, which 
is perhaps not surprising given the inability of abemaciclib 
to decrease RB phosphorylation in this model. A similar 
lack of anti-tumor efficacy was seen with palbociclib in 
H125 and H23 lung adenocarcinoma xenografts (31). 

More recently,  results  from a phase 1 study of 
abemaciclib in NSCLC patients were reported as part of 
a multi-cancer basket trial (32). Sixty-eight patients with 
advanced NSCLC were treated, 29 of whom were KRAS 
mutant and 6 of had SQCLC. Two partial responses were 
seen, one in a KRAS mutant lung cancer patient and another 
in an SQCLC patient harboring CDKN2A loss. Molecular 
data was not available for 4 of the 6 patients with SQCLC. 
Of note one SQCLC patient with an increase in tumor size 
as best response also bore a tumor with CDKN2A loss.

The effect of other co-alterations as modifiers of 
response to CDK4/6 inhibition or, conversely, the role 
of G1/S checkpoint alterations as modifiers of response 
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to other targeted agents is unknown and will require 
an analysis in a series of patients who undergo broader 
molecular testing. To this end, the results from the S1400 
phase 2 study of palbociclib in advanced SQCLC patients 
whose tumors are positive for CCND1 amplification, CDK6 
amplification, or CDKN2A deletion/mutation should be 
illuminating, as patients will have all undergone next-
generation sequencing for a broad panel of oncogenes and 
tumor suppressor (S1400, NCT02154490). 

DDR2 mutations

The discoidin domain receptor (DDR) is a plasma 
membrane receptor tyrosine kinase that regulates cell 
adhesion, proliferation, and extracellular remodelling upon 
binding to its endogenous ligand, type 1 collagen (33,34). 
Hammerman and colleagues reported that a subset of 
mutations in DDR2 are activating and that these mutations 
are sensitive to dasatinib, which has activity against DDR1 
and DDR2 (35). While DDR2 mutations occur in about 3% 
of SQCLCs (2), they appear sporadically across the gene, 
and it is unlikely that all are functionally significant. There 
have been two case reports of SQCLC patients with DDR2 
S768R mutations who have responded to dasatinib (35,36). 
This particular mutation appears to be rare, however, 
making any attempt at prospective study of this nearly 
impossible. 

Future directions

Although these initial efforts at defining targets and 
matched therapies are now largely behind us, the way 
forward is not entirely clear. While the FDA has approved 
the non-targeted use of targeted therapies in this disease 
(necitumumab and afatinib), this is unsatisfying, subjecting 
most patients to ineffective therapies at best and needless 
toxicity at worst. At a minimum, attempts must be made 
at defining better biomarkers even as we expeditiously 
move away from those that have failed attempts at clinical 
validation. This is admittedly easier said than done, largely 
because our existing pre-clinical models do not reflect the 
diversity of oncogenic changes seen in our patients’ tumors. 
This can be surmounted by the generation of patient-
derived xenografts, for example, if done in a systematic 
fashion. 

And while there are other targets are of interest left to 
explore, such as NFE2L2 and KEAP1 mutations, the fate of 
targeted therapeutics for patients with SQCLCs might very 

well lie with combinations of inhibitors. The way forward 
with this is in theory clear, requiring a careful assessment 
of inhibitors using in vitro and in vivo models and cautious 
dose-finding studies. Both erlotinib + trametinib and 
dabrafenib + trametinib have been safely combined, the 
latter with success, providing precedence for this approach. 

To this end, S1400 Lung-MAP (NCT02154490): a 
randomized phase II/III umbrella, biomarker-targeted, 
study of second-line therapy in patients with recurrent 
stage IV SQCLCs sponsored by the Southwest Oncology 
Group in collaboration with the National Cancer Institute 
is an ongoing protocol with a total estimated enrollment 
of 10,000 patients and an estimated study completion date 
of April 2025. This “Master Protocol” matches patients 
with a known biomarker or genomic alteration onto sub-
studies of targeted therapies. The study is dynamic, and 
so can pivot in other directions as new data emerge, such 
as those discussed previously. Indeed, the plasticity of this 
study design serves as one of its greatest strengths, with the 
ability to open new cohorts to pursue novel targeted agents 
as they become available. Table 1 summarizes the protocol 
and current treatment arms. 

Small cell carcinomas of the lung

In contrast to NSCLC, small cell lung cancer (SCLC) 
accounts for only 13% of all lung cancers (37,38). Despite 
the relatively low incidence of SCLC, it remains the 6th 
most common cause of cancer related death worldwide, 
attesting to the aggressive natural history and lack of 
effective therapies for this devastating disease (39). SCLC 
is a high grade neuroendocrine carcinoma with a rapid 
doubling time, early development of systemic metastases 
and a dismal 5-year overall survival of 1–5% (40). SCLC 
is a disease seen almost exclusively in patients with a 
significant smoking history, leading to a high mutational 
burden of carcinogen-induced somatic mutations including 
near universal bi-allelic loss of tumor suppressor genes 
TP53 and RB1 (41). First line systemic therapy for extensive 
stage disease consists of combination chemotherapy with 
a platinum and etoposide with response rates approaching 
60–70% (42-44). Initial responses to systemic therapy 
are tantalizing, however, most patients suffer rapid and 
chemotherapy resistant disease relapse and treatment 
options have remained unchanged for the past three 
decades. Recent comprehensive genome, epigenome, and 
proteome analysis of SCLC has led to significant progress 
in uncovering aspects of the biology of the disease; defining 
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new therapeutic strategies and offering renewed hope for 
patients. Table 2 summarizes ongoing clinical trials utilizing 
targeted therapies in SCLC. 

The genetic mutational landscape is complex and varied, 
however, the most common genetic alterations include 
functional inactivation of tumor suppressor genes TP53 and 
RB1, copy number gains in MYC family members, enzymes 
involved in chromatin remodeling, receptor tyrosine 
kinases and their downstream effector, and NOTCH family 
members (45-48). SCLC has one of the highest somatic 
mutation rates of 7.4 non-synonymous mutations per 

million base pairs (47), leading to an increased neoantigen 
load and a potential window of opportunity for therapeutic 
intervention with immunotherapy (49). 

TP53 and RB1

TP53 and RB1, both tumor suppressors, are universally 
inactivated in SCLC (47). Rarely, SCLC can occur in the 
setting of retained or wild-type RB1. Chromothripsis, the 
phenomenon by which multiple clustered chromosomal 
arrangements occur in a single event, in chromosomes 3 and 

Table 1 S1400 lung MAP SQCLC master protocol

Arm Study drug Target Status

S1400A

Arm I Durvalumab (MEDI4736) anti B7-H1 mAb Non-matched Closed to accrual 12/2015

Arm II Docetaxel (comparator arm) Non-matched Closed to accrual 04/2015

Arm III Durvalumab retreatment (from to arm I) Non-matched Closed to accrual 12/2015

S1400B

Arm I Taselisib (GDC-0032) PI3KCA inhibitor PI3KCA Closed to accrual 12/2016

Arm II Docetaxel (comparator arm) PI3KCA Closed to accrual 12/2015

Arm III Taselisib (crossover from arm II) PI3KCA Closed to accrual 12/2016

S1400C

Arm I Palbociclib (PD-0332991) CDK4/6 inhibitor CDK4/6, CCND1,2,3 Closed to accrual 09/2016

Arm II Docetaxel (comparator arm) CDK4/6, CCND1,2,3 Closed to accrual 12/2015

Arm III Palbociclib (crossover from arm II) CDK4/6, CCND1,2,3 Closed to accrual 09/2016

S1400D

Arm I AZD4547 FGFR-1,2 and 3 inhibitor FGFR1,2,3 Closed to accrual 10/2016

Arm II Docetaxel (comparator arm) FGFR1,2,3 Closed to accrual 12/2015

Arm III AZD4547 (crossover from arm II) FGFR1,2,3 Closed to accrual 10/2016

S1400E

Arm I Rilotumumab + erlotinib in HGF/c-MET (+) HGF/c-MET Closed to accrual 11/2014

Arm II Erlotinib in HGF/c-MET positive HGF/c-MET Closed to accrual 11/2014

S1400G

Arm I Talazoparib (BMN673) in HRRD HRRD positive Open to accrual

S1400I

Arm I Nivolumab +  ipilimumab (unmatched) Non-matched Open to accrual

Arm II Nivolumab (unmatched) Non-matched Open to accrual 

PI3KCA, phosphatidylinositol 3-kinase; CDK4/6, cyclin dependent kinase 4/6; CCND1,2,3, Cyclin D1,2,3; FGFR1,2,3, fibroblast growth 
factor receptor 1,2,3; HGF/c-MET, hepatocyte growth factor; HRRD, homologous recombination repair deficiency.
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11 can lead to overexpression of cyclin D1 and deregulation 
of Rb1, leading to the phenotypic presentation of  
SCLC (47). TP53, referred to as the “guardian of the 
genome,” plays a critical role in DNA repair and cell 
cycle arrest at the G1/S interphase, and is mutated in 
nearly half of all human cancers (50). Accordingly, TP53 
deficiency leads to defective cell cycle checkpoint arrest at 
G1/S, impairs DNA damage response and contributes to 
replication stress (51-53). RB1, similar to TP53, encodes 
a protein (pRb) which binds to transcription factors of 
the E2F family and is responsible for cell cycle arrest and 
prevention of G1/S transition (54). In SCLC, RB1 and 
TP53 loss together result in markedly defective G1/S cell 

cycle checkpoint capacity and increased dependency on 
the G2/M checkpoint for adequate DNA repair and cell 
survival. In the context of TP53 and RB1 deficiency, rational 
targeting of the G2/M checkpoint may exploit this tumor 
specific vulnerability (53). 

WEE1 inhibition

WEE1 is an important gatekeeper of G2 arrest and is a 
checkpoint tyrosine kinase that phosphorylates and inhibits 
cyclin-dependent kinases 1 (CDK1) and 2 (CDK2) (55). In 
the preclinical setting, the combination of WEE1 inhibitors 
with any of several classes of DNA damaging agents has 

Table 2 Ongoing targeted therapy studies in SCLC

Target/Phase Study drug Status

DLL3

Phase III Rovalpituzumab tesirine versus topotecan 2nd line Open to accrual

Phase III Rovalpituzumab tesirine maintenance Open to accrual

Phase II Rovalpituzumab tesirine 3rd line in DLL3 high expressors Open to accrual

Phase I/II Rovalpituzumab tesirine + Nivolumab +/− Ipilimumab Open to accrual

Phase Ia/Ib Rovalpituzumab tesirine 1st line in DLL3 high expressors Open to accrual

Phase I Rovalpituzumab tesirine in the recurrent setting Open to accrual

Phase Ia/Ib SC-002 Open to accrual

PARP

Phase II Chemotherapy +/− olaparib +/− cediranib Open to accrual

Phase I/II Veliparib + Carboplatin/Etoposide 1st line Open to accrual

Phase I Olaparib + AZD1775 Open to accrual

Phase I/II Olaparib + CRLX101 Open to accrual

Phase II Olaparib + cediranib Open to accrual

WEE1

Phase II AZD1775 Open to accrual

Phase II AZD1775 + carboplatin Open to accrual

Phase I AZD1775 + olaparib Open to accrual

VEGF

Phase III Maintenance apatanib post etoposide and platinum Not yet open to accrual

Phase II Apatanib 3rd line Open to accrual

Phase II Apatanib + Etoposide maintenance Open to accrual

Phase II Apatanib +/− topotecan Open to accrual

Phase II Anlotinib (multikinase inhibitor) vs. placebo Open to accrual
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shown synergistic efficacy in TP53 deficient cancer cell 
lines (56-58). AZD1775, is a novel tyrosine kinase inhibitor 
of Wee1, and is currently under clinical investigation in a 
Phase II, single arm study as monotherapy in patients with 
recurrent SCLC (NCT02593019) and an ongoing phase I 
with a SCLC expansion cohort in combination with PARP 
inhibitor olaparib (NCT02511795). 

EZH2 inhibition

Loss of RB1 in SCLC is also strongly associated with 
overexpression of enhancer of zeste homolog 2 (EZH2) 
(59,60) suggesting a potential role for EZH2 inhibition in 
the treatment of SCLC. EZH2 is not commonly mutated in 
SCLC but the level of EZH2 expression in SCLC is higher 
than in any tumor type included in the Cancer Genome 
Atlas (61,62). EZH2 expression is under the direct control 
of E2F transcription factors (63). E2F transcriptional 
activity is negatively regulated by RB1 (47); the nearly 
universal loss of functional RB1 in SCLC results in high-
level E2F transcriptional activity, and consequent high-
level EZH2 expression (59). These observations define a 
model in which EZH2 expression is primarily promoted by 
one of the pathognomonic genetic alterations of SCLC. 
Recent work using patient-derived xenografts links the 
upregulation of EZH2 with SLFN11 silencing as a frequent 
mechanism of acquired chemoresistance in SCLC and 
EZH2 inhibition was found to prevent SLFN11 silencing 
and maintain chemotherapeutic sensitivity, suggesting a 
potential combinatorial strategy to enhance efficacy of 
current standard therapies for this recalcitrant disease (64). 

Notch pathway

The Notch pathway has been implicated in SCLC 
oncogenesis and multiple approaches targeting the pathway 
are currently underway (47,65). Direct Notch inhibitors 
such as MEDI0639, a human monoclonal antibody directed 
against delta like ligand 4 (DLL4) is believed to block 
angiogenesis by the formation of nonfunctional vasculature 
and inhibiting tumor initiating stem cells (66). A phase 
I study of MED10639 (NCT01577745) was reported in  
2015 and preliminary evidence of antitumor activity was 
observed (67). OMP-59R5, a human monoclonal antibody 
targeting Notch 2/3 receptors has showed exciting 
preclinical activity (68). PINNACLE (NCT01859741), 
a phase Ib/II study of showed promise in combination 
with platinum and etoposide with an 81% response rate in 

previously untreated patients with ES-SCLC.
Delta-like ligand 3 (DLL3) plays a key role in neural 

development and is normally only expressed in the 
developing central nervous system (69,70). DLL3 is 
highly upregulated and aberrantly expressed on the cell-
surface of high-grade neuroendocrine tumors including 
SCLC, leading to its potential as a therapeutic target (71).  
Rovalpituzumab teserine (Rova-T) is a novel, first-in-
class, antibody-drug conjugate with high specificity 
for DLL3. Rova-T binds to DLL3, is internalized, 
and undergoes cleavage of a linker moiety, releasing a 
pyrrolobenzodiazepine dimer (PBD) cytotoxic payload, 
resulting in tumor-specific DNA damage and cell death (71). 
Rudin and colleagues recently reported the first-in human 
phase I trial of Rova-T in patients with recurrent metastatic 
SCLC and large cell neuroendocrine lung cancers (72). 
The study defined a recommended phase II dose and noted 
dose limiting toxicities including thrombocytopenia, liver 
test abnormalities, and serosal effusions. Of the evaluable 
patients, 17% (11/65) achieved a confirmed objective 
response and 54% (35/65) had stable disease. In patients 
with high DLL3 expression (protein expression in ≥50% 
of cells), the response rate was 39% (10/26). Most notably, 
among patients in whom tissue was available for protein 
analysis, responses were observed exclusively in those with 
high level DLL3 expression. Subsequent studies to further 
evaluate Rova-T agent are ongoing, including an open-
label, multicenter, phase II trial evaluating the efficacy 
of Rova-T for third line and later treatment of patients 
with DLL3-positive SCLC (NCT02674568); Rova-T as 
frontline treatment of patients with high DLL3 expressing 
ES-SCLC (NCT02819999); Rova-T as maintenance 
therapy following first line platinum based chemotherapy 
(NCT03033511); and lastly Rova-T in combination with 
nivolumab and with or without ipilimumab in the second 
line setting (NCT03026166). 

FGFR 

Fibroblast growth factor receptor-1 FGFR1 is amplified in 
6% of patients with SCLC (73). However, FGFR1 protein 
expression and mRNA levels, and not gene copy number, 
have been shown to predict FGFR TKI sensitivity in 
preclinical models (13). There are ongoing clinical trials 
assessing FGFR inhibition including a recently completed 
phase II study of lucitanib (74), a multi-kinase inhibitor 
of FGFR1-3, vascular endothelial growth factor receptor 
VEGFR1-3, and platelet derived growth factor receptor 
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PDGFRα/β, (NCT02109016) that was completed in April 
of 2016 and has yet to report results. An earlier phase I/
IIa basket study of lucitanib did not include patients with 
SCLC (75). Also ongoing is a single center study phase 
II biomarker driven study of ponatinib (NCT01935336) 
enrolling patients with ES and LS-SCLC. 

MYC 

MYC gene family members have known oncogenic potential 
and MYC amplification has been implicated in oncogenesis 
in SCLC. MYC is a transcriptional regulator of aurora 
kinase A and B, and in the absence of p53, has the potential 
to drive oncogenesis (76). Aurora kinase A is essential 
for centrosome function, spindle assembly, chromosome 
alignment, and mitotic entry (77). Knocking down the 
expression of Aurora A gene inhibits cell proliferation and 
induces G2/M phase arrest in human SCLC cells (78).  
Targeted drug screens reveal that SCLC with high MYC 
expression, and high NEUROD1 expression, are vulnerable 
to Aurora kinase inhibition, when combined with 
chemotherapy, strongly suppresses tumor progression (79). 
Alisertib, an investigational, orally available, selective Aurora 
A kinase inhibitor, has shown preclinical activity across 
multiple tumor types (80). A recently reported multicenter 
phase I/II study of alisertib defined a recommended phase 
II dose and schedule and noted dose limiting toxicities 
including neutropenia, leukopenia, and anemia. The phase 
II expansion cohort reported a single agent response rate of 
21% (10/48) (81). A randomized phase II study of alisertib 
or placebo in combination with paclitaxel in SCLC patients 
in the second line setting recently reported a response rate 
of 22% in the experimental arm (20/89) and 18% (16/89) 
in the control arm (82). Further investigation is needed to 
better understand the utility of aurora kinase inhibitors in 
SCLC. 

MYCL fusion

Several gene fusions have been identified, but virtually 
all are of unknown significance, including a recurrent 
in-frame RLF-MYCL1 gene fusion identified in 9% of 
primary SCLC samples and cell lines (83). RNAi targeting 
of MYCL1 mRNA in RLF-MYCL1 fusion positive human 
SCLC cells reduced cell proliferation suggesting that 
the tumor-specific RLF-MYCL1 fusion may be a novel 
oncogenic driver that is required for SCLC tumorigenesis. 
Future work will be required to validate the functional 

significance of this fusion product.

PARP inhibition

Byers and colleagues reported on the proteomic and 
transcriptomic analysis of human SCLC cell lines (62). 
SCLC showed significantly increased levels of apoptosis 
mediators, DNA repair proteins including poly-(ADP)-
ribose polymerase (PARP) enzymes, and of EZH2. PARP1, 
an E2F1 co-activator, involved in DNA repair was highly 
expressed at both the mRNA and protein levels in SCLC, 
leading to the hypothesis and preclinical validation 
that PARP inhibition downregulated key DNA repair 
mechanisms leading to enhanced efficacy of chemotherapy 
and perhaps other DNA damaging therapies (62). Schlafen 
family member 11 (SLFN11) has been identified as a critical 
determinant of PARP inhibitor sensitivity in SCLC cell 
lines and patient-derived xenografts (84,85). SLFN11 is 
actively recruited to sites of DNA damage, inhibits HR and 
activates a replication stress response (85). High SLFN11 
expression is associated with improved tumor response, 
progression free survival and overall survival in SCLC 
patients treated with temozolomide and the PARP inhibitor 
veliparib in a recent randomized phase II clinical trial (86). 
Further work to define the utility of SLFN11 expression as 
a predictive biomarker of PARP inhibitor therapy in SCLC 
will require validation in prospective trials.

Immunotherapy

SCLC has one of the highest somatic mutation rates of 7.4 
non-synonymous mutations per million base pairs (47), 
leading to an increased neoantigen load and a potential 
window of opportunity for therapeutic intervention with 
immunotherapy (49). Escape from immune surveillance 
is a well-recognized feature of cancer (87) and the 
development of therapies to enhance anti-tumor immune 
response has led to exciting new treatment options. T-cell 
checkpoint blockade, targeting programmed death ligand-1  
(PD-1) with or without concomitant inhibition of cytotoxic 
T-lymphocyte associated protein-4 (CTLA-4), has shown 
activity in SCLC (88). The high mutational burden seen 
in SCLC, resulting in a large number of potential tumor-
specific antigenic determinants, may favor sensitivity to 
T-cell checkpoint inhibition. However, in stark contrast 
to other tumor types, SCLC rarely expresses PD-L1. In 
the only study fully reported to date, CheckMate032, 
PD-L1 expression did not appear to be predictive of 
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immunotherapy response. Objective response rates ranged 
from 19% to 23% for the combination arms and translated 
into an encouraging one-year survival of 35–43%. These 
results have led to the incorporation of combination 
nivolumab and ipilimumab as a National Comprehensive 
Cancer Network treatment guideline recommendation in 
the second line setting. 

Future directions

Comprehensive genome, proteome and transcriptome 
analysis of human SCLC has led to the development 
of novel targeted therapeutics currently under clinical 
investigation. However, many promising targeted agents 
have been studied with little improvement in the overall 
survival of our patients. Continued utilization and 
improvement of our in vitro and in vivo model systems 
that mirror human SCLC pathogenesis, with carcinogen 
induced mutations, is critical to our pathway forward. 
Models are needed to better understand mechanisms 
of our immunotherapeutic interventions and potential 
resistance. Equally important will be the study of normal 
neuroendocrine cell signaling and differentiation, including 
neuroendocrine cell plasticity and neuroendocrine to 
mesenchymal transition as well as the poorly understood 
small cell transformation seen infrequently in non-SCLC. 
As we continue to better understand the biology of SCLC, 
we have to stay true to ourselves and our patients in 
designing combination trials that are grounded in scientific 
reason and that focus on maintaining quality of life and 
minimize potential toxicity.
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