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SUMMARY

Lung squamous cell carcinoma (SqCC) is the second most common subtype of non-small-cell
lung cancer and leads to 40,000-50,000 deaths per year in the USA. Management of non-small-
cell lung cancer has dramatically changed over the past decade with the introduction of targeted
therapeutic agents for genotypically selected individuals with lung adenocarcinoma. These agents
lead to improved outcomes, and it has now become the standard of care to perform routine
molecular genotyping of lung adenocarcinomas. By contrast, progress in lung SqQCC has been
modest, and there has yet to be a successful demonstration of targeted therapy in this disease.
Here, we review exciting work from ongoing genomic characterization and biomarker validation
efforts that have nominated several likely therapeutic targets in lung SqCCs. These studies suggest
that targeted therapies are likely to be successful in the treatment of lung SqCCs and should be
further explored in both preclinical models and in clinical trials.

Despite the recent development of several new and effective therapeutic agents, lung cancer
remains the leading cause of cancer-related mortality in the USA [101]. Non-small-cell lung
cancer (NSCLC) is far more prevalent than small-cell lung cancer and is comprised of
several histologic subtypes, of which adenocarcinoma and squamous cell carcinoma (SqCC)
are the most common. The treatment of lung adenocarcinoma, which now routinely includes
the use of targeted therapeutic agents, has been extensively reviewed elsewhere [1-3]. The
focus of this review will be to highlight recent advances in the discovery of potential
therapeutic targets in lung SqCC.

Lung SqCC comprises 20-30% of newly diagnosed NSCLC in the USA and a greater
proportion of new cases in Europe and Asia. In contrast to lung adenocarcinoma, which has
been the focus of several studies aimed at identifying recurrent genomic alterations that are
likely therapeutic targets, laboratory characterization of lung SqCC has only recently begun
in earnest. The majority of targetable alterations described in lung adenocarcinomas,
including mutations in EGFR [4-6] and EML4-ALK fusions [7], have not been identified as
recurrent events in lung SqCC, and clinical trials with pharmacologic agents targeting these
kinases have been disappointing in patients with lung SqCC compared with
adenocarcinoma. This has led to a tremendous disparity in the way in which patients with
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advanced NSCLC are currently treated. Patients with lung adenocarcinoma undergo routine
genotyping to identify genetic alterations in their tumors that predict response to targeted
therapies, given that targeted agents have demonstrated superior efficacy compared with
chemotherapy in selected populations [8-11]. However, these personalized treatments are
not typically effective for individuals with lung SqCC given the lack of overlapping
genomic alterations with lung adenocarcinoma. Patients with lung SqCCs ostensibly receive
the same conventional chemotherapy today as they would have received a decade ago
(Figure 1).

Because of this disparity, and based on the successes in lung adenocarcinoma, there has
been growing interest in understanding the alterations that drive lung SQCC and identifying
novel therapeutic targets in this disease. Initial studies, performed using single-nucleotide
polymorphism (SNP) arrays, identified several genes, including FGFRI, which are
frequently amplified in lung SqCC and represent potential therapeutic targets [12,13].
Sanger sequencing studies aimed at specifically characterizing mutated kinase genes have
demonstrated mutations in DDRZ2[14]. Tremendous advances in technology have recently
enabled more comprehensive analyses of lung SqCC, notably the work performed by The
Cancer Genome Atlas (TCGA) Network, which reported SNP array profiling, whole-exome
sequencing, RNA and miRNA sequencing and methylation profiling for 178 lung SqCCs,
and whole-genome sequencing of 19 tumor/normal pairs [15]. This comprehensive effort
has outlined the landscape of genomic alterations in lung SqCC and suggested a number of
additional targets for therapy (Figure 2). Here, we review these findings and understanding
of SqCCs and therapeutic target development.

FGFR kinases comprise the most frequently altered tyrosine kinase family in lung SqCC,
with alterations found in at least 12% of cases [15]. Prior to the widely available use of next-
generation sequencing, multiple groups independently described amplification of
chromosome 8p12 in lung SqCC, a region containing the FGFR1 gene [12,13,16,17]. Two
reports went on to show that some lung cancer cell lines with 8p12 amplification are
sensitive to small-molecule FGFR kinase inhibitors [13,16], and several FGFR kinase
inhibitors are now in clinical development for use in lung or other cancer types; however, at
this time, no studies have yet been completed to support the use of FGFR kinase inhibitors
in a specifically selected population of cancer patients.

Point estimates of the prevalence of FGFR1 amplification, measured by SNP array profiling,
array-comparative genomic hybridization or FISH, have ranged from 7 to 20% in lung
SqCCs [13,15,16,18]. Encouragingly, there have been reports of response to the FGFR
kinase inhibitor BGJ398 (Novartis, Switzerland) in a Phase | study in heavily pretreated
individuals with lung SqCC [19]. Several clinical trials of FGFR kinase inhibitors are now
accruing subjects with lung SqCC harboring FGFRI amplification. Most Clinical
Laboratory Improvement Amendments (CLIA)-certified laboratories use FISH to detect
FGFR1 amplification in accruing clinical trials, but this will likely be replaced over time by
multiplexed copy number platforms, such as digital droplet PCR, or copy number estimates
from next-generation sequencing. Despite these advances, it remains unclear which patients
with FGFR1 amplifications are most likely to respond to anti-FGFR therapy, and preclinical
data suggest that additional biomarkers of FGFR pathway activation may be required to aid
the selection of subjects most likely to respond to this drug class.

In addition to FGFR1 amplification, mutation of all four FGFR kinases has now been
described in lung SqCC by whole-exome and RNA sequencing [15], confirming isolated
reports of FGFR mutations described by Sanger sequencing in the past [20]. This is
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consistent with observations from other cancer types, notably endometrial and bladder
cancer, where mutations in FGFR2and FGFR3have been shown to be oncogenic and to
sensitize cancer cells to FGFR kinase inhibitors [20-23]. Indeed, some mutations observed
in lung SqCC occur at identical sites to mutations driving these diseases, namely K660E and
K660N in FGFR2and R248C and S249C in FGFR3, an observation hominating these
events as drivers of lung SqCC. The mutations in FGFR2and FGFR3are found in at least
5% of lung SqCCs, and initial experimental data support that they predict response to
targeted therapeutics, although this requires validation in prospective clinical trials.
Upcoming trials of FGFR kinase inhibitors in lung SqCC have been designed to include
subjects with either amplifications or mutations of FGFR kinase genes, and the results of
these studies are eagerly anticipated.

Sanger sequencing of tyrosine kinases in a cohort of 68 individuals with lung SqCC
identified recurrent mutations in the DDR2 receptor tyrosine kinase [14]. DDR2 mutations
had been previously described in lung adenocarcinoma [24] and were thought to be
potentially important, given that DDR2 is a high-affinity target of several small-molecule
kinase inhibitors that have demonstrated efficacy against the BCR-ABL oncoprotein,
notably imatinib, nilotinib and dasatinib [25]. Preclinical studies suggest that lung cancer
cell lines with DDRZ2 mutations are sensitive to dasatinib and other tyrosine kinase inhibitors
and that mutated DDRZis oncogenic, although the mechanism of its oncogenicity remains
unknown. Extended Sanger sequencing studies and whole-exome sequencing performed by
the TCGA have confirmed DDRZ2 mutations are present in 3—4% of lung SqCCs [14].

Two clinical trials of dasatinib have been reported for subjects with advanced NSCLC. In
unselected patients, the response rate to dasatinib is inferior to conventional chemotherapy,
although some individuals did respond [26—28]. One of these subjects, who had an extended
partial response to the combination of dasatinib and erlotinib, was found to harbor an
activating DDR2 S7T68R mutation and no EGFR mutation. A national Phase Il clinical trial
of dasatinib is accruing at this time for individuals with lung SqCC and DDRZ2 mutations, as
well as inactivating BRAF mutations, given preclinical data suggesting that specific BRAF
mutations may be an additional biomarker of response to dasatinib [28]. Identification of
novel agents with more selective anti-DDR2 activity is being pursued at this time to develop
more optimal therapies for individuals whose lung SqCC tumors harbor DDR2 mutations.

Targeting of EGFRs has been one of the most successful therapeutic strategies in lung
adenocarcinoma, with response rates to small-molecule EGFR tyrosine kinase inhibitors of
70-80% in patients with canonical EGFR kinase domain mutations [8]. Mutations in another
ERBB family member, ERBB2 (HER2), have also been successfully targeted with small-
molecule kinase inhibitors and antibodies in lung adenocarcinoma patients [29].

By contrast, clinical trials of EGFR tyrosine kinase inhibitors in unselected NSCLC patients,
including those with lung SqCC, have reported modest response rates to these drugs (<10%),
presumably due to a lack of sensitizing alterations in EGFR [30]. However, monoclonal
antibody therapy with cetuximab in combination with chemotherapy did demonstrate a
significant overall survival advantage as compared with chemotherapy alone for lung SqCC
patients with advanced disease [31]. A predictive biomarker for response to cetuximab in
lung SQCC patients has not yet been identified, although data describing correlations among
immunohistochemical staining patterns for EGFR and response are provocative [32], and are
the subject of prospective studies at this time.
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In lung SqQCC, EGFR and ERBBZ are targets of gene amplification in approximately 7 and
4% of cases, respectively [15]. EGFR mutations are rarely encountered in pure squamous
tumors, in which the canonical exon 19 deletion and L858R mutations described in lung
adenocarcinoma are absent [33]. Some experts have suggested that detection of one of these
EGFR mutations in a lung SqCC sample should prompt reconsideration of the diagnosis,
particularly the consideration of a mixed adenosquamous tumor. In agreement with this, the
TCGA Network reported only two cases with the noncanonical EGFR L861Q mutation in
178 lung SqCCs, an alteration that is associated with gefitinib response [15]. Large deletions
in EGFR, specifically the variant 111 form, have been described in lung SqCC in individuals
from Asia [34], but these reports have not been validated in larger independent cohorts.
Based on these observations, it is likely that EGFR-directed kinase inhibitors and
monoclonal antibodies have some role in the therapy of lung SqCC, albeit in a much more
narrow patient population than lung adenocarcinoma.

Approximately half of individuals with lung SqCC harbor an alteration in a gene in the
PI3K/PKB (AKT) pathway, most commonly point mutations in or amplification of PIK3CA,
deletions and mutations of PTEN and overexpression of AK73[15]. Other genes that
regulate this pathway include 75C1, 75C2and STK11, which are also altered in lung SqCC.
The overall frequency of these alterations suggests that targeting the PI3BK/AKT pathway
with selective inhibitors could be an attractive approach for patients with lung SqCC.

However, there has yet to be a compelling demonstration of efficacy of this class of drugs in
a selected or unselected lung cancer patient population. This is likely due to several factors,
including a lack of direct dependency of cancer cells on alterations in this pathway and a
lack of understanding of additional molecular biomarkers that may predict response to drugs
that target this pathway. Furthermore, alterations in the PI3K pathway often co-occur with
other candidate oncogenes, suggesting that inhibiting PI3K alone may be insufficient. Given
that many genes in this pathway are altered and that many compounds currently in
development differ in their selectivity and potency with respect to different isoforms of
PI3K, AKT and other pathway members, it will likely take substantial preclinical and
clinical investigation to define the role of PI3K and/or AKT inhibitors in the treatment of
NSCLC. Additionally, how these agents should be used in genotypically selected
populations will need to be defined, either as single agents or in combination with other
chemotherapeutics or radiotherapy.

Other kinases

In lung adenocarcinoma, the majority of tumors contain an alteration in a known oncogenic
kinase (most commonly EGFR) or in the GTPase KRAS. Strikingly, while either EGFR or
KRAS mutations are found in a third to half of patients with lung adenocarcinoma in the
USA, mutations in either of these genes are very rare in lung SqCC [3]. As noted above,
only EGFR amplification and the L861Q mutation have been described by the TCGA in
lung SqCC, and HRAS is the more commonly altered RAS family member in lung SqCC.

In lung adenocarcinoma, kinase alterations such as BRAFV600E, AKT1E17K and ERBB2
mutations have been identified as targetable alterations in a small percentage of cases. By
contrast, in lung SqCC, additional candidate therapeutic targets have been identified by
genomic studies and include mutations and amplifications of PDGFRA, mutations in BRAF
at sites other than V600 and mutations in JAKZ2, ABL1, ABLZ, MET and ERBB2-4[15].
Although it is unclear whether any of these alterations represent a targetable dependency in
lung SQCC, given the success in targeting alterations in these genes in other cancer types,
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the study of these more infrequent alterations in lung SqCC is a promising avenue for further
research.

Nonkinase targets

It bears mentioning that the most commonly altered genes in lung SqQCC are 7P53and
CDKNZA/RBI1, with nearly all lung SqCCs demonstrating alteration of one or both of the
related pathways [15]. While drug discovery efforts targeting these events have been
challenging, the ability to selectively target either of these lesions would have a tremendous
impact on patients with lung SqCC, as well as other tumor types, most of which commonly
alter these pathways.

Previous studies have shown that the SOX2gene, a lineage-specific transcription factor that
regulates squamous cell differentiation, is focally amplified on chromosome 3q in a
substantial fraction of lung SqCCs, as well as SQCCs from other tissue sites such as
esophagus, cervix, skin and head and neck cancers. Some cancer cell lines harboring focal
amplification of SOX2display SOX2 dependency, suggesting that SOX2 may be
therapeutically targetable if it can either be directly targeted or targeted via a synthetic lethal
interaction [12]. SOX2is one of several genes altered in lung SqCC that has a defined role
in squamous differentiation, with others including NOTCH1, NOTCHZ, TP63, FOXP1and
ASCL4[15]. These alterations suggest that targeting these molecules as a prodifferentiation
therapy could be an attractive therapeutic approach given success with similar strategies in
hematologic malignancies.

A second transcription factor pathway comprised of the genes NFEZL2, KEAPI and CUL3
is altered by amplification or mutation in a third of lung SqCCs [15]. NFEZLZ, which
encodes the NRF2 protein, drives the transcription of genes involved in the oxidative or
chemical stress response [35,36]. NRF2 levels are usually kept at low cellular levels by a
physical interaction with KEAP1, which targets NRF2 for degradation by the CUL3 E3
ubiquitin ligase [37,38]. Previous studies have demonstrated that cancer cell lines with
activating NFEZL2 or inhibiting KEAPI mutations are dependent on NRF2, and that cells
expressing high levels of NRF2 are resistant to chemotherapeutic agents [39,40]. Ongoing
studies are investigating the role of this pathway in the development of lung SqCC, and are
aimed at identifying ways in which this pathway may be amenable to targeted inhibition.

Immunotherapy

Despite a history of limited efficacy in lung cancer, immunotherapeutic approaches have
generated renewed interest based on recent successes in early-phase clinical trials.
Specifically, antibodies directed against negative costimulatory receptors and ligands
(CTLA-4, PD-1, PD1-L1) have demonstrated efficacy in subjects with NSCLC, with
perhaps even more impressive effects in individuals with lung SqCC than those with lung
adenocarcinoma [41-44]. Given the current lack of effective therapeutic options in relapsed/
recurrent lung SqCC, there is tremendous interest in expanding these clinical trials and in
understanding the predictive biomarkers of response to immunotherapies in lung cancers and
other cancer types.

A surprising result from genomic studies of lung SQCC and other cancers is that somatic
alteration of the expression and sequence of genes that play a role in the immune response is
commonly observed. In lung SqCC, mutation and downregulation of MHC genes and 2
microglobulin have been observed along with varying degrees of expression of genes
involved in costimulation, such as PD1L1and OX40L [15]. Mutation and downregulation of
these genes may explain how some tumors are able to evade the immune response and
suggest that specific individuals are likely to benefit from different immunotherapy
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approaches. Computational methods have now been established to identify tumor antigens
based on the somatic sequence of a tumor, and it is likely that this information will lead to
improved vaccine strategies to accompany the recent successes in targeting regulators of
costimulation. Clinical trials are already being designed and executed in which
immunotherapeutic approaches are being coupled with targeted kinase inhibitors, and we
envision that this type of approach will be of utmost importance to studies in lung cancer
populations and beyond, given the need to augment the activity of kinase inhibitors that are
almost uniformly associated with acquired resistance when used as a single agent.

Conclusion & future perspective

Prior to the genomic studies reviewed here, little was known about potential targetable
alterations in lung SqCCs and there had been no demonstration of efficacy of any targeted
agent developed specifically for the treatment of this disease. We now know that lung
SqCCs harbor targetable alterations in kinases and other genes, although the enumeration of
these events is far from complete. No recurrent gene rearrangements have yet been
identified in lung SqCCs, in contrast to lung adenocarcinoma; this is likely due to a paucity
of whole-genome and RNA sequencing of these tumors. In addition, given the very high
overall somatic mutation rate in lung SqCC, a complete understanding of the alterations that
drive this disease will require the genomic profiling of many more tumor/normal pairs. As in
lung adenocarcinoma, there are likely clinical and demographic features associated with
specific alterations in lung SqCC, and these will also require careful consideration when
designing studies.

We are now at a point where we understand the basic landscape of genomic alterations in
lung SqCC to the extent that we should be able to identify a substantial proportion of
individuals with targetable alterations. These patients should be actively recruited for
clinical trials assessing novel targeted agents, particularly given the lack of options in
relapsed/recurrent lung SqCC. There are several barriers to identifying these patients, the
most significant of which is generating multiplexed assays to identify multiple types of
genomic alterations within a tumor specimen. While the process of generating these assays
took several years for lung adenocarcinoma because of the need to analyze tumor samples
using multiple technologies, it should now be possible to use next-generation sequencing to
define relevant translocations, amplifications, deletions and mutations within cancer
specimens. The implementation of these assays will require close collaboration among
translational scientists, departments of pathology and pharmaceutical companies, and
cooperative groups who will help to design and sponsor relevant clinical trials.

It should be the goal of the lung cancer community to offer individuals with lung SqCC at
least the same level of personalized care as is now offered to patients with lung
adenocarcinoma. The identification of patients with targetable alterations described here,
and the use of single drugs to target these lesions, will only be the beginning of the
realization of this goal in the care of patients with lung SQCC. We will also need to design
relevant combinations of targeted agents, immunotherapies and conventional surgical,
chemotherapeutic and radiation approaches in order to design the best possible plan of care
for each individual with lung SqCC, using the genomic alterations identified in the tumor as
a guide.
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Figure 1. Current diagnostic and treatment paradigmsfor lung adenocar cinoma and squamous
cell lung cancer
Tumor genotyping and the use of targeted agents are now routine in lung adenocarcinoma,

but not for squamous cell lung cancer.
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Figure 2. Targetable alterationsin lung squamous cell carcinomas

FGFR1 amplification 12
DDR2 mutation 4
PDGFRA amplification 10
ERBB2 amplification 4

The pie chart indicates potential targetable genomic alterations identified in recent genomic
studies of squamous cell lung cancers and their approximate frequencies. The table describes

the alterations depicted in the pie chart.
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