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Lung cancer is the leading cause of cancer-related mortality and will affect ∼6% of the

population. It is divided into two broad categories, small cell lung cancer and non-small

cell lung cancer (NSCLC), the latter representing 85% of all lung cancers. It mainly

comprises adenocarcinoma (65%) and squamous cell carcinoma (30%) histologies. In

recent years, there have been two major therapeutic advances in NSCLC. The first,

immunotherapy, has greatly improved the prognosis of adenocarcinomas and squamous

cell carcinomas. The second, the treatment of targetable driver mutations, has so far only

benefited adenocarcinomas. Squamous cell carcinoma carries a high rate of mutations

and is found mostly among smokers. This raises two important problems: identifying

driver mutations and finding those of clinical relevance. Large-scale genomic analyses

such as The Cancer Genome Atlas have allowed for the identification of frequent gene

alterations, although their role and potential for targeted therapy remain unknown. The

emergence of next generation sequencing has changed the landscape of precision

medicine, in particular in lung cancer. In this review, we discuss the landscape of genetic

alterations found in squamous cell lung cancer, the results of current targeted therapy

trials, the difficulties in identifying and treating these alterations and how to integrate

modern tools in clinical practice.

Keywords: NGS—next generation sequencing, squamous cell lung cancer (SQCLC), targeted therapy (TT), FGFR1

amplification, PI3 K, non-small cell lung cancer, MET, genetic alterations

INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality and affects∼6% of the population. It is
divided into two broad categories, small cell lung cancer and non-small cell lung cancer (NSCLC).
The latter represents 85% of all lung cancers. NSCLC comprises mainly adenocarcinoma (ADC)
(60%) and squamous cell carcinoma (SqCC) (35%) histological subtypes (1), each with separate
mutational and genomic profiles.

In the era of personalized medicine, next generation sequencing (NGS) plays a key role in
assessing the molecular status and administering the best treatment choice for each patient.
NGS allows a comprehensive multi-gene analysis and facilitates the identification of recurrent
alterations for targeted therapy. Essentially, large numbers of DNA fragments are bound to arrays
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and sequenced in parallel. The bio-informatic analysis allows
precise comparisons to reference genomes. Before NGS,
genomic analyses were limited to specific loci known to be
associated with each cancer subtype. Single-gene sequencing
like the Sanger technique is limited to DNA insertions,
deletions, and substitutions, while NGS has the potential
to further detect chromosomal rearrangements, oncogenic
fusion events, translocations and copy number alterations
(2, 3). It is noteworthy that NGS is more cost-effective
than sequential single-gene tests for the main alterations
in non-squamous NSCLC (4). Furthermore, it has a higher
sensitivity and specificity, with a potential impact on therapeutic
sequences (2, 3).

There has been significant improvement in ADC treatment
choice in recent years thanks to the identification of targetable
mutations that lead to oncogenesis, known as driver mutations.
These are more frequent among non-smokers and younger
patients and confer a clear survival benefit when treated
with targeted therapies (5–7). Genetic alterations and their
products can be identified through various techniques including
immunohistochemistry (IHC), fluorescence in situ hybridization
(FISH) and NGS. For ADCs, the most common therapeutic
targets are EGFR and BRAF mutations, ALK and ROS1
rearrangements, with others such as MET, RET, NTRK, HER2
showing various degrees of response in clinical trials (8–10). In
a comprehensive NGS-based genomic study of 10,472 advanced
lung ADC patients, over 40% of cancers had druggable alterations
(11). Today, the number of these targets analyzable by NGS is
ever-growing. SqCC represents 30% of NSCLC worldwide (12).
Less evidence is currently available on genetic targets in SqCC.

This review will focus on genomic profiling and targeted
treatments in SqCC.

SQCC AND THE EMERGING EVIDENCE
AND HURDLES OF NGS

SqCC offers a very different picture. It is a disease found mostly
among smokers and carries a high rate of mutations (13). This
raises two important problems: identifying driver mutations and
finding those of clinical relevance. As mentioned, the emergence
of NGS has changed the landscape of precision medicine, in
particular in lung cancer (14–16). Large-scale genomic analyses
such as The Cancer Genome Atlas have collected data on many
tumor types and allowed the identification of frequent gene
alterations, although their role and potential for targeted therapy
remain unknown (17). As shown by Schwaederle et al. squamous
histotypes arising in different anatomical sites feature the
existence of genomic patterns for the so called “squamousness.”
Through an NGS approach, the authors identified frequent
mutations inTP53 (64.5% of analyzed patients), PIK3CA (28.5%),
CDKN2A (24.4%), SOX2 (17.7%), and CCND1 (15.8%) (18).
Given its incidence, the amplification of the transcription factor
SOX2 is particularly interesting. Chromosome 3q amplification,
represents themost common genomic aberration that plays a role
in the evolution of pre-invasive SqCC. SOX2 is a “lineage-survival
oncogene” and its activity promotes the differentiation into and

proliferation of squamous cells instead of a loss of cellular
differentiation. Interestingly, the transcription factor SOX2 is
the predominant downstream target of the EGFR signaling
pathway and plays a major role in self-renewal, growth, and
expansion of cell populations. In light of the complex actions
of SOX2 in regulating normal and tumor cell development,
the elucidation of SOX2-dependent pathways may identify new
therapeutic vulnerabilities in lung cancer. However, because of
their lack of small molecule binding pockets, transcription factors
are currently an example of “undruggable targets.”

Thus, unlike in ADC, there are currently very few actionable
or druggable mutations in SqCC, which remains a challenging
disease to treat. Until recently, the backbone of SqCC therapy
was chemotherapy but fortunately, there has been significant
progress. Current first-line treatment of metastatic SqCC
is a platinum-based chemotherapy doublet, immunotherapy
or a combination thereof, while second-line treatment is
immunotherapy, single-agent chemotherapy with or without
anti-angiogenic, or anti-EGFR tyrosine kinase inhibitors, the
latter two with a marginal clinical impact (19, 20). Thereafter,
supportive care is currently the best option. As first-line
treatment evolves, it leaves us with an ever-shrinking arsenal
for subsequent therapies and highlights the desperate need
for progress. Much work is underway to elucidate potential
treatments, but as we will now explain, this is anything but an
easy feat.

A recent publication performed an interesting secondary
analysis among advanced SqCC patients on second-line therapy
in the LUX-Lung 8 trial, attempting to use the NGS to identify
whether patients with ERBB gene alterations derive increased
benefit from the anti-EGFR tyrosine kinase inhibitor afatinib
compared to erlotinib (21). This study had a number of
confounding factors including the fact that it analyzed only
31% of the intention-to-treat population, the majority enriched
with a prolonged progression-free survival (PFS), representing a
selection bias. Though this analysis was planned at the start of
the trial, NGS was not feasible in a large proportion of specimens,
highlighting the importance of collecting adequate tissue samples
if genomic analyses are warranted. This issue may also be shared
with tumor mutation burden (TMB), should this biomarker
become standard practice. The trial revealed 21.6% ERBB family
mutations, with an intriguing yet non-statistically significant
overall survival (OS) difference in favor of the afatinib group.
Given the small number and the above-mentioned selection bias,
it seems imprudent to assume the difference is relevant.

Furthermore, this study highlights a recurrent difficulty in
the interpretation of NGS analyses. Due to the small number
of patients, the authors had to group all the ERBB mutations
together, but in doing so, have likely mixed passenger mutations
with real driver ones, diluting the impact of potential targets of
clinical relevance.

This paper highlights the need to identify driver mutations
in SqCC. ERBB mutations in NSCLC are well-known but results
have been rather disappointing, raising the possibility that they
may not represent an actionable target (22).

In a study by Lindquist et al. NGS analysis revealed that 13%
of SqCC harbor at least one potentially actionable alteration (23).

Frontiers in Oncology | www.frontiersin.org 2 March 2019 | Volume 9 | Article 166

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Friedlaender et al. NGS in Squamous Cell Carcinoma

TABLE 1 | Current potentially actionable genetic alterations in SqCC detected by

NGS.

Gene Clinical findings Note

ERBB ERBB family mutations in 21.6% of SqCC,

non-statistically significant overall survival

difference in favor of afatinib vs. erlotinib

(LUX-Lung 8 trial)

Difficulties in discerning

mixed passenger

mutations from real

driver ones

FGFR1 Amplification in 20% of SqCC, no

correlation between amplification and

increased protein expression, better

prognosis independent of treatment, no

survival benefit in unselected advanced

SqCC patients (LUME-Lung 1 trial) in

adding the FGFR inhibitor nintedanib to

docetaxel in second-line therapy

Role pending in

ongoing large

international studies

PI3K Missense mutations and amplifications, in

∼20% of advanced SqCC, frequently

associated with loss of PTEN, worse

prognosis, buparlisib showed poor

disease responses with only 20% PFS at

12 weeks among NSCLC patients with

PIK3CA activating mutations

Seems not to be a

driver mutation

FGFR1, fibroblast growth factor receptor; NGS, next-generation sequencing (NGS); PI3K,

phosphatidylinositol 3-kinase; SqCC, squamous cell carcinoma.

WHAT ABOUT OTHER FREQUENT
ALTERATIONS DETECTED IN NGS
IN SQCC?

While ERBB mutations have yet to prove their clinical
relevance in SqCC, other targets appear promising. While
the most frequent mutation in SqCC is the unactionable TP53,
other common potentially targetable alterations include the
fibroblast growth factor receptor 1 (FGFR1) amplification
and phosphatidylinositol 3-kinase (PI3K) abnormalities
(Table 1) (13).

The TP53 gene plays an important role in the tumorigenesis
of epithelial lung cells. Genetic abnormalities of TP53 in
lung cancer are associated with increased cellular resistance
to therapy (24). It is likely the most extensively investigated
prognostic marker in NSCLC, with a modest negative prognostic
role. Unfortunately, no targeted treatments have been proven
effective for TP53.

FGFR1 amplification can be identified in approximately 20%
of SqCC (25), and is rare in ADC. It is linked to smoking
but independent of age and pathological features. Biologically,
it is an interesting target. It is a tyrosine kinase whose
activation downregulates the phosphatidylinositol 3-kinase/v-
Akt (PI3K/AKT) reticular activating system/mitogen-activated
protein kinase (RAS/MAPK) pathways, hindering cell growth
and angiogenesis. Epidermal growth factor receptor (EGFR) and
platelet-derived growth factor receptor (PDGFR) are the best-
known receptors in the RAS/MAPK pathway. Thus, as with
EGFR, several studies are ongoing to better define whether
PDGFR is a therapeutic target.

Preclinical data is promising, with good responses in
xenografts of FGFR1 amplified cell lines to FGFR inhibitors

(26). However, in clinical trials, efficacy has been limited
and heterogeneous. Unlike in the previous example, the
target is consistent, being an FGFR1 amplification and not a
general family of alterations. In spite of this, there is not a
uniform correlation between amplification and increased protein
expression (27). In other words, genotype does not equate
phenotype, and this could explain the diverging clinical impact
of inhibitory drugs. In unselected advanced SqCC patients in
the LUME-Lung 1 trial, adding the FGFR inhibitor nintedanib
to docetaxel in second-line therapy had no survival benefit
(28). Large international studies are underway to conclusively
answer the role of FGFR1 amplification and its potential as a
target in SqCC (29). Finally, it is interesting to note that NGS
analysis has also allowed us to identify that FGFR1 amplification
seems to be linked with better prognosis, independent of
treatment (25).

PI3K alterations, mainly missense mutations and
amplifications, are also frequent in SqCC, found in ∼20%
of advanced diseases (25). Alterations of the PI3K/AKT/mTOR
pathway can occur at many levels resulting in PI3K activation
and malignant transformation. They are also frequently
associated with loss of tumor suppressor PTEN. This well-
known cellular signaling pathway regulates cell growth, survival
and metabolism (30). While much research exists on targeted
treatments, there seems to be little correlation betweenmolecular
alterations and response rate. Preclinical data reveal significant
in vivo pro-apoptotic and anti-proliferative effects of PIK3CA
inhibitors (31). In breast cancer, the PI3K pathway represents a
mechanism of endocrine therapy resistance (32). In advanced
endocrine therapy-resistant breast cancer, the addition of
buparlisib prolongs PFS, though no correlation with PIK3CA
mutation was demonstrated (33). Similarly, glioblastomas, of
which ∼50% have PI3K pathway alterations, can show stable
disease in 20% of cases when treated with targeted therapy,
yet PI3K alterations are not predictive biomarkers of response
(34). Finally, in NSCLC, the impact of PI3K inhibitors among
patients with PI3K alterations seems negligible. The BASALT-1
phase II trial assessed the efficacy of buparlisib among NSCLC
patients with PIK3CA activating mutations. Both ADCs and
SqCC showed poor disease responses with only 20% PFS at 12
weeks (35). It is interesting to note that while the question of
whether this is a useful target for precision medicine remains
unanswered, this alteration has a major prognostic impact,
with a median OS of less than half that of patients without
PI3K aberrations. These patients also more frequently develop
multiple-organ progression and brain metastases, though the
latter is usually accompanied by the loss of the tumor suppressor
PTEN protein (25).

Finally, when faced with these poor results and the lack of a
useful biomarker, some questions beckon: is the PI3K pathway
simply one of many simultaneous driver mutations? Are we
treating the right target?

These examples only serve to illustrate the complexity
of identifying and properly investigating potential targets in
SqCC. The Lung-MAP study is a collaborative international
study comprising multiple phase II studies, each for a specific
biomarker identified in SqCC. All participating patients who
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progress after first-line therapy have NGS analysis of their tumor.
It is an umbrella study that aims to evaluate multiple targeted
therapeutic strategies in a single type of cancer. Lung-MAP
does not use adaptive randomization to evaluate drug-biomarker
combinations and goes beyond phase II development. It has
been designed to provide a path for FDA approval of active
agents identified in the initial phase II study. That is, a drug
that is found to be effective in phase II will move directly
into the phase III registration setting, incorporating the patients
from phase II. This will reduce time, resources, and patient
numbers needed to accomplish the ultimate goal of bringing
novel agents to the clinic. Lung-MAP might also address other
unmet needs, including applications of broad-based genomic
screening in clinical trial settings and shortened turnaround
times to allow effective use of molecular testing in treatment-
selection for rapidly progressing patients. This master protocol
mechanismmight improve access to genomic screening for SqCC
patients, improve the identification of genomic biomarkers for
clinical trial entry, and accelerate drug–biomarker testing. The
primary study endpoint is disease response rates in the second-
line SqCC and it will lead to larger phase III studies in case of
compelling results (36).

The MET signaling pathway is often dysregulated in solid
malignancies, including lung cancer, as a result of several
mechanisms such as autocrine/paracrine stimulation, MET
overexpression, genomic amplification, translocations, point
mutations and alternative splicing (37).MET overexpression has
been reported in 29% of the SqCC patients and is associated with
a poor prognosis (38).

In a cohort of 262 lung cancer patients that included
predominantly NSCLC and only 2 SCLC, all instances of MET
activation occurred in adenocarcinomas (39). The prevalence
of MET gene amplification and splice mutations were 1.4 and
3.3%, respectively.

A humanized MET monoclonal antibody, onartuzumab,
specifically designed to block HGF-induced MET dimerization
and activation of the intracellular kinase domain was tested in
a phase II study in recurrent NSCLC. MET-positive patients
treated with erlotinib plus onartuzumab showed improvement
in both PFS [harzad ratio (HR) 0.53; P = 0.04] and OS
(HR 0.37; P = 0.002) (40). Despite these encouraging results,
the addition of onartuzumab to erlotinib did not improve
median OS (6.8 vs. 9.1 months), PFS (2.7 vs. 2.6 months),
or overall response rate (8.4% vs. 9.6%) in previously treated
stage IIIb or IV NSCLC in the phase 3 trial (41). The most
frequent adverse events that were higher in the combination
arm were peripheral edema, hypoalbuminemia, back pain,
dyspnea, nausea, acneiform dermatitis, and rash. The efficacy
of onartuzumab in gastric cancer was also disappointing. The
reason multiple clinical trials targeting MET have failed seems
to be drug design and/or patient selection. Onartuzumab was
designed to block HGF-MET interaction by targeting the beta
subunit of extracellular Sema domain ofMET, required for HGF
binding, but likely unnecessary for MET dimerization. MET-
amplified tumor cells normally exhibit ligand-independent,
constitutive MET activation (42). Thus, in cancers driven by
MET amplification/overexpression or activating mutations,MET

activation and downstream signaling is unlikely to be fully
blocked by drugs solely targetingHGF-MET binding. In addition,
most recent late phase trials recruited MET-high patients.
MET-high lung tumors, corresponding to IHC 2+ or 3+, likely
carry MET amplifications and are probably HGF-independent.
This could explain why they did not respond to therapies that
only target HGF-MET binding.

Hammerman et al. identified the DDR2 gene mutation in 4%
of SqCC, with a sensitivity to dasatinib (43).

TARGETED TREATMENTS IN SQCC

In addition to those described above, other studies showed the
possibility of administering targeted therapy in SqCC patients. It
is important to note that the benefits described are quite limited.
In the FLEX trial, a survival improvement was seen in the EGFR-
expressing advanced SqCC subgroup after the administration
of cetuximab plus chemotherapy (44). In the SQUIRE trial, the
authors showed that the addition of necitumumab to gemcitabine
and cisplatin could improve OS in patients with advanced SqCC
with high EGFR expression (45). The role of immunotherapy
in SqCC has been well-documented. Among previously treated
advanced SqCC patients in CheckMate 017, there was an increase
in response rate, PFS and OS with nivolumab with respect to
docetaxel, regardless of PD-L1 expression (46). In KEYNOTE-
010, pembrolizumab was tested in NSCLC patients, regardless of
histology. Subgroup analysis of SqCC patients revealed a non-
significant benefit with respect to docetaxel (47). In the POPLAR
study, atezolizumab showed a significant OS improvement
compared to docetaxel in 287 pre-treated squamous or non-
squamous NSCLC patients (48).

Recently several studies have changed the first-line treatment
landscape. The combination of chemotherapy plus check-
point inhibitors (ICI) is superior in term of OS and PFS to
chemotherapy alone in metastatic SqCC (49–52). It has also
been demonstrated that immunotherapy is not effective as a
first line in NSCLC patients harboring driver mutations (53,
54). Thus, correctly identifying possible driver mutations in
SqCC might lead to improved efficacy of ICI by omitting this
treatment in a subgroup of patients who should not be exposed
first-line ICI.

CONCLUSION

In the era of personalized medicine, SqCC is lagging far behind
ADC but change is coming. Today, the initially most promising
targets appear disappointing in SqCC. However, we must be
prudent in the manner in which therapeutic targets are chosen,
as to avoid overlooking real driver mutations by grouping
many alterations together. Similarly, the choice of drugs and
potential combinations will play an important role. Promising
trials like Lung-MAP will allow for a better understanding of
the clinical relevance of suspected driver mutations. Finally,
while NGS technology offers a wide array of possibilities, we
believe it is through trials that this approach will evolve and
not through sporadic NGS analysis and off-label personalized
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medicine to every patient, without any evidence of therapeutic
utility. It is important to remember our Hippocratic Oath:
primum non nocere, first, do no harm, and targeted therapies are
not without risk (or cost).
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