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Simple Summary: Genomic driver alterations with potential impact on prognosis and treatment
response are increasing in non-small cell lung cancer (NSCLC). However, few comprehensive data
are available on tumor heterogeneity in all these specific subgroups. We conducted this research with
the aim to describe specific molecular co-mutation patterns occurring across the main actionable
gene subgroups of NSCLC. The findings from the current research are proposed as a backbone in the
knowledge of molecular heterogeneity as analyzed by comprehensive genomic profiling in NSCLCs
with driver gene alterations, at the basis of subsequent evaluations related to clinical outcomes.

Abstract: An increasing number of driver genomic alterations with potential targeted treatments
have been identified in non-small cell lung cancer (NSCLC). Much less is known about the incidence
and different distribution of concurrent alterations, as identified by comprehensive genomic profiling
in oncogene-addicted NSCLCs. Genomic data from advanced NSCLC consecutively analyzed using
a broad next-generation sequencing panel were retrospectively collected. Tumors harboring at
least one main actionable gene alteration were categorized according to the presence/absence of
concurrent genomic aberrations, to evaluate different patterns among the main oncogene-addicted
NSCLCs. Three-hundred-nine actionable gene alterations were identified in 284 advanced NSCLC
patients during the study period. Twenty-five tumor samples (8%) displayed concurrent alterations
in actionable genes. Co-occurrences involving any pathogenic variant or copy number variation
(CNV) were identified in 82.8% of cases. Overall, statistically significant differences in the number
of concurrent alterations, and the distribution of TP53, STK11, cyclines and receptor tyrosin kinase
(RTK) aberrations were observed across the eight actionable gene groups. NGS analyses of oncogene-
addicted NSCLCs showed a different distribution and pattern of co-alteration profiles. Further
investigations are needed to evaluate the prognostic and treatment-related impact of these concurrent
alterations, hooked to the main gene aberrations.

Keywords: predictive biomarker; next generation sequencing; co-mutation; EGFR; MET; KRAS;
BRAF; ALK; ERBB2; RET
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1. Introduction

The presence of oncogene drivers in non-small cell lung cancer (NSCLC) identifies
a subgroup of patients with potential survival benefit from targeted therapies in the ad-
vanced and metastatic setting. Patients harboring actionable gene mutations and treated
with a targeted agent showed a significant improvement in efficacy endpoints (e.g., overall
response rate, progression-free survival and overall survival) and decreased risk of death,
compared to those not receiving targeted treatment and to those without oncogene addic-
tion [1]. Since the identification of activating oncogenic mutations in the tyrosine kinase
domain of epidermal growth factor receptor (EGFR) in 2004 [2], an increasing number of
activating oncogene alterations have been identified in NSCLC, with a related growing
knowledge of their impact on treatment selection and survival [3,4]. In the latest years,
several tyrosine kinase inhibitors have been developed to target different novel driver gene
alterations other than EGFR, ALK, ROS-1 and BRAF, including RET, MET and ERBB2, and
some of them have already received approval by the Food and Drug Administration (FDA)
and European Medicines Agency (EMA) for the treatment of advanced NSCLC. Despite
the high efficacy of these target agents, all patients develop disease progression due to
primary or acquired resistance mechanisms [5,6]. To date, a deeper understanding of indi-
vidual tumor heterogeneity and evolutionary pressures related to the different therapies is
highly useful to address and define future potential treatment strategies for patients with
oncogene-addicted NSCLCs [7–9].

Relevant improvements in treatment strategies have been reached in parallel with
significant advancements in molecular diagnostics. Next-generation sequencing (NGS)
assays allow us to simultaneously detect multiple alterations in different genes, including
but not limited to the known genetic drivers. Therefore, they allow insights into tumor
molecular heterogeneity by evaluating the presence of co-occurring genomic alterations,
which might be at the basis of clinical heterogeneity and the variable response to anticancer
treatments within oncogenic-driven subgroups. Interest is growing towards the possibility
to define diverse NSCLC phenotypes through the identification of different co-mutational
patterns [10,11], and a negative prognostic role has been described for TP53 and LKB1
(or STK11) in EGFR and KRAS mutant lung cancer, respectively [12–17]. Additional gene
alterations, including cycline-related genes and PIK3CA, have also been initially described
as singular determinants of molecular diversity potentially impacting clinical results in
NSCLCs with driver mutations [14,18,19]. However, few data are available regarding
comprehensive co-mutation patterns, in particular in the less frequently detected oncogene-
addicted NSCLCs (i.e., ALK, ROS1 or RET rearrangements, BRAF or ERBB2 mutations).

In a previous report, we described the feasibility and potential impact of genomic
profiling in lung cancer using a 22-gene-based NGS assay [20], showing that 82.4% of
non-squamous NSCLC harbored at least one molecular alteration, while 63.6% carried
clinically relevant molecular aberrations.

This work aims to deeply investigate the comprehensive molecular results obtained by
wider genomic profiling of lung cancers, covering fusion genes and copy number variants
(CNVs), in addition to gene mutations, to evaluate the patterns of concurrent alterations
across the main actionable gene subgroups and to improve the molecular and clinical
understanding of oncogene-addicted non-small cell lung cancer.

2. Materials and Methods

We retrospectively collected tumor genomic data from patients with advanced NSCLC
consecutively referred to the European Institute of Oncology from January 2018 to Septem-
ber 2020. The study population included treatment-naïve patients diagnosed at our facility
and patients who were referred to our center after being diagnosed with NSCLC in other
institutions in the absence of a molecular profile. For the purpose of this study, only tumors
with complete molecular reports obtained from broad next-generation sequencing panel
analysis were considered. Additional results from fluorescence in situ hybridization (FISH)
testing were reviewed, whenever available. All information regarding human material was
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managed using anonymous numerical codes, and all samples were handled in compliance
with the Helsinki Declaration.

Molecular analysis was performed with a 161-gene NGS assay (Oncomine Com-
prehensive Assay v.3; ThermoFisher Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. Briefly, 10 ng of DNA and RNA extracted from available
representative tumor samples (formalin-fixed paraffin-embedded (FFPE) tissue blocks,
cytoblocks or smears) were used for the library and template preparation on the Ion Chef
System (ThermoFisher Scientific, Waltham, MA, USA). The sequencing run was performed
on the Ion S5 System (ThermoFisher Scientific, Waltham, MA, USA) and data were analyzed
with the Ion Reporter Analysis Software (ThermoFisher Scientific, Waltham, MA, USA).
Only mutations with a variant allele frequency (VAF) equal/superior to 5%, adequate
quality metrics and annotated as pathogenic/likely pathogenic in cancer gene mutation
databases (Catalogue of Somatic Mutations in Cancer (COSMIC), cBioPortal for Cancer
Genomics, ClinVar–NCBI–NIH) were recorded. Copy number gains (CNG) were evaluated
only for samples with a median of the absolute values of all pairwise difference (MAPD)
<0.5 [21]. Variants of unknown significance (VUS) and variants classified as polymorphism,
benign, likely benign or neutral were not considered for the purpose of our study.

FISH analyses were performed to confirm the presence of gene rearrangements and
copy number gain detected by NGS analysis using a dual-color probe (IQFISH Break
Apart Probe and MET IQFISH Probe with CEP7, respectively; Agilent Technologies, Santa
Clara, California, USA). The gene copy number (GCN) cutoff of 6 was used to define
MET-amplified cases for this study, either by FISH or by NGS.

All patients with any of the acknowledged actionable gene alterations in NSCLC were
included in the study analysis. Specifically, the eight evaluated actionable gene alterations
were EGFR, KRAS and BRAF mutations, ALK, ROS1 and RET rearrangements, MET dereg-
ulation and ERBB2 insertions. Due to the different clinical behavior and response to specific
treatments, EGFR mutations were further subclassified into common, sensitive—exon
19 deletions or exon 21 L858R point mutation—and uncommon mutations. Similarly, BRAF
mutations were subclassified into V600 and non-V600 point mutations, KRAS into G12C
and non-G12C mutations and MET into exon 14 skipping mutations and amplifications.

The identified concurrent alterations were grouped into 9 categories according to gene
functions (Table S1): TP53, STK11, DNA repair pathway, beta-catenin, MYC pathway, PI3K
pathway, cycline pathways, receptor tyrosine kinases (RTKs) and others.

Variables were presented by using the median value for continuous variables and
percentages (numbers) for categorical variables.

Pairwise comparisons using t-tests with pooled standard deviation (SD) were used to
evaluate the differences in the co-occurrence patterns according to the eight main driver
gene groups.

Odds ratio (OR), calculated using exact methods (mid-p and Fisher) and normal
approximation (Wald), was used to evaluate the association between genes and concurrent
alterations. Relative risk (RR) was used instead of OR for cases with a 0 value as the
reference level.

Statistical significance level was set at p < 0.05 for all tests. All statistical analyses were
performed with RStudio (RStudio: Integrated Development for R. RStudio, Inc., Boston,
MA). Co-occurrence of selected gene alterations was also evaluated using the mutual
exclusivity analysis of the cBioPortal bioinformatics tool [22–24].

3. Results
3.1. Distribution of Actionable Gene Mutations in the Study Population

Overall, among 392 patients, we identified 284 cases (72%) with advanced NSCLC
harboring at least one actionable gene alteration and complete molecular data as tested
with the NGS panel. A total of 309 actionable alterations were identified: 135 (43.7%)
KRAS mutations (n = 49 G12C and n = 86 non-G12C point mutations), 62 (20%) EGFR
mutations (n = 50 common and n = 12 uncommon mutations), 29 (9.4%) MET alterations
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(n = 6 exon 14 skipping and n = 23 gene amplification), 41 (13.3%) ALK rearrangements, 10
(3.2%) BRAF mutations (n = 3 V600 and n = 7 non-V600 point mutations), 12 (3.9%) ROS1
rearrangements, 16 (5.2%) RET rearrangements and 4 (1.3%) ERBB2 exon 20 mutations
(Table 1; Table S2).

Table 1. Frequencies of co-mutation and concurrent copy number gain variants in the eight actionable
gene groups.

Driver Gene
Mutation n (%) Presence of

Co-Mutations (%) Presence of CNVs (%)

KRAS
G12C

non-G12C

135 (43.7%)
49 (36.3%)
86 (63.7%)

104 (77%)
37 (75.5%)
67 (77.9%)

p value =
0.75

51 (37.8%)
20 (40.8%)
31 (36%)

p value =
0.58

EGFR
del19 + L858R

other

62 (20%)
50 (80.6%)
12 (19.4%)

52 (83.9%)
41 (82%)

11 (91.7%)

p value =
0.41

36 (58.1%)
31 (62%)
5 (41.7%)

p value =
0.19

MET
exon14 skipping

amplification
(CNV ≥ 6)

29 (9.4%)
6 (20.7%)

23 (79.3%)

25 (86.2%)
2 (33.3%)
23 (100%)

p value
< 0.001

14 (48.3%)
4 (66.7%)

10 (43.5%)

p value =
0.08

BRAF
V600

non-V600

10 (3.2%)
3 (30%)
7 (70%)

9 (90%)
2 (66.7%)
7 (100%)

p value =
0.65

14 (48.3%)
4 (66.7%)

10 (43.5%)

p value =
0.08

ALK 41 (13.3%) 18 (43.9%) 5 (12.2%)
HER2 4 (1.3%) 4 (100%) 2 (50%)
RET 16 (5.2%) 11 (68.8%) 3 (18.8%)

ROS1 12 (3.9%) 7 (58.3%) 1 (8.3%)

Total 309 (100%) 229 (74.1%) 114 (36.9%)

3.2. Frequency and Distribution of Concurrent Genomic Aberrations across the Actionable
Gene Subgroups

Overall, the presence of concurrent pathogenic or likely pathogenic alterations was
identified in 256 out of the 309 (82.8%) actionable gene aberrations, including cases with
concurrent actionable alterations. Concurrent actionable gene alterations occurred in 25
(8%) of the 284 patients, including MET gene amplification (17.68%), KRAS (10.40%) and
EGFR (9.36%) mutations (Figure 1; Figure S1).

The median number of overall observed genomic co-alterations (pathogenic/likely
pathogenic mutations or CNGs) was two (range 0–8). One-way ANOVA test for variance
analysis highlighted a statistically significant difference in the distribution of the median
number of total concurrent alterations across the eight actionable gene groups (p < 0.001).
Cases with ALK, ROS1 and RET rearrangements showed the lowest median number of
concurrent alterations; MET deregulated tumors displayed the highest median number of
co-occurrences (Figure 2). Multiple pairwise comparisons revealed differences between
specific pairs of groups (Figure 2; Figure S2 and File S1).
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ALK-rearranged tumors were significantly less likely to harbor co-mutations as com-
pared to cases with KRAS (OR: 0.24, 95% CI 0.11–0.49, p = 0.00019), EGFR (OR: 0.15, 95% CI
0.06–0.38, p < 0.0001), MET (OR: 0.13, 95% CI 0.03–0.42, p = 0.0004) and BRAF (OR: 0.10, 95%
CI 0.004–0.62, p = 0.014) alterations (Figure S3A). Similarly, a lower frequency of concurrent
CNVs was detected in ALK-positive cases compared to KRAS, EGFR and MET-altered
tumors (OR: 0.24, 95% CI 0.076–0.595; OR: 0.10, 95% CI 0.03–0.28; OR: 0.14, 95% CI 0.04–
0.43, respectively). Tumors with EGFR mutations harbored more frequently concurrent
CNVs than those with KRAS mutations (OR: 2.27, 95% CI 1.23–4.23) and RET and ROS1-
rearranged tumors (OR: 5.67, 95% CI 1.61–28; OR: 13.19, 95% CI 2.31–339, respectively).
ROS1-positive cases were less likely to present with CNVs compared to MET-deregulated
patients (OR: 0.099, 95% CI 0.004–0.63) (Figure S3B). No significant differences in the
occurrence of co-mutations or CNGs were observed within actionable gene subclasses,
except for MET-deregulated tumors, where a higher frequency of co-mutations was found
in MET-amplified as compared to MET exon 14 skipping cases (100 vs. 33.3%, p < 0.001)
(Table 1).

3.3. Distinctive Patterns of Concurrent Alterations in the Actionable Gene Subgroups

Distinctive genes and/or pathways were affected by the concurrent alterations identi-
fied in the different actionable gene subgroups, including TP53, STK11, genes associated
with cycline pathways and RTKs (Figures 1 and 3). Of note, TP53 mutations occurred more
frequently in cases with EGFR and ERBB2 mutations compared to KRAS mutant tumors
(62.9 vs. 23%, OR: 3.72, 95% CI 1.99–7.10, p = 0.00047 and 100 vs. 23%, RR: 3.21, 95% CI
2.50–4.13, p = 0.031, respectively) and to ALK-rearranged cases (62.9 vs. 26%, OR: 4.52,
95% CI 1.94–11.15 and 100 vs. 26.8%, RR 3.73, 95% CI 2.25–6.18, p = 0.003, respectively)
(Figure S4A).
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below. Distinctive concurrent gene and/or pathway alterations were identified in the different actionable gene groups. In
particular, TP53 mutations were more frequently detected in EGFR, ERBB2 and RET-positive tumors. Mutations in the
STK11 gene were more frequent in cases harboring KRAS and BRAF mutations. No significant differences were seen within
actionable gene subclasses.
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STK11 co-mutations, as expected, were highly represented in KRAS mutant tumors
(15.6%), but were also detected in cases with BRAF (40%), ROS1 (8.3%), ALK (2.4%) and
EGFR (1.6%) alterations (Figure 3). However, the likelihood to detect STK11 mutations
was significantly less in EGFR, MET, ALK and RET positive tumors compared to tumors
harboring KRAS and BRAF mutations, and in ROS1-positive compared to BRAF-positive
cases (Figure S4B).

Co-alterations affecting cycline pathways, including CDK2/4, occurred more fre-
quently in MET (34.5%)-positive tumors compared to KRAS mutants (8.9%), ALK (2.4%)
and RET (0%) fusion-positive cases (p = 0.0157; p = 0.0031; p = 0.0157, respectively) and in tu-
mors with ERBB2 mutations (50%) compared to ALK and RET-rearranged cases (p = 0.0473;
p = 0.0473, respectively) (Figure S4C).

RTKs alterations were observed across all driver gene groups except for ERBB2
(Figure 3). MET-deregulated tumors had the highest rate (65.5%) of RTKs alterations,
which was significantly higher compared to KRAS (22.2%), ALK (12.2%), ERBB2 (0%), RET
(6.25%) and ROS1 (25%) (Figure S4D).

No statistically significant differences were observed in the incidence of co-mutations
involving other pathways, including beta-catenin, MYC pathway, PI3K pathway and DNA
repair pathways.

4. Discussion

An increasing amount of data are emerging on genomic profiling of NSCLC through
NGS platforms [20,25,26]. Previous reports selectively described potentially relevant co-
altered genes in specific oncogene-addicted NSCLC subsets. The most explored are the
KRAS and EGFR mutant NSCLCs, with major findings on TP53, STK11 and cycline-related
genes such as CDKN2A/B and CDK4/6 [12–15,18,19]. The present study evaluated the
incidence and patterns of concurrent genomic aberrations, across the eight main actionable
genes identified in NSCLC. We found statistically significant differences in concurrent
alteration profiles within the eight subgroups both quantitively and qualitatively. In-
deed, we observed differences in the frequencies of co-occurrences, which were lower in
ALK-rearranged tumors, in median co-alteration number, lower in ALK, RET and ROS1-
rearranged tumors and higher in MET-deregulated cases, and in the occurrence of specific
co-alteration categories (TP53, STK11, cycline-related genes and RTKs).

Previous findings in EGFR-mutant lung cancers show recurrent aberrations in TP53
(54.6–64.6%), PIK3CA (9−12.4%), CTNNB1 (5.3−9.6%), CDKN2A/B (20.2–24.6%) and CDK4
(7−10%) [18,27,28]. Taking into account our categorization according to gene functions,
the rates of these co-occurrent alterations are quite comparable with those observed in our
cohort of EGFR-mutant tumors (TP53 62.9%, PIK3CA pathway 16.1%, cycline-related genes
17.7% and β-catenin 3.2%). The observed rate of TP53 mutations in ALK, RET and ROS1-
rearranged tumors (26.8, 56.2 and 41.7%, respectively) was also similar to that reported in
other studies (23.8−26.5% for ALK, 34.6−45.5% for RET and 45.6% for ROS1) [25,29,30].
Conversely, we found a lower rate of mutations involving cycline-related genes in the three
rearranged subgroups (2.4, 0 and 8.3%, in ALK, RET and ROS1, respectively) compared to
the previous reports [25,29]. However, given that the analysis of gene copy number loss
(e.g., CDKN2A/B loss) was not included in our study, these differences may be related to
the types of gene alterations covered by different NGS panels. In tumors with MET exon 14
skipping mutations we identified a similar rate of TP53 co-mutations and cycline-related
gene alterations as compared to previous findings (33.3 and 50% in our study; 33.5 and
17.5–41.6% in historical data, respectively) [25]. Previous reports on concurrent alterations
in BRAF-mutant lung cancer, including V600 and non-V600 alterations, showed a higher
rate of TP53 (53.3%), lower rate of STK11 (16.2%) and a similar rate of PIK3CA (6.6%),
MYC (10.8%) and CDKN2A/B (11.2–16.6%) alterations [25], compared to our study (TP53
30%, STK11 16.2%, PIK3CA pathway 10%, MYC pathway 10% and cyclines pathway 10%).
Finally, TP53 co-mutations were reported in 51.7%, CDKN2A/B in 17.2–27.2%, PIK3CA in
5% and CTNNB1 in 4.4% of ERBB2-mutant NSCLC [25], but these data are not comparable
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to our results due to the very small number of tumors with ERBB2 mutations included in
our cohort.

Taken together, our data reveal a lower frequency of concurrent alterations in tu-
mors driven by fusion genes, and higher rates of co-occurrences in those driven by other
actionable gene alterations, especially MET amplification/mutation. These observations po-
tentially suggest differential tumor clonal evolution among the actionable gene groups [31].
Indeed, a more linear evolutionary model might be distinctive of gene fusion-driven tu-
mors, with gene rearrangements occurring as very early events in clonal evolution, in the
absence of relevant co-occurring mutations. Conversely, the higher rate of co-occurrent
alterations, either “passengers” or even “drivers”, in MET, KRAS, BRAF and EGFR-driven
tumors, suggests a branched clonal evolutionary process existing from the early steps of
tumor progression. The presence of multiple subclones that may compete during tumor
progression and, more importantly, during anti-cancer treatments, can drive the establish-
ment of drug-tolerant persister clones and subsequent off-target drug resistance [7,8,32].
Hence, the specific patterns and relative abundance of co-occurring alterations might be
responsible for differential tumor behavior in terms of response to anti-cancer treatments,
duration of response and treatment resistance mechanisms. In the evolving experience of
the failure of mono-immunotherapy in the main oncogene-addicted NSCLCs, the deeper
investigation of co-alteration profiles could shed light on potential subgroups that might
still benefit from such an approach or require combinatorial strategies [33–35].

The significance and relative impact of co-occurring gene alterations are strongly
dependent on several factors, including the size of the evaluated cohort and the number
and type of evaluated gene alterations according to the specific sequencing platform.
However, to our knowledge, this is the first in-class study to comprehensively describe
and categorize co-mutation patterns according to primary actionable gene alterations in
advanced NSCLC, providing an additional exploratory comparison among subgroups.
The relatively high rate of actionable gene alterations—including those of rarer genes—
observed in our study is most likely due to the referral nature of many patients, which
results in a positive selection of cases with a higher probability to be found with driver
alterations (e.g., never-smokers with previously diagnosed negative EGFR mutational
status accessing our institution for wider tumor genomic profiling). However, the absence
of previous oncogene-driven treatments for the advanced setting in the evaluated samples
cohort is a major strength in our study, since it allows more accurate interpretation of
co-mutation patterns, that might be influenced by selective pressure induced by prior
therapies. The main limitation of this study is the unavailability of clinical data, due to the
relatively short follow-up time of the included population, the non-homogeneous nature
of treatment administered in relation to the heterogeneous populations and the referral
nature of many patients’ samples who were treated in other institutions.

5. Conclusions

The treatment scenario for patients with NSCLC has dramatically changed in the last
two decades thanks to the advent of different targeted agents and immune checkpoint
inhibitors. The use of these agents significantly improved the median survival benefit
in the advanced setting. However, different open questions remain to further improve
the survival of patients with NSCLC and improve our understanding of non-response
or resistance in patients with oncogene-addicted NSCLC, in which the role of concurrent
alterations could be crucial. Indeed, the analysis of co-occurring gene alterations might help
in clinical practice, by guiding personalized treatment selection and resistance evaluation.
However, despite being strongly recommended, NGS is still not currently standard in many
institutions; therefore, the clinical applicability in the real-world setting of investigating
co-occurring mutations remains for now in the field of translational research. Based on
the exploratory results of the current study, further investigation is planned to selectively
collect clinical data in each actionable gene subgroup, defining homogeneously treated
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patient populations, and to identify differential co-occurrence patterns to be correlated
with treatment outcomes, resistance patterns and survival.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13092172/s1, Figure S1: Distribution of concurrent actionable gene alterations,
Figure S2: Differences in the median number of concurrent alterations of the eight actionable gene
groups, Figure S3: Differences in frequency of co-mutation (A) and copy number gain variants (B) of
the eight actionable gene groups, Figure S4: Differences in the frequency of TP53 (A) and STK11 (B)
co-mutations, cycline pathways (C) and RTKs (D) co-alterations of the eight actionable gene groups,
Table S1: Genes included in the nine concurrent alteration categories, Table S2: Main characteristics of
included population, File S1. Co-occurrence tendency of the eight actionable gene according to the mu-
tual exclusivity analysis from the cBioPortal Oncoprinter (https://www.cbioportal.org/oncoprinter,
accessed on 10 March 2021).

Author Contributions: Conceptualization: A.P., I.A. and E.G.-R. Methodology: A.P. and I.A. Data
collection: A.P., I.A., E.G.-R., A.R. (Alessandra Rappa), A.R. (Alberto Ranghiero), D.V., J.G., M.B.,
F.d.M., L.S., C.F. Statistical analyses: I.A. Visualization: A.P. and I.A., E.G.-R. Writing—original draft:
A.P., I.A. and E.G.-R. Writing—review and editing: all authors. All authors have read and agreed to
the published version of the manuscript.

Funding: Funding: This work was partially supported by the Italian Ministry of Health with “Ricerca
Corrente”, “5 × 1000”.

Institutional Review Board Statement: All the experimental procedures were carried out in ac-
cordance with the general authorization to process personal data for scientific research purposes
from “The Italian Data Protection Authority” (http://www.garanteprivacy.it/web/guest/home/
docweb/-/docwebdisplay/export/2485392, accessed on 10 March 2021). All information regarding
human material was managed using anonymous numerical codes, and all samples were handled
in compliance with the Helsinki Declaration (https://www.wma.net/fr/news-post/en-matierede-
transfert-des-taches-la-securite-des-patients-et-la-qualitedes-soins-devraient-etre-primordiales/, ac-
cessed on 10 March 2021). According to the aforementioned national guidelines, the study did not
require an Ethical Committee approval since it did not affect the clinical management of the involved
patients’ samples.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in insert article and
supplementary materials.

Acknowledgments: We acknowledge the laboratory technicians of the Division of Pathology (Euro-
pean Institute of Oncology IRCCS, Milan, Italy) for sample collection and processing.

Conflicts of Interest: Passaro has received personal fees from AstraZeneca, Boehringer Ingelheim,
Bristol Myers Squibb, Eli Lilly, Merck Sharp & Dohme, Jansenn, Novartis, Pfizer and Roche, outside
the submitted work. De Marinis has received honoraria or consulting fees from AstraZeneca,
Boehringer Ingelheim, Bristol Myers Squibb, Merck Sharp & Dohme, Pfizer, Novartis, Takeda,
Xcovery and Roche, outside the submitted work. Guerini Rocco has received personal fees from
ThermoFisher Scientific, Novartis, AstraZeneca and Roche outside the submitted work; non-financial
support from ThermoFisher Scientific, AstraZeneca, Roche, Novartis, Biocartis and Illumina outside
the submitted work. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Kris, M.G.; Johnson, B.E.; Berry, L.D.; Kwiatkowski, D.J.; Iafrate, A.J.; Wistuba, I.I.; Varella-Garcia, M.; Franklin, W.A.; Aronson,

S.L.; Su, P.-F.; et al. Using Multiplexed Assays of Oncogenic Drivers in Lung Cancers to Select Targeted Drugs. JAMA 2014, 311,
1998–2006. [CrossRef] [PubMed]

2. Lynch, T.J.; Bell, D.W.; Sordella, R.; Gurubhagavatula, S.; Okimoto, R.A.; Brannigan, B.W.; Harris, P.L.; Haserlat, S.M.; Supko,
J.G.; Haluska, F.G.; et al. Activating Mutations in the Epidermal Growth Factor Receptor Underlying Responsiveness of
Non–Small-Cell Lung Cancer to Gefitinib. N. Engl. J. Med. 2004, 350, 2129–2139. [CrossRef]

3. Yuan, M.; Huang, L.-L.; Chen, J.-H.; Wu, J.; Xu, Q. The emerging treatment landscape of targeted therapy in non-small-cell lung
cancer. Signal Transduct. Target. Ther. 2019, 4, 1–14. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13092172/s1
https://www.mdpi.com/article/10.3390/cancers13092172/s1
https://www.cbioportal.org/oncoprinter
http://www.garanteprivacy.it/web/guest/home/docweb/-/docwebdisplay/export/2485392
http://www.garanteprivacy.it/web/guest/home/docweb/-/docwebdisplay/export/2485392
https://www.wma.net/fr/news-post/en-matierede-transfert-des-taches-la-securite-des-patients-et-la-qualitedes-soins-devraient-etre-primordiales/
https://www.wma.net/fr/news-post/en-matierede-transfert-des-taches-la-securite-des-patients-et-la-qualitedes-soins-devraient-etre-primordiales/
http://doi.org/10.1001/jama.2014.3741
http://www.ncbi.nlm.nih.gov/pubmed/24846037
http://doi.org/10.1056/NEJMoa040938
http://doi.org/10.1038/s41392-019-0099-9
http://www.ncbi.nlm.nih.gov/pubmed/31871778


Cancers 2021, 13, 2172 10 of 11

4. Peters, S.; Mok, T.; Passaro, A.; Jänne, P.A. The Promising Evolution of Targeted Therapeutic Strategies in Cancer. Cancer Discov.
2021, 11, 810–814. [CrossRef] [PubMed]

5. Del Re, M.; Arrigoni, E.; Restante, G.; Passaro, A.; Rofi, E.; Crucitta, S.; De Marinis, F.; Di Paolo, A.; Danesi, R. Concise Review:
Resistance to Tyrosine Kinase Inhibitors in Non-Small Cell Lung Cancer: The Role of Cancer Stem Cells. Stem Cells 2018, 36,
633–640. [CrossRef]

6. Passaro, A.; Jänne, P.A.; Mok, T.; Peters, S. Overcoming therapy resistance in EGFR-mutant lung cancer. Nat. Rev. Cancer 2021, 2,
377–391. [CrossRef]

7. McGranahan, N.; Swanton, C. Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future. Cell 2017, 168,
613–628. [CrossRef]

8. Passaro, A.; Malapelle, U.; Del Re, M.; Attili, I.; Russo, A.; Guerini-Rocco, E.; Fumagalli, C.; Pisapia, P.; Pepe, F.; De Luca, C.; et al.
Understanding EGFR heterogeneity in lung cancer. ESMO Open 2020, 5, e000919. [CrossRef]

9. Passaro, A.; Mok, T.; Peters, S.; Popat, S.; Ahn, M.-J.; de Marinis, F. Recent Advances on the Role of EGFR Tyrosine Kinase
Inhibitors in the Management of NSCLC With Uncommon, Non Exon 20 Insertions, EGFR Mutations. J. Thorac. Oncol. 2020, 16,
764–773. [CrossRef]

10. Zehir, A.; Benayed, R.; Shah, R.H.; Syed, A.; Middha, S.; Kim, H.R.; Srinivasan, P.; Gao, J.; Chakravarty, D.; Devlin, S.M.; et al.
Mutational landscape of metastatic cancer revealed from prospective clinical sequencing of 10,000 patients. Nat. Med. 2017, 23,
703–713. [CrossRef]

11. Imielinski, M.; Berger, A.H.; Hammerman, P.S.; Hernandez, B.; Pugh, T.J.; Hodis, E.; Cho, J.; Suh, J.; Capelletti, M.; Sivachenko, A.;
et al. Mapping the Hallmarks of Lung Adenocarcinoma with Massively Parallel Sequencing. Cell 2012, 150, 1107–1120. [CrossRef]

12. Lee, J.K.; Lee, J.; Kim, S.; Kim, S.; Youk, J.; Park, S.; An, Y.; Keam, B.; Kim, D.W.; Heo, D.S.; et al. Clonal History and Genetic
Predictors of Transformation Into Small-Cell Carcinomas From Lung Adenocarcinomas. J. Clin. Oncol. 2017, 35, 3065–3074.
[CrossRef] [PubMed]

13. VanderLaan, P.A.; Rangachari, D.; Mockus, S.M.; Spotlow, V.; Reddi, H.V.; Malcolm, J.; Huberman, M.S.; Joseph, L.J.; Kobayashi,
S.S.; Costa, D.B. Mutations in TP53, PIK3CA, PTEN and other genes in EGFR mutated lung cancers: Correlation with clinical
outcomes. Lung Cancer 2017, 106, 17–21. [CrossRef] [PubMed]

14. Kim, Y.; Lee, B.; Shim, J.H.; Lee, S.-H.; Park, W.-Y.; Choi, Y.-L.; Sun, J.-M.; Ahn, J.S.; Ahn, M.-J.; Park, K. Concurrent Ge-
netic Alterations Predict the Progression to Target Therapy in EGFR-Mutated Advanced NSCLC. J. Thorac. Oncol. 2019, 14,
193–202. [CrossRef]

15. Skoulidis, F.; Goldberg, M.E.; Greenawalt, D.M.; Hellmann, M.D.; Awad, M.M.; Gainor, J.F.; Schrock, A.B.; Hartmaier, R.J.;
Trabucco, S.E.; Gay, L.; et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma.
Cancer Discov. 2018, 8, 822–835. [CrossRef] [PubMed]

16. Addeo, A.; Passaro, A.; Malapelle, U.; Banna, G.L.; Subbiah, V.; Friedlaender, A. Immunotherapy in Non-small cell lung cancer
harbouring driver mutations. Cancer Treat. Rev. 2021, 96, 102179. [CrossRef]

17. Pavan, A.; Bragadin, A.B.; Calvetti, L.; Ferro, A.; Zulato, E.; Attili, I.; Nardo, G.; Maso, A.D.; Frega, S.; Menin, A.G.; et al.
Role of next generation sequencing-based liquid biopsy in advanced non-small cell lung cancer patients treated with immune
checkpoint inhibitors: Impact of STK11, KRAS and TP53 mutations and co-mutations on outcome. Transl. Lung Cancer Res. 2021,
10, 202–220. [CrossRef]

18. Blakely, C.M.; Watkins, T.B.K.; Wu, W.; Gini, B.; Chabon, J.J.; McCoach, C.E.; McGranahan, N.; Wilson, G.A.; Birkbak, N.J.; Olivas,
V.R.; et al. Evolution and clinical impact of co-occurring genetic alterations in advanced-stage EGFR-mutant lung cancers. Nat.
Genet. 2017, 49, 1693–1704. [CrossRef]

19. Skoulidis, F.; Byers, L.A.; Diao, L.; Papadimitrakopoulou, V.A.; Tong, P.; Izzo, J.; Behrens, C.; Kadara, H.; Parra, E.R.; Canales, J.R.;
et al. Co-occurring Genomic Alterations Define Major Subsets of KRAS—Mutant Lung Adenocarcinoma with Distinct Biology,
Immune Profiles, and Therapeutic Vulnerabilities. Cancer Discov. 2015, 5, 860–877. [CrossRef]

20. Fumagalli, C.; Vacirca, D.; Rappa, A.; Passaro, A.; Guarize, J.; Raviele, P.R.; De Marinis, F.; Spaggiari, L.; Casadio, C.; Viale, G.;
et al. The long tail of molecular alterations in non-small cell lung cancer: A single-institution experience of next-generation
sequencing in clinical molecular diagnostics. J. Clin. Pathol. 2018, 71, 767–773. [CrossRef]

21. Fumagalli, C.; Ranghiero, A.; Gandini, S.; Corso, F.; Taormina, S.; De Camilli, E.; Rappa, A.; Vacirca, D.; Viale, G.; Guerini-Rocco,
E.; et al. Inter-tumor genomic heterogeneity of breast cancers: Comprehensive genomic profile of primary early breast cancers
and relapses. Breast Cancer Res. 2020, 22, 107. [CrossRef] [PubMed]

22. cBioPortal for Cancer Genomics. Available online: https://www.cbioportal.org/oncoprinter (accessed on 10 March 2021).
23. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al. Integrative

Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef] [PubMed]
24. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.

The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov.
2012, 2, 401–404. [CrossRef] [PubMed]

25. Frampton, G.M.; Ali, S.M.; Rosenzweig, M.; Chmielecki, J.; Lu, X.; Bauer, T.M.; Akimov, M.; Bufill, J.A.; Lee, C.; Jentz, D.; et al.
Activation of MET via Diverse Exon 14 Splicing Alterations Occurs in Multiple Tumor Types and Confers Clinical Sensitivity to
MET Inhibitors. Cancer Discov. 2015, 5, 850–859. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-21-0124
http://www.ncbi.nlm.nih.gov/pubmed/33811117
http://doi.org/10.1002/stem.2787
http://doi.org/10.1038/s43018-021-00195-8
http://doi.org/10.1016/j.cell.2017.01.018
http://doi.org/10.1136/esmoopen-2020-000919
http://doi.org/10.1016/j.jtho.2020.12.002
http://doi.org/10.1038/nm.4333
http://doi.org/10.1016/j.cell.2012.08.029
http://doi.org/10.1200/JCO.2016.71.9096
http://www.ncbi.nlm.nih.gov/pubmed/28498782
http://doi.org/10.1016/j.lungcan.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28285689
http://doi.org/10.1016/j.jtho.2018.10.150
http://doi.org/10.1158/2159-8290.CD-18-0099
http://www.ncbi.nlm.nih.gov/pubmed/29773717
http://doi.org/10.1016/j.ctrv.2021.102179
http://doi.org/10.21037/tlcr-20-674
http://doi.org/10.1038/ng.3990
http://doi.org/10.1158/2159-8290.CD-14-1236
http://doi.org/10.1136/jclinpath-2018-205032
http://doi.org/10.1186/s13058-020-01345-z
http://www.ncbi.nlm.nih.gov/pubmed/33059724
https://www.cbioportal.org/oncoprinter
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://doi.org/10.1158/2159-8290.CD-15-0285


Cancers 2021, 13, 2172 11 of 11

26. Jamal-Hanjani, M.; Wilson, G.; McGranahan, N.; Birkbak, N.J.; Watkins, T.B.K.; Veeriah, S.; Shafi, S.; Johnson, D.H.; Mitter, R.;
Rosenthal, R.; et al. Tracking the Evolution of Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 376, 2109–2121. [CrossRef]

27. Helena, A.Y.; Suzawa, K.; Jordan, E.J.; Zehir, A.; Ni, A.; Kim, H.R.; Kris, M.G.; Hellmann, M.D.; Li, B.T.; Somwar, R.; et al.
Concurrent Alterations in EGFR-Mutant Lung Cancers Associated with Resistance to EGFR Kinase Inhibitors and Characterization
of MTOR as a Mediator of Resistance. Clin. Cancer Res. 2018, 24, 3108–3118.

28. Labbé, C.; Cabanero, M.; Korpanty, G.J.; Tomasini, P.; Doherty, M.K.; Mascaux, C.; Jao, K.; Pitcher, B.; Wang, R.; Pintilie, M.; et al.
Prognostic and predictive effects of TP53 co-mutation in patients with EGFR -mutated non-small cell lung cancer (NSCLC). Lung
Cancer 2017, 111, 23–29. [CrossRef]

29. Aisner, D.L.; Sholl, L.M.; Berry, L.D.; Rossi, M.R.; Chen, H.; Fujimoto, J.; Moreira, A.L.; Ramalingam, S.S.; Villaruz, L.C.; Otterson,
G.A.; et al. The Impact of Smoking and TP53 Mutations in Lung Adenocarcinoma Patients with Targetable Mutations—The Lung
Cancer Mutation Consortium (LCMC2). Clin. Cancer Res. 2018, 24, 1038–1047. [CrossRef]

30. Lee, J.J.K.; Park, S.; Park, H.; Kim, S.; Lee, J.; Lee, J.; Youk, J.; Yi, K.; An, Y.; Park, I.K.; et al. Tracing Oncogene Rearrangements in
the Mutational History of Lung Adenocarcinoma. Cell 2019, 177, 1842–1857. [CrossRef]

31. Zhao, B.; Hemann, M.T.; Lauffenburger, D.A. Modeling Tumor Clonal Evolution for Drug Combinations Design. Trends Cancer
2016, 2, 144–158. [CrossRef]

32. Zulato, E.; Attili, I.; Pavan, A.; Nardo, G.; Del Bianco, P.; Bragadin, A.B.; Verza, M.; Pasqualini, L.; Pasello, G.; Fassan, M.; et al.
Early assessment of KRAS mutation in cfDNA correlates with risk of progression and death in advanced non-small-cell lung
cancer. Br. J. Cancer 2020, 123, 81–91. [CrossRef] [PubMed]

33. Attili, I.; Tarantino, P.; Passaro, A.; Stati, V.; Curigliano, G.; de Marinis, F. Strategies to overcome resistance to immune checkpoint
blockade in lung cancer. Lung Cancer 2021, 154, 151–160. [CrossRef] [PubMed]

34. Passaro, A.; Attili, I.; Morganti, S.; Del Signore, E.; Gianoncelli, L.; Spitaleri, G.; Stati, V.; Catania, C.; Curigliano, G.; de Marinis, F.
Clinical features affecting survival in metastatic NSCLC treated with immunotherapy: A critical review of published data. Cancer
Treat. Rev. 2020, 89, 102085. [CrossRef] [PubMed]

35. Attili, I.; Bonanno, L.; Karachaliou, N.; Bracht, J.W.P.; Berenguer, J.; Codony-Servat, C.; Codony-Servat, J.; Aldeguer, E.; Gimenez-
Capitan, A.; Maso, A.D.; et al. SRC and PIM1 as potential co-targets to overcome resistance in MET deregulated non-small cell
lung cancer. Transl. Lung Cancer Res. 2020, 9, 1810–1821. [CrossRef]

http://doi.org/10.1056/NEJMoa1616288
http://doi.org/10.1016/j.lungcan.2017.06.014
http://doi.org/10.1158/1078-0432.CCR-17-2289
http://doi.org/10.1016/j.cell.2019.05.013
http://doi.org/10.1016/j.trecan.2016.02.001
http://doi.org/10.1038/s41416-020-0833-7
http://www.ncbi.nlm.nih.gov/pubmed/32376889
http://doi.org/10.1016/j.lungcan.2021.02.035
http://www.ncbi.nlm.nih.gov/pubmed/33684660
http://doi.org/10.1016/j.ctrv.2020.102085
http://www.ncbi.nlm.nih.gov/pubmed/32771858
http://doi.org/10.21037/tlcr-20-681

	Introduction 
	Materials and Methods 
	Results 
	Distribution of Actionable Gene Mutations in the Study Population 
	Frequency and Distribution of Concurrent Genomic Aberrations across the Actionable Gene Subgroups 
	Distinctive Patterns of Concurrent Alterations in the Actionable Gene Subgroups 

	Discussion 
	Conclusions 
	References

