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Abstract

Molecular heterogeneity is a frequent event in cancer responsible of several critical issues in
diagnosis and treatment of oncologic patients. Lung tumours are characterized by high degree of
molecular heterogeneity associated to different mechanisms of origin including genetic, epigenetic
and non-genetic source. In this review, we provide an overview of recognized mechanisms
underlying molecular heterogeneity in lung cancer, including epigenetic mechanisms, mutant allele
specific imbalance, genomic instability, chromosomal aberrations, tumor mutational burden, somatic
mutations. We focus on the role of spatial and temporal molecular heterogeneity involved in

therapeutic implications in lung cancer patients.
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1. Introduction

Tumor heterogeneity represents a well-known
event in cancer, responsible of several critical issues in
diagnosis and treatment of cancer patients. Different
levels of heterogeneity have been recognized in cancer
particularly interpatient, intratumor and intertumor.

Interpatient heterogeneity is related to genetic
and phenotypic variations, observed among
individuals with the same tumor type; it could explain
the different treatment response of each patient.
Intratumor  heterogeneity refers to subclonal
diversities of tumor cells observed within a single
tumor, whereas intertumor heterogeneity is
considered as diversity between primary tumor and
its metastases [1-3].

Distinct cellular populations within a tumour
could differ in a wide spectrum of features from the
expression of cell markers to the genetic or epigenetic
alterations which could cause heterogeneity [4].

Heterogeneity of molecular profile represents
one of the most challenging issues in cancer,

particularly in lung cancer, in the light of the resulting
therapeutic implications.

In lung cancer, different levels of molecular
heterogeneity have been recognized including
inter-patients, intra- and inter-tumour variability.
Molecular heterogeneity between lung cancer patients
with the same histotype represents a proven
biological process resulting frequently in different
treatment response for each individual patient [1,5].

Furthermore, a high degree of genetic diversity
between the primary lung tumor and corresponding
metastatic lesions could play a pivotal role in the
therapeutic context of lung cancer patients [6-14].

In this review, we provide an overview of
recognized mechanisms underlying molecular
heterogeneity in lung cancer, including genetic as well
as epigenetic sources and non-genetic sources such as
cancer stem cells (CSCs) and immune contexture. We
focus on the role of spatial and temporal molecular
heterogeneity involved in therapeutic implications in
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lung cancer patients.

2. Mechanisms of origin of molecular
heterogeneity in lung cancer.

In lung cancer, heterogeneity could be attributed
to several different sources [15, 16], related to genetic,
epigenetic and non-genetic mechanisms (Fig. 1).

Lung tumours are characterized by extensive
genomic aberrations including aneusomy, gains and
losses of large chromosome regions, gene rearrange-
ments, copy number gain, amplifications [17].

Genomic instability represents one of the
hallmarks in human cancer resulting in various
genetic aberrations at different level from mutations
in single or few nucleotides to changes of part or
entire chromosomes [18].

The term chromosomal instability (CIN) defines
a type of genomic instability associated to numerical
and structural variations of part or whole
chromosomes, for example gain or loss of
chromosome fragments, translocations, deletions and
amplifications of DNA [19, 20]. CIN could have
clinical importance in lung cancer patients being
generally associated with poor prognosis regardless
of other conventional risk factors such as tumour
stage, age and sex [21- 23].

Furthermore, CIN may frequently generate the
intertumor heterogeneity resulting in a possible

Epigenetic
heterogenity

increase, before the treatment, of resistant pre-existing
sub-clones. Consistent with the selective pressure
related to drug treatment, tumor cells characterized
by hight levels of CIN might promote drug resistence
[24, 20]. Moreover, genomic diversity facilitates the
adaptation of cancer cell populations in the context of
tumor microenvironment resulting in tumor
progression and poor prognosis [19].

Jamal-Hanjani and colleagues have recently
performed whole-exome sequencing on multiple
regions in a cohort of 100 non-small cell lung cancer
(NSCLC) patients who had not received previous
systemic therapy. Their results showed widespread
intratumor  heterogeneity for both  somatic
copy-number alterations and mutations, particularly
an elevated copy-number heterogeneity was
associated with an increased risk of recurrence or
death (hazard ratio, 4.9; P = 4.4x10-4), statistically
significant in multivariate analysis. These finding
demonstrate that intratumor heterogeneity due to
CIN in NSCLC is strictly associated to increased risk
of recurrence or death, suggesting its potential
prognostic role [25].

Human malignancies are characterized by a high
variable frequency of somatic mutations between and
within tumor types, ranging from about 0.001 to 400
per megabase (Mb), suggesting the complexity
mutational burden underlying the carcinogenesis [26].
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Fig. 1: Mechanisms of origin of molecular heterogeneity in Lung Cancer.
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Lung cancer is featured by a high tumor mutational
burden (TMB) compared to other cancer type,
probably related to smoking habits frequently
observed in lung cancer patients. Recent finding have
highlighted the pivotal role of the TMB as predictor of
response to immunotherapies [27].

The tumorigenesis in lung cancer represents a
multi-step process involving genetic alterations.
Previous studies proposed a mathematical modeling
related to a clonal mutation burden in several cancer
types, suggesting that lung cancer reflects
predominantly mutations accumulated early during
tumorigenesis compared to others cancers with late
mutation rate [28].

Mutant allele specific imbalance (MASI)
represents another genetic mechanism that could
promote heterogeneity and impact tumorigenesis,
progression, metastasis, prognosis and potentially
therapeutic responses in cancer. MASI could occur
with copy neutral alteration defined as acquired
uniparental disomy (UPD), or with loss of
heterozygosity (LOH) due to the loss of the wild-type
allele [29]. Previous studies reported that MASI is a
frequent event in some major oncogenes, such as
EGFR, KRAS, PIK3CA, and BRAF [29].

In lung cancer, EGFR MASI is a frequent event
counted approximately in 26-37% of cases, more
commonly associated with exon 19 deletion than with
exon 21 mutation [30, 31]. Although related to poor
disease-specific survival, EGFR MASI seems not to be
associated with time to progression and overall
survival, nor to sensitivity to treatment with EGFR
specific inhibitors [32].

Although intratumoral molecular heterogeneity
in human cancer has historically attributed to genetic
alterations, to date a high degree of heterogeneity has
been related to epigenetic mechanisms, including
DNA methylation, chromatin remodeling, and
post-translational modification of histones [16, 33].

Epigenetic modifications induce a variability in
gene expression determining a remarkable diversity.
Recently, several studies analyzed a potential
predictive role of epigenetic modifications in lung
cancer, particularly microRNA (miRNAs) and DNA
methylation [34]. MiRNAs play a crucial role in
post-transcriptional regulation of several genes
expression by binding to messenger RNA (mRNA)
through complementary sequences. Physiologically, a
single miRNA can modulate cell growth,
differentiation and apoptosis, therefore an altered
expression of miRNAs in different cancer types can
affect the deregulation of cellular activities [35].
Recent findings showed a promising predictive role of
miRNA signatures for chemotherapy response and
clinical outcome in NSCLC patients, particularly

miR-1290, miR-196b, and miR-135a in tumor tissue
and miR-25, miR-27b, miR-21, and miR-326 in blood
[34]. Although preliminary results are encouraging,
further prospective studies and clinical validation on
large patient cohorts are needed in order to use these
miRNAs as predictive biomarkers of the response to
treatment to platinum-based chemotherapy in
NSCLC patients.

Beyond strictly genetic and epigenetic
mechanisms, the heterogeneity could result from
various non-genetic mechanisms, including the lung
stem cell populations and the immune contexture of
lung cancer [15].

CSCs represent a crucial non-genetic source of
heterogeneity providing different subclonal lineages
dynamically maintained in various solid tumors,
including lung cancer [36, 37]. Several studies showed
that CSCs drive tumor formation and progression,
metastasis, recurrence and drug resistance. CSCs have
unique characteristics including capacity of
self-renewal, multipotency, ability to initiate new
tumors in vivo, increased capacity of proliferation and
differentiation [38, 39]. Studies in genetically
engineered mouse models have enabled to prove the
existence of lung stem cells able to self-renew
regenerating lung parenchima, bronchioles, alveoli
and pulmonary vessels [40]. Moreover, the distinctive
biology of pre-existing different lung cells could drive
the distinct phenotypes and genotypes of tumors,
resulting in heterogeneity since the tumor initiation.
Historically, various lung stem cell populations in
different anatomical sites lead to the development of
different istotypes [41].

Increasing evidence has highlighted the key
contribution of microenvironment in the initiation
and progression of lung cancer, since cancer cells are
closely interconnected with the milieu of the tumor.
The immune contexture of lung cancer is composed of
several elements including endothelial cells,
fibroblasts, myeloid cells, including T cells, B cells,
natural killer cells, mature and immature dendritic
cells, tumor-associated macrophages, neutrophils,
and mast cells.

Lung tumor heterogeneity could be caused by
different acidity and oxygen conditions, or variable
concentrations of growth factors that could generate
different levels of selective pressure, which in turn
could sustain the survival of some clones rather than
others [42].

Furthermore, the microenvironment can affect
drug resistance since a determinate tumor context
could improve the formation of protective
compartments in response to treatments. In NSCLC, a
typical example is EGFR TKI resistance due to
activating MET signaling pathway based on increased
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hepatocyte growth factor (HGF) secretion by stromal
fibroblasts under the stimulation of tumor-derived
factors [43].

The wvariable pressure of lung tumor
environment could generate inter- and intra-tumoral
heterogeneity that affects sensitivity to target- and
immuno- therapy response [44].

Finally, in lung cancer the mixture of genetic
aberrations, epigenetic features, differentiation
hierarchies of lung stem cell populations and
microenvironmental factors all contribute to
outgrowth of subpopulations of cells that may have
genetic, epigenetic, and/or phenotypic differences,
resulting in a condition of heterogeneity.

3. Molecular heterogeneity between
histotypes.

Lung cancer is historically classified based on
tumor histology into small cell (SCLC) and non-small
cell lung cancer (NSCLC), the latter accounting of
about 80% of cases. NSCLC include different
histotypes such as adenocarcinoma (ADC),
adenosquamous carcinoma, squamous cell carcinoma
(SqCC), and large cell carcinoma. Lung
neuroendocrine tumours (LNETs) are classified into
different histological types including typical
carcinoid, atypical carcinoid, large-cell
neuroendocrine carcinoma (LCNEC), and SCLC [45].
The different histotypes are associated with specific
different mutational profiles (Table 1) [46-73].

Technological advances in molecular biology
have provided a comprehensive means of molecular
profile and the identification of driver oncogenes.

Oncogenes generally encode proteins that
regulate several cellular processes including
proliferation and survival. Mutations, gene
rearrangements and gene amplification represent the
most common genetic aberrations that could activate
an oncogene, leading to a deregulated expression
and/or function of the gene [5].

The definition of “driver” and “passenger”
mutations represents a key point related to the
tumorigenesis and the treatment with specific
inhibitors. The term “driver” refers to somatic
mutations that are able to increase the fitness of the
cell, whereas “passenger” includes mutations that are
biologically neutral and not confers growth advantage
[74-76].

A “driver” mutation is causally related to cancer
development, so in this view targeting a “driver”
mutation with specific inhibitors represents generally
a successful therapeutic strategy in cancer.

NSCLC is one of the tumors with a higher
mutation rate of protein-altering mutations,
particularly adenocarcinomas showed a rate of 3.5 per

Mb and squamous cell carcinomas a rate of 3.9,
compared to the rate of 1.8 across all tumor types [77].
Large-scale sequencing studies have shown a broad
spectrum of genetic aberrations in NSCLC and a
different genetic profile between lung
adenocarcinomas and lung squamous cell carcinomas
[25, 78-80].

Table 1: Molecular landascape in lung cancer associated to
diverse histotypes.

Histotype Type of Gene Frequency Currently  Ref.
genomic (%) available
aberrations Target

therapy
NSCLC ADC Fusions ALK 3-7 A [46]
ROS1 2-3 A [47]
RET 1-2 NA [47]
NTRK1 1-2 NA [48]
Mutations ~ EGFR 30-40 A [49]
BRAF 0.5-5 NA [47]
KRAS 20-30 NA [47]
MET 3-4 NA [50]
PTEN 17 NA [51]
PDGFRA 6-7 NA [52]
PIK3CA 5 NA [53, 54]
TP53 52 NA [55]
Copy Gains ERBB2 25 NA [56]
number gene EGFR 10 NA [57]
alterations MET 2.5 NA [50]
TERT 75 NA [58]
Losses CDKN2A 7 NA [59]
S5qCCs Fusions FGFRs 23 NA [60]
Mutations TP53 79 NA [55]
NF1 10 NA [52]
FGFR1 20 NA [60]
FGFR2 3 NA [61]
DDR2 2-3 NA [62]
BRAF 4-5 NA [63]
KRAS 1-2 NA [64]
PDGFRA 4 NA [52]
PIK3CA 15 NA [53, 54]
PTEN 10 NA [51]
Copy Gains SOX2 65 NA [65]
number gene PIK3CA 15 NA [53, 54]
alterations TP53 79 NA [55]
Losses CDKN2A 15 NA [59]
PTEN 8 NA [66]
SCLC Mutations TP53 90 NA [67, 68]
RB1 90 NA [67, 68]
EP300 4-6 NA [69, 70]
CREBBP 4-6 NA [69, 70]
PTEN 10-18 NA [68]
Copy Gains MYC 20-30 NA [71]
number gene MYCN  20-30 NA [71]
alterations MYCL1  20-30 NA [71]
SOX2 27 NA [72]
FGFR1  5-6 NA [73]

NSCLC molecular profile is markedly distinct
from other lung cancer histotypes: mainly in
adenocarcinoma specific therapeutic targets have
been defined. EGFR activating mutation, ALK
rearrangements (ALK-R) and ROS1 rearrangements
(ROS1-R) represent genetic hallmarks that predict a
good response to treatment with specific tyrosine
kinase inhibitor (TKI) in lung cancer with
adenocarcinoma histology. Beyond these targetable
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alterations, other genomic aberrations have been
reported in adenocarcinoma, including mutations,
copy number gene alterations, as well as fusion
mechanisms involving the receptor tyrosine kinase,
such as ROS1, NTRK1 and RET (Table 1).

The updated molecular testing guidelines for the
selection of lung cancer patients proposed by the
College of American Pathologists (CAP), the
International Association for the Study of Lung
Cancer (IASLC), and the Association for Molecular
Pathology (AMP) suggest the analysis of genetic
alterations of additional genes such as ERBB2, MET,
BRAF, KRAS, and RET not indicated as a routine
stand-alone assay however as additional genes for
laboratories that perform next-generation sequencing
panels [47, 81].

Historically, a better understanding of the
genetic aberrations was confined exclusively to
adenocarcinoma, but more recently next-generation
sequencing technologies are allowing a better
molecular characterization also in other hystotypes.

Recently, increasing interest in comprehensive
genome-wide characterization of SqCC has been
reported, however, unfortunately no therapeutic
targets have been yet identified. As it would be
expected, molecular landscape in SqCC is distinct
from the ‘driver’ mutations generally associated to
adenocarcinoma. Several recurrent mutations have
been found in SqCC, including DDR2 mutations,
FGFR1 amplification, FGFR2,3,4 mutations and
rearrangements (Table 1).

Recently, Devarakonda and colleagues analysed
the molecular profile of 908 resected NSCLC
specimens by sequencing a targeted panel consisting
of 1,538 genes. The analyzed panel set of genes was
selected based on knowledge of the most frequent
genes involved in lung cancer pathogenesis,
regardless of their clinical implications [27].
Sequencing results show that the genes most
differentially mutated between ADC and SqCC were
KRAS (19% versus 2%), TP53 (44% versus 69%), and
STK11 (21% versus 2%); furthermore aberrations in
receptor tyrosine kinase/RAS signaling were detected
in approximately 70% of ADCs analyzed. As
previously reported, activating mutations in KRAS,
HRAS, NRAS, and EGFR were identified only in 3%
of SqCCs [27].

Unfortunately, until now no molecular targets
have been identified for the treatment with specific
inhibitors of LNETs, thus surgery and/or
conventional systemic therapy represents the
treatment of choice for these tumors [82]. Previous
studies analysing genomic aberrations in SCLC
shown that the most frequent are inactivating
mutations in TP53 and Rb1 genes, whereas activating

mutations of EGFR, KRAS, as well mutations of
PIK3CA, c-Myc amplification, ¢-KIT overexpression
and PTEN mutation/loss are rare [83-85].

Recently, Simbolo and colleagues performed a
comprehensive molecular analysis of LNETs,
showing a prognostic impact of aberrations involved
in RB1 and TERT in all histological subtypes, MEN1
mutations in SCLCs and KMT2D in ACs [86].

In the context of the predictive value of target
therapies, preliminary data showed that the
alterations involved in PI3K/AKT/mTOR pathway
activation could be a potential therapeutic target,
particularly PIK3CA mutations and copy gains of
PIK3CA and RICTOR [87].

In conclusion, high heterogeneous genomic
profiles between different histotypes of lung cancer
could provide an explanation for great variable
treatment response and prognostic stratification
histotypes-related factors.

4. Inter- and intra-tumor heterogeneity of
oncogenic driver mutations in NSCLC.

In the last decade, the therapeutic
decision-making approach based on the presence of
oncogenic “driver” aberrations has incredibly
changed the treatment of NSCLC patients with the
development of target therapies, particularly specific
inhibitor of EGFR, ALK and ROS1 aberrations.

In NSCLC, oncogenic driver mutations are
frequently associated with specific clinical and
pathological features, including histologic subtypes,
gender, ethnic, age, past smoking history/status of
other common oncogenes.

Dietz and colleagues investigated the spatial
distribution of allele frequencies of KRAS and EGFR
mutations in lung adenocarcinomas throughout
whole tumor sections in correlation to all different
histopathological ~patterns. The variant allele
frequencies (VAFs) of KRAS and EGFR mutations
were determined for all segments by digital PCR and
their results showed that mutant allele frequencies
were significantly higher in segments with a
predominant solid pattern compared to all other
histologies (p < 0.01) [88].

Heterogeneous distribution of EGFR mutations
was observed within a primary tumor composed of
mixed atypical adenomatous hyperplasia,
bronchoalveolar carcinoma, and adenocarcinoma [89].

Previously, we demonstrated that homogeneity
in EGFR aberrations occur within lung mixed ADCs
regardless histological patterns, contrary to ALK
rearrangements that are generally observed in solid
patterns and exclusively in the adenocarcinoma areas
of adenosquamous lung carcinomas [90].

In Iung cancer, frequently cytologic samples or
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small biopsies represent the only specimens for tumor
diagnosis and affect the choice of treatment, thus a
potential genetic heterogeneity within a primary
tumor could crucially affect clinical outcome to a
specific treatment.

NSCLC patients harboring targetable driver

mutations generally respond well to specific
inhibitors, however some patients show short
responses and TKIs resistance that could be
frequently explained through molecular

heterogeneity between the primary lung tumors and
the metastases [91-93].

The intratumor genetic heterogeneity represents
one of the most critical issues related to sensitivity to
the treatment and ultimately to resistance to specific
TKI. In literature, several studies in lung cancer series
reported discrepancies in EGFR, ALK and KRAS
mutational status between primary tumors and
corresponding  metastases  [94-99].  Moreover,
numerous studies have revealed the concordance of
EGEFR status in primary tumours and corresponding
metastases, suggesting a possible explanation of the
discordance due to technical limitations [6, 14, 90, 100,
101]. In contrast, several results demonstrated
hetereogeneity in the EGFR mutation status between
the primary lung tumor and the metastases [94, 102,
103].

Chen et al analyzed EGFR mutational condition
in paired samples of primary lung adenocarcinoma
and regional lymph nodes or distant metastases.
Heterogeneity of EGFR mutations was higher (rate of
24.4%; 10 of 41) in patients with multiple pulmonary
nodules resulting in significant clinical implications
since the current guidelines recommend biopsy in
only one lesion [93].

For ALK gene, some data revealed
disconcordance between ALK rearrangement in
primary NSCLC tumor and corresponding metastases
[98, 105].

In conclusion, discordances between oncogenic
driver mutations status in primary lesions and
metastases may have significant implications in
treatment with specific inhibitors of NSCLC patients.

5. Heterogeneity of molecular profile and
potential value in clinical setting of lung
cancer.

Tailored therapies based on the identification of
molecular targets represent currently a
well-established therapeutic scenario in the treatment
of NSCLC patients, however short responses and
development of resistance are frequently observed in
daily clinical practice. Although the optimal efficacy
of specific TKIs, a subset of NSCLC patients often
shows a mixed response to treatment. Patient-specific

response and resistance can originate not only from
secondary aberrations induced by targeted therapy
but also from intratumoral genetic heterogeneity
[106].

To date, different models have been proposed to
explain the difference of genetic profile between
primary tumour and corresponding metastases.
Particularly, a classical model for development of
metastases proposes that primary tumor cells have a
low metastatic potential, thus the acquirement of
enough genetic aberrations improve the metastatic
progression. Another theory suggests a metastatic
potential of primary tumor that leads a clonal
progression from a non-malignant to malignant state,
involving random metastases from tumor -cells
without any significant additional genetic aberrations
[103].

Recently, a multicenter prospective cohort study,
Tracking Non-Small-Cell Lung Cancer Evolution
through Therapy (TRACERx), investigated the
intratumor heterogeneity in surgically resected
early-stage NSCLCs [25]. TRACERx analyzed the
intratumor variability of several genetic aberrations
including single or dinucleotide base substitutions,
small insertions and deletions, somatic copy-number
alterations [25].

Jamal-Hanjani and colleagues demonstrated that
some targetable driver mutations involved in EGFR,
MET and BRAF are generally clonal and early,
compared to other aberrations in genes such as
PIK3CA, NF1, KRAS, TP53, and NOTCH family
members that are subclonal and appear later in tumor
evolution [25].

Beyond heterogeneity of druggable driver
mutations, previous studies have analyzed the
presence of mutational signatures across human
cancer types, proving that specific mutational
signatures could correlate with defined tumors [26].

In ADCs, SqCCs and SCLC a higher prevalence
of mutational signature associated with smoking has
been reported. Similarly, the signature associated to
APOBEC, a family of cytidine deaminase enzymes
involved in messenger RNA editing, exhibited strong
correlations with ADCs and SqCCs [26].

Recently, a multicenter prospective study
analyzed the expression clonal and subclonal of these
validated mutational signatures suggesting that the
signature associated to APOBEC could frequently
induce subclonal mutations resulting in a spatial
heterogeneity [25].

In lung cancer, another great biological
variability was reported between smokers versus
never-smokers, since several carcinogens of the
tobacco smoke lead to a high mutational rate
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including both driver and passenger mutations [26,
107].

Recently, Soo and colleagues showed the
clinical-pathological features typical of never-smokers
analyzed in a wide series of NSCLC, in order to clarify
their = characteristics still not fully known.
Never-smokers showed a higher rate of
ALK-rearrangement (26% vs. 4%, p < .001) and EGFR
mutations (36% vs. 8%, p <.001) [108].

Genome-wide  studies identified several
potential genetic marker of susceptibility in LCINS,
such as chromosomal locus 5p15.33 comprising TERT
and CLPTMIL genes, the hypoxia-inducible factor-2a
EPASI, specific SNPs in CSFIR, p63, TP63 genes, a
functional polymorphism in CSF1R gene [109].

The biological differences between these two
subsets result in differential response to therapies,
including EGFR inhibitors, thus a better genetic
characterization of lung cancer in non-smokers
(LCINS) is needed [110].

Conclusion

Discordance of molecular profiles between
primary lesions and their corresponding metastases in
the context of druggable driver mutations could be
the key point in personalized medicine of lung cancer
patients. Indeed, intra-tumor molecular heterogeneity
represents a great source of concern in mixed tumor
responses to treatment, including treatment with
specific TKI inhibitors but also chemotherapy.

In lung cancer patients the rebiopsy is rarely
performed, however in the view of intratumor
heterogeneity a single biopsy-based analyses for
personalized medicine could be a great limitation.
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