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Genomic alterations in lung adenocarcinoma
Siddhartha Devarakonda, Daniel Morgensztern, Ramaswamy Govindan

Treatment for non-small-cell lung cancer is evolving from the use of cytotoxic chemotherapy to personalised treatment 
based on molecular alterations. This past decade has witnessed substantial progress in the treatment of patients with 
EGFR mutations and ALK rearrangements, and it is now possible to study complex genomic alterations in cancer 
using next-generation sequencing. Sequencing data from large-scale consortia, such as The Cancer Genome Atlas, as 
well as several independent groups, have helped identify novel drivers and potentially targetable alterations in lung 
adenocarcinomas. These data clearly suggest that lung adenocarcinoma is associated with distinct genomic alterations 
compared with other lung cancer subtypes, and highlight the widespread molecular heterogeneity that underlies the 
disease. In this Review, we discuss some of the key fi ndings from genomic studies of lung adenocarcinoma. 

Introduction
Lung cancer is the predominant cause of cancer-related 
mortality in the USA.1 Lung adenocarcinoma is the most 
diagnosed histological subtype of non-small-cell lung 
cancer (NSCLC), followed by squamous cell carcinoma.2 
Although the advent of targeted therapies has improved 
outcomes in a subset of patients, most patients with 
metastatic adenocarcinoma are treated with empirical 
chemo therapy regimens.3–6 The study of complex genomic 
alterations in cancer cells by use of next generation 
sequencing technologies is now possible. Research eff orts, 
undertaken by large-scale consortia such as The Cancer 
Genome Atlas (TCGA), the Inter national Cancer Genome 
Consortium (ICGC), and several other in dependent groups, 
have culminated in the generation of vast amounts of 
genomic data. These studies have identifi ed many novel 
driver and potentially targetable alterations and considerable 
intertumour and intratumour heterogeneity.

Genomic landscape
TCGA is a collective eff ort that aims to characterise the 
genomic alterations driving various malignancies through 
large-scale sequencing.7 TCGA lung cancer working group 
plans to do comprehensive genomic analyses of 
1000 tumour specimens from patients with adeno-
carcinoma and squamous cell carcinoma. Genomic 
analyses of 178 squamous cell carcinoma samples and 
230 adeno carcinoma samples from TCGA and other 
studies have enhanced our knowledge of molecular 
alterations in lung cancer.8–11 The aim of this Review is to 
summarise some of the key fi ndings from TCGA and 
other genomic studies in lung adenocarcinoma (fi gure 1), 
and discuss their potential clinical application.

Somatic copy number alterations
Somatic copy number alterations aff ect a large fraction of 
the cancer cell genome and are widely prevalent across 
various malignancies including lung cancer.12,13 Copy 
number analysis of 528 snap frozen lung adenocarcinoma 
samples by Weir and colleagues14 identifi ed 26 large-scale 
signifi cant copy-number gains and losses (defi ned as those 
including at least half a chromosome arm), and 
31 recurrent focal (chromosomal segment) events. Copy-
number gain of chromosome 5p was the most frequent 

alteration in lung adeno carcinoma in this study, and the 
investigators suggested that the telomerase catalytic 
subunit gene, telomerase reverse transcriptase (TERT), on 
5p15 was the target of this amplifi cation. Telomerase is a 
ribo nucleoprotein enzyme that catalyses the synthesis of 
telomeric DNA, a process that is crucial in enabling 
replicative immortality in cancer cells.15,16 The TERT 
enzyme catalyses this process with the RNA component of 
telomerase (TERC) as a template. Amplifi cations in TERT 
were noted in 18% of TCGA lung adenocarcinoma 
samples.11,17,18 Similarly, TERC, located on the chromosome 
3q, was amplifi ed in 4% of TCGA lung adeno carcinoma 
samples.17,18

Focal amplifi cations including 14q13·3 are frequent in 
lung adenocarcinoma.14 This region harbours NKX2–1 
(TTF1), a transcription factor crucial for development of the 
lung, thyroid, and brain.19,20 Localised expression of NKX2–1 
in the foregut marks one of the earliest steps in lung 
organogenesis.21 This transcription factor also regulates 
development of peripheral airway cells that constitute the 
terminal respiratory unit.20 Inhibition of NKX2–1 by RNA 
interference is associated with impaired viability, colony 
formation, and anchorage-independent growth in lung 
cancer cell lines that express NKX2–1.14 Amplifi cations in 
NKX2–1 were noted in 14% of TCGA samples.11,17,18 These 
fi ndings support a role for NKX2–1 as a lineage survival 
oncogene in lung adeno carcinoma, similar to SOX2 in 
squamous cell carcinoma and small-cell lung cancers 
(SCLC).22,23 Nevertheless, the therapeutic signifi  cance of 
NKX2–1 in lung adenocarcinoma is unclear.

MYC transcription factors are among the downstream 
targets of several mitogenic pathways and regulate 
many cellular processes including cell division.24,25 MYC 
amplifi cation has been previously reported in lung 
adenocarcinomas and SCLC, and was seen in 9% of 
TCGA samples.11,17,18,22,26 These amplifi cations were 
mutually exclusive with loss of function and nonsense 
mutations in MGA (mutated in 8% of samples). MGA 
codes for a Max-interacting protein, which functions as 
a transcriptional repressor capable of blocking MYC-
dependent transformation.27

Overall, these results suggest that somatic copy 
number alterations are fairly prevalent in lung adeno-
carcinomas. Furthermore, data suggest that somatic copy 
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number alterations occur both as early and late events 
during tumour evolution.28,29 Some of the other recurrent 
somatic copy number alterations in lung adenocarcinoma 
include amplifi cations in EGFR, MET, KRAS, ERBB2, 
and MDM2, and deletions in LRP1B, PTPRD, and 
CDKN2A. Functional studies are needed to validate the 
role of some of these somatic copy number alterations in 
the pathogenesis of lung cancer to help the development 
of rational targeted therapies.

Lung adenocarcinoma mutations
Lung cancer is characterised by a high mutational burden 
compared with many other cancer types studied so 
far.9–11,30–32 A mean somatic mutation rate of 8·87 per 
megabase, and a non-synonymous mutation rate of 
6·86 per megabase of DNA were seen after whole-exome 
sequencing of 230 lung adenocarcinoma samples by 
TCGA. In a systematic analysis of 3281 tumour samples 
sequenced by TCGA across 12 cancer types, acute 
myeloid leukaemia was associated with the lowest 
mutational burden and squamous cell carcinoma of the 
lung with the highest mutational burden, followed by 
lung adenocarcinoma.32 Adenocarcinoma and squamous 
cell carcinoma showed an increased frequency of 
cytosine to adenine mutations, which suggests exposure 
to tobacco smoke. The high mutational burden of lung 
cancer samples is explained by the mutagenic eff ect of 
carcinogen exposure (eg, cigarette smoke).9 Melanoma 
samples similarly show a high mutational burden, as a 
result of exposure to ultraviolet radiation.33 Adeno-
carcinoma genomes also show regional heterogeneity in 
the distribution of mutations. One of the factors that 
aff ects the distribution of mutations is the level of gene 

expression.34 The mutation rate in highly expressed genes 
is postulated to be low because of transcription-coupled 
repair mechanisms. For instance, in one study,9 highly 
expressed genes showed less than four mutations per 
megabase whereas unexpressed genes showed roughly 
14 mutations per megabase.9

Signifi cantly mutated oncogenes
Data from several lung cancer sequencing studies have 
consistently established that lung cancer is a molecularly 
heterogeneous disease. The mutational landscape of 
lung adenocarcinoma is substantially diff erent from that 
of squamous cell carcinoma or SCLC. For instance, 
although mutations in receptor tyrosine kinases are 
frequent in lung adenocarcinomas, these alterations are 
rarely encountered in squamous cell carcinoma and 
SCLC (table 1).8,11,22,35 Furthermore, studies have also 
established lung cancer in people who have never 
smoked to be demographically and molecularly distinct 
from smokers diagnosed with lung cancer.36 Nearly 10% 
of all lung cancers worldwide are diagnosed in people 
who have never smoked. Lung cancer in this group is 
more frequent in women and almost always associated 
with lung adenocarcinoma histology. Molecularly, 
cytosine to thymidine transitions in general are more 
common in people who have never smoked, whereas 
tumours from smokers are usually enriched for cytosine 
to adenine transversions.9,10 Although TCGA and other 
groups have identifi ed genes such as TP53, KRAS, STK11 
(LKB1), EGFR, and NF1 to be substantially mutated in 
adenocarcinomas, it is now evident that these mutations 
are diff erentially enriched in tumours classifi ed by 
smoking status and gender. For instance, mutations in 
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Figure 1: Frequency of lung adenocarcinoma mutations at a statistically signifi cant level across diff erent studies
For establishing signifi cance, false discovery rate or Q threshold was <0·05 for The Cancer Genome Atlas study and Govindan and colleagues’ study, and <0·25 for Imielinski 
and colleagues’ study. Three diff erent methods were used by Ding and colleagues to measure signifi cance, and the false discovery rate cut off  was 0·1.
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TP53, KRAS, LKB1, NF1, and RBM10 are enriched in 
transversion-high tumours and mutations in EGFR, RB1, 
and PIK3CA, and in-frame insertions in the receptor 
tyrosine kinases EGFR and ERBB2, are enriched in 
transversion-low tumours.11 Similarly, mutations in 
EGFR and RBM10 show an association with gender, with 
EGFR being more prevalent in women and RBM10 more 
prevalent in men. These fi ndings suggest that the 
pathogenesis of lung cancer varies based on smoking 
status and gender.

KRAS mutations
Mutations in the RAS family of genes, are frequently 
encountered in various malignancies.37,38 KRAS 
mutations are observed in nearly 33% of TCGA lung 
adeno carcinoma samples, and almost never present in 
squamous cell carcinoma and SCLC.8,11,22,35 KRAS 
mutations are frequently seen in smokers and are 
associated with codons 12, 13, or 61. Among these, codon 
12 mutations are the most frequent and result in the 
substitution of glycine with either cytosine (Gly12Cys) or 
valine (Gly12Val) in most cases. These missense 
mutations maintain KRAS in a constitutively active state.

Cell-line studies and some clinical data show 
diff erential sensitivity of diff erent KRAS genotypes to 
conventional therapies.39,40 This eff ect is probably 
mediated by the ability of diff erent KRAS mutants to 
engage in various downstream signalling pathways 
including RAF/MEK, PI3K, and RALGDS, some of 
which might be potentially targetable. Castellano and 
colleagues41 showed partial regression of KRAS-driven 
lung tumours in mice by genetically disrupting PIK3CA-
RAS interaction where concomitant MEK inhibition 
further improved this eff ect. These results suggest a role 
for PI3K inhibitors in KRAS-driven lung cancers. Kim 
and colleagues42 reported addiction of KRAS and LKB1 
comutated NSCLC cell lines to the coatomer complex I  
dependent lysosomal acidifi cation. The investigators 
showed that blocking this pathway inhibited survival in 
both KRAS and LKB1 comutated cells. KRAS and LKB1 

comutations were recorded in nearly 9% of TCGA lung 
adenocarcinoma samples17,18 The development of small-
molecule inhibitors capable of irreversibly binding 
Gly12Cys mutant KRAS, the most common subtype of 
KRAS mutation in lung adenocarcinoma, has been 
reported.43 Taken together, these data highlight the 
molecular heterogeneity that underlies KRAS-mutated 
tumours. The unique vulnerabilities observed in a 
subset of these tumours will need to be studied further 
through well-designed trials to improve outcomes in 
these patients.

EGFR mutations
EGFR belongs to the ERBB family of cell-surface 
tyrosine kinase receptors. Upon activation, these 
receptors homodimerise or heterodimerise with other 
ERBB members and trigger the RAS/RAF/MEK and 
PI3K/AKT/mTOR signalling pathways.44 EGFR is 
mutated in about 16% of tumour specimens from 
patients with non-squamous NSCLC.45 Tumours with 
EGFR mutations have increased sensitivity to reversible 
small-molecule receptor tyrosine kinase inhibitors, 
such as gefi tinib and erlotinib, and irreversible 
inhibitors such as neratinib, dacomitinib, and afatinib, 
which inhibit the EGFR signalling and result in cancer-
cell apoptosis.46 Known oncogenic mutations were 
observed in nearly 11% of TCGA lung adenocarcinoma 
samples.11 EGFR mutations are generally more frequent 
in non-smokers and in women.

The sensitivity of EGFR mutant tumours to receptor 
tyrosine kinase inhibitors has been shown to depend 
on the genotype of EGFR.44 Exon 19 deletions, 
exon 21 mutations, and exon 18 mutations are often 
associated with sensitivity to EGFR tyrosine kinase 
inhibitors. By contrast, exon 20 insertion mutations are 
associated with a variable and often decreased sensitivity 
to tyrosine kinase inhibitors.47 Patients given EGFR 
tyrosine kinase inhibitors eventually develop resistance 
through various mechanisms including the EGFR 
Thr790Met mutation, MET amplifi cation, PTEN loss, 

Adenocarcinoma SCC SCLC

Mutations TP53, KRAS, EGFR, NF1, BRAF, MET, RIT TP53, CDKN2A, PIK3CA, NFE2L2, KEAP1, 
CUL3, PTEN, NF1, NOTCH1,2, and 3, DDR2, 
EGFR

TP53, RB1, EP300, CREBBP, PTEN, SLIT2

Fusions ALK, ROS1, RET FGFRs ··

SCNAs Gains: NKX2-1, TERT, EGFR, MET, KRAS, 
ERBB2, MDM2
Losses: LRP1B, PTPRD, and CDKN2A

Gains: Chr 3q 26 (SOX2, PIK3CA, TP63 etc)
Losses: CDKN2A, PTEN

Gains: MYC, MYCN, MYCL1, SOX2, 
FGFR1, KIT
Losses: Chr 3p (FHIT, FUS1, RASSF1A)

Pathway alterations RTK/RAS/RAF
mTOR
JAK-STAT
DNA repair
Cell cycle regulation
Epigenetic deregulation

Squamous diff erentiation
Oxidative stress response
PIK3CA
DNA repair
Cell cycle regulation
Epigenetic deregulation

Cell cycle regulation, epigenetic 
deregulation, Hedgehog, DNA repair, 
axonal guidance and neuroendocrine 
diff erentiation

SCNA=somatic copy number alteration.

Table 1: Recurrent features in lung adenocarcinomas, squamous cell carcinoma (SCC), and small-cell lung cancer (SCLC)
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and histological trans formation to SCLC.48 Nearly half of 
the EGFR tyrosine kinase inhibitor-resistant tumours 
harbour the Thr790Met mutation. New tyrosine kinase 
inhibitors, such as rociletinib and mereletinib, have 
been reported to be active in these tumours.49,50

BRAF mutations
BRAF operates downstream of RAS proteins, and 
constitutes a crucial step in the RAS-MAPK pathway. 
BRAF mutations are frequent in melanoma, and 
vemurafenib has been shown to target the the Val600Glu 
variant in these cancers.51 BRAF mutations are reported 
in roughly 7% of lung adenocarcinomas by TCGA.11 The 
most frequently encountered BRAF mutation was 
Val600Glu (fi ve samples), followed by Gly469 (four), 
Gly466 (three), Asp594 and Asn581 (two each) 
mutations. Although Val600Glu results in kinase 
activation and is capable of oncogenic transformation, 
the role of other, less common BRAF mutations in 
NSCLC is unclear. Although Val600Glu mutations are 
generally more prevalent in women and associated with 
worse outcomes, non-Val600Glu mutations are 
prevalent in smokers and are not associated with 
prognosis.52 Tumours with Val600Glu mutations are 
usually negative for KRAS and EGFR mutations, 
suggesting a driver role for BRAF. Results with multi-
kinase inhibitors with activity against BRAF, such as 
sorafenib, have been disappointing in non-biomarker-
selected patients with NSCLC.53 In a phase 2 study, 
dabrafenib showed promising activity in patients with 
lung adenocarcinoma harbouring BRAF Val600Glu 
mutations.54

MET mutations
MET activation through exon 14 skipping (analysis of 
both DNA and RNA sequencing data suggested that exon 
14 was not expressed in these samples) and MET 
amplifi cation have been reported in lung adeno-
carcinomas.11,55 Exon 14 skipping results in the loss of a 
negative regulatory site, and is often the result of splice-
site mutations.11,55 Mutations that caused exon 14 skipping 
were mutually exclusive with EGFR and KRAS mutations. 
Although missense mutations in MET were noted 
concordantly with KRAS and EGFR mutations, the 
oncogenic potential of these variants is unknown. MET 
amplifi cation is a known mechanism of resistance to 
EGFR tyrosine kinase inhibitors.48 Responses to 
crizotinib in MET-amplifi ed NSCLC have been reported 
in case reports and small studies.56,57 Therefore, additional 
data are defi nitely needed to support its routine use in 
patients with MET alterations.

ERBB2 mutations
ERBB2 (HER2), similar to EGFR, belongs to the ERBB 
family of receptor tyrosine kinases. Activation of ERBB2 
through amplifi cation and mutation has been reported in 
NSCLC.58 Activating mutations in ERBB2 are frequently 

exon 20 insertions.59–61 Responses to trastuzumab and 
EGFR/ERBB2 dual inhibitors, afatinib and neratinib, 
have been reported in cell lines and tumours with exon 
20 insertions.59,62–64 ERBB2 exon 20 mutations and 
amplifi cations were noted in 3% of TCGA samples.11

Roughly 62% of lung adenocarcinomas sequenced by 
TCGA had alterations in known driver oncogenes 
belonging to the RTK/RAS/RAF pathway. An eff ort was 
made by TCGA to identify possible oncogenic drivers in a 
subset of tumours without known oncogenic alterations 
in this pathway. Amplifi cations including MET and 
ERBB2 and mutations in TP53, KEAP1, NF1, and RIT1 
were enriched in these tumours. Considering the role of 
NF1 in RAS inhibition and RIT1 in MEK and PI3K 
activation these alterations probably represent driver 
events.65,66 Upon including MET, ERBB2, RIT1, and NF1 
alterations, driver events were identifi able in nearly 76% 
of samples (table 2). Although a select few cancer-causing 
genes (eg, KRAS in lung adenocarcinoma) are mutated at 
high frequencies (>20%) in a given cancer type, most 
cancer genes are mutated at intermediate frequencies 
(2–20%) or lower.67 Large-scale sequencing studies could 
potentially uncover more low frequency driver events and 
the pathways they alter in lung cancer.

Gene fusions
Several studies have reported oncogenic fusions and in-
frame rearrangements with several kinases in lung 
adenocarincomas. Of these, the discovery of fusions 
including the tyrosine kinases has substantially changed 
the setting of lung cancer treatment. About 3–8% of lung 
adenocarcinomas show ALK rearrangements. Crizotinib 
and ceritinib are approved for use in this subset of 
NSCLC.6,68–70 Several mechanisms of resistance to 
crizotinib, including mutations in ALK that alter the 
drug-binding site (eg, Leu1196Met), ALK ampli fi cation, 
and activation of bypass pathways, have been described so 
far.48 Ceritinib is active in crizotinib-resistant ALK-
rearranged tumours.68 Data also support the use of 
crizotinib in ROS1-rearranged lung adeno carcinoma.71 
Responses with tyrosine kinase inhibitors such as 
vandetanib and cabozantinib in RET fusion-positive 
tumours have also been reported.72 Overall, ALK, ROS1, 
and RET fusions were recorded in three, four, and two 
TCGA samples, respectively.11

With next-generation sequencing and FISH probes, 
Vaishnavi and colleagues73 reported an oncogenic fusion 
including the tyrosine receptor kinase NTRK1 in three of 
91 samples from patients with lung adenocarcinoma 
without known oncogenic alterations. Proliferation of 
Ba/F3 cells expressing NTRK1 fusion proteins was 
inhibited by drugs such as lestaurtinib, ARRY-470, and to a 
lesser extent, crizotinib, suggesting that routine screening 
of lung adenocarcinomas for these fusions could be 
clinically relevant. Analysis of the transcriptome data from 
230 TCGA lung adenocarcinoma samples, however, did 
not show the presence of NTRK1 fusions. In-frame 
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rearrangements including kinases SIK2 and ROCK1 in 
lung adenocarcinomas without known oncogenic 
mutations, novel non-kinase gene fusions including 
RASSF1A, and the DNA-binding protein FZR1 were 
reported in previous next-generation sequencing studies.9,10 
A larger study including several thousands of samples is 
probably needed to fully identify rare oncogenic fusion 
kinases that play a part in the molecular pathogenesis of 
lung adenocarcinoma since many gene fusions identifi ed 
so far in lung adenocarcinoma are rarely recurrent.9

Transcriptome analyses
Combined analysis of genome and transcriptome 
sequencing data allows determination of the concordance 
between identifi ed variants. Furthermore, RNA-seq data 
can be used to further classify variants into categories 
such as expressed or silent based on their expression.9 
Expressed heterozygous variants can be further classifi ed 
as mutant or wild-type biased, depending on the variant 
allele frequency of the expressed variant in RNA-seq data. 
The variant allele frequency at a specifi c tumour location 
for a mutated gene is calculated by dividing the number 
of times the mutant allele is encountered by the total 
number of alleles, both mutant and wildtype, encountered 
at that location. For instance, Govindan and colleagues9 
considered variants showing a variant allele frequency 
that was greater than 20% higher in the RNA-sequencing 
data than in whole genome sequencing data as having a 
mutant-biased expression, and variants with at least 20% 
lower variant allele frequencies in the RNA-sequencing 
data than in whole genome sequencing data as having a 
wild type-biased expression. In this study, genomes of 
patients who never smoked showed a higher proportion 
of expressed variants (49·4%) than lung cancer genomes 
from smokers. Genes such as KRAS and TP53 show 
mutant-biased expression patterns in lung adeno-
carcinoma. Furthermore, analysis of transcriptome data 
also helps in the examination of the association between 
mutation frequency and gene expression, deregulation of 
splicing, and tumour classifi cation.

Deregulated splicing
Splicing is a mechanism by which introns from pre-
mRNA are removed and exons are joined together to 
synthesise an mRNA molecule that codes for a protein. 
Cells can achieve proteomic diversity through a tightly 
regulated mechanism known as alternative splicing by 
which one gene can code for several protein isoforms by 
varying the exons included in the fi nal mRNA (fi gure 2). 
Deregulated alternative splicing has been implicated in 
oncogenesis.74 The combined analysis of exome 
sequencing and transcriptome data allows identifi cation 
of both the eff ects of gene-splice site mutations on 
mRNA splicing and diff erentially expressed splice forms 
between healthy and tumour samples.75

MET activation by exon 14 skipping, which removes a 
negative regulatory site from the protein, was identifi ed 

in ten of 230 TCGA samples.11 Nine of these samples 
harboured 3  or 5  splice-site mutations. Similarly, 
recurrent S34F missense mutations in U2AF1, a splicing 
factor that enables 3  splice site identifi cation, were 
associated with several splicing events in TCGA samples 
including alternative splicing of a known proto-oncogene 
CTNNB1. Recurrent U2AF1 S34F mutations were 
previously reported by Imielinski and colleagues10 in 
lung adenocarcinoma. These fi ndings are consistent 
with previous reports of widespread cancer-specifi c 
alternative splicing events in lung adenocarcinoma.75 
Combined analysis of the whole genome sequencing and 
RNA-seq data of 19 NSCLC cell lines and three tumour 
samples by Liu and colleagues75 showed 438 mutations 
aff ecting splice donor and acceptor sites (the fi rst two or 
last two base pairs of an intron) in 433 genes. Most of 
these mutations were associated with altered splicing 
patterns. Further analysis helped the identifi cation of 
153 genes with diff erentially expressed splicing isoforms 
between cancer cell lines and normal lung tissue. These 
data suggest a potential role for deregulated alternate 
splicing in lung cancers.

Subtyping based on gene expression
Expression profi ling-based prognostic assays have been 
successfully applied to breast cancers and diff use large 
B-cell lymphomas, providing important prognostic 
information and guiding treatment.76–79 The expression 
subtypes of lung adenocarcinomas and their associated 
clinical and mutational features are concordant between 
diff erent studies.80,81 Based on these data, lung adeno-
carcinomas can be classifi ed into bronchioid or terminal 
respiratory unit, magnoid or proximal-proliferative, and 
squamoid or proximal-infl ammatory subtypes. Data from 
TCGA showed that terminal respiratory unit-subtype 
tumours are associated with a low mutation rate, low 

Frequency

Mutations

KRAS 32·2%

EGFR 11·3%

NF1 8·3%

BRAF 7·0%

MET exon 14 skipping 4·3%

RIT1 2·2%

ERBB2 1·7%

HRAS, NRAS, MAP2K1 1·7%

Translocations

ROS1 1·7%

ALK 1·3%

RET 0·9%

Amplifi cations

MET 2·2%

ERBB2 0·9%

Table 2: Driver alterations in lung adenocarcinoma
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ploidy, and better prognosis. Terminal respiratory unit-
subtype tumours were also enriched for EGFR mutations 
and kinase fusions. RAS pathway activation was 
predominantly dependent on receptor tyrosine kinase 
activation in terminal respiratory unit tumours, loss of NF1 
in proximal-infl ammatory tumours, and KRAS mutations 
in proximal-proliferative tumours. While comutation of 
NF1 and TP53 was frequent in proximal-infl ammatory 
tumours, proximal-proliferative tumours showed a high 
frequency of KRAS mutation and LKB1 inactivation.

Similar to the breast cancer model, in which gene 
expression profi ling-based intrinsic subtyping 
(luminal A, luminal B, HER2-enriched, and basal-like 
subtypes) is prognostic and predictive of the effi  cacy of 
neoadjuvant chemotherapy and risk of disease relapse, it 

is worth exploring the use of molecular sub-classifi cation 
in predicting outcomes after complete resection in early-
stage lung adenocarcinoma in carefully designed 
studies.82,83

Epigenetic alterations
Chromatin modifi cation and DNA methylation are well-
known mechanisms of epigenetic regulation. Through 
deregulation of these epigenetic pathways, cancer cells 
aberrantly overexpress oncogenes and silence tumour 
suppressors.84 The methylation status of several CpG sites 
across the genome can be investigated through the use of 
methylation-specifi c probes (eg, the HM450 assay includes 
probes for more than 480 000 CpG sites).85 Investigators 
from TCGA11 classifi ed lung adenocarcinoma samples 
into various CpG island methylator phenotypes (CIMP) 
based on the extent of CpG methylation. Tumours were 
classifi ed as either high CIMP, normal-like or low, or 
intermediate. The Wnt pathway was over-represented in 
genes that were hypermethylated, and underexpressed in 
CIMP-high tumours. Tumours showing CDKN2A 
hypermethylation were enriched for mutations in SETD2, 
a gene that regulates chromatin modifi cation. CIMP-high 
tumours were also associated with an overexpression of 
MYC, although the underlying mechanism driving this 
association was unclear. A more thorough understanding  
of epigenetic alterations in lung adenocarcinoma will be 
crucial to identify patients with adenocarcinoma who 
might benefi t from epigenetic therapies.

Intratumour heterogeneity and clonal evolution
Cancers are composed of related clones by virtue of their 
common ancestry.86 The forces of natural selection 
constantly shape the evolution of these neoplastic clones. 
Cancer cells grow in hostile environments in which they 
compete for resources such as nutrition and oxygen, and 
must survive attacks by host immunity and antineoplastic 
treatments. Moreover, cancer cells also constantly accrue 
mutations that either confer survival advantages, or reduce 
their fi tness compared to other non-neoplastic cells. The 
selection pressures to which cancer cells are exposed 
therefore shape their clonal architecture over time, and 
results in the emergence of cells with increased fi tness.

The estimation of variant allele frequencies for diff erent 
genes across many regions of a tumour (multiregion 
sequencing) aids the study of intratumoral heterogeneity 
and its clonal composition.9,28,29,87 Recently, two independent 
groups reported substantial intratumoral heterogeneity 
within lung adeno carci nomas.28,29 The mutations present 
in all tumour regions were classifi ed as ubiquitous and 
those that were spatially restricted in their distribution 
were classifi ed as heterogeneous. Ubiquitous alterations 
are acquired early in the course of tumour evolution and 
represent molecular events that characterise the founder 
clone. Alternatively, heterogeneous alterations represent 
events that occur later in the course of tumour evolution at 
a subclonal level. When the clonal structure of a tumour is 

Figure 2: Schematic representation of the various types of molecular alterations encountered in cancer cells 
and alternative splicing
(A) The eff ects of diff erent types of point mutations on RNA transcription and protein translation. (B) The formation 
of (1) derivative chromosomes through interchromosomal translocations and (2) chromosomal inversion intra-
chromosomal translocations. These rearrangements can result in the formation of fusion proteins that result in 
constitutive growth signalling through abnormal dimerisation (3). (C) Alternative splicing resulting in the translation 
of three isoforms of the same protein.

Effect of mutation Normal Missense Non-sense Synonymous

DNA TTC TCC ATC TTT

mRNA AAG AGG UAG AAA

Amino acid Lysine Arginine STOP Lysine

1  Interchromosomal 2  Intrachromosomal

Chromosome A
Chromosome B

Derivative (A)
Derivative (B)

Inversion (C) Chromosome C
Fusion gene

Translation

Exon1 Intron Exon2 Intron Exon3 Intron Exon4

Exon1 Exon2 Exon4 Exon1 Exon4Exon3Exon1 Exon2 Exon4

3 Dimerisation of fusion proteins

Splicing

A

C

B
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visually represented as a phylogenetic tree, the founder 
alterations (ubiquitous) map to the trunk, whereas 
subclonal (heterogeneous) events map to the branches. 
The clonal architecture of tumours can be either linear, in 
which progressively fi tter clones replace the founder clone 
cells, or branched, in which several subclones coexist 
simultaneously.

Clonal analyses by de Bruin and colleagues,28 and 
Zhang and colleagues,29 suggest that mutations in known 
oncogenic drivers occur early in the course of lung cancer 
evolution and, in a few cases, possibly long before the 
development of clinical disease. An examination of the 
mutational patterns within lung cancers also suggests 
that smoking-related genomic events (characterised by 
cytosine to adenine transversions) occur early in the 
course of tumour evolution and that the proportion of 
these events decreases substantially with time despite 
maintained exposure to tobacco smoke. This decrease is 
accompanied by an increase in the proportion of cytosine 
to guanine and cytosine to thymidine mutations 
characteristic of apolipoprotein B mRNA editing enzyme, 
catalytic polypeptide-like (APOBEC) family enzyme 
activity. de Bruin and colleagues28 noted that about 31% of 
non-silent heterogenous mutations and 11% of ubiquitous 
mutations occur in a APOBEC-mediated context.

Characterisation of the driver molecular events in the 
founder clone and also the branch points in subclonally 
diverse tumours are crucial for guiding therapy. A study of 
the evolution patterns at relapse in acute myeloid 
leukaemia suggests that cancer relapses can occur either 
as a result of founder clone cells acquiring additional 
alterations that allow them to survive therapy or through 
the survival of therapy-resistant subclones that eventually 
evolve by gaining additional mutations.88 These fi ndings 
also suggest that intratumoral heterogeneity by itself can 
serve as a prognostic biomarker in patients with lung 
cancer. Zhang and colleagues29 reported an increased 
chance of postsurgical relapse in patients with lung cancer 
whose tumours showed prominent subclonal diversity.

Potential novel targets
Next-generation sequencing can aid the identifi cation of 
potential new drivers and targetable alterations in lung 
cancer.8,9,11 Furthermore, clonal analysis suggests that 
some targetable alterations are enriched at the subclonal 
level, which has important implications for therapy and 
achievement of durable responses. Although drugs 
targeting genes such as EGFR, ALK, ERBB2, and MET 
are areas of intense ongoing research, the feasibility of 
targeting other novel molecular alterations warrants 
further study. We provide a few examples here.

KEAP1 and CUL3 have a key role in the oxidative stress 
response pathway and cause NRF2 (NFE2L2) degra-
dation.89–91 NFE2L2 is an important mediator of the 
oxidative stress response pathway that helps xenobiotic 
metabolism and drug effl  ux.92 Inactivation of KEAP1 and 
CUL3 through mutation can result in the impaired 

regulation and stabilisation of NFE2L2. Deregulation of 
the oxidative stress response pathway has been implicated 
in the resistance of tumours to chemotherapy.93 
Alterations in this pathway have been reported in lung 
adenocarcinoma and squamous cell carcinoma.31,91 
KEAP1, CUL3, and NF2EL2 mutations have been 
observed in 12%, 7% and 19% of squamous cell 
carcinomas and in 19%, less than 1%, and 3% of lung 
adenocarcinomas, respectively.8,11 The potential role of all 
transretinioic acid and retinoic acid receptor α agonists, 
both capable of blocking NFE2L2-mediated transcription, 
and brusatol, which enhances NFE2L2 degradation, in 
tumours harbouring oxidative stress response pathway 
alterations requires further investi gation.94,95

MYC-mediated regional transcriptional activation is 
characterised by acetylation of histones.96 Histone 
acetylation promotes the assembly of transcriptional 
complexes with acetyl-lysine-binding domains or bromo-
domains. Members of the bromodomain and extra-
terminal subfamily proteins BRD2, BRD3, and BRD4 
play an important part in this process. A role for 
bromodomain inhibition has been shown in tumours 
harbouring MYC amplifi cation.96 Evidence from murine 
studies suggests MYC dependence in KRAS mutant lung 
cancers and sensitivity of these cancers to bromodomain 
inhibitors such as JQ1.97 These data suggest a role for 
bromodomain inhibitors in MGA-mutated, MYC-
amplifi ed, and KRAS-mutated lung cancers.

Next-generation sequencing in the clinic
We reported the feasibility of doing next-generation 
sequencing in patients with NSCLC in a clinical setting.98 
Of 381 patient samples that were referred for targeted 
next-generation sequencing of genes that are known to 
be commonly altered in NSCLC, 209 (55%) were 
successfully sequenced. Excisional, endoscopic, and core 
biopsies yielded suffi  cient genetic material to carry out 
next-generation sequencing testing in 95%, 66%, and 
40% of patients that underwent these procedures, 
respectively. The median time to laboratory results was 
21 days (range 9–51), with a trend towards improvement 
of this time with more rapid sequencing platforms.

The Lung Cancer Mutation Consortium and the 
Clinical Lung Cancer Genome Project studies showed 
the feasibility of tumour genotyping to guide therapy in 
lung adenocarcinoma patients.26,69 As part of the Lung 
Cancer Mutation Consortium, patients received 
matched targeted treatments after multiplexed testing 
for alterations in ten genes. Of 1007 patients who were 
screened for at least one genetic alteration, 275 (28%) 
tumours had actionable alterations that led to the use of 
targeted treatments. Median survival was longer in 
patients who received genotype directed treatments. 
Testing for key genomic alterations was also feasible in 
3863 paraffi  n-embedded tumour samples in a molecular 
screening outreach programme run by the Clinical 
Lung Cancer Genome Project that prospectively 
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assessed 5145 lung cancer patients.26 This information 
was used to guide matched therapy with approved and 
investigational drugs.

Several genomic-driven clinical trials are currently being 
designed to study investigational treatments. Some 
examples include the National Cancer Institute supported 
trials such as Lung-MAP (Master Protocol, NCT02154490), 
ALCHEMIST (Adjuvant Lung Cancer Enrichment Marker 
Identifi cation and Sequencing Trials, NCT02194738), 
National Cancer Institute-MPACT (Molecular Profi ling-
Based Assignment of Cancer Therapy for patients with 
advanced solid tumours, NCT01827384), and MATCH 
(Molecular Analysis for Therapy Choice). Furthermore, 
unbiased characterisation of genomes from tumours that 
show exceptional responses to these therapies can also aid 
the identifi cation of occult biomarkers that predict 
response to therapy (National Cancer Institute exceptional 
responder study, NCT02243592). Analyses of matched 
primary and metastatic tumour samples might improve 
our understanding of the molecular underpinning of 
metastatic process. Future studies should include com-
prehensive genomic characterisation of tumour speci-
mens at the time of disease progression to fully understand 
the clonal evolution of tumours under treatment-induced 
selection pressure.
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