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Abstract 

The treatment of patients with lung cancer is increasingly individualised. Rather than treating lung 
cancer as a single disease, clinicians are often called upon to consider the precise histology and 
molecular biology of each tumour in addition to the individual characteristics of each patient. 
Paralleling advances in lung cancer management, advances in the detection of lung cancer are 
changing practice. Lung cancer screening promises to find disease at a curable stage; however, the 
high false positive rate in screening trials has clinical and fiscal ramifications which demand atten-
tion. Biomarkers able to stratify for the risk of cancer, prognosticate the course of disease, or 
predict the response to treatment are in increasing demand. This paper summarizes some of the 
clinical problems faced by those treating lung cancer patients, and examines how knowledge about 
the role of microRNAs in lung cancer biology may change patient management. 

Key words: biomarker, microRNA, lung cancer, thoracic oncology, screening, early detection, tu-
mor biology, prognostic marker, predictive marker. 

Background 
Lung cancer causes more deaths than any other 

cancer. A predicted 186 970 men and 82 640 women 
will die of lung cancer in the European Union in 2013 
(1). Although the majority of lung cancer patients are 
men, since 2009 there has been a 7% increase in the 
incidence of lung cancer in European women, likely in 
part due to changes in smoking behaviour. The global 
impact of lung cancer is also likely to increase: in 2010 
respiratory cancers caused 1.5 million deaths world-
wide, and accounted for 19% of all deaths from cancer 
(2). Although smoking is the predominant cause of 
most lung cancers, other environmental factors such 
as radon and asbestos are relevant in some patients 
(3). Genetic and epigenetic factors which may pre-
dispose individuals to the disease are also under in-

vestigation (4). Unfortunately, most lung cancer pa-
tients are diagnosed at an advanced stage of disease, 
and, although new drugs offer small subsets of these 
patients improved overall survival and reasonable 
quality of life, the majority of patients can only be 
treated with palliative chemotherapy. Overall surviv-
al remains poor, and many patients die within a few 
months of diagnosis. 

Lung Cancer: One Name for Many Dis-
eases 

The term lung cancer is often used as if the term 
referred to a single disease. However, lung cancer is 
not one, but rather a group of diseases. Physicians 
have long recognised that small cell lung cancers 
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(SCLCs) generally behave differently than non-small 
cell lung cancers (NSCLC). Because SCLC metastasizes 
earlier and is initially more chemosensitive than 
NSCLC, the two types of lung cancer are treated dif-
ferently. Over the past two decades it has become 
clear that NSCLC itself is a clinically and biologically 
heterogeneous group of lung cancers, and should not 
be treated as a single disease entity. 

Diversity of histologies 
The two main subgroups of NSCLC are adeno-

carcinoma and squamous cell carcinoma. The ap-
pearance of these tumours at light microscopy differs 
substantially, suggesting that their aetiology and bi-
ology differ as well. However, it was not until the 
publication of clinical trials with pemetrexed that it 
became clear that the histological subgroups of 
NSCLC respond differently to some chemotherapeu-
tic substances (5); (6). Data showing a higher risk of 
severe haemoptysis in patients with squamous cell 
lung cancer treated with bevacizumab compared with 
other histological subgroups added to the awareness 
that distinct treatment algorithms are needed for 
squamous cell lung cancer as compared to the 
so-called nonsquamous types of NSCLC, namely ad-
enocarcinoma and large cell carcinoma (7).  

Diversity of aetiologies 
The causal association of lung cancer with ciga-

rette smoking has been clear since the 1950s. Howev-
er, the strong carcinogenic effect of cigarette smoking 
and the high proportion of smokers in many countries 
have often overshadowed the fact that lung cancer is 
not always caused by smoking. We now recognise 
that at least 10 % of lung cancer patients are never 
smokers; and that tumours in never smokers are bio-
logically distinct (8). In addition, other carcinogens 
have been shown to cause lung cancer, including ar-
senic, which seems to be associated with a specific 
type of squamous cell lung cancer (9). 

Diversity of response to therapy 
The response to chemotherapy varies considera-

bly not only between patient subgroups, but also 
between individuals within subgroups. A random-
ized trial in which patients with NSCLC were treated 
with first line pemetrexed and cisplatin or gemcita-
bine and cisplatin demonstrated that the subgroup of 
patients with adenocarcinoma benefitted from 
pemetrexed more than from gemcitabine. The con-
trary was true for nonsquamous histologies (5). A 
retrospective analysis of a second line trial of 
pemetrexed vs. docetaxel showed the same correla-
tion between histology and treatment efficacy for 
pemetrexed but not for docetaxel (6). The relevance of 
histology for the treatment with pemetrexed was also 

confirmed in a trial of maintenance therapy (10). Such 
histological subgroup differences in treatment efficacy 
likely exist for other chemotherapeutic substances as 
well. A metaanalysis of the efficacy of cisplatin in 
subgroups demonstrated that cisplatin is more effec-
tive in nonsquamous tumours (11). Side effects of 
some therapies also appear to vary between sub-
groups. For instance, the antiangiogenic agent 
bevacizumab is not given to patients with squamous 
cell tumours due to an increased incidence of fatal 
bleeding in this group (7). 

Diversity of molecular biologies 
The detection of activating EGFR mutations in a 

subgroup of NSCLC patients generated a surge of 
interest in the genetic changes in lung cancer (12). 
Over the past decade there has been an explosion of 
biological knowledge in this field, stemming in part 
from genome-wide association studies, and fuelling 
the search for drugable targets and so-called driver 
mutations (13). Mutations associated with a specific 
treatment can be found in more than 50% of adeno-
carcinomas. An increasing number of such drugable 
mutations have also been identified in squamous cell 
lung cancer (14). Table 1 provides a summary of some 
genetic changes currently under investigation as 
treatment targets in NSCLC. 

 
 

Table 1. Drugable driver mutations in non small cell lung cancer 
(modified from Kris, MG ea. ASCO 2011 and Hammerman P ea. 
WCLC 2011). 

Adenocarcinoma 
K-Ras 22 % 
EGFR 17 % 
EML4-ALK 7 % 
B-Raf 2 % 
Other 6% 
No driver mutation detected 46 % 
Squamous cell lung cancer 
FGFR1 amplification 20 – 25 % 
FGFR2 mutation 5 % 
PIK3CA mutation 9 % 
PTEN mutation/deletion 18 % 
DDR2 mutation 4 % 

 
 

The Clinician’s Dilemma: Which treat-
ment is right for which patient? 

Treatment for both early stage and advanced 
lung cancer is often associated with significant mor-
bidity and even mortality. Clinicians must therefore 
weigh the chances of benefit against the risks of 
treatment when advising patients. Localized NSCLC 
treated with surgery or radiotherapy often recurs, 
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resulting in a limited prognosis despite initially local-
ised disease. Additional systemic therapy reduces the 
chance of recurrence for a small number of patients; 
however, many of those treated do not benefit either 
because their tumour would not have recurred even 
without additional therapy, or because their tumour 
recurs despite therapy. Both of these groups continue 
to suffer the toxicity of additional therapy unneces-
sarily because it is not yet possible to accurately pre-
dict which patients at risk of recurrence will benefit.  

Patients with metastases are generally treated 
with platin doublet chemotherapy. These agents act 
nonspecifically and result in only slight improve-
ments in patient survival. The efficacy in the indi-
vidual patient and tumour can only be judged during 
or after treatment. Although studies are ongoing, 
predictive biomarkers for the efficacy of chemother-
apy are not yet available for routine clinical use. 

Biomarkers which can predict the individual 
prognosis – especially after potentially curative 
treatment for local disease – would help determine the 
need for additional systemic treatment. Similarly, for 
those patients with advanced disease, predictive 
markers for the efficacy of various systemic agents 
would reduce the rate of primary progression under 
therapy and thus reduce patient exposure to ineffec-
tive and often toxic treatments.  

Prognostic vs. Predictive Biomarkers 
Biomarkers can be either prognostic, predictive 

or both. Prognostic biomarkers correlate with the 
clinical course of disease, often quantified as overall 
survival, independent of which type of therapy is 
given. In contrast, predictive biomarkers correlate 
with the response to a specific treatment, and can thus 
be used to select a treatment likely to be effective 
against a particular tumour.  

Prognostic markers 
There are a large number of prognostic markers 

available to clinicians caring for lung cancer partients. 
Currently the most clinically relevant prognostic fac-
tors are patient characteristics such as performance 
status, generally described using the ECOG or 
Karnofsky scales, and stage of disease.  

Prognostic biomarkers are of scientific value be-
cause they suggest a strong link, and may imply a 
causal relationship, between a characteristic of tu-
mour growth, for instance invasiveness or the poten-
tial to metastasize, and a specific molecule. For many 
molecules investigated primarily in in vitro models of 
disease, this represents an important first step from 
the bench to the bedside. Although prognostic mark-
ers are not able to directly predict the response to 
specific therapies, they may be taken into account 

when deciding how, or how often, to monitor patients 
for signs of disease progression, or when weighing the 
risks and benefits of a treatment. 

Many clinical attributes and biomarkers have 
been examined for their prognostic value in lung 
cancer. The stage of disease, the performance status of 
the patient and the histology (in particular the dis-
tinction between small cell and non-small cell lung 
cancer) are widely accepted prognostic markers (15). 
The prognostic relevance of the subgroups of NSCLC 
is under investigation. Especially in early lung cancer 
the histological subtype of adenocarcinoma seems to 
be relevant to prognosis (16). With the advent of the 
epidermal growth factor receptor (EGFR) tyrosine 
kinase inhibitors (TKIs) in advanced NSCLC it has 
become clear that the presence of an activating EGFR 
mutation is also of prognostic and also predictive 
relevance (17).  

Predictive markers in lung cancer therapy 
Several predictive markers are relevant for the 

choice of systemic therapy in advanced NSCLC. His-
tology, in this case the distinction between squamous 
cell and non-squamous tumours, is predictive of re-
sponse to pemetrexed. While patients with 
non-squamous NSCLC profit from pemetrexed, those 
with squamous cell cancer do not (18). Histology is 
also predictive of the risk of serious side effects during 
treatment with bevacizumab. An activating EGFR 
mutation predicts response and progression-free sur-
vival in patients treated with EGFR-TKIs such as er-
lotinib and gefitinib (19), (20); and EML4-ALK fusion 
(21) is predictive of response to ALK-TKIs such as 
crizotinib. Potential predictive biomarkers for the ef-
ficacy of specific chemotherapeutic agents have been 
described, for example thymidilate synthase for 
pemetrexed and ERCC1 for cisplatin, but these 
markers are not yet universally accepted or validated 
(22); (23). ERCC1, which is related to the DNA-repair 
mechanisms, demonstrated predictive value in the 
Bio-IALT trial (23). However, this finding was not 
reproducible (24), and ERCC1 has not yet found a 
place in routine clinical decision making. The predic-
tive biomarkers currently used to individualise 
treatment in advanced NSCLC are summarized in 
table 2.  

Biomaterial sampling in Lung Cancer: when 
tissue is an issue 

A detailed pathological and molecular workup 
of a tumour specimen, including analysis of possible 
prognostic and predictive markers, requires a suffi-
cient number of tumour cells. While resected speci-
mens are almost always large enough for these anal-
yses, bronchoscopic biopsies and fine needle aspira-
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tions are often much smaller, in some cases capturing 
only a few tumour cells, and therefore present a chal-
lenge. Techniques to optimise the yield of small biop-
sies and aspirates, such as imaging with endobron-
chial ultrasound or CT, the use of several passes with 
the aspiration needle, and the cell block technique for 
processing cytological material, are of clinical im-
portance. The difficulty in collecting enough cells to 
make a definitive diagnosis is particularly relevant in 
the setting of CT-screening for lung cancer. Because 
97% of CT-detected nodules are non-malignant (25) 
and many of the patients screened are heavy smokers 

with pulmonary comorbidities, the risks and benefits 
of invasive diagnostic procedures have to be weighed 
carefully. It is neither feasible nor clinically sensible to 
biopsy every lesion detected by CT. The measurement 
of biomarkers in minimally invasive samples such as 
blood, lavage and sputum may help assess the risk of 
cancer in patients with lesions detected by screening, 
or may even help pre-select patients at particularly 
high risk of cancer for screening. Some of the mini-
mally invasive methods currently used to collect 
samples for biomarker analysis are illustrated in fig-
ure 1. 

Table 2. The Individualised Treatment of Advanced Lung Cancer: Predictive Markers Currently in Clinical Use. 

Systemic Treatment Predictive Marker 

First-Line Treatment Options 
cisplatin or carboplatin paired with a second chemotherapeutic agent 
such as gemcitabine, docetaxel, paclitaxel or vinorelbine  

none currently established for widespread clinical use 

cisplatin or carboplatin paired with pemetrexed non-squamous histology 
epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) 
such a erlotinib or gefitinib 

Activating EGFR mutation, in particular in exon 19 or 21  

bevacizumab in combination with platin-based doublet chemotherapy non-squamous histology (due to increased risk of serious com-
plications in patients with squamous cell histology) 

Second- and Further-Line Treatment Options 
monotherapy with docetaxel none currently established for widespread clinical use 
monotherapy with pemetrexed non-squamous histology 
epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) 
such a erlotinib or gefitinib 

Activating EGFR mutation, in particular in exon 19 or 21 (note: 
erlotinib is also effective as a second line agent in patients without 
EGFR mutation)  

anaplastic lymphoma kinase tyrosine kinase inhibitor (ALK-TKI) such 
as crizotinib 

EML4-ALK translocation 

 
 

 
Fig 1. While histology and cytology remain critical for establishing the diagnosis of lung cancer, minimally invasive biomarker sampling may allow for the 
risk-stratification of individuals being considered for lung cancer screening, and may improve monitoring during and after lung cancer therapy. 
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It is often difficult to get enough tissue to reach 
an exact histological diagnosis and perform the mo-
lecular analyses needed to select an individualised 
treatment at the time of first diagnosis. However, get-
ting enough tissue to perform molecular analyses of-
ten becomes even more challenging as the tumour 
develops resistance to treatment and progresses. The 
advent of new molecular targets has taught us to look 
for and treat driver mutations, and when the tumour 
progresses, to look for new changes in the tumour’s 
biology which may suggest a specific second line 
treatment. In addition to the tumour biopsy required 
at the time of first diagnosis, clinicians now often 
consider re-biopsy during the course of disease or at 
the time of progression. Figure 2 illustrates the in-
creasing integration of the repeated collection of tu-
mour biopsies and minimally invasive samples into 
patient care. This shift in our approach to lung cancer 
therapy demands that minimally invasive sampling 
and alternative biomaterials such as serum, BAL, and 
pleural fluid be developed to their fullest potential.  

MicroRNAs 
MicroRNAs (miRNAs) are short non-coding nu-

cleotide sequences which interact with complemen-
tary sequences on target mRNAs. Through these in-
teractions miRNAs are able to inhibit the translation 

of mRNAs and thus downregulate the expression of 
specific proteins. Hundreds of miRNAs have been 
identified, and, as each may interact with multiple 
mRNAs, the potential for interaction is enormous. A 
standardised nomenclature for miRNAs has been 
suggested, and newly discovered miRNAs and the 
genes which encode them are assigned sequential 
numbers (26, 27). Early data from C. elegans and 
Drosophila showed that miRNAs are involved in a 
multitude of critical developmental processes, in-
cluding cell proliferation and apoptosis (28).  

The altered expression of miRNAs in human 
disease states may provide insights into the 
pathomechanisms of disease, and offer novel means 
of diagnosing, monitoring and perhaps even treating 
patients. Clinically, the use of miRNAs as biomarkers 
is particularly appealing because of their apparent 
stability in both archived patient material, such as 
formalin fixed paraffin embedded (FFPE) biopsies 
(29) and samples of easily accessible bodily fluids 
such as serum, sputum, and pulmonary lavage (30); 
(31). The age and comorbidities of many lung cancer 
patients often complicate the use of invasive diagnos-
tic biopsies, and so minimally invasive techniques are 
particularly appealing to clinicians caring for these 
patients. 

 

 
Fig 2. As lung cancer therapies become increasingly tailored to the individual patient and tumour, re-sampling of biomaterials during the course of 
treatment and at progression are gaining relevance. 
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Oncogenic miRNAs 
The upregulation or downregulation of a num-

ber of miRNAs has been found in association with a 
variety of human cancers. Over ten years ago, Calin 
and colleagues reported that miR15 and miR16 are 
located at the chromosome 13q14 region which is of-
ten deleted in B cell chronic lymphocytic leukemia 
(B-CLL) (32). The authors hypothesised that these 
miRNAs regulate genes involved in normal B cell 
differentiation, and that their downregulation or de-
letion may be causally linked to the development of 
CLL. Since then a multitude of associations between 
miRNA levels and cancer, including lung cancer, have 
been reported. These associations are summarized in 
several detailed review articles (33) (34). 

miRNA in Lung Cancer: Interactions with 
known Lung Cancer Pathways 

MiRNAs interact with complementary mRNA 
sequences to regulate protein expression. Studies in 
other tumour entities have identified a large number 
of interactions between miRNAs and proteins in 
pathways known to play a role in cancer. For instance, 
miR15 and miR16 may induce cell apoptosis by tar-
geting B cell lymphoma 2 (BCL2) (35). Thus, a down-
regulation of miR15 and miR16 downregulates cell 
apoptosis and promotes carcinogenesis. There is 
growing evidence that the regulation of proteins in-
volved pathways crucial to the pathogenesis of lung 
cancer is also regulated by miRNAs (36).  

Rat Sarcoma (RAS) 
Mutations in RAS-genes, in particular in KRAS, 

are of clinical importance in human lung cancer (37, 
38). There is evidence that miRNAs from the let-7 
family regulate RAS expression in human cells. In 
2005 Johnson and colleagues reported that let-7 tar-
gets the C.elegans let-60 gene, the ortholog of human 
RAS, and that the 3’ UTRs of human RAS genes con-
tain multiple let-7 complimentary sites. They also 
found that reducing the activity of let-7 in human cell 
lines led to increased expression of RAS. Paired anal-
ysis of RAS protein and let-7 expression from human 
lung cancer and normal adjacent tissue samples 
showed low levels of let-7 and high levels of RAS in 
lung cancer tissues (39). 

In addition, Chin and colleagues found that a 
single nucleotide polymorphism (SNP) in a let-7 
complementary site of KRAS mRNA (LCS6) is asso-
ciated with increased risk of NSCLC in moderate 
smokers (40). The LCS6 SNP was found in 18.1 to 
20.3% of lung cancer cases and only 5.8% of healthy 
controls tested. Based on in vitro experiments and 
analyses of patient samples the authors concluded 

that this SNP alters the ability of let-7 to regulate 
translation of KRAS, leading to overexpression of 
KRAS and increased lung cancer risk.  

Let-7 family miRNAs seem to play a significant 
role in human lung cancer, at least in part through the 
regulation of RAS. 

Other miRNAs may also interact with RAS. For 
instance, Wang and colleagues (41) found that 
miR-451 is downregulated in NSCLC, and that low 
expression correlated with poor survival. The authors 
were able to show that miR-451 inhibits the expres-
sion of ras-related protein 14 (RAB14), suggesting that 
lower expression of miR-451 may allow this oncogene 
to escape regulation. 

P53 
The p53 gene on chromosome 17p13 has long 

been recognised as a relevant tumour suppressor, 
with loss of function in many types of cancer includ-
ing lung cancer. p53 is mutated in a large number of 
lung cancer cell lines and tumour specimens from 
patients with lung cancer (42); (43). There is growing 
evidence that the tumour suppressive activity of p53 
is at least in part moderated by miRNAs. In the lung 
cancer cell line H1299 expression of p53 resulted in 
upregulation of miR-34a. The overexpression of 
miR-34a suppressed proliferation of lung cancer cells 
in vitro and promoted apoptosis (44). Several groups 
have shown that p53 directly regulates the expression 
of miR-34 family members, and that these miRNAs 
result in the downregulation of genes associated with 
cell cycle control in cultured tumour cells (45); (46); 
(47) including the lung cancer cell line A549 (45). 
Further miRNAs, including miR-125a, have more re-
cently also been linked to p53-regulated apoptosis in 
lung cancer cells (48). 

miRNAs as prognostic biomarkers in 
Lung Cancer 

The first evidence that alterations in miRNA ex-
pression correlate with prognosis in lung cancer was 
provided by work from Takamizawa and colleagues, 
published in 2004 (49). Expression of the miRNA let-7 
was measured in 143 tumour samples from patients 
who had undergone curative resection for stage I-III 
NSCLC. The investigators also measured let-7 ex-
pression in 20 lung cancer cell lines. Compared to 
expression levels in normal lung tissue, expression of 
let-7 was significantly reduced in many of the lung 
cancer cell lines and patient samples. Patients whose 
tumours showed low let-7 expression had poorer 
overall survival than those with higher expression of 
let-7. Although the low let-7 group also had more 
advanced stage disease at the time of surgery, multi-
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variate analysis showed let-7 expression to be an in-
dependent prognostic factor.  

Further evidence for the role of let-7 in lung 
cancer was provided by Kumar and colleagues 
(50)who, after expressing let-7g miRNA in murine 
KRAS positive lung adenocarcinoma cells, found a 
significant decrease in cell proliferation and increase 
in apoptosis. The same authors found that increased 
let-7g expression reduced tumour growth in an in 
vivo mouse model of lung cancer.  

In addition to let-7, a number of other miRNAs 
have been suggested to be of prognostic significance 
in lung cancer. Yanaihara and colleagues (51) ana-
lyzed miRNA expression in 104 pairs of lung cancers 
and corresponding noncancerous lung tissues and 
identified miRNAs which showed statistically signif-
icant differences in expression. There were significant 
differences in the miRNA expression pattern in ade-
nocarcinoma compared with squamous cell carcino-
ma. In patients with adenocarcinoma high 
hsa-mir-155 or reduced hsa-let-7a-2 expression corre-
lated with poor prognosis; however in multivariate 
analysis only high hsa-mir-155 expression remained 
of prognostic significance.  

Yu and colleagues analysed 122 NSCLC samples 
and identified a panel of five miRNAs which corre-
lated with prognosis (52). While hsa-miR-221 and 
hsa-let-7a expression correlated with improved sur-
vival, hsa-miR-137, hsa-miR-372 and hsa-miR-182 
correlated with poor survival. In both the training and 
test collectives, NSCLC patients with a high-risk 
miRNA constellation had shorter median overall sur-
vival and shorter time to relapse than patients with a 
low-risk miRNA signature.  

Patnaik and colleagues (53) described miRNA 
expression profiles which were associated with lung 
cancer recurrence after curative resection of stage I 
NSCLC. The investigators examined archived tumour 
tissue from 77 patients and compared miRNA ex-
pression patterns in patients who went on to recur 
with those who did not. They found that 47% of the 
279 miRNAs identified were differently expressed in 
the two groups. Duncavage and colleagues (29) also 
retrospectively examined tumour samples from pa-
tients with resected stage I NSCLC. These investiga-
tors focused on a panel of six miRNAs (let-7a, miR-7, 
miR-21, miR-155, miR-210 and miR-221) in 46 patients 
and found significantly lower miR-221 expression in 
samples from tumours which recurred compared 
with those without recurrence.  

Alterations in miRNA processing also appear to 
be of prognostic relevance in lung cancer. A Japanese 
group found that levels of Dicer, an enzyme which 
cleaves hairpin-shaped pre-miRNAs in the cytoplasm, 
are reduced in a subset of tumour samples from pa-

tients with lung cancer. The authors showed that pa-
tients whose tumours expressed lower levels of Dicer 
experience significantly shorter survival after surgery 
for stage I-III NSCLC than those with high Dicer ex-
pression. They also found a correlation between low 
levels of Drosha, an enzyme which performs a cleav-
age step in the nucleus to form pre-miRNAs, and poor 
survival; however, this association did not reach sta-
tistical significance (54). 

Not all studies have shown a correlation be-
tween miRNA expression and lung cancer prognosis, 
and studies in similar patient populations have pro-
duced some conflicting results. The results of a large 
retrospective analysis of tumour samples from the 
randomised International Adjuvant Lung Cancer Tri-
al (IALT) did not confirm the prognostic significance 
of miRNAs previously identified as markers. Tumour 
samples from 639 patients with stage I-III NSCLC 
who had been randomised to receive adjuvant cispla-
tin-based chemotherapy or follow-up without adju-
vant were analysed for the expression of a panel of 
miRNAs selected because of evidence for their prog-
nostic or predictive importance: miR-21, miR-29b, 
miR-34a/b/c, miR-155 and let-7a (55). The expression 
of individual miRNAs was found to correlate signifi-
cantly with histology and with lymphoid infiltration. 
Expression of miR-21, miR-29b, miR-34a and miR-155 
was associated with lymphoid infiltration, or, for 
miR-34a, lymphatic invasion. There was a 
non-significant trend towards poorer prognosis in 
patients with negative miR-21 expression. However, 
none of the miRNAs analysed were found to be pre-
dictive of benefit from cisplatin-based adjuvant 
chemotherapy.  

While many studies have identified correlations 
between individual miRNAs or miRNA signatures 
and lung cancer survival, the inconsistencies in the 
existing data suggest that our understanding of the 
pathophysiology and regulatory mechanisms at play 
is far from complete.  

One complicating factor seems to be that the di-
versity in lung cancer is mirrored by diversity in 
miRNA-signatures. The various histological forms 
and aetiological subgroups of lung cancer also differ 
in their changes in miRNA expression. For instance, 
the miRNA profiles of various histological subgroups 
of lung cancer appear to be distinct. Landi and col-
leagues examined tumour samples from 165 patients 
with adenocarcinoma and 125 patients with squa-
mous cell carcinoma who had been enrolled in the 
Italian EAGLE (Environmental And Genetics in Lung 
cancer Etiology) and found that miRNA expression 
profiles differ significantly between these groups (56). 
Rather than including all subgroups of NSCLC, 
Raponi and colleagues compared miRNA expression 
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in 61 squamous cell tumours to normal lung tissue 
and identified prognostic miRNAs (57). In addition, 
the miRNA expression in tumours from nev-
er-smokers appears to differ from that in tumours 
from smokers (58). Studies which fail to recognise and 
characterise the diversity of lung cancer are likely to 
produce conflicting results. 

In addition to hypothesis-building retrospective 
studies, well designed prospective studies in 
well-defined patient populations are needed to inves-
tigate the utility of miRNAs as prognostic and per-
haps also predictive markers in lung cancer. 

MiRNA Profiles in Early Detection and 
Lung Cancer Screening 

Early detection of lung cancer is a clinically im-
portant goal. The recently published results of large 
trials of CT-screening are encouraging, showing that 
yearly CT-screening in smokers identifies lung cancer 
at an earlier and thus more curable stage, and lowers 
the risk of lung cancer death. However, CT-screening 
also finds a multitude of non-cancerous lung nodules, 
and the expense and risk associated with following 
and correctly diagnosing these nodules is enormous. 
Screening all smokers for lung cancer using CT alone 
is not feasible at this time. The widespread imple-
mentation of lung cancer screening will likely depend 
on the development of multimodal models of lung 
cancer risk (including lung function, biomarkers and 
imaging results) to select individuals for screening, 
coupled with a risk-adapted approach to patient fol-
low-up. A biomarker found in easily accessible mate-
rials such as sputum, exhaled air or peripheral blood 
could help focus screening on high risk patients. 
MiRNAs taken from the peripheral blood seem to 
remain intact and stable and are detectable with sim-
ple assays like quantitative real-time PCR (qRT-PCR). 
In addition, changes in miRNA expression have been 
shown to occur at early stages of carcinogenesis, 
making these markers potentially suitable for the de-
tection of early stage tumours (59, 60). MiRNA pro-
files may therefore have a role in the early detection 
and screening of lung cancer. An Italian group (61) 
examined the utility of miRNA signatures in lung 
cancer screening using blood samples from two CT 
screening trials, one published by Pastorino and col-
leagues (62) and the Multicentric Italian Lung Detec-
tion (MILD) trial, The authors performed extensive 
miRNA profiling of primary lung tumours, paired 
normal lung tissues, and multiple plasma samples 
collected before and at the time of disease. They were 
able to define a plasma miRNA signature which was 
associated with increased risk of lung cancer. Several 
other groups have also integrated miRNA profiles 
into CT-screening programs. Table 1 in the review 

from Boeri and Colleagues (63) summarizes ten recent 
studies which used a range of techniques including 
q-RT-PCR and microfluidic cards to compare miRNA 
expression in blood samples from lung cancer patients 
with controls in this context.  

In vitro miRNA Imaging in Lung Cancer 
The use of imaging techniques to assess for the 

presence and distribution of specific molecules or 
molecular changes in lung cancer patients promises to 
greatly improve our ability to detect and monitor 
clinically relevant aspects of tumour biology before 
and during treatment. One exciting current example 
of this type of technology is the use of positron emis-
sion tomography (PET) tracers which bind to the 
EGF-receptor. Bahce and colleagues (64) recently re-
ported on the development of [11 C] erlotinib PET, in 
which tracer is preferentially taken up by tumours 
harbouring EGFR mutations. Further development of 
this technique may allow for non-invasive, predictive 
assessment of patients’ EGFR-mutation status.  

Similarly, as the clinical relevance of alterations 
in miRNA expression in lung cancer increases, tech-
niques to quantify clinically relevant miRNAs in vivo 
may prove to be of prognostic and predictive value in 
patient care. Fluorescence-based imaging (65) and 
bioluminescence-based imaging using luciferase (66) 
have been established to image miRNAs in cell cul-
ture and small animal experiments. However, the 
translation of such techniques into the setting of clin-
ical medicine is limited by several factors including 
the limited penetration of optical signals though tis-
sue layers and the difficulty in delivering the reporter 
molecule safely and predictably to the cells of interest 
in human patients (67).  

MiRNAs in lung cancer treatment 
The role of miRNAs in regulating oncogenic 

pathways makes them attractive targets for lung can-
cer therapy. Artificially increasing or decreasing the 
abundance of specific miRNAs may be a means of 
modifying tumour biology and thus changing clinical 
outcomes. Several strategies to manipulate miRNAs 
in vivo are under investigation. Antagomirs are anti-
sense sequences which inhibit target miRNAs (68). 
Through the down-regulation of specific miRNAs, 
antagomirs have been shown to up-regulate mRNAs 
in in vivo models (69).  

The overexpression of specific miRNAs in order 
to reduce the expression of target proteins has also 
been investigated. For instance, Hossain and col-
leagues showed that Mir-17-5p expression decreases 
translation of AIB1 mRNA to AIB1 protein in vitro 
(70).  
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In addition to the direct upregulation or down-
regulation of specific oncogenic miRNAs, the indirect 
modification of miRNA expression patterns through 
the use of novel substances administered systemically 
is under investigation. A thorough review of strate-
gies to manipulate miRNA biology for the treatment 
of cancer is provided by Rossbach (71).  

MiRNAs to Prevent Metastasis 
Most patients with lung cancer present at an 

advanced stage of disease and cannot be offered cu-
rative treatment. However, even those with early 
stage or locally advanced disease who are treated 
with surgery or multimodal approaches often go on to 
develop metastases. The rate of disease relapse with 
distant metastases has been described to be 15-40% in 
patients operated for early stage disease, and 60% in 
patients operated in stage IIIa (72). Adjuvant chemo-
therapy is associated with significant morbidity and 
mortality, and only slightly improves survival (73). A 
treatment to effectively prevent metastasis would 
therefore be of great clinical value. There is early evi-
dence suggesting that the manipulation of miRNAs 
may be one means of preventing metastasis. Ma and 
colleagues (74) demonstrated that miR-9 promotes the 
development of metastases by downregulating 
E-cadherin. Using a mouse model of breast cancer, the 
investigators showed that knocking down miR-9 ex-
pression reduced the formation of lung metastases. 
The size of the primary tumour remained unchanged. 

A complete list of miRNAs thought to be in-
volved in metastasis is provided in a recent review by 
Schoof et al. (75). 

MiRNAs to overcome chemotherapy re-
sistance 

Despite excitement over new drugs for specific 
molecularly defined patient subgroups, such as ge-
fitinib and erlotinib for EGFR mutated tumours and 
crizotinib for tumours with EML4-ALK fusion, the 
majority of lung cancer patients are treated with 
platin-based chemotherapy. Cisplatin and carboplatin 
form the backbone of most adjuvant, multimodal and 
palliative systemic treatment regimes. Resistance to 
platin is an important clinical problem, resulting in 
treatment failure and disease progression in many 
patients. The molecular mechanisms of platin re-
sistance have yet to be fully understood; however, it 
seems that miRNAs may regulate some genes which 
contribute to resistance to these drugs. Wang and 
colleagues (76) identified altered expression of 14 
miRNAs in cisplatin resistant lung cancer cells in 
A549 lung cancer cells compared to in cisplatin sensi-
tive cells. Cells were more sensitive to cisplatin when 
miR-138 was upregulated. Downregulation of the 

excision repair cross-complementation group 1 
(ERCC1) by miR-138 seemed to be a possible mecha-
nism. 

Zhang and colleagues also investigated the role 
of miRNAs in cisplatin resistant A549 cells, and found 
that transfection of cisplatin resistant cells with 
miR-513a-3p resulted in increased sensitivity to cis-
platin. MiR-513a-3p downregulated the glutathione 
S-transferase P1 (GSTP1), which promotes cisplatin 
resistance (77). 

MiRNAs and radiation therapy 
Radiation is a mainstay of lung cancer treatment. 

In locally advanced disease it can be combined with 
chemotherapy and in some situations with surgical 
resection to cure disease. In patients with advanced 
lung cancer it is of palliative value in treating symp-
tomatic metastases or local complications related to 
the primary tumour such as superior vena cava syn-
drome. However, the response to radiation is hetero-
geneous, with some patients benefiting from treat-
ment and others going on to progress with only side 
effects. The mechanisms underlying this heterogene-
ity have yet to be fully understood, however some 
evidence points to differences in gene expression 
between lung cancers which respond to radiation and 
those which do not (78); (79). There is also growing 
evidence that miRNAs may be differently expressed 
in tumours which respond to radiation compared 
with those which do not. Lynam-Lennon and col-
leagues found that miR-31 expression is reduced in 
oesophagus tumours which do not respond well to 
radiation, and linked expression of miR-31 to the reg-
ulation of DNA repair genes (80). Weidhaas and col-
leagues were able to demonstrate that the overex-
pression of let-7 in lung cancer cell lines improves 
radiosensitivity (81). 

Summary 
 The biology of lung cancer is increasingly com-

plex. Our ability to generate information risks out-
pacing our ability to process and sort our collective 
knowledge. A major challenge for the years to come 
will be to develop strategies to extract clinically 
meaningful conclusions from the data we generate. 
MiRNAs show promise as an adjunct to lung cancer 
diagnosis and treatment. The stability of miRNAs, 
and their availability in minimally invasive sampling 
of blood and lavage, makes them clinically appealing 
markers. The integration of changes in miRNA sig-
natures into lung cancer screening algorithms may be 
able to increase the specificity of screening and lower 
the morbidity and cost associated with high false 
positive rates. And the ability to predict, or even to 
optimise, response to established therapies such as 
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cisplatin-based chemotherapy and radiation could 
lower rates of treatment failure and patient exposure 
to the side effects of ineffective therapies. MiRNAs are 
exciting molecular players with the potential to 
change our approach to lung cancer. 
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