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Introduction

Lung cancer is a wide-spread cancer disease with high mor-
tality claiming 1.59 million deaths, that is, 19.4% of total 
cancer-related deaths annually.1,2 It is divided into two 
major types: non-small-cell lung cancer (NSCLC) and 
small-cell lung cancer (SCLC). NSCLC represents 85% of 
the clinically diagnosed lung cancer, in which adenocarci-
noma (AC) and squamous cell carcinoma (SQ) are the 
major histologic sub-categories.2–5 Diagnosis is currently 
based on imaging methods, for example, computer tomog-
raphy (CT)- or PET-CT scan, supplemented by biopsy and 
bronchoscopy. Molecular biomarkers include the epider-
mal growth factor receptor (EGFR) and ALK-EML4 which 
both became part of clinical guidelines for targeted therapy 
applications.6 However, other diagnostic tools such as cell-
cycle regulators are not validated by randomized trials, and 
due to a lack of blood tests, they are presently not useful for 
clinical primary diagnosis.7,8

MicroRNAs (miRNAs) have emerged as promising 
diagnostic and therapeutic tools due to their association 
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with tumorigenesis, survival, and prognosis. They are 
highly conserved small non-coding RNAs (~22 nucleo-
tides; nt) regulating genes associated with several biologi-
cal functions and signaling pathways implying lung cancer 
pathogenesis and treatment resistance.9,10 Interestingly, 
miRNAs show altered expression profiles in lung cancer. 
For instance, miRNA-21 and miRNA-34 display different 
expressions between NSCLC and SCLC,11 whereas 
miRNA-205 and miRNA-375 are differentially expressed 
in AC and SQ.5,12–15 Many studies highlight the diagnostic 
and therapeutic potential of miRNAs with the EGFR-
regulated miRNA-21 and p53-regulated miRNA-34 as 
most promising candidates for a better clinical manage-
ment of lung cancer.5,7,8,16–18 An important role of selected 
miRNAs in lung cancer is derived from observations that 
low miRNA-21 levels suggest to be predictive for benefi-
cial adjuvant chemotherapy after lung tumor resection,19 
and induction of miRNA-34 shows a preventive role in 
cancer initiation, as well as slows down progression in ther-
apeutically resistant KRAS/p53 mutant lung AC tumors.20

Notably, miRNA levels allow fast and systemic regula-
tion of cell growth in culture as the imperfect seed region 
pairing of miRNAs regulates several targets and pathways. 
Even though delivery of miRNAs to cell culture is simple, 
this remains challenging in intact animal or human patient. 
Thus, targeting the tightly connected proteins modulated by 
these miRNAs is a powerful alternative. Moreover, miRNA 
expression profiles might be helpful as molecular biomark-
ers for early identification and categorization of NSCLC, 
especially for the detection of cancer disease in early 
stages.7,21–23 Late diagnosis is one of the main reasons why 
survival stayed low over decades in this tumor entity 

(5-year survival: stage I = 60%–70%, stage II = only 
33%).2,24 Further clinical studies underline miRNAs’ value 
as attractive diagnostic and therapeutic markers.20,25–27

In this review, starting from the observation that miRNA-
21 acts as an oncogenic (oncomiR) and miRNA-34 as an 
onco-suppressor miRNA with an intimate connection to key 
cancer pathways, we elucidate miRNA interaction networks 
involved in this antagonism. In addition, we present how 
experimental and bioinformatic approaches can help in 
understanding the function of miRNAs in lung cancer and 
embed this analysis in general considerations. Subsequently, 
we discuss the high potential of both miRNAs as diagnostic 
markers and resulting new potential therapeutic targets as 
well as implied treatment strategies for lung cancer.

Biogenesis and miRNA biology

miRNAs are expressed by an RNA polymerase II as pri-
mary transcript (pri-miRNA; see Figure 1).10,28,29 The 
nuclease enzyme Drosha (RNase III) and the cofactor 
DiGeorge syndrome critical region gene-8 (DGCR8) build 
then the ~70-nt-long stem-loop precursor-miRNA (pre-
miRNA).10,28,29 Exportin-5 (XPO5) transports it to cyto-
plasm where ribonuclease enzyme Dicer and RNA binding 
partner HIV-1 trans-activating responsive element  
(TRBP) process it to the mature miRNA (guide strand, 
miRNA)28–31 which is bound to Argonaute protein AGO2 
to degrade mRNA in the RISC complex.10,28,31 Passenger 
miRNA (miRNA*) is removed or tissue-specific replaces 
miRNA in RISC when more stable with AGO2.28,31,32 The 
miRNA seed region (~8 nt) binds mRNA 3′-untranslated 
region perfectly for translational inhibition or imperfectly 

Figure 1. miRNA biogenesis. A long miRNA transcript is processed in the nucleus by RNA-Polymerase II (RNA-Pol II; not shown) 
as a primary-miRNA transcript (pri-miRNA; left one in nucleus). The pri-miRNA is cleaved by the RNase III enzyme Drosha (red 
circle) and its cofactor DGCR8 (green circle) into the ~70 nt long precursor-miRNA (pre-miRNA; right one in nucleus) which is 
further transported into the cytoplasm by the export protein Exportin-5 (blue square). There, the enzyme Dicer (black circle) and 
its RNA binding partner TRBP (black circle) cleave the pre-miRNA into the ~22 nt mature miRNA duplex which integrates into 
the multi-protein complex RISC to post-transcriptionally regulate gene expression (right one in cytoplasm; single guide strand, 
passenger strand is removed; here not shown).



Kunz et al.	 3

for down-regulation of multiple mRNAs10,26,28,31 in differ-
entiation and cancer-related signaling pathways.10,28,29,33 
5′-UTR binding affects protein synthesis or post-transcrip-
tional silencing in the nucleus.5,10,28,31 Lin28 can inhibit 
processing of tumor-suppressor pri-miRNA lethal-7 (pri-
let-7 miRNA).5,28,34

Lung cancer: key genes and  
signaling pathways

Lung cancer is often characterized by alterations of key 
genes such as EGFR and p53 and downstream signaling 
pathways associated with tumor growth, differentiation, 
and survival.2,4,24,35 These pathways are intimately associ-
ated with miRNAs.

EGFR is a receptor tyrosine kinase (RTK) overex-
pressed in 15%– 30% of NSCLC patients activating sign-
aling pathways such as RAS/RAF/MEK/ERK and PI3K/
AKT. This leads to tumor initiation, metastasis, angiogen-
esis and cell survival, reduced patient survival rate, and 
tumor resistance to chemotherapy.2,35–37 The EGFR protein 
is already investigated as a therapeutic target in lung  
cancer.38,39 For this, tyrosine kinase inhibitors (TKIs) such 
as gefitinib (Iressa®), erlotinib (Tarceva®), or afatinib 
(Giotrif®) are used in clinic. These are standard therapies 
in patients with EGFR mutations and used for additional 
treatment or after failure of the initial treatment in patients 
developing resistance to other chemotherapeutics.40–43 
However, after some time of TKI treatment, resistance 
occurs. For instance, the EGFR T790M mutation or c-MET 
gene amplification are important mechanisms for primary 
and acquired resistance to EGFR-TKI treatment in lung 
cancer.44–46 Moreover, co-mutations in KRAS and HER2 
(ERBB2) are reported.25,40,47,48 Notably, EGFR and also 
c-MET are known to regulate miRNA expression to influ-
ence metastasis and gefitinib resistance of NSCLC.44,49

The tumor-suppressor p53 is found to be deregulated in 
50%–70% of NSCLC patients and correlate with reduced 
apoptosis and higher cancer survival rate.2,24,35,50 Over 

50% of lung cancers show mutation in the p53 gene on 
chromosome 17p13.1, however, p53 mutations are obtained 
more commonly in smokers than in never smokers.4,51,52 
p53 mediates a complex signaling network and regulates 
several downstream genes such as p21, BAX, and PTEN 
which influence cell division, cell death, and genomic 
integrity.2,24,35,50,53 p53 also mediates miRNAs to regulate 
the downstream p53 pathway.53,54 Most prominently, p53 
functions in a feedback loop with miRNA-34 and regulates 
c-MET which promotes tumorigenesis.53,55,56 Targeting the 
p53 tumor-suppressor pathway is an interesting strategy 
for lung cancer treatment. For instance, treatment with 
small molecules such as PRIMA-1MET (p53 reactiva-
tor)57 and heat shock protein 90 inhibitor Ganetespib 
(depletion of mutant p53)58,59 but also an adenovirus gene 
therapy (Ad-p53) combined with chemotherapeutic drug 
cisplatin60 or radiotherapy61 are under clinical trials.62,63

For additional information including clinical implica-
tions about other genes which are deregulated in lung can-
cer, for example, KRAS, HER2 (ERBB2), and c-MET, see 
the studies of Herbst et  al.,2 Sun et  al.,4 Minna et  al.,24 
Sekido et al.,35 and Fong et al.50

Key miRNAs in lung cancer form a 
network around EGFR and p53

MiRNA signatures associated with the above-described 
pathways become apparent from high-throughput experi-
ments.64–66 Several miRNA signatures correlated with 
patient relapse and shortened survival in NSCLC.22,23 As 
several miRNAs are correlated to lung cancer, we high-
light in the following section a clinical network of 
selected key miRNAs based on their link to EGFR and 
p53 signaling. We review their importance in literature, 
focusing on the well-studied miRNA-21 and miRNA-34 
and their connected miRNAs and signaling pathways as 
promising targets in NSCLC (see Table 1 and Figure 2). 
In the following, we only report few targets for the con-
nected miRNAs, additional targets and references are 
listed in Table 1.

Table 1.  Key deregulated miRNAs associated with miRNA-21 and miRNA-34 and their important targets in lung cancer. miRNA-21 
and miRNA-34 are connected to EGFR- and p53-signaling and are associated with several cancer-deregulated miRNAs, thus forming a 
miRNA network (see Figure 2). The table lists the miRNAs, its altered expression in lung cancer (tumor) with important targets and 
references.

MiRNA Tumor Targets References

MiRNA-21 Up PDCD4, PTEN, Spry1, SMAD7 [29, 30, 56, 67–71]
MiRNA-155 Up TCF4, APAF-1 [23, 72–77]
MiRNA-221/222 Up p27 (Kip1), PTEN, CDKN1C, TIMP3, APAF-1 [27, 78–80]
MiRNA-130a Down c-MET [78, 81, 82]
MiRNA-27a Down c-MET, EGFR, Sprouty2 [44, 49, 56, 83]
MiRNA-143 Down HK2, CD44v3 [84–86]
MiRNA-145 Down c-Myc, CDK4, EGFR, NUDT1, OCT4, MUC1 [78, 87–90]
Let-7 Down KRAS, c-Myc, HMGA2 [67, 91–94]
MiRNA-34/449 Down c-Myc, c-MET, E2F, Sirt1, RB, AXL, SNAIL1, CDC25A, HDAC1, HMGA2, 

SERPINE1
[20, 29, 67, 78, 95–103]
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Role of the oncomiR miRNA-21 as  
EGFR-regulated miRNA in lung cancer

The miRNA-21 is induced by EGFR and regulates the 
downstream EGFR signaling pathway, thus it can function 
as an indicator of cellular growth, tumor transformation, 
and progression.19 It is overexpressed in lung cancer and 
known to be associated with cell-cycle and cancer progres-
sion, advanced tumor stage, poor survival rates, and chem-
otherapy sensitivity in NSCLC.78,104–106 MiRNA-21 targets 
several genes among which Programmed Cell Death 4 
(PDCD4) and PTEN indicate a pivotal role in regulating 
RAS/MEK/ERK and RAS/PI3K/AKT signaling path-
ways.29,56,67,68 PTEN is a negative regulator of PI3K/AKT-
signaling, playing a role in cell migration, cell-cycle 
progression, and survival, whereas PDCD4 activates p21 
which regulates apoptosis by inhibition of CDK.69,70,107 
Studies have shown that inhibition of miRNA-21 expres-
sion through Foxo3a can induce apoptosis in NSCLC,108 
whereas post-transcriptional activation of miRNA-21 by 
collagen type I (Col-1) is associated with loss of polarity in 
epithelial cells and progression of tumors.109

Notably, miRNA-21 shows co-expression with additional 
miRNAs such as the cancer pathway promoting miRNA- 
155 and miRNA-221/222 and the tumor-suppressor  

miRNA-143/145.110–112 Similarly, studies reported that 
miRNA-221/222 are co-expressed with miRNA-21 and 
miRNA-155 in resected stage I NSCLC patient tissues, 
highlighting a potential predictive role of these miRNAs in 
NSCLC.113 Moreover, both miRNA-155 and miRNA-21 
are up-regulated in a therapeutically resistant KRAS/p53 
lung cancer mouse which were deficient in p53-regulated 
miRNAs such as miRNA-34.20

The miRNA-221/222 are both overexpressed in NSCLC 
and activated by a c-MET-dependent c-Jun stimulation, as 
well as EGFR.27,56,78,79 They inhibit p27, CDKN1C, PTEN, 
and APAF-1 and are thus linked to lung tumorigenesis, 
invasion, and apoptosis.27,78–80 The miRNA-155 is overex-
pressed in lung cancer and regulates cell division, immu-
nity, and angiogenesis.23,72–74 As it was shown that the 
miRNA-155 is up-regulated in EGFR/KRAS-negative 
cells and associated with bad prognosis, new therapeutic 
strategies focus on this miRNA.75,114–116 For example, inhi-
bition of miRNA-155 leads to reduction in tumor growth 
in EGFR mutant NSCLC tumors and enhances the sensi-
tivity to cisplatin treatment as it regulates apoptotic pepti-
dase activating factor 1 (APAF-1).76

Down-regulation of several other key miRNAs influ-
ences lung cancer progression and are connected to our 
miRNA-21 expression network. For instance, miRNA-130a  

Figure 2.  Connection of oncomiRs (red) and tumor-suppressor (blue) miRNAs to EGFR and p53 in lung cancer. Simplified 
network topology of key miRNAs (overexpressed in red, down-regulated in cyan) and their targets (in light green) implicated in 
lung cancer (see Table 1). Important EGFR- and p53-signaling pathways in lung cancer are represented as violet hexagons (e.g. 
Raf/MEK/ERK and p53), downstream nodes connecting miRNA targets as yellow rectangles (e.g. ERK/MAPK). Arrows represent 
activation, blunted arrows inhibition. miRNAs deregulation is associated with characteristic tumorigenic functions and lung cancer 
pathogenesis (black box, e.g. proliferation and angiogenesis).
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is weakly expressed in NSCLC cells, implying treatment 
resistance and cell migration.81,82 MiRNA-130a modulates 
miRNA-221/222 expression78,82 and is inversely corre-
lated with c-MET: it is overexpressed in gefitinib-sensitive 
NSCLC cells, while down-regulated in gefitinib-resistant 
NSCLC cells.81 Moreover, it was also demonstrated that 
miRNA-130a reverses gefitinib resistance in NSCLC cells 
through direct targeting of c-MET.81

Similarly, the onco-suppressor miRNA-27a is linked to 
EGFR and c-MET through direct and indirect targeting of 
c-MET, EGFR, and Sprouty2. Thus, the lack of miRNA-
27a results in uncontrolled proliferation and tumor progres-
sion.44,49,56,83 Moreover, miRNA-27a is associated with 
early NSCLC stages,7,56 whereas Wang et al.44 identified that 
miRNA-21 and miRNA-27a (and miRNA-218) are associated 
with primary resistance to EGFR-TKI in NSCLC patients.

The miRNA-143/145 is down-regulated in lung cancer 
which triggers cell growth and carcinogenesis.110,117–119 
MiRNA-145 directly targets EGFR, c-Myc, and OCT4 to 
regulate cell proliferation and cell-cycle arrest,78,87–89 
whereas inhibition of metastasis and invasion results from 
targeting MUC1.90 However, the miRNA-143 inhibits 
migration and invasion in NSCLC through targeting the 
lung stem cell marker CD44v384,85 and Hexokinase 2 
(HK2).86 However, compared to miRNA-145, less is known 
about the role of miRNA-143 in lung tumorigenesis.78

Onco-suppressor miRNA-34 is a non-EGFR-
regulated miRNA connected to other miRNAs

Beside EGFR, p53 is frequently mutated in lung cancer. 
The miRNA-34 family (miRNA-34a, -34b, and -34c) 
functions as a tumor suppressor showing a reduced expres-
sion with poor prognosis in NSCLC patients.20,29 MiRNA-
34 family members are important downstream targets of 
p53 signaling, and p53 binding sites are also present in the 
miRNA-34 promoter.95,96,120 MiRNA-34 targets c-Myc 
and E2F, and also inhibits c-MET activation and  
invasion.29,67,97,98 There is an inverse tumorigenesis effect 
and induction of apoptosis, as well as cell-cycle arrest, 
through restoration of miRNA-34 expression in lung  
cancer cells.20,120,121 Moreover, several studies report that 
expression of miRNA-34 stops the cell cycle and also 
reverses in lung cancer the epithelial to mesenchymal transi-
tion (EMT) through targeting RB, AXL, and SNAIL1.99–101

Interestingly, the miRNA-449 family (miRNA-449a, 
-449b, and -449c) possesses the same seed region as the 
miRNA-34 family and regulates the same targets, but are 
less well investigated.29,78 Both miRNA-34 and miRNA-
449 feedback on p53 and E2F transcription factors.102 To 
close the feedback loop, miRNA-34 is activated by p53, 
while miRNA-449 is activated by E2F. Similar to miRNA-
34, miRNA-449 directly inhibits E2F and up-regulates p53 
by targeting deacetylase gene Sirt1.78,102 In addition, other 
known targets of both miRNAs include CDC25A, HDAC1, 

HMGA2, and SERPINE1, thus regulating cell-cycle arrest, 
apoptosis, and migration/invasion.78,103

Furthermore, miRNA-34 shows association with the 
miRNA let-7. This tumor-suppressor miRNA family regu-
lates cell proliferation and tumor development, in which 
low expression levels are associated with poor survival 
rate in lung tumors.67,91,122 Let-7 targets KRAS, c-Myc, 
and HMGA2 signaling.67,91–93 Studies already focus on 
therapeutic modulation: ectopic expression of let-7 induces 
cell death in lung cancer,122,123 whereas combined treat-
ment of miRNA-34 and let-7 inhibits tumor growth in 
aggressive KRAS/p53 mutant NSCLC mouse models and 
cells.94 In addition, let-7b and miRNA-34a also enhance 
the anti-proliferative effect of erlotinib, highlighting that 
both miRNAs influence tumor signaling pathways which 
are not suppressed by EGFR, indicating an effective thera-
peutic strategy to overcome EGFR-TKI resistance in lung 
cancer.25

MiRNA target identification

How can the above networks involving miRNA-21 and 
miRNA-34 be identified? We will review in the following 
section the experimental and bioinformatic methods for 
miRNA target identification. Our current understanding of 
miRNAs relies on a combination of extensive experimental 
methods (details in Hausser and Zavolan124 and Thomas 
et al.125) and theoretical approaches (details in Kunz et al.5,10).

Experimental miRNA target identification

Initially, expression profiling of mRNAs after overexpres-
sion or knockdown of miRNAs was the method of choice. 
Following miRNA transfection, several techniques exist 
for measuring effects ranging from transcriptome analysis 
to proteomic-based approaches. Changes in the mRNA 
expression profile can be examined either by gene expres-
sion microarrays or RNA sequencing.126 Concurrently, 
effects of miRNAs on protein expression can be detected 
using stable isotope labeling with amino acids in cell cul-
ture (SILAC)127 which is a spectrometry-based method. 
Protein and mRNA expression analysis methods cannot 
distinguish direct and indirect miRNA targets. Direct 
miRNA targets are detected by biochemical isolation of 
the miRISC and the associated mRNAs by immunopre-
cipitation of the native RISC complex or components such 
as AGO proteins with microarrays or RNA sequencing.128 
To identify individual target sites down to single nucleo-
tide resolutions, there exists the method of crosslinking 
and immunoprecipitation (CLIP). CLIP uses ultraviolet 
(UV) light to crosslink nucleic acids to miRISC compo-
nents. The complex is immunoprecipitated, unbound RNA 
is digested, so that only the miRISC-protected RNA frag-
ments are preserved and the AGO-associated miRNA rec-
ognition elements are identified using high-throughput 
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sequencing. The efficiency of miRNA target capture is fur-
ther increased in photoactivatable ribonucleoside-
enhanced CLIP (PAR-CLIP),129 whereby photoreactive 
4-thiouridine is incorporated into RNAs before the 
crosslinking is achieved by 365-nm UV-A light. In HITS-
CLIP,130 254-nm UV-C light is used for crosslinking. 
Disadvantages of CLIP-based methods as discussed by 
Hausser and Zavolan124 include the fact that low- 
abundance targets may not be captured and it is not clear 
that miRNA–target interaction is relevant for the pheno-
type. Furthermore, the procedure requires highly specific 
antibodies for the precipitation.

Bioinformatics and prediction algorithms

General databases such as RFAM (RNA family database) 
collect miRNAs including sequence and structure align-
ments among species, as well as seed region information, 
whereas the Gene Expression Omnibus (GEO) database 
consists of experimental datasets and specific regulatory 
effects. As miRNAs target mRNAs with their short about 
8-nt conserved seed region, potential base pairing between 
a miRNA and a mRNA motif can be predicted applying 
bioinformatics. Computational miRNA target prediction is 
extensively reviewed in previous studies.5,10,28,131,132

Prediction algorithms combine miRNA seed region 
similarity, sequence conservation with structure, folding 
energy, and target site accessibility.10,28,131,133 The popular 
TargetScan is based on a thermodynamically RNA duplex 
interaction modeling with comparative seed region  
analysis.134 miRanda,135 PicTar,136 and DIANA-microT137 
algorithms include seed region mismatches and free-fold-
ing energy. The PITA algorithm even includes structural 
target site accessibility for seed matching.138

Drawbacks and limitations are the high false-positive 
prediction rate and low mRNA target overlap, as algo-
rithms use different parameters, for example, seed match-
ing and free energy.10 Most algorithms are not based on 
experimental data or, furthermore, miRNAs often show 
tissue-specific expression.131,133,139,140 However, they are 
quite helpful for pre-selection of targets for experimental 
validation. It was shown that prediction algorithms based 
on stringent seed region matching show the highest sensi-
tivity and specificity compared to experimentally vali-
dated miRNA targets.10,28,131,139 TargetScan (perfect 
complementarity) and PicTar have the highest sensitivity 
and overlap of predicted and experimentally validated tar-
gets, whereas the DIANA-microT algorithm shows low 
sensitivity. miRanda algorithm shows similar sensitivity to 
TargetScan and PicTar but has much higher number of 
total target predictions.131 Thus, miRanda, TargetScan, and 
PicTar algorithms were all combined for the three miR-
NAs, miRNA-34b/34c/449, to reveal a diagnostic signa-
ture of 17 target genes that shows a high sensitivity for 
predicting lung cancer and distinguishing between NSCLC 

subtypes AC and SQ from microarray data sets.141 
Similarly, analysis using these algorithms identified con-
served binding sites among different species for the 
miRNA-21 and the tumor-suppressor PDCD4 in colorectal 
and breast cancer cells,142,143 as well as NUAK family 
kinase 1 (known oncogene in NSCLC) as new target of 
miRNA-96 in pancreatic cancer.144 This was further vali-
dated by experiments. Moreover, computational prediction 
analysis using the TargetScan algorithm found that 
miRNA-21 targets SMAD7 which was experimentally 
validated in NSCLC.71

Thus, to avoid over-predictions and achieve the best bio-
logical targets, different prediction algorithms should be 
combined with different experiments such as tissue-specific 
gene expression microarray and proteome analysis.5,10,28,131

Clinical implications of the miRNA-21 
and miRNA-34 network for lung 
cancer diagnosis and therapeutic 
strategies

Lung cancer is often detected late with poor treatment 
prognosis. MiRNAs as non-invasive biomarkers could 
complement CT for lung cancer diagnosis and monitoring 
to improve this situation.16,111,145,146 Interestingly, recent 
studies report that miRNA expression methods are more 
accurate in defining cancer subtypes than protein-coding 
gene profiling.22,116,147,148 Moreover, miRNA expression 
signatures correlate with lung cancer tumor stages, pro-
gression, and treatment response.21–23,111 In a more general 
approach with several tumor entities, miRNA-21 was 
identified as a biomarker for poor prognosis including 
lung, breast, stomach, prostate, colon, and pancreatic 
tumors underlining its central role in cancer.116

Clinical diagnostics

MiRNA profiles revealed that besides miRNA-21, 
miRNA-155, miRNA-17, miRNA-143/145, miRNA-
221/222, and let-7a are also strongly deregulated in lung 
cancer. This deregulation is linked to patient prognosis and 
survival, indicating a role of miRNAs as potential bio-
markers for early lung cancer diagnosis.110–112,118 
Up-regulated miRNA-17, miRNA-21, and miRNA-155 
demonstrated oncogenic potential,23,111,116,122 whereas 
miRNA-155 shows high correlation with the angiogenic 
marker FGF2, as well as nodal metastasis.115 Altered let-7a 
and miRNA-221 levels imply cancer relapse and bad prog-
nosis for NSCLC patients.22 Moreover, Izzotti et  al.118 
demonstrated that altered expression of miRNAs occur in 
early events of healthy tissues as they found a deregulation 
of let-7, miRNA-34, miRNA-145, and miRNA-222 in 
healthy rat lungs exposed to cigarette smoke. MiRNA sig-
natures in lung cancer have already been evaluated 
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by bioinformatic meta-analyses, highlighting that such 
analyses are very useful to identify best miRNA markers. 
For example, Vosa et al.112 used a rank aggregation method 
to robustly identify seven up-regulated and eight down-
regulated miRNAs in lung cancer (again miRNA-21, 
miRNA-143, and miRNA-145). In a retrospective analy-
sis, a benefit from chemotherapy in addition to current 
clinical guidelines149 could be identified by high levels of 
miRNA-21 for high-risk patients after TNM stage I resec-
tion.19 Furthermore, by using two different normalization 
strategies, Charkiewicz et al.150 determined that miRNA-
21 and miRNA-205 expression allow NSCLC subtype 
classification and patient selection for targeted therapy. 
Nevertheless, monitoring miRNA-21 expression to detect 
early lung  
cancer compared to healthy controls may be challenging.151 
Further miRNAs which are currently under investigation 
as biomarkers and diagnosis tools include miRNA-486 
and miRNA-150 as blood markers,152 miRNA-486-5p and 
miRNA-30a-5p as tissue markers,153 and extra cellular 
miRNA-198 as biomarkers warning against AC-associated 
malignant pleural effusion.154

However, clinical studies have identified diagnostic 
miRNA markers either in lung tumor tissue or blood sam-
ples. It should be noted that tumor tissue analysis results 
vary depending on tissue preparation: studies conducting 
analysis from frozen tissues reveal that high miRNA-21 
expression correlates with low patient survival,110,155 
whereas in FFPE (formalin-fixed paraffin embedded) sam-
ples, this correlation could not be confirmed.113,156 This 
points out the challenge of technical accuracy necessary 
for clinically reliable miRNA profiling. For this reason, it 
was recommended to evaluate multiple slices for stand-
ardization and normalization. Furthermore, oncomiRs 
should be used as controls.157,158 Importantly, sample prep-
aration should be carried out in a lab where standard oper-
ating procedures (SOPs) are well established.

MiRNA detection from blood or biological fluids is a 
new technique and monitors patients non-invasively. For 
example, Sozzi and colleagues demonstrated in 2014 in 
their MILD trial (Multicenter Italian Lung Detection) that 
a miRNA signature classifier (MSC) from patients’ blood 
samples has a predictive, diagnostic as well as prognostic 
value that reduces false-positive rates of low-dose com-
puter tomography (LDCT) when used as an additional 
diagnostic tool.16 Screening with false-double positive 
results could reduce false-positive rates to an impressive 
3.7% compared to 19.7% for LDCT alone.16 It has been 
speculated that the MSC derives from the tumor environ-
ment which is related to the tumor aggressiveness and 
hence distinguishes between lung cancers and benign nod-
ules that are both detected by LDCT.16 Low MSC of 24 
circulating miRNAs predicted the absence of lung cancer 
mortality in the first 3 years correctly.159 Similarly, a signa-
ture of 34 different regulated miRNAs from the COSMOS 

trial (Continuous Observation of Smoking Subjects) 
detected with 80% accuracy high-risk asymptomatic par-
ticipants, representing a useful blood test for early lung 
cancer detection as it was shown in a large-scale clinical 
validation study.146,160

From the technical point of view, it is critical to avoid 
hemolysis of red blood cells or platelets as they also contain 
miRNAs such as miRNA-451, miRNA-486-5p, miRNA-
16, and miRNA-92a and here, the levels and changes are 
completely different from serum. Moreover, different 
miRNA ratios may also reflect different blood cell counts.161 
Regarding further technical challenges for miRNA detec-
tion in blood samples, it is important to choose the correct 
housekeeping genes for real-time quantitative polymerase 
chain reaction (qRT-PCR) evaluation: they should always 
be present with robust and good expression levels in all 
samples.162

Therapeutic implications

MiRNA can beneficially affect multiple targets and path-
ways in cancer tumorigenesis and resistance develop-
ment.25,27,94 Several studies illustrate that miRNAs have 
promise in treatment of lung cancer, for instance, breaking 
resistance of TKIs erlotinib or gefitinib by modulating 
miRNA let-7 and miRNA-34 regulation of EGFR and p53 
pathways in NSCLC cells.20,25,94,97 Both miRNAs are 
down-regulated by c-Myc oncogene which explains their 
low expression and reduced anti-proliferative and pro-
apoptotic function in cancer cells.163 Excitingly, chemo-
preventive agents can modulate smoke-induced miRNAs 
and connected proteome.164 Thus, Delta-tocotrienol down-
regulates the Notch-1 pathway as it induces miRNA-34a in 
NSCLC cells.17 Several studies confirmed that miRNA-21 
overexpression is involved in EGFR-TKI resistance in 
NSCLC. Experimental modulation of the miRNA-21 
expression level in NSCLC tissues and cells show first 
promising therapeutic results through regulation of PTEN, 
PDCD4, and the PI3K/AKT signaling pathways.18,165

Moreover, targeting the miRNA-dependent interaction 
network in NSCLC patients which do not respond any 
more to gefitinib/erlotinib represents a promising alterna-
tive therapeutic strategy. Thus, c-MET receptors often 
involved in EGFR-TKI therapy resistance are currently 
under investigation for their application in the clinic.27,56 
However, most miRNA studies focus on cell biology and 
are still far away from direct therapeutic application. As 
mentioned before, expression levels of miRNA-21, 
miRNA-221/222, miRNA-34a, and miRNA-30b/c are 
altered in gefitinib-resistant lung cancer cells due to EGFR 
and c-MET alterations.27,97 Consequently, experiments 
considering these miRNAs have been carried out: modula-
tion of miRNA-221/222 and miRNA-30b/c expression 
levels in vitro and in vivo reverses gefitinib resistance in 
NSCLC,27 whereas modulation of miRNA-34a rescues 
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gefitinib and miRNA-130a modulation reduces the migra-
tory capacity and overcomes gefitinib treatment failure in 
NSCLC cells.82,97

Conclusion

Diagnosis and treatment of lung cancer is challenging. 
However, observing miRNA-21 and miRNA-34 family 
levels and connected networks provide important new 
handles. Combined bioinformatics and experimental 
approaches exploit high-throughput RNA sequencing 
and omics data for a detailed understanding of the com-
plex interactions of these and other miRNAs with their 
cognate mRNA and protein networks in lung cancer. 
miRNAs can regulate several targets and pathways. Thus, 
the modulation of specific miRNAs such as miRNA-21 
and miRNA-34 promises new diagnostic options and 
novel therapeutic interventions. However, miRNA signa-
tures and miRNA-inspired therapies are currently 
explored in first clinical trials. They have a high potential 
to improve significantly the diagnosis and treatment of 
lung cancer, but still hampered by various specificity 
considerations. In this context, we hope our overview 
stimulates future research as a basis for an improved clin-
ical management of lung cancer.

Acknowledgements

The authors thank Jennifer Heilig for stylistic corrections.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support for 
the research, authorship, and/or publication of this article: This study 
was supported by IZKF Würzburg (grant no. BD-247; old project, 
preparatory work) and BMBF (grant no. 031L0129B; consecutive 
new project on the topic). This publication was supported by the 
Open Access Publication Fund of the University of Wuerzburg.

References

	 1.	 Ferlay J, Soerjomataram I, Ervik M, et  al. GLOBOCAN 
2012 v1.0, cancer incidence and mortality worldwide: 
IARC CancerBase No. 11 [Internet]. Lyon: International 
Agency for Research on Cancer, 2013, http://globocan.iarc.
fr (accessed 13 August 2015).

	 2.	 Herbst RS, Heymach JV and Lippman SM. Lung cancer.  
N Engl J Med 2008; 359: 1367–1380.

	 3.	 Lv S, Xue J, Wu C, et al. Identification of a panel of serum 
microRNAs as biomarkers for early detection of lung ade-
nocarcinoma. J Cancer 2017; 8: 48–56.

	 4.	 Sun S, Schiller JH and Gazdar AF. Lung cancer in never smokers 
– a different disease. Nat Rev Cancer 2007; 7: 778–790.

	 5.	 Kunz M, Wolf B, Schulze H, et al. Non-coding RNAs in lung 
cancer: contribution of bioinformatics analysis to the devel-
opment of non-invasive diagnostic tools. Genes 2016; 8: E8.

	 6.	 Bronte G, Terrasi M, Rizzo S, et al. EGFR genomic altera-
tions in cancer: prognostic and predictive values. Front 
Biosci 2011; 3: 879–887.

	 7.	 Heegaard NHH, Schetter AJ, Welsh JA, et al. Circulating 
microRNA expression profiles in early stage non-small cell 
lung cancer. Int J Cancer 2012; 130: 1378–1386.

	 8.	 Coate LE, John T, Tsao MS, et al. Molecular predictive and 
prognostic markers in non-small-cell lung cancer. Lancet 
Oncol 2009; 10: 1001–1010.

	 9.	 Wang Z. MicroRNA: a matter of life or death. World J Biol 
Chem 2010; 1: 41–54.

	10.	 Kunz M, Xiao K, Liang C, et al. Bioinformatics of cardiovas-
cular miRNA biology. J Mol Cell Cardiol 2015; 89: 3–10.

	11.	 Lee JH, Voortman J, Dingemans AM, et  al. MicroRNA 
expression and clinical outcome of small cell lung cancer. 
PLoS ONE 2011; 6: e21300.

	12.	 Molina-Pinelo S, Gutierrez G, Pastor MD, et al. MicroRNA-
dependent regulation of transcription in non-small cell lung 
cancer. PLoS One 2014; 9: e90524.

	13.	 Patnaik S, Mallick R, Kannisto E, et al. MiR-205 and MiR-
375 microRNA assays to distinguish squamous cell carci-
noma from adenocarcinoma in lung cancer biopsies. J Thorac 
Oncol 2015; 10: 446–453.

	14.	 Hamamoto J, Soejima K, Yoda S, et  al. Identification of 
microRNAs differentially expressed between lung squa-
mous cell carcinoma and lung adenocarcinoma. Mol Med 
Rep 2013; 8: 456–462.

	15.	 Zhang YK, Zhu WY, He JY, et  al. miRNAs expression 
profiling to distinguish lung squamous-cell carcinoma from 
adenocarcinoma subtypes. J Cancer Res Clin Oncol 2012; 
138: 1641–1650.

	16.	 Sozzi G, Boeri M, Rossi M, et  al. Clinical utility of a 
plasma-based miRNA signature classifier within computed 
tomography lung cancer screening: a correlative MILD trial 
study. J Clin Oncol 2014; 32: 768–773.

	17.	 Ji X, Wang Z, Geamanu A, et  al. Delta-tocotrienol sup-
presses Notch-1 pathway by upregulating miR-34a in 
nonsmall cell lung cancer cells. Int J Cancer 2012; 131: 
2668–2677.

	18.	 Shen H, Zhu F, Liu J, et  al. Alteration in MiR-21/PTEN 
expression modulates gefitinib resistance in non-small cell 
lung cancer. PLoS One 2014; 9: e103305.

	19.	 Saito M, Schetter AJ, Mollerup S, et al. The association of 
microRNA expression with prognosis and progression in 
early-stage, non-small cell lung adenocarcinoma: a retro-
spective analysis of three cohorts. Clin Cancer Res 2011; 
17: 1875–1882.

	20.	 Kasinski AL and Slack FJ. miRNA-34 prevents cancer ini-
tiation and progression in a therapeutically resistant K-ras 
and p53-induced mouse model of lung adenocarcinoma. 
Cancer Res 2012; 72: 5576–5587.

	21.	 Bjaanæs MM, Halvorsen AR, Solberg S, et  al. Unique 
microRNA-profiles in EGFR-mutated lung adenocarcino-
mas. Int J Cancer 2014; 135: 1812–1821.

	22.	 Yu SL, Chen HY, Chang GC, et al. MicroRNA signature 
predicts survival and relapse in lung cancer. Cancer Cell 
2008; 13: 48–57.

http://globocan.iarc.fr
http://globocan.iarc.fr


Kunz et al.	 9

	23.	 Yanaihara N, Caplen N, Bowman E, et al. Unique micro-
RNA molecular profiles in lung cancer diagnosis and prog-
nosis. Cancer Cell 2006; 9: 189–198.

	24.	 Minna JD, Roth JA and Gazdar AF. Focus on lung cancer. 
Cancer Cell 2002; 1: 49–52.

	25.	 Stahlhut C and Slack FJ. Combinatorial action of microR-
NAs let-7 and miR-34 effectively synergizes with erlotinib 
to suppress non-small cell lung cancer cell proliferation. 
Cell Cycle 2015; 14: 2171–2180.

	26.	 Landi MT, Zhao Y, Rotunno M, et al. MicroRNA expres-
sion differentiates histology and predicts survival of lung 
cancer. Clin Cancer Res 2010; 16: 430–441.

	27.	 Garofalo M, Romano G, Di Leva G, et al. EGFR and MET 
receptor tyrosine kinase-altered microRNA expression 
induces tumorigenesis and gefitinib resistance in lung can-
cers. Nat Med 2012; 18: 74–82.

	28.	 Erson AE and Petty EM. miRNAs and cancer: new research 
developments and potential clinical applications. Cancer 
Biol Ther 2009; 8: 2317–2322.

	29.	 Jansson MD and Lund AH. MicroRNA and cancer. Mol 
Oncol 2012; 6: 590–610.

	30.	 Kayani M, Kayani MA, Malik FA, et  al. Role of miR-
NAs in breast cancer. Asian Pac J Cancer Prev 2011; 12: 
3175–3180.

	31.	 Le Quesne J and Caldas C. Micro-RNAs and breast cancer. 
Mol Oncol 2010; 4: 230–241.

	32.	 Ro S, Park C, Young D, et al. Tissue-dependent paired expres-
sion of miRNAs. Nucleic Acids Res 2007; 35: 5944–5953.

	33.	 Friedman RC, Farh KK, Burge CB, et al. Most mammalian 
mRNAs are conserved targets of microRNAs. Genome Res 
2009; 19: 92–105.

	34.	 Viswanathan SR, Daley GQ and Gregory RI. Selective 
blockade of microRNA processing by Lin28. Science 2008; 
320: 97–100.

	35.	 Sekido Y, Fong KM and Minna JD. Molecular genetics of 
lung cancer. Annu Rev Med 2003; 54: 73–87.

	36.	 Shigematsu H, Lin L, Takahashi T, et al. Clinical and bio-
logical features associated with epidermal growth factor 
receptor gene mutations in lung cancers. J Natl Cancer Inst 
2005; 97: 339–346.

	37.	 Nicholson RI, Gee JMW and Harper ME. EGFR and cancer 
prognosis. Eur J Cancer 2001; 37(Suppl 4): 9–15.

	38.	 Marchetti A, Martella C, Felicioni L, et al. EGFR mutations 
in non-small-cell lung cancer: analysis of a large series of 
cases and development of a rapid and sensitive method for 
diagnostic screening with potential implications on pharma-
cologic treatment. J Clin Oncol 2005; 23: 857–865.

	39.	 Woodburn JR. The epidermal growth factor receptor and 
its inhibition in cancer therapy. Pharmacol Ther 1999; 82: 
241–250.

	40.	 Suzuki T, Nakagawa T, Endo H, et  al. The sensitivity of 
lung cancer cell lines to the EGFR-selective tyrosine kinase 
inhibitor ZD1839 (“Iressa”) is not related to the expression 
of EGFR or HER-2 or to K-ras gene status. Lung Cancer 
2003; 42: 35–41.

	41.	 Fukuoka M, Yano S, Giaccone G, et al. Multi-institutional 
randomized phase II trial of gefitinib for previously treated 
patients with advanced non-small-cell lung cancer. J Clin 
Oncol 2003; 21: 2237–2246.

	42.	 Kris MG, Natale RB, Herbst RS, et al. Efficacy of gefitinib, 
an inhibitor of the epidermal growth factor receptor tyros-
ine kinase, in symptomatic patients with non-small cell lung 
cancer: a randomized trial. JAMA 2003; 290: 2149–2158.

	43.	 Herbst RS and Sandler A. Bevacizumab and erlotinib: 
a promising new approach to the treatment of advanced 
NSCLC. Oncologist 2008; 13: 1166–1176.

	44.	 Wang S, Su X, Bai H, et al. Identification of plasma micro-
RNA profiles for primary resistance to EGFR-TKIs in 
advanced non-small cell lung cancer (NSCLC) patients with 
EGFR activating mutation. J Hematol Oncol 2015; 8: 127.

	45.	 Cross DA, Ashton SE, Ghiorghiu S, et  al. AZD9291, an 
irreversible EGFR TKI, overcomes T790M-mediated resist-
ance to EGFR inhibitors in lung cancer. Cancer Discov 
2014; 4: 1046–1061.

	46.	 Wang Z, Chen R, Wang S, et al. Quantification and dynamic 
monitoring of EGFR T790M in plasma cell-free DNA by 
digital PCR for prognosis of EGFR-TKI treatment in 
advanced NSCLC. PLoS One 2014; 9: e110780.

	47.	 Engelman JA, Zejnullahu K, Mitsudomi T, et  al. MET 
amplification leads to gefitinib resistance in lung cancer by 
activating ERBB3 signaling. Science 2007; 316: 1039–1043.

	48.	 Morgillo F, Kim WY, Kim ES, et  al. Implication of the 
insulin-like growth factor-IR pathway in the resistance of 
non-small cell lung cancer cells to treatment with gefitinib. 
Clin Cancer Res 2007; 13: 2795–2803.

	49.	 Yoon KA, Yoon H, Park S, et al. The prognostic impact of 
microRNA sequence polymorphisms on the recurrence of 
patients with completely resected non-small cell lung can-
cer. J Thorac Cardiovasc Surg 2012; 144: 794–807.

	50.	 Fong KM, Sekido Y, Gazdar AF, et  al. Lung cancer • 9: 
molecular biology of lung cancer: clinical implications. 
Thorax 2003; 58: 892–900.

	51.	 Le Calvez F, Mukeria A, Hunt JD, et al. TP53 and KRAS 
mutation load and types in lung cancers in relation to 
tobacco smoke: distinct patterns in never, former, and cur-
rent smokers. Cancer Res 2005; 65: 5076–5083.

	52.	 Vähäkangas KH, Bennett WP, Castrén K, et  al. p53 and 
K-ras mutations in lung cancers from former and never-
smoking women. Cancer Res 2001; 61: 4350–4356.

	53.	 Okada N, Lin CP, Ribeiro MC, et al. A positive feedback 
between p53 and miR-34 miRNAs mediates tumor suppres-
sion. Genes Dev 2014; 28: 438–450.

	54.	 Hermeking H. p53 enters the microRNA world. Cancer Cell 
2007; 12: 414–418.

	55.	 Hermeking H. The miR-34 family in cancer and apoptosis. 
Cell Death Differ 2010; 17: 193–199.

	56.	 Brighenti M. MicroRNA and MET in lung cancer. Ann 
Transl Med 2015; 3: 68.

	57.	 Bykov VJ and Wiman KG. Mutant p53 reactivation by small 
molecules makes its way to the clinic. FEBS Lett 2014; 588: 
2622–2627.

	58.	 Ramalingam S, Goss G, Rosell R, et  al. A randomized 
phase II study of ganetespib, a heat shock protein 90 inhibi-
tor, in combination with docetaxel in second-line therapy 
of advanced non-small cell lung cancer (GALAXY-1). Ann 
Oncol 2015; 26: 1741–1748.

	59.	 Parrales A and Iwakuma T. Targeting oncogenic mutant p53 
for cancer therapy. Front Oncol 2015; 5: 288.



10	 Tumor Biology ﻿

	60.	 Nemunaitis J, Swisher SG, Timmons T, et al. Adenovirus-
mediated p53 gene transfer in sequence with cisplatin to 
tumors of patients with non-small-cell lung cancer. J Clin 
Oncol 2000; 18: 609–622.

	61.	 Swisher SG, Roth JA, Komaki R, et al. Induction of p53-reg-
ulated genes and tumor regression in lung cancer patients 
after intratumoral delivery of adenoviral p53 (INGN 201) 
and radiation therapy. Clin Cancer Res 2003; 9: 93–101.

	62.	 Mogi A and Kuwano H. TP53 mutations in nonsmall cell 
lung cancer. J Biomed Biotechnol 2011; 2011: 583929.

	63.	 Wiman KG. Strategies for therapeutic targeting of the p53 
pathway in cancer. Cell Death Differ 2006; 13: 921–926.

	64.	 Lu J, Getz G, Miska EA, et al. MicroRNA expression pro-
files classify human cancers. Nature 2005; 435: 834–838.

	65.	 Rosenfeld N, Aharonov R, Meiri E, et al. MicroRNAs accu-
rately identify cancer tissue origin. Nat Biotechnol 2008; 26: 
462–469.

	66.	 Watanabe K, Emoto N, Hamano E, et al. Genome structure-
based screening identified epigenetically silenced micro-
RNA associated with invasiveness in non-small-cell lung 
cancer. Int J Cancer 2012; 130: 2580–2590.

	67.	 Gomez GG, Wykosky J, Zanca C, et al. Therapeutic resist-
ance in cancer: microRNA regulation of EGFR signaling 
networks. Cancer Biol Med 2013; 10: 192–205.

	68.	 Frezzetti D, Menna MD, Zoppoli P, et  al. Upregulation 
of miR-21 by Ras in vivo and its role in tumor growth. 
Oncogene 2011; 30: 275–286.

	69.	 Leevers SJ, Vanhaesebroeck B and Waterfield MD. 
Signalling through phosphoinositide 3-kinases: the lipids 
take centre stage. Curr Opin Cell Biol 1999; 11: 219–225.

	70.	 Frankel LB, Christoffersen NR, Jacobsen A, et  al. 
Programmed cell death 4 (PDCD4) is an important func-
tional target of the microRNA miR-21 in breast cancer cells. 
J Biol Chem 2008; 283: 1026–1033.

	71.	 Lin L, Tu HB, Wu L, et al. MicroRNA-21 regulates non-small 
cell lung cancer cell invasion and chemo-sensitivity through 
SMAD7. Cell Physiol Biochem 2016; 38: 2152–2162.

	72.	 Higgs G and Slack F. The multiple roles of microRNA-155 
in oncogenesis. J Clin Bioinforma 2013; 3: 17.

	73.	 Elton TS, Selemon H, Elton SM, et  al. Regulation of the 
MIR155 host gene in physiological and pathological pro-
cesses. Gene 2013; 532: 1–12.

	74.	 Faraoni I, Antonetti FR, Cardone J, et al. miR-155 gene: a 
typical multifunctional microRNA. Biochim Biophys Acta 
2009; 1792: 497–505.

	75.	 Lynch TJ, Bell DW, Sordella R, et al. Activating mutations 
in the epidermal growth factor receptor underlying respon-
siveness of non-small-cell lung cancer to gefitinib. N Engl J 
Med 2004; 350: 2129–2139.

	76.	 Zang YS, Zhong YF, Fang Z, et  al. MiR-155 inhibits the 
sensitivity of lung cancer cells to cisplatin via negative reg-
ulation of Apaf-1 expression. Cancer Gene Ther 2012; 19: 
773–778.

	77.	 Xiang X, Zhuang X, Jiang H, et al. miR-155 promotes mac-
roscopic tumor formation yet inhibits tumor dissemination 
from mammary fat pads to the lung by preventing EMT. 
Oncogene 2011; 30: 3440–3453.

	78.	 Qi J and Mu D. MicroRNAs and lung cancers: from patho-
genesis to clinical implications. Front Med 2012; 6: 134–155.

	79.	 Garofalo M, Di Leva G, Romano G, et  al. miR-221&222 
regulate TRAIL resistance and enhance tumorigenicity 

through PTEN and TIMP3 downregulation. Cancer Cell 
2009; 16: 498–509.

	80.	 le Sage C, Nagel R, Egan DA, et al. Regulation of the p27(Kip1) 
tumor suppressor by miR-221 and miR-222 promotes cancer 
cell proliferation. EMBO J 2007; 26: 3699–3708.

	81.	 Zhou YM, Liu J and Sun W. MiR-130a overcomes gefitinib 
resistance by targeting met in non-small cell lung cancer 
cell lines. Asian Pac J Cancer Prev 2014; 15: 1391–1396.

	82.	 Acunzo M, Visone R, Romano G, et al. miR-130a targets 
MET and induces TRAIL-sensitivity in NSCLC by down-
regulating miR-221 and 222. Oncogene 2012; 31: 634–642.

	83.	 Acunzo M, Romano G, Palmieri D, et al. Cross-talk between 
MET and EGFR in non-small cell lung cancer involves 
miR-27a and Sprouty2. Proc Natl Acad Sci USA 2013; 110: 
8573–8578.

	84.	 Ma Q, Jiang Q, Pu Q, et al. MicroRNA-143 inhibits migra-
tion and invasion of human non-small-cell lung cancer and 
its relative mechanism. Int J Biol Sci 2013; 9: 680–692.

	85.	 Templeton AK, Miyamoto S, Babu A, et al. Cancer stem 
cells: progress and challenges in lung cancer. Stem Cell 
Investig 2014; 1: 9.

	86.	 Fang R, Xiao T, Fang Z, et al. MicroRNA-143 (miR-143) 
regulates cancer glycolysis via targeting hexokinase 2 
gene. J Biol Chem 2012; 287: 23227–23235.

	87.	 Chen Z, Zeng H, Guo Y, et al. miRNA-145 inhibits non-
small cell lung cancer cell proliferation by targeting c-Myc. 
J Exp Clin Cancer Res 2010; 29: 151.

	88.	 Cho WC, Chow AS and Au JS. MiR-145 inhibits cell 
proliferation of human lung adenocarcinoma by targeting 
EGFR and NUDT1. RNA Biol 2011; 8: 125–131.

	89.	 Yin R, Zhang S, Wu Y, et al. microRNA-145 suppresses 
lung adenocarcinoma-initiating cell proliferation by target-
ing OCT4. Oncol Rep 2011; 25: 1747–1754.

	90.	 Sachdeva M and Mo Y-Y. MicroRNA-145 suppresses 
cell invasion and metastasis by directly targeting mucin 1. 
Cancer Res 2010; 70: 378–387.

	91.	 Johnson SM, Grosshans H, Shingara J, et  al. RAS is 
regulated by the let-7 microRNA family. Cell 2005; 120: 
635–647.

	92.	 Sampson VB, Rong NH, Han J, et  al. MicroRNA Let-7a 
Down-regulates MYC and reverts MYC-induced growth in 
Burkitt lymphoma cells. Cancer Res 2007; 67: 9762–9770.

	93.	 Lee YS and Dutta A. The tumor suppressor microRNA 
let-7 represses the HMGA2 oncogene. Genes Dev 2007; 
21: 1025–1030.

	94.	 Kasinski AL, Kelnar K, Stahlhut C, et  al. A combinato-
rial microRNA therapeutics approach to suppressing non-
small cell lung cancer. Oncogene 2015; 34: 3547–3555.

	95.	 Corney DC, Flesken-Nikitin A, Godwin AK, et  al. 
MicroRNA-34b and microRNA-34c are targets of p53 
and cooperate in control of cell proliferation and adhesion-
independent growth. Cancer Res 2007; 67: 8433–8438.

	96.	 Bommer GT, Gerin I, Feng Y, et al. p53-mediated activa-
tion of miRNA34 candidate tumor-suppressor genes. Curr 
Biol 2007; 17: 1298–1307.

	97.	 Zhou JY, Chen X, Zhao J, et al. MicroRNA-34a overcomes 
HGF-mediated gefitinib resistance in EGFR mutant lung 
cancer cells partly by targeting MET. Cancer Lett 2014; 
351: 265–271.

	98.	 Tazawa H, Tsuchiya N, Izumiya M, et  al. Tumor-
suppressive miR-34a induces senescence-like growth 



Kunz et al.	 11

arrest through modulation of the E2F pathway in human 
colon cancer cells. Proc Natl Acad Sci USA 2007; 104: 
15472–15477.

	99.	 Bandi N and Vassella E. miR-34a and miR-15a/16 are co-
regulated in non-small cell lung cancer and control cell 
cycle progression in a synergistic and Rb-dependent man-
ner. Mol Cancer 2011; 10: 55.

	100.	 Kim NH, Kim HS, Li X-Y, et al. A p53/miRNA-34 axis 
regulates Snail1-dependent cancer cell epithelial–mesen-
chymal transition. J Cell Biol 2011; 195: 417–433.

	101.	 Siemens H, Jackstadt R, Hunten S, et  al. miR-34 and 
SNAIL form a double-negative feedback loop to regulate 
epithelial-mesenchymal transitions. Cell Cycle 2011; 10: 
4256–4271.

	102.	 Lize M, Klimke A and Dobbelstein M. MicroRNA-449 in 
cell fate determination. Cell Cycle 2011; 10: 2874–2882.

	103.	Jeon HS, Lee SY, Lee EJ, et al. Combining microRNA-449a/b 
with a HDAC inhibitor has a synergistic effect on growth 
arrest in lung cancer. Lung Cancer 2012; 76: 171–176.

	104.	Dong Z, Ren L, Lin L, et al. Effect of microRNA-21 on mul-
tidrug resistance reversal in A549/DDP human lung cancer 
cells. Mol Med Rep 2015; 11: 682–690.

	105.	Yang M, Shen H, Qiu C, et al. High expression of miR-21 
and miR-155 predicts recurrence and unfavourable sur-
vival in non-small cell lung cancer. Eur J Cancer 2013; 
49: 604–615.

	106.	Hatley ME, Patrick DM, Garcia MR, et al. Modulation of 
K-Ras-dependent lung tumorigenesis by MicroRNA-21. 
Cancer Cell 2010; 18: 282–293.

	107.	Ramaswamy S, Nakamura N, Vazquez F, et al. Regulation 
of G1 progression by the PTEN tumor suppressor protein is 
linked to inhibition of the phosphatidylinositol 3-kinase/Akt 
pathway. Proc Natl Acad Sci USA 1999; 96: 2110–2115.

	108.	Wang K and Li PF. Foxo3a regulates apoptosis by negatively 
targeting miR-21. J Biol Chem 2010; 285: 16958–16966.

	109.	Li C, Nguyen HT, Zhuang Y, et  al. Post-transcriptional 
up-regulation of miR-21 by type I collagen. Mol Carcinog 
2011; 50: 563–570.

	110.	Gao W, Yu Y, Cao H, et al. Deregulated expression of miR-
21, miR-143 and miR-181a in non small cell lung cancer is 
related to clinicopathologic characteristics or patient prog-
nosis. Biomed Pharmacother 2010; 64: 399–408.

	111.	Tang D, Shen Y, Wang M, et al. Identification of plasma 
microRNAs as novel noninvasive biomarkers for early 
detection of lung cancer. Eur J Cancer Prev 2013; 22: 
540–548.

	112.	Vosa U, Vooder T, Kolde R, et al. Meta-analysis of micro-
RNA expression in lung cancer. Int J Cancer 2013; 132: 
2884–2893.

	113.	Duncavage E, Goodgame B, Sezhiyan A, et  al. Use of 
microRNA expression levels to predict outcomes in resected 
stage I non-small cell lung cancer. J Thorac Oncol 2010; 5: 
1755–1763.

	114.	Babar IA, Cheng CJ, Booth CJ, et  al. Nanoparticle-based 
therapy in an in vivo microRNA-155 (miR-155)-dependent 
mouse model of lymphoma. Proc Natl Acad Sci USA 2012; 
109: E1695–E1704.

	115.	Donnem T, Eklo K, Berg T, et  al. Prognostic impact of 
MiR-155 in non-small cell lung cancer evaluated by in situ 
hybridization. J Transl Med 2011; 9: 6.

	116.	Volinia S, Calin GA, Liu C-G, et al. A microRNA expres-
sion signature of human solid tumors defines cancer gene 
targets. Proc Natl Acad Sci USA 2006; 103: 2257–2261.

	117.	Xin M, Small EM, Sutherland LB, et al. MicroRNAs miR-
143 and miR-145 modulate cytoskeletal dynamics and 
responsiveness of smooth muscle cells to injury. Genes Dev 
2009; 23: 2166–2178.

	118.	Izzotti A, Calin GA, Arrigo P, et  al. Downregulation of 
microRNA expression in the lungs of rats exposed to ciga-
rette smoke. FASEB J 2009; 23: 806–812.

	119.	Cho WC, Chow AS and Au JS. Restoration of tumour sup-
pressor hsa-miR-145 inhibits cancer cell growth in lung 
adenocarcinoma patients with epidermal growth factor 
receptor mutation. Eur J Cancer 2009; 45: 2197–2206.

	120.	He L, He X, Lim LP, et  al. A microRNA component of 
the p53 tumour suppressor network. Nature 2007; 447: 
1130–1134.

	121.	Chang TC, Wentzel EA, Kent OA, et  al. Transactivation 
of miR-34a by p53 broadly influences gene expression and 
promotes apoptosis. Mol Cell 2007; 26: 745–752.

	122.	Takamizawa J, Konishi H, Yanagisawa K, et  al. Reduced 
expression of the let-7 microRNAs in human lung cancers 
in association with shortened postoperative survival. Cancer 
Res 2004; 64: 3753–3756.

	123.	Kumar MS, Erkeland SJ, Pester RE, et  al. Suppression of 
non-small cell lung tumor development by the let-7 micro-
RNA family. Proc Natl Acad Sci USA 2008; 105: 3903–3908.

	124.	Hausser J and Zavolan M. Identification and consequences 
of miRNA-target interactions–beyond repression of gene 
expression. Nat Rev Genet 2014; 15: 599–612.

	125.	Thomas M, Lieberman J and Lal A. Desperately seeking 
microRNA targets. Nat Struct Mol Biol 2010; 17: 1169–1174.

	126.	Lim LP, Lau NC, Garrett-Engele P, et al. Microarray analy-
sis shows that some microRNAs downregulate large num-
bers of target mRNAs. Nature 2005; 433: 769–773.

	127.	Baek D, Villen J, Shin C, et al. The impact of microRNAs 
on protein output. Nature 2008; 455: 64–71.

	128.	Karginov FV, Conaco C, Xuan Z, et  al. A biochemical 
approach to identifying microRNA targets. Proc Natl Acad 
Sci USA 2007; 104: 19291–19296.

	129.	Hafner M, Landthaler M, Burger L, et  al. PAR-CliP – a 
method to identify transcriptome-wide the binding sites of 
RNA binding proteins. J Vis Exp 2010; 41: 2034.

	130.	Chi SW, Zang JB, Mele A, et  al. Argonaute HITS-CLIP 
decodes microRNA-mRNA interaction maps. Nature 2009; 
460: 479–486.

	131.	Sethupathy P, Megraw M and Hatzigeorgiou AG. A guide 
through present computational approaches for the identifi-
cation of mammalian microRNA targets. Nat Meth 2006; 3: 
881–886.

	132.	Hammell M. Computational methods to identify miRNA 
targets. Semin Cell Dev Biol 2010; 21: 738–744.

	133.	Liu B, Li J and Cairns MJ. Identifying miRNAs, targets and 
functions. Brief Bioinform 2014; 15: 1–19.

	134.	Lewis BP, Shih IH, Jones-Rhoades MW, et al. Prediction of 
mammalian microRNA targets. Cell 2003; 115: 787–798.

	135.	Enright AJ, John B, Gaul U, et  al. MicroRNA targets in 
drosophila. Genome Biol 2003; 5: R1.

	136.	Krek A, Grun D, Poy MN, et al. Combinatorial microRNA 
target predictions. Nat Genet 2005; 37: 495–500.



12	 Tumor Biology ﻿

	137.	Kiriakidou M, Nelson PT, Kouranov A, et al. A combined 
computational-experimental approach predicts human 
microRNA targets. Genes Dev 2004; 18: 1165–1178.

	138.	Kertesz M, Iovino N, Unnerstall U, et al. The role of site 
accessibility in microRNA target recognition. Nat Genet 
2007; 39: 1278–1284.

	139.	Rajewsky N. microRNA target predictions in animals. Nat 
Genet 2006; 38(Suppl): S8–S13.

	140.	Gusev Y, Schmittgen TD, Lerner M, et al. Computational 
analysis of biological functions and pathways collectively 
targeted by co-expressed microRNAs in cancer. BMC 
Bioinformatics 2007; 8: S16.

	141.	Liang Y. An expression meta-analysis of predicted micro-
RNA targets identifies a diagnostic signature for lung can-
cer. BMC Med Genomics 2008; 1: 61.

	142.	Asangani IA, Rasheed SA, Nikolova DA, et al. MicroRNA-21 
(miR-21) post-transcriptionally downregulates tumor suppres-
sor Pdcd4 and stimulates invasion, intravasation and metastasis 
in colorectal cancer. Oncogene 2008; 27: 2128–2136.

	143.	Lu Z, Liu M, Stribinskis V, et al. MicroRNA-21 promotes 
cell transformation by targeting the programmed cell death 
4 gene. Oncogene 2008; 27: 4373–4379.

	144.	Huang X, Lv W, Zhang JH, et  al. miR96 functions as a 
tumor suppressor gene by targeting NUAK1 in pancreatic 
cancer. Int J Mol Med 2014; 34: 1599–1605.

	145.	Cummins JM and Velculescu VE. Implications of micro-RNA 
profiling for cancer diagnosis. Oncogene 25: 6220–6227.

	146.	Montani F, Marzi MJ, Dezi F, et al. miR-test: a blood test 
for lung cancer early detection. J Natl Cancer Inst 2015; 
107: djv063.

	147.	Calin GA and Croce CM. MicroRNA signatures in human 
cancers. Nat Rev Cancer 2006; 6: 857–866.

	148.	Calin GA and Croce CM. MicroRNA-cancer connection: the 
beginning of a new tale. Cancer Res 2006; 66: 7390–7394.

	149.	Pignon JP, Tribodet H, Scagliotti GV, et  al. Lung adju-
vant cisplatin evaluation: a pooled analysis by the LACE 
Collaborative Group. J Clin Oncol 2008; 26: 3552–3559.

	150.	Charkiewicz R, Pilz L, Sulewska A, et al. Validation for his-
tology-driven diagnosis in non-small cell lung cancer using 
hsa-miR-205 and hsa-miR-21 expression by two different 
normalization strategies. Int J Cancer 2016; 138: 689–697.

	151.	Meng X, Xiao C, Zhao Y, et al. Meta-analysis of microar-
rays: diagnostic value of microRNA-21 as a biomarker for 
lung cancer. Int J Biol Markers 2015; 30: e282–e285.

	152.	Li W, Wang Y, Zhang Q, et al. MicroRNA-486 as a bio-
marker for early diagnosis and recurrence of non-small cell 
lung cancer. PLoS One 2015; 10: e0134220.

	153.	Zhu J, Zeng Y, Xu C, et  al. Expression profile analysis 
of microRNAs and downregulated miR-486-5p and miR-
30a-5p in non-small cell lung cancer. Oncol Rep 2015; 34: 
1779–1786.

	154.	Han HS, Yun J, Lim SN, et al. Downregulation of cell-free 
miR-198 as a diagnostic biomarker for lung adenocarci-
noma-associated malignant pleural effusion. Int J Cancer 
2013; 133: 645–652.

	155.	 Markou A, Tsaroucha EG, Kaklamanis L, et al. Prognostic value 
of mature microRNA-21 and microRNA-205 overexpression  
in non-small cell lung cancer by quantitative real-time RT-PCR. 
Clin Chem 2008; 54: 1696–1704.

	156.	Voortman J, Goto A, Mendiboure J, et al. MicroRNA expres-
sion and clinical outcomes in patients treated with adjuvant 
chemotherapy after complete resection of non-small cell 
lung carcinoma. Cancer Res 2010; 70: 8288–8298.

	157.	Peltier HJ and Latham GJ. Normalization of microRNA 
expression levels in quantitative RT-PCR assays: identifica-
tion of suitable reference RNA targets in normal and cancer-
ous human solid tissues. RNA 2008; 14: 844–852.

	158.	Pradervand S, Weber J, Thomas J, et al. Impact of normali-
zation on miRNA microarray expression profiling. RNA 
2009; 15: 493–501.

	159.	Boeri M, Verri C, Conte D, et  al. MicroRNA signatures 
in tissues and plasma predict development and prognosis 
of computed tomography detected lung cancer. Proc Natl 
Acad Sci USA 2011; 108: 3713–3718.

	160.	Bianchi F, Nicassio F, Marzi M, et al. A serum circulating 
miRNA diagnostic test to identify asymptomatic high-risk 
individuals with early stage lung cancer. EMBO Mol Med 
2011; 3: 495–503.

	161.	Pritchard CC, Kroh E, Wood B, et al. Blood cell origin of 
circulating microRNAs: a cautionary note for cancer bio-
marker studies. Cancer Prev Res 2012; 5: 492–497.

	162.	Rice J, Roberts H, Rai SN, et al. Housekeeping genes for 
studies of plasma microRNA: a need for more precise stand-
ardization. Surgery 2015; 158: 1345–1351.

	163.	Chang T-C, Yu D, Lee Y-S, et al. Widespread microRNA 
repression by Myc contributes to tumorigenesis. Nat Genet 
2008; 40: 43–50.

	164.	De Flora S, Balansky R, D’Agostini F, et al. Smoke-induced 
microRNA and related proteome alterations. Modulation 
by chemopreventive agents. Int J Cancer 2012; 131:  
2763–2773.

	165.	Li B, Ren S, Li X, et  al. MiR-21 overexpression is asso-
ciated with acquired resistance of EGFR-TKI in non-small 
cell lung cancer. Lung Cancer 2014; 83: 146–153.




