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1 Introduction

Based on the report in Cancer Statistics 2013 in USA, lung and bronchus cancers in
men and in women continue to be the leading common causes of cancer death,
although cancer death rates have declined 20 % from their peak in 1991 (215.1 per
100,000 population) to 2009 (173.1 per 100,000 population) [1]. Chemotherapy and
targeted therapy are also the mainstream in lung cancer treatment. However, the
major problem in lung cancer therapy is the emergence of inherent and acquired
drug resistance of the cancer cells [2]. MicroRNAs (miRNAs) are a new class of
small, non-coding RNAs that range in size from 19 to 25 nucleotides (nt) and have
important roles in a variety of biologic processes [3]. miRNAs are predicted to
regulate the expression of up to one-third of human protein-coding genes, and they
are involved pathogenesis, diagnosis, treatment and prognosis [4—7]. The accumu-
lating evidences demonstrate that miRNAs regulate drug sensitivity and/or resis-
tance to chemotherapeutic agents [§—11]. Therefore, to explore the role of miRNAs
in drug resistance may accelerate novel therapeutic strategies for lung cancer
treatment [12].
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2 Drug Resistance in Lung Cancer

Chemotherapy is a major treatment modality in both primary and palliative care for
lung cancer patients. However, some patients do not respond to such therapy, or
they respond well initially and then gradually relapse. This may lead to an increase
in the drug dosage, which generally increases the adverse affects, yet fails to
improve the clinical prognosis or outcome.

2.1 Current Opinion of MDR in Lung Cancer

Non-small cell lung cancer (NSCLC) cells are often intrinsically resistant to certain
anticancer drugs, whereas small-cell lung cancer (SCLC) cells can acquire resis-
tance with continued administration of the drug. Moreover, at the time of diagnosis,
the majority of patients with lung cancer most often already have metastatic
disease, making it difficult to use other therapeutic options, such as surgery or
radiation [13]. Thus, a better understanding of the different mechanisms underlying
multiple drug resistance (MDR) is of utmost importance if we are to develop
strategies to overcome it. Although numerous mechanisms are associated with
MDR in lung cancer, we are a long way from fully understanding how to overcome
drug resistance.

2.2 Representative Features of MDR

There are three separate forms of MDR have been characterized in more detail [14]:
(a) atypical MDR, (b) classical MDR and (c) non-Pgp MDR. Although all three
MDR phenotypes have much in common with respect to cross-resistance patterns,
the underlying mechanisms certainly differ. Atypical MDR is associated with
quantitative and qualitative alterations in topoisomerase II alpha, a nuclear enzyme
that actively participates in the lethal action of cytotoxic drugs [15]. Moreover,
atypical MDR cells do not overexpress P-glycoprotein, and are unaltered in their
ability to accumulate drugs. Given that classical and non-Pgp MDR is transcrip-
tional activation of membrane-bound transport proteins, these transport proteins
belong to the ATP-binding cassette (ABC) superfamily of transport systems. The
classical MDR phenotype is characterized by a reduced ability to accumulate drugs,
due to activity of an energy-dependent uni-directional, membrane-bound, drug-
efflux pump with broad substrate specificity [16]. The classical MDR drug pump is
composed of a transmembrane glycoprotein (P-glyco-protein, Pgp) with a molec-
ular weight of 170 kDa, and is, in man, encoded by the so-called multidrug
resistance (MDR1) gene. Typically, non-Pgp MDR has no P-glycoprotein expres-
sion, yet has about the same cross-resistance pattern as classical MDR. This
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non-Pgp MDR phenotype is caused by overexpression of the multidrug resistance-
associated protein (MRP) gene, which encodes a 190 kDa membrane-bound gly-
coprotein. MRP probably works by direct extrusion of cytotoxic drugs from the cell
and/or by mediating sequestration of the drugs into intracellular compartments,
both leading to a reduction in effective intracellular drug concentrations. Together,
all these three types of MDR have much similar mechanism in drug resistance
induction.

2.3 Molecular Mechanisms of MDR

Many molecular mechanisms have been identified, such as (a) drug transporters
involved in the efflux of chemotherapeutic drugs, (b) drug inactivation by sulfur-
containing macromolecules and role of antioxidants, (c) DNA repair pathways
inducing resistance to chemotherapy, (d) modifications or alterations of drug target
sites, (e) loss of intracellular death mechanisms, (f) resistance to small molecule
inhibitors and (g) alteration of drug metabolism pathway (Fig. 3.1) [17-22]. Addi-
tional contributing factors include ineffective drug delivery to the tumor, increased
metabolism and therefore a shortened half-life of the drug, lack of drug specificity
to the tumor, and tumor vasculature [23, 24]. These factors make it even harder to
pinpoint the exact mechanism underlying resistance to a particular drug. It is hoped
that identification of new targets and understanding their contribution to lung
cancer drug resistance will provide opportunities for innovative therapies in over-
coming drug resistance.

2.4 miRNA Analysis — A Novel Screening Tool in Lung
Cancer Chemotherapy

There is a need for the development of new tools to screen patients prior to
beginning chemotherapy. More recently a tool known as lung metagene score
was developed in an attempt to individualize treatment for lung cancer patients
[25]. The lung metagene score (formerly known as the lung metagene predictor) is a
screening tool developed to estimate the risk of recurrence in early stage NSCLC
[26, 27]. By comparing microarray data of untreated and drug-treated NSCLC cells,
Heller et al. identify 33 miRNAs whose expression is upregulated after drug
treatment and which are associated with a CpG island [28]. Moreover, resveratrol,
a plant phenolic phytoalexin that has been reported to have antitumor properties in
several types of cancers, alters miRNA expression profiles in NSCLC cells
[29]. Specifically, miR-21 acts a biomarker predictive for platinum-based adjuvant
chemotherapy response in NSCLC patients [30]. Although mRNA analysis is a
novel screening tool for lung cancer chemotherapy, this technique is still under
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Fig. 3.1 The typical molecular cellular mechanisms for drug resistance. Drug resistance is often
seen through: @ failure of the drug to enter the cell by loss of the cell surface receptors or
transporters; @) alteration of drug target site; (3) change or inactivation of drug; (@) alteration of
drug metabolism pathway; (5) increased repair of damaged DNA; (6) active transport out of the cell

development and needs extensive clinical trials before it can be used as standard
tool in the management of patients with lung cancer. This will also allow initiation
of early and aggressive chemotherapy in patients with a high risk of recurrence in
early stage NSCLC. Moreover, such screening tools will also allow us to choose the
most appropriate chemotherapy drug that will be most effective in the treatment of
such patients, based on their miRNA profiling.

3 miRNAs in Lung Cancer: Tiny Molecules with Huge
Impacts

miRNAs play important roles in the regulation of a wide class of cellular processes
by sequestering target mRNAs and inhibiting translation of the proteins that they
encode.

3.1 miRNAs Altered in Lung Carcinogenesis
and Development

A large number of human miRNA genes are frequently located at fragile sites, as
well as in minimal regions of loss of heterozygosity, minimal regions of amplifi-
cation (minimal amplicons), or common breakpoint regions. Overall, more than one
half of miR genes are in cancer-associated genomic regions or in fragile sites
[31]. This phenomenon indicates miRNAs may act as oncogenes (oncomiRs) or
tumor suppressors (tumor suppressor miRs) in lung carcinogenesis. For example,
the mutations of tumor suppressor miRs result in carcinogenesis.
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3.1.1 miRNAs as Oncogenes-OncomiRs

Aberrations within the cancer miRome were first described in B-cell chronic
lymphocytic leukemia, where the locus for the tumor suppressor miR-15 is deleted
in 68 % of patients [32]. miRNA-specific phenotypes have since been described for
a number of other malignancies. Several ‘oncomiRs’-miRNAs behaving as onco-
genes have now been identified and validated to play different roles in lung cell
transformation and carcinogenesis (Table 3.1). Specially, miR-21 is a prominent
oncogenic driver in a variety of cancers [33] and a number of studies have now
shown miR-21 to be up-regulated in NSCLC of various stages and histologies [34—
38]. Three targets have been validated for this miRNA: phosphatase and tensin
homolog (PTEN), human mutS homolog 2 (hMSH2) (in NSCLC) and programmed
cell death 4 (PDCD#4) (in breast and colon cancers). Among these, both PTEN and
PDCD#4 are tumor suppressors that control cell growth and proliferation [35, 39,
40]. PTEN is also shown to be a target of miR-221/222 [41]. Overexpression of
these two miRNAs in NSCLC cell lines plays a role in resistance to tumor necrosis
factor (TNF)-related apoptosis-inducing ligand [42] and enhances migration
through activation of the serine/threonine-specific protein kinase-Akt signaling
pathway [41]. Although these findings require in vivo validation, miR-221/222
are known to be frequently upregulated in several solid tumors, including lung
cancer [43]. Overexpression of miR-155 in adenocarcinoma and squamous cell
lung cancer has also been shown across multiple studies [36, 44]. Its prognostic
value and to its potential targets are now being explored [45]. Oncogenic properties
of the miR-17-92 cluster, which is housed in the intronic region of chromosome
13g31.3, enhance tumorigenesis by regulating the translational product of proto-
oncogene c-Myc (c-Myc) [46, 47]. The miRNAs belonging to this cluster (miR-17,
-18a, -19a, -20a, -19b-1 and -92-1) are frequently present in SCLC, and their
potential therapeutic applications in SCLC are now undergoing study [48]. Inhibi-
tion of miR-17-5p and miR-20a with antisense oligonucleotides can induce apo-
ptosis selectively in lung cancer cells overexpressing miR-17-92, suggesting the
possibility of ‘oncomiR addiction’ to expression of these miRNAs in a subset of
lung cancers [49]. Collectively, the present findings contribute towards better
understanding of the oncomiRs, which might ultimately lead to the future transla-
tion into clinical applications by inhibition of oncomiRs.

3.1.2 miRNAs as Tumor Suppressors-Tumor Suppressor miRs

Downregulation of certain miRNAs in cancer is indicative of their tumor-
suppressor characteristics. The miRNA let-7 is involved in cell cycle progression
[50] and is a classic example of a miRNA behaving as a tumor suppressor in human
cancers. Decreased expression of let-7 family members is often observed across
many cancers, including lung cancer, and is often associated with poor prognosis
[43, 51]. Putative mechanisms of let-7 down-regulation in cancer include genetic
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Table 3.1 Deregulated miRNAs in lung cancer
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Expression
miRNA change Deregulated mechanism Protein targets
let-7 Down Proliferation/apoptosis c-Myc, K-RAS/cyclins
miR-34 Down DNA damage response P53
miR-106 Down Proliferation SLC7AS
miR-200 Down Cell adhesion ZEB
miR-17-92  Up Proliferation E2F
miR-21 Up Apoptosis PTEN, PDCD4,
hMSH2
miR-31 Up DNA mismatch repair/ hMLH1/ABCB9
chemoresistance
miR-155 Up Survival/chemoresistance FOXO3a
miR-205 Up Invasion E2F1
miR-221/ Up Cell growth, proliferation and PTEN, TIMP3

222 migration

ABCB9, ATP-binding cassette, sub-family B (MDR/TAP), member 9; c-Myc, a translational
product of proto-oncogene c-Myc; E2F, a group of genes that codifies a family of transcription
factors (TF) in higher eukaryotes; FOXO3a, forkhead box O (FOXO) transcription factor 3a;
hMLH1, human mutL homolog 1; hMSH2, human mutS homolog 2; K-RAS, a translational
product of proto-oncogene K-RAS; PDCD4, programmed cell death 4; PTEN, phosphatase and
tensin homolog; TIMP3, tissue inhibitor of metalloproteinase 3

alterations [31], regulation of K-RAS, c-Myc and HMGA?2 oncogenes [52-54],
direct targeting of Dicer mRNA [55] and cell proliferation control in a cyclin-
dependent manner [56]. Increased levels of K-RAS and its hyperactivity can
occasionally be attributed to a polymorphism in the K-RAS 3’ untranslated region
(3'UTR) binding site for let-7 (let-7 complementarity site 6 or LCS6). The allelic
frequency of LCS6 in a large population is reported to be 5.8 % (n = 2,433) and as
much as 20 % in NSCLC [57]. Underexpression of another miRNA family, the
miR-34 cluster, is correlated with poor survival in male smokers with squamous
cell carcinoma (SCC) stages I-IIla [58, 59]. Induction of miR-34 results in apo-
ptosis of lung cancer cells [60]. Expression levels of miR-34a/b/c are shown to be
directly correlated with expression of the p53 tumor-suppressor protein, whereas
ectopic expression of these miRNAs induces cell-cycle arrest in a mouse fibroblast
model [61]. Another study indicates miR-34 expression is inversely correlated with
Axl, a receptor that induces proliferation, migration and invasion in cancer, in a
panel of NSCLC cell lines and 44 NSCLC resection specimens [62]. Exogenous
delivery (local and systemic) of lipid-formulated miR-34 is also shown to reduce
tumor size in a mouse model of NSCLC. The expression of miR-29 family is
inversely correlated to DNA methyltransferase (DNMT) 3A and DNMT3B in
lung cancer tissues and that miR-29 directly targets both DNMT3A and -3B. The
enforced expression of miR-29 in lung cancer cell lines restores normal patterns of
DNA methylation, induces reexpression of methylation-silenced tumor suppressor
genes, such as fragile histidine triad (FHIT) and WW domain-containing oxidore-
ductase (WWOX), and inhibits tumorigenicity in vitro and in vivo
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[63]. Overexpression of miR-126 in a lung cancer cell line results in a decrease in
Crk protein without any alteration in the associated mRNA. These lung cancer cells
exhibit a decrease in adhesion, migration, and invasion [64]. Both miR-15a and
miR-16 are frequently deleted or down-regulated in squamous cell carcinomas and
adenocarcinomas of the lung. In these tumors, expression of miR-15a/miR-16
inversely correlates with the expression of cyclin D1. These two miRs are impli-
cated in cell cycle regulation in an Rb-dependent manner [65]. Furthermore, miR-1
is downregulated in human primary lung cancer tissues and cell lines. Expression of
miR-1 in nonexpressing A549 and H1299 cells reverses their tumorigenic proper-
ties, such as growth, replication potential, motility/migration, clonogenic survival,
and tumor formation in nude mice. Exogenous miR-1 significantly reduces expres-
sion of oncogenic targets, such as MET, a receptor tyrosine kinase, and Pim-1, a
Ser/Thr kinase, frequently upregulated in lung cancer [66]. Taken together, these
findings suggest a possible therapeutic potential for artificially enhancing cellular
levels of tumor suppressor miRs.

3.2 miRNAs as Biomarkers for Early Diagnosis
in Lung Cancer

Recently the report from the National Lung Cancer Screening Trial demonstrates an
improved survival attributable to early detection of lung cancer by screening
[67]. This finding underscores the importance of lung cancer screening research.
Current efforts at screening primarily involve clinical history such as smoking and
asbestos exposure, imaging in the form of low-dose computed tomography (CT),
and either white light or autofluorescence bronchoscopy. The presence of miRNAs
in body fluids offers an avenue to improve on these methods by quantitation of
miRNAs in these fluids to enhance these efforts.

The first significant effort in this direction comes from Chen and colleagues
[68]. By deep sequencing of pooled sera from patients with and without lung
cancer, 8 miRNAs are identified as differentially expressed in comparison
populations. These miRNAs then are validated in a few clinical samples by
RT-PCR. A convincing external validation of these results is still pending. Another
exploratory study looks at the potential for microarray profiling of serum-derived
miRNAs [69]. In this study, the authors demonstrate the technical feasibility of
performing such profiling and demonstrate the high accuracy of predicting cancer
presence versus absence by cross-validation analysis. In fact, screening for circu-
lating miRNAs in the peripheral blood can be used as a potential diagnostic tool in
lung cancer [70]. Although no independent validation of such a signature is
performed and cancers of different histology are grouped into one class, this is an
important proof-of-principle study that serum miRNA profiling can be used to
classify patients with and without cancer. A different approach to this problem is
to perform miRNA microarray profiling of exosomes isolated from serum. Such a
study demonstrates a higher exosome content in patients with lung cancer com-
pared with controls [71]. The miRNA expression content of exosomes parallels that
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of the tumor using a panel of 12 miRNAs, supporting the hypothesis that these are
tumor-derived exosomes. A third approach is to perform miRNA profiling of whole
blood with the hypothesis that the body’s response to the tumor may be used to
detect the presence of the tumor. Such an approach in a small pilot study demon-
strates promising results worthy of future investigation [72]. In this study, the
investigators used Paxgenetubes (Becton, Dickinson and Company, NJ) to collect
whole blood. These tubes have a lysis agent as well as an RNA stabilizer that limits
the changes in RNA induced by specimen processing. The miRNA profile of whole
blood of 17 patients with lung cancer is compared with those of 19 controls without
lung cancer. A 24-miRNA signature using a support vector machine algorithm has a
classification accuracy of 95.4 %. Problems common to all of these studies include
the absence of suitable controls and the lack of strong external validation data. The
first is particularly important as tobacco exposure leads to alteration of miRNAs
[73], and if nonsmoking controls are chosen, then the differences noticed may be a
result of smoking exposure and not necessarily the presence of lung cancer. The
approach of using whole blood is limited by the fact the miRNAs are expressed
robustly in nonnucleated cells such as red blood cells (RBCs) [74], and the effect of
the presence of cancer on the miRNA expression of RBCs is largely unknown;
therefore, the biologic basis of the signature is difficult to delineate. However, these
are useful data worthy of future study. Extensive validation of such signatures is
essential to be convincing.

As well as other body fluids, sputum is abundant in miRNAs. Endogenous
miRNAs are present in sputum in a remarkably stable form and sensitively and
specifically detected by real-time RT-PCR. Detection of mir-21 expression pro-
duces 69.66 % sensitivity and 100.00 % specificity in diagnosis of NSCLC, as
compared with 47.82 % sensitivity and 100.00 % specificity by sputum cytology
[75]. Another study evaluates the utility of miRNA biomarkers of squamous lung
cancer in human sputa. A directed RT-PCR study using 6 miRNAs demonstrates
reasonable sensitivity (76 %) and specificity (96 %) of a 3-miRNA signature
(miR-205, miR-210, and miR-708) for the detection of squamous cell lung cancer
[76]. A similar study by the same group indicates a 4-miRNA signature (miR-21,
miR-486, miR-375, and miR-200b) has a sensitivity of 80.6 % and a specificity of
91.7 % [77]. The optimized five miRNAs panel (miR-21, miR-143, miR-155,
miR-210 and miR-372) detects NSCLC with 83.3 % sensitivity and 100 % speci-
ficity in 30 prospectively accrued study patients [78]. Therefore, these findings
suggest sputum miRNA profiling using cluster analysis is a promising approach for
the early detection of lung cancer. For better diagnosis, further larger follow-up
studies using this approach are warranted.

3.3 miRNAs in Lung Cancer Prognosis

Many studies have attempted to use miRNA expression patterns to predict the
prognosis of lung cancer patients. For the most part, these experiments have been
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performed with NSCLC. The clinical question is an important one as a significant
proportion of patients with even early, adequately resected lung cancer recur. It
would be useful to generate a prediction algorithm to identify those that will recur;
if such a prediction can be made accurately, and then this subset of high-risk
patients can be potentially treated by adjuvant chemotherapy to decrease their
disease recurrence rate.

The miRNA profiling of lung cancers can predict outcome is first reported by
Yanaihara et al. [36]. In this early study, the investigators compare the miRNA
expression profiles of numerous lung cancers with their corresponding normal
counterparts. As a secondary analysis, they demonstrate that miRNAs let-7 and
miR-155 can predict disease outcome. The second major study to address this issue
is published by Yu et al. [79]. In this well-designed study, RT-PCR-based miRNA
profiling is performed on training and test sets to identify a 5-miRNA-based
prognostic classifier for lung cancer. This finding also is validated in an indepen-
dent validation set. After these early studies, two microarray-based studies [51, 80],
also demonstrate the prognostic potential of miRNAs. The first study is in squa-
mous cell lung cancer and finds miR-146b to be a significant prognostic miRNA. A
similar study by Patnaik et al. also demonstrates miR-146b-3p to have prognostic
value along with several other miRNAs previously not associated with lung cancer
prognosis. The prognostic value of miR-21 and miR-205 overexpression is also
validated in NSCLC [37]. Genetic variants of miRNA sequences are associated
with NSCLC survival [81]. Additional two studies have validated this concept [58,
82]. Interestingly, one large study has looked at the ability of serum miRNAs to
prognosticate lung cancer [83]. Although the ability to predict prognosis reaches the
statistical significance, the prediction accuracy is modest. A more recent study
demonstrates no ability of measurement of expression of a limited set of miRNAs to
predict the prognosis of lung cancer, adding a cautionary note to such investigations
[84]. In summary, several additional steps are necessary before the concept of
miRNA-based prognostication can be used clinically. First, additional validation
studies are crucial; preferably these should be conducted in a prospective fashion.
Second, the studies should focus on prediction accuracy and not solely on time-to-
recurrence or time-to-survival end-points. Third, the day-to-day variability of the
assays used as well as the variability across several samples from the same tumor
should be assessed; this has not yet been performed in a systematic manner. Fourth,
it will be useful to assess the ability of these assays to prognosticate based on
CT-guided biopsies as this may spur neoadjuvant trials for patients at a high risk for
recurrence. As is shown in the list of issues, these assays are several years away
from clinical application.

3.4 miRNAs in Lung Cancer Therapy

Since miRNAs act as oncomiRs or tumor suppressor miRs in lung cancer, they can
be used as potential agents in cancer treatment [85]. In NSCLC cells, anti-miRNA
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oligonucleotides (AMOs) show a inhibitory effect on cell growth [86]. A recent
paradigm shift in the field of cancer is the concept of personalized therapy. This
shift is based on the assumption that one can predict the response of an individual
tumor to a particular drug. As with gene expression profiling, miRNA profiling is
being considered for the prediction of response to therapy. Conceptually, miRNA
expression has been demonstrated to be associated with cancer cell line sensitivity.
Thus far, three different groups have published miRNA expression profiles of the
NCI-60 cancer cell lines [87-89]. These expression profiles have a moderate
correlation with cell line sensitivity to many drugs. An example of such a correla-
tion is demonstrated in Fig. 3.2. In this figure, expression profiles performed using
the Affymetrix (Affymetrix Inc., Calif) miRNA microarray profiling of the NCI-60
cancer cell lines (unpublished data) are used to predict sensitivity to oxaliplatin.
Other investigators have demonstrated that altering the levels of specific miRNAs
changes the sensitivity of cancer cell lines to therapeutic agents [8, 90]. A small
body of literature also associates miRNA expression to chemosensitivity prediction
in other cancer systems [91-93]. Of particular interest is the potential of such
prediction in SCLC demonstrated by a preliminary study [94]. However, this field
is still in its infancy and is faced with many hurdles. For one, in vitro sensitivity may
not correlate with in vivo sensitivity, as cancer behavior is the result of interplay
between cancer cells and their environment. Also, most treatment modalities use
multiple agents and confounding is an issue. Some attempts at tackling these issues
involve bioinformatics algorithms such as the COXEN algorithm [95]. Clinically,
an evolution of platforms and bioinformatics is required to overcome these issues.

4 miRNAs in Lung Cancer Drug Resistance

Although the studies that miRNAs are involved in special signal transduction
pathways and regulatory mechanisms in lung cancer drug resistance just begins,
there are a large number of experimental and clinical studies have shown that
miRNAs play critical roles in chemotherapy resistance.

4.1 miR-Polymorphisms and miR-Targeted mRNA
Polymorphisms Alter Drug Metabolism

Polymorphisms in the miRNA regulatory pathway (miR-polymorphisms or single
nucleotide polymorphisms [SNPs] that interfere with mRNA function [miRSNPs])
are a novel class of functional polymorphisms present in the human genome
[96]. They include not only miR-polymorphisms, but also polymorphisms in
miR-targeted mRNAs.
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In general, miRSNPs reside at or near a miRNA-binding site of a functional
gene, influencing its expression by interfering with miRNA function [97-99]. In the
clinical researches, it is found that the expression and polymorphisms in
miR-targeted mRNAs are involved in drug responses. The expressions of multidrug
resistance protein-1 (MRP1), breast cancer resistance protein (BCRP), lung
resistance-related protein (LRP), and excision repair cross-complementing group-
1 (ERCC1) in patients with advanced NSCLC are correlated with response to
cisplatin-based chemotherapy [100]. These DNA repair gene polymorphisms are
useful as predictors of clinical outcome to the platinum-based chemotherapy.
Epidermal growth factor receptor (EGFR) kinase inhibitors induce dramatic clin-
ical responses in NSCLC patients with advanced disease. EGFR gene polymor-
phism in intron 1 contains a polymorphic single sequence dinucleotide repeat
(CA-SSR) shows a statistically significant correlation with the gefitinib response
and is appeared to be a useful predictive marker of the development of clinical
outcome containing skin rashes with gefitinib treatment. The other polymorphisms
of EGFR are also associated with increased EGFR promoter activity. EGFR gene
mutations and polymorphisms are also associated with EGFR kinase inhibitors
response and toxicity [101]. Recent studies reveal that miRNAs affect drug metab-
olism by targeting ATP-binding cassette (ABC) genes, a class of drug transporters
on cell membrane. Adenovirus-mediated RNA interference on endogenous
miRNAs silences the ABC multidrug resistance protein 2 (ABCC2) expression in
a mouse model [102]. Meanwhile, Zhu et al. reports that miR-27a and miR-451 are
involved in activating the expression of P-glycoprotein, the MDR1 gene product
that confers cancer cell resistance to a broad range of chemotherapeutics
[103]. Expressions of miR-27a and miR-451 are upregulated in MDR cancer cell
lines A2780DX5 and KB-V1, as compared with their parental lines A2780 and
KB-3-1. Treatment of A2780DXS5 cells with the antagomirs of miR-27a or miR-451
decreases the expression of P-glycoprotein and MDR1 mRNA. In contrast, the
mimics of miR-27a and miR-451 increase MDR1 expression in the parental cells
A2780. The sensitivity to and intracellular accumulation of cytotoxic drugs that are
transported by P-glycoprotein are enhanced by the treatment with the antagomirs of
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miR-27a or miR-451. Meanwhile, To et al. shows that miR-519c regulates ABCG2
expression at the 3'UTR of its mRNA through modulation of transcript stability and
protein translation and then leads to drug resistance [104]. Similarly, miR-328-
directed downregulation of ABCG2 expression in MCF-7/MX100 cells results in an
increased mitoxantrone sensitivity [105]. Interestingly, our recent data indicates
miR-31 targets ABCB9, an important member of ABC family, and inhibits
cisplatin-induced cell apoptosis in NSCLC (accepted data by Cancer Letters).
Using a bioinformatical tool, some miRNAs interact with drug transporter, nuclear
receptor (NR) and human cytochrome P450 [106—108]. More and more studies
show that miRNAs are involved in drug metabolism and distribution by regulating
drug-metabolizing enzymes, drug transporters and/or NR genes (Fig. 3.3). These
results demonstrate the dysregulated miRNA expression plays an important role in
an abnormal drug metabolism.

4.2 miRNA Polymorphisms and Drug Resistance

MiR-polymorphisms potentially influence drug uptake, metabolism and distribu-
tion by regulating multiple gene expressions. As a result, polymorphisms affect the
treatment efficiency or induce resistance to the special anticancer drug during this
process.

Analysis of the publicly available SNP database reveals the presence of a
relatively high level of variations in the 3'UTRs of miRNA target genes [109]. How-
ever, relatively low levels of variation are observed in the miRNA seed region of a
functional miRNA. Approximately 250 SNPs are found to potentially create target
sites for miRNAs [110]. Functional polymorphisms in the 3'UTRs of several genes
have been reported to be associated with diseases by affecting gene expression
[111]. Some of these polymorphisms may interfere with the function of miRNA and
are potential miR-polymorphisms able to affect the expression of miRNA targets
[112]. Therefore, miR-polymorphisms may result in gain or loss of a miRNA
function. Based on the current knowledge of this field, miR-polymorphisms can
be classified in the following three major categories [96]: (a) polymorphisms
affecting miRNA biogenesis, (b) miR-polymorphisms in miRNA target sites and
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(c) miR-polymorphisms altering epigenetic regulation of miRNA genes. Recently,
miR-polymorphisms have been shown to affect drug response and have the poten-
tial to confer drug resistance [96]. It is demonstrated that a C to T SNP, identified in
a case—control study of childhood leukemia patients, occurring with 14.2 % allelic
frequency in the Japanese population, is present near the miR-24 binding site in the
3'UTR of the dihydrofolate reductase (DHFR) gene. The T allele of the SNP results
in loss of miR-24-mediated regulation of DHFR, high DHFR protein levels and
confers methotrexate (MTX) resistance [99]. This finding may also be useful in
predicting the clinical outcome of MTX treatment.

4.3 miRNAs Altered in Drug Resistance

Recently, increasing studies have indicated that aberrant miRNA expression is
strongly implicated in anticancer drug resistance phenotype. Their involvements
in tumor cells response to chemotherapeutic agents are being confirmed by more
and more reports.

4.3.1 miRNAs Affect Drug Sensitivity to EGFR Mutants

DNA sequencing of 623 genes with known or potential relationships to lung
adenocarcinoma reveals more than 1,000 somatic mutations across the samples. It
has been identified 26 genes that are mutated at significantly high frequencies and
thus are probably involved in carcinogenesis. Notably, EGFR is one of the fre-
quently mutated genes [113]. Interestingly, miRNAs may regulate EGFR mutation
in NSCLC. Comparing paired lung cancer tissue with adjacent normal lung paren-
chyma, miR-126*, miR-145, miR-21, miR-182, miR-183 and miR-210 are found to
be the most differentially expressed miRNAs. Most interestingly, an obvious
inhibition of cell growth is observed in the EGFR mutant lung adenocarcinoma
after transfection of pre-miR-145. These results also show that restoration of tumor
suppressor miR-145 inhibits cancer cell growth in EGFR mutant lung adenocarci-
noma [114]. Further study on these specific differentially expressed miRNAs may
provide important information on peculiar tumorigenetic pathways and may iden-
tify useful biomarkers.

EGFR gene mutations, which are correlated with sensitivity to EGFR-tyrosine
kinase inhibitors (EGFR-TKIs), are more frequent in never-smoker lung cancers. A
miRNA expression profiling of 28 cases of never-smoker lung cancer identifies
aberrantly expressed miRNAs, which are much fewer than in lung cancers of
smokers and includes miRNAs previously identified (e.g., upregulated miR-21)
and unidentified (e.g., downregulated miR-138) in those smoker cases. The changes
in expression of some of these miRNAs, including miR-21, are more remarkable in
cases with EGFR mutations than in those without these mutations. A significant
correlation between phosphorylated-EGFR (p-EGFR) and miR-21 levels in lung
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carcinoma cell lines and the suppression of miR-21 by an EGFR-TKI, AG1478,
suggests that the EGFR signaling is a pathway positively regulating miR-21
expression. In the never-smoker-derived lung adenocarcinoma cell line H3255
with mutant EGFR and high levels of p-EGFR and miR-21, antisense inhibition
of miR-21 enhances AG1478-induced apoptosis. In a never-smoker-derived ade-
nocarcinoma cell line H441 with wild-type EGFR, the antisense miR-21 not only
shows the additive effect with AG1478 but also induces apoptosis by itself
[115]. These results suggest that aberrantly increased expression of miR-21,
which is enhanced further by the activated EGFR signaling pathway, plays a
significant role in lung carcinogenesis in never-smokers, as well as in smokers,
and is a potential therapeutic target in both EGFR-mutant and wild-type cases.

To understand the role of miRNA in EGFR-TKI-resistant NSCLCs, Garofalo
et al. examines the changes in miRNA that are mediated by tyrosine kinase
receptors. They report that miR-30b/c, miR-221 and miR-222 are modulated by
both EGF and MET receptors, whereas miR-103 and miR-203 are controlled only
by MET. Importantly, they show that these miRNAs have important roles in
gefitinib-induced apoptosis and epithelial-mesenchymal transition (EMT) of
NSCLC cells in vitro and in vivo by inhibiting the expression of the genes encoding
BCL2-like 11 (BIM), apoptotic peptidase activating factor 1 (APAF-1), protein
kinase Ce (PKC-g) and sarcoma viral oncogene homolog (SRC) [116]. These
findings suggest that modulation of specific miRNAs may provide a therapeutic
approach for the treatment of NSCLC.

A recent study in NSCLC cell lines demonstrates that the tumor microenviron-
ment elicits transforming growth factor p1 (TGF1) and stimulates a miRNA gene
expression program that induces resistance to anti-EGFR therapy and drives lung
tumor cells to EMT, invasion, and metastasis [117]. Moreover, miR-214 regulates
the acquired resistance to gefitinib via the PTEN/Akt pathway in EGFR-mutant cell
lines [118]. To overcome this kind of resistance, Rai et al. focuses on EGFR
suppression using miR-7, targeting multiple sites in the 3’'UTR of EGFR mRNA.
In this study, two EGFR-TKI-sensitive cell lines (PC-9 and H3255) and two EGFR-
TKI-resistant cell lines harboring T790M (RPC-9 and H1975) are used. They
construct miR-7-2 containing miR-7-expressing plasmid and the miR-7 expression
level of the transfectants is approximately 30-fold higher, and the luciferase activity
is ablated by 92 %. The results show miR-7 significantly inhibits cell growth not
only in PC-9 and H3255 but also in RPC-9 and H1975. Expressions of insulin
receptor substrate-1 (IRS-1), RAF-1, and EGFR are suppressed in these four cell
lines. Injection of the miR-7-expressing plasmid reveals a remarkable tumor
regression in a mouse xenograft model using RPC-9 and H1975. Moreover,
EGFR, RAF-1, and IRS-1 are suppressed in the residual tumors [119]. These
findings indicate promising therapeutic applications of miR-7-expressing plasmids
against EGFR oncogene-addicted lung cancers including T790M resistance by
liposomal delivery.
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4.3.2 miRNAs Affect TRAIL Resistance

The TNF-related apoptosis inducing ligand (TRAIL) has gained much attention due
to its specific anti-tumor potential without toxic side effects. Thus TRAIL is a
promising new anticancer biotherapeutic [120]. As shown by many preclinical
studies, TRAIL efficiently induces apoptosis in numerous tumor cell lines but not
in the majority of normal cells. However, an increasing number of publications
report on a predominance of TRAIL resistance in primary human tumor cells,
which require sensitization for TRAIL-induced apoptosis. Sensitization of cancer
cells by treatment with chemotherapeutic drugs and irradiation has been shown to
restore TRAIL sensitivity in many TRAIL-resistant tumor cells [121]. How
miRNAs regulate TRAIL resistance needs to be fully explored.

To define novel pathways that regulate susceptibility to TRAIL in NSCLC, a
genome-wide expression profiling of miRNAs is performed by Garofalo and
colleagues. They show that in TRAIL-resistant NSCLC cells, levels of different
miRNAs are increased and in particular, miR-221 and -222. Then they demonstrate
that these miRNAs impair TRAIL-dependent apoptosis by inhibiting the expression
of key functional proteins. Indeed, transfection with anti-miR-221 and -222 renders
CALU-I1-resistant cells sensitive to TRAIL. Conversely, H460-sensitive cells
treated with -221 and -222 pre-miRNAs become resistant to TRAIL. Both
miR-221 and -222 target the 3’UTR of Kit and p27(kipl) mRNAs, but interfere
with TRAIL signaling mainly through p27(kip1) [42]. The results show that high
expression levels of miR-221 and -222 are needed to maintain the TRAIL-resistant
phenotype, thus making these miRNAs as promising therapeutic targets or diag-
nostic tool for TRAIL resistance in NSCLC. Interestingly, these two miRNAs are
upregulated by the MET proto-oncogene. A recent study shows that miR-130a,
expresses at low level in lung cancer cell lines, by targeting MET was able to reduce
TRAIL resistance in NSCLC cells through the c-Jun-mediated down-regulation of
miR-221 and miR-222 [122]. Together, a better understanding of miR-221/-222
regulation in drug resistance is the key in developing new strategies in NSCLC
therapy.

PED/PEA-15 (phosphoprotein enriched in diabetes, PED) is a death effector
domain family member of 15 kDa with a broad antiapoptotic function found
overexpressed in a number of different human tumors, including lung cancer.
Incoronato et al. identifies miR-212 as a negative regulator of PED expression.
Furthermore, they also show that ectopic expression of miR-212 increases TRAIL-
induced cell death in NSCLC cells. In contrast, inhibition of endogenous miR-212
by use of antago-miR results in increase of PED protein expression and resistance to
TRAIL treatment. Besides, in NSCLC, they show both in vitro and in vivo that PED
and miR-212 expressions are inversely correlated, that is, PED is upregulated and
miR-212 is rarely expressed [123]. These findings suggest that miR-212 should be
considered as a tumor suppressor because it negatively regulates the antiapoptotic
protein PED and regulates TRAIL sensitivity.



66 Z. Gong et al.

4.3.3 Ectopic Expressions of miRNAs Reverse Therapeutic Effects
of Anti-cancer Drugs

It’s well known that miRNAs are strongly implicated in drug resistance, cell
survival and apoptosis. Therefore, it is likely that they can also modulate sensitivity
and resistance to anticancer drugs in substantial ways. To test this hypothesis,
Blower and colleagues investigate the pharmacologic roles of three microRNAs
previously implicated in cancer biology (let-7i, miR-16, and miR-21) and also use
in silico methods to test pharmacologic miRNA effects more broadly. In the
experimental system, they increase the expression of individual miRNAs by
transfecting their precursors (which are active) or suppress the expression by
transfection of antisense oligomers. In three NCI-60 human cancer cell lines, a
panel of 60 lines is used for anticancer drug discovery. They assess the growth-
inhibitory potencies of 14 structurally diverse compounds with known anticancer
activities. Changing the cellular levels of let-7i, miR-16, and miR-21 affect the
potencies of a number of the anticancer agents by up to fourfold. The effect is the
most prominent with mir-21, with 10 of 28 cell-compound pairs showing significant
shifts in growth-inhibitory activity. Varying mir-21 levels change potencies in
opposite directions depending on compound class; indicating that different mech-
anisms determine toxic and protective effects. In silico comparison of drug poten-
cies with miRNA expression profiles across the entire NCI-60 panel reveal that
approximately 30 miRNAs, including mir-21, show highly significant correlations
with numerous anticancer agents [8]. There results support a substantial role for
miRNAs in anticancer drug response, suggesting novel potential approaches to the
improvement of chemotherapy.

The primary researches show miRNAs as biomarkers are associated with TKI
resistance, such as up-regulations of miR-21 and miR-23b predict an increase of
anticancer drug-sunitinib resistance, while down-regulation of miR-424 indicates
an increase of resistance of erlotinib and vandetanib (data not published, but
released on AACR 2010). The data from our own group demonstrate miR-31 is
significantly upregulated in cisplatin-resistant cell line, as compared to that in
cisplatin-sensitive cell line. As a result, miR-31 overexpression induces drug
resistance in cisplatin-sensitive cell line and miR-31 knockdown rescues drug
sensitivity in cisplatin-resistant cell line. MiR-31 exerts an anti-apoptotic effect
probably through inhibition of ABCB9 and provides a novel strategy using miR-31
as a potential target in NSCLC chemotherapy (data accepted by Cancer Letters).
Similarly, in A549 cell line, miR-1 is downregulated and exogenous miR-1
enhances their sensitization to doxorubicin-induced apoptosis [66].

Therefore, lung cancer resistance emerged in clinical treatments is closely
related to some upregulated or downregulated miRNAs. To regulate the expressions
of these miRNAs is an ideal approach to control therapeutic effects (Table 3.2). It is
clear that more than one target or mechanism of drug resistance is activated in
certain drugs. The targets or mechanisms that can be activated with more than one
drug are more attractive for the broad therapeutic potential. miRNAs or
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Table 3.2 Differentially expressed miRNAs associated with drug resistance in lung cancer

miRNA Drugs Protein targets

miR-1 Doxorubicin Unknown

miR-145 TKI EGFR

miR-21 TKI EGFR

miR-31 Cisplatin ABCB9

miR-221/222 TRAIL P27kip1/PTEN/TIMP3
miR-130a TRAIL MET

miR-212 TRAIL PED

miR-23b Sunitinib Unknown

miR-424 Erlotinib/Vandetanib Unknown

ABCBY, ATP-binding cassette, sub-family B (MDR/TAP), member 9; EGFR, epidermal growth
factor receptor; MET, a translational product of proto-oncogene c-met; PED, phosphoprotein
enriched in diabetes; PTEN, phosphatase and tensin homolog; TIMP3, tissue inhibitor of
metalloproteinase 3; TKI, tyrosine kinase inhibitor; TRAIL, tumor necrosis factor (TNF)-related
apoptosis-inducing ligand

antagomiRNAs might be more efficient in avoiding resistance or increasing the
effectiveness of malignant tumors to chemotherapy. Furthermore, miRNAs might
be used as a biomarker to predict the response to chemotherapy and the survival in
patients with malignant tumors. In addition, miRNAs combined with traditional
chemotherapy agents might provide a new strategy to treat malignant tumors in the
future.

5 miRNAs and Lung Cancer Targeted Therapy: Small
Molecules with Unlimited Potentials

As we have discussed above, miRNAs have fast become a field of interest,
particularly for their discovered involvement in a number of different oncogenic
pathways and the potential they bring for a deeper look into the mechanisms of
chemoresistance and future therapies that can be used to circumvent this resistance.
miRNAs are already showing their potential as biomarkers to predict treatment
response in a number of different cancers, and continued clinical validation is
needed to hone in on the most promising of these predictions. There has also
been preliminary research showing the involvement of miRNAs in key pathways
regulating cancer cell growth, proliferation, invasion, and so on, and this pushes
them toward use as novel targets for new anticancer treatments. Again, further
research is warranted to validate involvement in these and other pathways, and to
continue pursuing miRNA delivery systems that can be translated to therapeutic
treatments.
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Fig. 3.4 Potential miRNA-based therapeutic strategies. The function of oncogenic miRNAs could
be stopped by small-molecule inhibitors (regulation of miRNAs expression at the transcriptional
level), antisense oligonucleotides (binding by complementarity miRNAs and inducing either
duplex formation or miRNA degradation), miRNAs masking (molecules complementary to the
3'UTR of the target miRNA, resulting in competitive inhibition of the downstream target effects)
or miRNAs sponges (oligonucleotide constructs with multiple complementary miRNA binding
sites to the target miRNA). Tumor suppressor miRNAs function can be restored by introducing
systemic miRNAs (miRNA mimics) or inserting genes coding for miRNAs into viral constructs

5.1 miRNAs as New Therapeutic Targets

Preclinical models have consistently underlined the feasibility and efficacy of
miRNA-based therapies, either alone or in combination with current targeted
therapies. The appealing strength of such therapeutic option dwells in miRNAs
ability to concurrently target multiple genes, frequently in the context of a specific
network/pathway, making miRNA-based therapy extremely efficient in regulating
distinct biological processes relevant to normal and pathological cell homeostasis
[124]. There are two main therapeutic strategies to target miRNA expression:
miRNA reduction and miRNA replacement (Fig. 3.4) [6].

The use of oligonucleotides or virus-based constructs can either block the
expression of an oncogenic miRNA or reintroduce the loss of expression of a
tumor suppressor miRNA. A different approach is the use of drugs to modulate
miRNA expression by targeting their transcription and their processing
[124]. There are some fundamental issues, which have impeded development of
miRNA-based treatments. First, we need to clearly demonstrate a tissue-specific
delivery and develop a more efficient cellular uptake of synthetic oligonucleotides
to achieve sustained target inhibition. This should result in significantly enhanced
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patient benefits and reduced drug toxicity. In fact, the second and even more
challenging problem to overcome is the biological instability of miRNAs in bodily
fluids or tissues, as unmodified oligonucleotides are rapidly degraded by cellular
and serum nucleases, requiring huge doses of drugs. As a result, various chemical
modifications in oligonucleotides have been investigated, such as morpholinos,
peptide nucleic acids, cholesterol conjugation and phosphorothioate backbone
modifications. Among others, the locked nucleic acid (LNA) constructs provide
the most promising results. LNA nucleosides are a class of nucleic acid analogues
in which the ribose ring is “locked” by a methylene bridge connecting the 2’-O atom
to the 4'-C atom. This feature confers to LNA oligonucleotides great advantages
including: (a) High hybridization affinity towards complementary single-stranded
RNA and complementary single-stranded or double-stranded DNA; (b) Excellent
mismatch discrimination, and (c¢) High aqueous solubility. The so-called “LNA
anti-miR” constructs have been successfully used in several in vitro and in vivo
studies to knockdown the expression of specific miRNAs [125, 126]. This success
has culminated in the first two miRNA-based clinical trials for the treatment of
hepatitis C virus (HCV) infection by targeting miR-122 with an LNA-antimiR
(miravirsen or SPC3649; Santaris Pharma, Denmark) [125, 126]. The phase Ila
clinical trial [126] has shown a dose-dependent, long reduction in HCV RNA that
continues to fall after completion of treatment without any recorded serious adverse
effects.

The discovery of exosome-specific miRNA circulation among bodily fluids
provided the “Trojan horse” for the forthcoming development of miRNA delivery
vehicles for systemic gene therapy: exosomes, as natural cell-derived nano-carriers,
are immunologically inert and possess an intrinsic ability to cross biological
barriers [127]. On the other hand, exosome-released miRNAs represent a novel
mechanism of cross-talk and genetic exchange between cells. Interestingly, cancer-
released exosomes have been shown to carry oncogenic miRNAs, and the inhibition
of cancer-related exosome secretion has been demonstrated to significantly reduce
the metastatic potential of lung cancer cell lines [127]. The LNA and exosome data
drew attention to the potential of miRNAs for cancer treatment. The development
of safe and specific methods of delivery of miRNA-based treatments will allow
modulation of miRNAs to become in the next few years a central feature of cancer
treatment and management.

5.2 miRNA Therapeutics in Lung Cancer

Almost two decades have passed since the initial discovery of miRNAs, and many
important biological roles have been attributed to this class of RNAs. Currently, the
scientific community is pursuing different strategies to employ miRNA therapeutics
[124]. Emerging miRNA antisense and mimic technologies, as well as other novel
mechanisms of delivery, are being explored. In the very near future, we will be
seeing more published studies focusing on assessing the effectiveness,
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pharmacokinetics and toxicity of miRNA mimics and inhibitors. One major obsta-
cle in advancing miRNA-based therapeutics lies in the very property of these
complex molecules-their ability to act on multiple cellular targets could realize
diverse side effects [128]. Evaluating off-target effects will be a necessity in early-
phase human studies when arriving at the recommended dose and schedule for
clinical efficacy trials. One example demonstrated a therapeutic use of miRNAs in a
rodent model of NSCLC. Artificial let-7 is directly injected into already-established
tumor mass, leading to tumor regression [129]. Similarly, in vivo application of
miR-17-5p antagomir results in a reduction of therapy-resistant neuroblastoma in
mice [130]. Various routes of delivery as well as formulations are also being
investigated. Systemic delivery of the tumor suppressors let-7 and miR-34a
complexed with a neutral lipid emulsion are shown to preferentially target lung
tumors, resulting in up to 60 % tumor burden reduction in mouse models of lung
cancer [131]. Intranasal delivery of let-7 also leads to tumor growth reduction in a
mouse xenograft model [132]. Meanwhile, Wiggins et al. [10] develops a thera-
peutic formulation using chemically synthesized tumor suppressor miR-34a and a
lipid-based delivery vehicle that blocks tumor growth in mouse models of NSCLC.
This formulation is effective when administered locally or systemically, it is well
tolerated and does not induce an immune response [133]. Taken together, these
studies demonstrate the therapeutic potential of miRNAs in lung cancer.

5.3 MiRNA Based-Therapeutic Targets in Invasive
and Metastatic Lung Cancer

The most deadly aspect of cancer is its ability to invade and metastasize. Garofalo
et al. [41] shows that overexpressed miR-221 and miR-222, by targeting PTEN and
TIMP3 tumor suppressors, induce TRAIL resistance and enhance cellular migra-
tion through the activation of the Akt pathway and metallopeptidases in aggressive
NSCLC cells. They further demonstrate that the MET oncogene is involved in
miR-221 and miR-222 activation through the c-Jun transcription factor. Muniyappa
et al. [134] identifies that miR-29a has a significant anti-invasive and anti-
proliferative effect on lung cancer cells in vitro. miR-29a functions as an
antioncomir and this function is likely mediated through the post-transcriptional
fine tuning of the cellular levels of several proteins, including RAN (a member of
the RAS oncogene family). Gibbons et al. [135] demonstrates that forced expres-
sion of miR-200 abrogates the capacity of metastatic lung adenocarcinoma cells to
undergo EMT, invade, and metastasize. Tumor cell metastasis is regulated by
miR-200 expression that changes in response to contextual extracellular cues. Ma
et al. [136] reports that silencing of miR-10b with antagomirs to mice bearing
highly metastatic cells significantly increases the levels of Hoxd10 and markedly
suppresses formation of lung metastases. miR-10b antagomir is well tolerated by
normal animals and it appears to be a promising candidate for the development of



3 The Role of MicroRNA in Lung Cancer Drug Resistance and Targeted Therapy 71

new anti-metastasis agents. These results indicate miRNAs can be used as thera-
peutic targets in invasive and metastatic lung cancers.

5.4 Therapeutic Potential of miRNAs in Lung Cancer
Chemotherapy

Emerging evidence has also shown that some miRNAs could target genes related to
drug sensitivity, resulting in the altered sensitivity of cancer cells to anti-cancer
drugs [137]. Guo et al. [138] indicates that transfection of the drug resistant SCLC
cells with the mimics of miR-134 greatly increases the sensitivity to anti-cancer
drugs cisplatin, etoposide, and doxorubicin. miR-134 increases the cell survival by
inducing G1 arrest and downregulates MRP1/ABCC1 protein in drug-resistant
SCLC cells. Zhu et al. [139] demonstrates that enforced miR-181b expression
reduces BCL?2 protein level and sensitizes multidrug resistant lung cancer cells to
cisplatin-induced apoptosis. Galluzzi et al. [10] also reports that pre-miR-181a and
pre-miR-630 enhances and reduces cisplatin-triggered cell death in NSCLC cells,
respectively. Pre-miR-181a and pre-miR-630 consistently modulated mitochon-
drial/postmitochondrial steps of the intrinsic pathway of apoptosis, including Bax
oligomerization, mitochondrial transmembrane potential dissipation, and the pro-
teolytic maturation of caspase-9 and caspase-3. Another two different groups show
that both miR-98 and miR-34a regulates cisplatin-induced A549 cell death by
inhibiting TP53 pathway [140, 141]. Similarly, miR-622 maybe function as a
tumor suppressor by targeting K-RAS and enhancing the anticarcinogenic effect
of resveratrol [142]. Therefore, miR-622 is potentially useful as a clinical therapy.
miR-100 resensitizes docetaxel-resistant human lung adenocarcinoma cells
(SPC-A1) to docetaxel by targeting Plkl [143]. Thus, this suggests that
downregulation of miR-100 could lead to Plk1 over-expression and eventually to
docetaxel chemoresistance of human lung adenocarcinoma. miR-200b reverses
chemoresistance of docetaxel-resistant human lung adenocarcinoma cells by
targeting E2F3 [144]. The results suggest that downregulation of miR-200b could
lead to E2F3 overexpression and in turn contribute to chemoresistance of lung
adenocarcinoma cells to docetaxel. miR-126 enhances the sensitivity of NSCLC
cells to anticancer agents L.Y294002, an inhibitor of the phosphoinositidyl-3 kinase
(PI3K)/Akt signaling pathway, by targeting vascular endothelial growth factor
(VEGF) A [145]. The identification of a miR-337-3p as a modulator of cellular
response to taxanes, and STAT3 and RAPI1A as regulatory targets which mediate
that response, defines a novel regulatory pathway modulating paclitaxel sensitivity
in lung cancer cells, which may provide novel adjuvant strategies along with
paclitaxel in the treatment of lung cancer and may also provide biomarkers for
predicting paclitaxel response in NSCLC [9]. miR-513a-3p sensitizes human lung
adenocarcinoma cells to chemotherapy by targeting GSTP1 [146]. Interestingly,
serum miR-125b can be used as a diagnostic or prognostic biomarker for advanced
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NSCLC patients receiving cisplatin-based chemotherapy [147]. Recently,
Franchina et al. showed that circulating miR-22, miR-24 and miR-34a act as
novel predictive biomarkers to pemetrexed-based chemotherapy in advanced
NSCLC patients [148].

5.5 Therapeutic Potential of miRNAs in Lung Cancer
Radiotherapy

Another role for miRNAs that deserves mention is that of sensitizers to radiother-
apy. This is of particular importance given that many tumors require combinations
of chemotherapy and radiotherapy as optimal modes of treatment. miRNAs may
modulate the DNA damage response, thus sensitizing tumor cells to both chemo-
therapy and radiotherapy.

The miRNA regulatory network may also be a potentially useful therapeutic
target for overcoming the radioresistance of lung cancer. The overexpression of
let-7a decreases expression of K-RAS and radiosensitizes A549 cells. Inhibition of
Lin28, a repressor of let-7, attenuates K-RAS expression and radiosensitizes A549
cells. The Lin28-let7 regulatory network may be a potentially useful therapeutic
target for overcoming the radioresistance of human cancers having activated
K-RAS signaling [149]. Comparing with resistant NSCLC patients, five miRNAs
(miR-126, miR-let-7a, miR-495, miR-451 and miR-128b) are significantly
upregulated and seven miRNAs (miR-130a, miR-106b, miR-19b, miR-22,
miR-15b, miR-17-5p and miR-21) are greatly downregulated in radiotherapy sen-
sitive group. Overexpression of miR-126 inhibits the growth of SK-MES-1 cells
and promotes its apoptosis induced by irradiation. The expression level of p-Akt
decreases in the miR-126 overexpression group. After treating with PI3K constitu-
tively activator (IGF-1) and inhibitor (L.Y294002), miR-126 overexpression has no
significant effects on the apoptosis of SK-MES-1 cells. These results show miR-126
promotes NSCLC cells apoptosis induced by irradiation through the PI3K-Akt
pathway [150]. The expression of miR-9 and let-7 g could enhance the efficiency
of radiotherapy for lung cancer treatment through the inhibition of NF-xkB1[151]. A
small number of NSCLC cell lines have a high level of endogenous miR-101. The
ectopic miR-101 is able to radiosensitize most NSCLC cells, except for the NSCLC
cell lines that had a much higher endogenous miR-101 level [152]. In the p53 wild
type, K-RAS mutated NSCLC cells, the overexpression of miR-34b increases
radiosensitivity at low doses of radiation [153]. miR-214 is upregulated in
radiotherapy-resistant NSCLC cells relative to radiosensitive counterparts and
miR-214 modulates radiotherapy response of NSCLC cells through regulation of
p38MAPK, apoptosis and senescence [154]. Overexpression of miR-449a in CL1-0
cells effectively increases irradiation-induced DNA damage and apoptosis, alters
the cell cycle distribution and eventually leads to sensitization of CL1-0 to
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irradiation [155]. Therefore, continued investigations will benefit the understanding
of miRNA-based radiotherapy in lung cancer.

6 Conclusion

The discovery that noncoding regions of the genome harbored regulatory molecules
that could regulate basic cellular functions is one of the most important discoveries
in recent history. This discovery alone has provided insight into the mechanisms of
tumor initiation and progression, identified potential biomarkers, and, finally,
created the possibilities for novel small-molecule therapies. Each of these complex
areas continues to be investigated. Among these noncoding RNAs, miRNAs are a
short, noncoding class of RNAs that are involved in global regulation of protein
expression, act on multiple targets and serve as physiological buffers in biological
responses to internal and external stimuli.

It is becoming apparent that therapeutic inhibition or mimicking of a single
miRNA can simultaneously target multiple genes within similar pathways and
signaling cascades. miRNAs are now being studied for their potential as a new
generation of therapeutics. The main challenges for miRNA therapeutics are sta-
bility, safety, and delivery to appropriate cells within a tissue or organ [156]. Tech-
nological advances have enabled important discoveries of molecular, cellular,
clinical, and therapeutic cancer research findings in recent years [157]. There are
various therapeutic tools that are currently being investigated to manipulate
upregulated miRNAs, such as antagomir, small molecule, and miRNA sponge.
Antagomir is the most widely used approach to regulate miRNA levels in vivo,
including LNA antisense oligonucleotides. One study group finds that small mol-
ecule can also be used to modulate the functionality of a specific miRNA
[158]. miRNA sponge is another technique that uses a vector expressing miRNA
target sites to scavenge a miRNA and prevent it from regulating its natural targets
[159]. On the other hand, there are also approaches to mimic or reexpress the
downregulated miRNAs, such as lipid-formulated mimic and adeno-associated
viruses’ vector.

Nevertheless, considerable obstacles should be overcome before miRNA ther-
apy becomes a real option for the management of cancer. The exciting therapeutic
potential of miRNA is accompanied by the recognition of off-target effects. Inte-
grative vectors allow life-long gene supplementation, but involve the risk of
potential tumorigenicity resulting from activation of oncogenes located in the
vicinity of the integration site [160]. The long terminal repeat enhancer element
is removed and an internal promoter is added in lentiviral vector to solve this
problem [161]. Although the development of these therapeutic tools are still in
infancy, interdisciplinary helps from nanobiotechnology making research on
miRNA therapeutics rapidly moving forward [162]. Several organizations already
have active preclinical or clinical trials engaged in developing miRNA therapeutics
in various cancers, including lung cancer, prostate cancer, liver cancer, esophageal
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Fig. 3.5 Process for translating miRNA biology from the laboratory to the clinic

cancer, leukemia, skin cancer, and renal cell carcinoma (Fig. 3.5) [163,
164]. Recently, the therapeutic applicability of LNA-antimir technology has been
reported in non-human primates. Treatment of chronically infected chimpanzees
with a LNA-modified oligonucleotide complementary to miR-122 leads to long-
lasting suppression of hepatitis C virus viremia, with no evidence of viral resistance
or side effects in the treated animals [125]. This encouraging result highlights
the scaling up of miRNAs from laboratory to translational research [165,
166]. Although there are still numerous hurdles in the development of miRNAs
as a novel class of therapeutics, the available findings indicate the great potential of
miRNAs in lung cancer therapy.

To date, a compelling body of evidence points to the direct involvement of
miRNAs in lung carcinogenesis. Combined with high tissue specificity and stability
in formalin-fixed paraffin-embedded (FFPE) tissues and bodily fluids, miRNA use
in diagnosis, classification and prediction of disease course has become an appeal-
ing area of biomarker and therapeutic research. With more discoveries on the
horizon, miRNA-based signatures could become prominent clinical tools for
patient management and care.

7 Future Directions

As next-generation sequencing approaches become more affordable, they will
begin to dominate the discovery field in miRNA research, uncovering novel
miRNAs and their associations with lung oncopathology. Linking individual
miRNAs to their respective targets within the context of complex pathway
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networks that are commonly deregulated in cancer would be crucial in painting the
‘big picture’ underlying these cellular processes. While the miRNA signatures
reported thus far provide evidence for the translational value of miRNAs and
their utility as theranostics, much validation is still needed. In the future, we can
expect to see standardization of sample collection techniques, discovery platforms
and data analysis techniques to aid in cross-study comparison of results. Overall,
miRNAs harbor immense potential in various areas of cancer biology, and realiza-
tion of their potential as therapeutic targets is simply a matter of time.
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