Chapter 2
The Role of MicroRNAs in Lung Cancer
Development, Progression, and Metastasis

Don L. Gibbons, Zain H. Rizvi, and Jonathan M. Kurie

Abstract Lung cancer is the leading cause of cancer death globally. Although
molecularly targeted agents have made small advances in the treatment options
for patients, the overall 5-year survival rate has changed little in the past several
decades, necessitating a greater understanding of the biology driving tumor pro-
gression and metastasis. MicroRNAs (miRNAs) are a relatively recently discovered
class of non-protein coding RNAs that modulate extremely important cellular func-
tions via their post-transcriptional regulation of mRNAs. Recent evidence from
multiple tumor types and model systems implicates miRNA dysregulation as a
common mechanism of tumorigenesis and progression. This represents a rapidly
emerging and changing field with new biological connections and applications being
reported each month, which provide unique insights into miRNA functions and
potential new approaches for diagnosis and therapy.

2.1 Introduction

Lung cancer is the leading cause of cancer-related death in the United States and
worldwide (Jemal et al. 2010; Kamangar et al. 2006). In the year 2010, it is estimated
that approximately 222,520 new cases will be diagnosed and 157,300 deaths will
occur in the United States alone. Only 16% of patients diagnosed with lung cancer
are alive at 5 years (Jemal et al. 2010; Kamangar et al. 2006), because at the time
of diagnosis more than 70% of patients are found to have advanced disease that is
not amenable to curative therapy (Goldstraw et al. 2007) and among the remaining
patients who undergo surgical resection with curative intent for early-stage disease,
there is a high rate of recurrence. Given the generally poor prognosis of patients with
this disease, better treatments are needed based upon the molecular events driving
tumor progression and metastasis.
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Lung cancer is broadly divided into non-small cell lung cancer (NSCLC), which
arises from epithelial cells of the airways and accounts for 85% of cases, and
small cell lung cancer (SCLC), which is a neuroendocrine tumor that comprises
the remainder. Non-small cell lung cancer is further divided into several major his-
tologic subtypes, including adenocarcinoma, squamous cell carcinoma, and large
cell. Although significant work has gone into identifying and studying the onco-
genes responsible for tumorigenesis and progression in NSCLC and SCLC, there
has been limited success in translating these findings into the therapeutic setting or
in using this information to better stratify patient risk and select treatments.

MicroRNAs (miRNAs) are a class of highly conserved non-coding RNAs, 19—
25 nucleotides in length, that regulate gene expression by recognition and binding
of the 3’ untranslated regions (3'UTRs) of mRNAs. Mature miRNAs form stem-
loop structures with sequences partially complementary to their target mRNAs,
which alter mRNA stability or the efficiency of translation. Based upon recent re-
evaluation of the miRNAs in the mouse genome by high-throughput sequencing,
there are ~500 confidently identified murine miRNAs, ~300 of which are conserved
in mammals (Chiang et al. 2010), and it is estimated that approximately one-third
of the genome is regulated by miRNAs (Lewis et al. 2005). Interestingly, since each
miRNA can regulate the expression of large sets of targets and any one gene can be
regulated by multiple miRNAs, a rich network of regulatory fine-tuning is at play
that can go awry in pathologic states such as cancer. Given this powerful biology,
various miRNAs have been implicated as either tumor suppressors or oncogenes
(“oncomirs”) in many different tumor types. Genomically miRNAs are frequently
found to be at fragile sites in the human genome (Calin et al. 2004), but there are
myriad additional mechanisms by which the miRNAs can become dysregulated
in cancer. This chapter will outline our understanding of miRNA biology in lung
cancer development and metastasis.

2.2 MiRNA Profiling of Lung Cancer
and Clinical Application

MiRNAs have the ability to post-transcriptionally regulate large sets of genes, and
as such their expression levels should faithfully represent the overall biologic state
of tumor cells. In fact, miRNA signatures segregate samples of different tumor types
better than mRNA signatures (Lu et al. 2005), suggesting that they may be useful
biomarkers of the unique underlying set of molecular events driving tumorigene-
sis and metastasis (Cho 2010). This idea has raised significant research interest in
identification of oncogenic drivers of tumor progression, and in the development
of miRNA signatures that would be clinically prognostic of outcome in early-stage
lung cancer. Such signatures could be useful for stratification of patient risk for
recurrence, helping to inform the decision of who should receive adjuvant treatment
after surgery, or predictive of which tumors will respond to particular chemother-
apeutic agents. Several different approaches have been utilized in these efforts,
including comparison of tumor samples to matched non-cancerous lung tissue with
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Table 2.1 MicroRNAs implicated in NSCLC based upon tumor profiling

Representative microRNAs in signature Measured outcome References
miR-221, let-7a, miR-137, miR-372, miR-182 Overall and Yu et al. (2008)
disease-free survival
miR-155, miR-17-3p, miR-106a, miR-93, Overall survival Yanaihara et al. (2000)
let-7a-2, miR-145, let-7b, miR-21
miR-200b, miR-30c-1, miR-510 miR-630, Overall and Patnaik et al. (2009)
miR-657, miR-146b-3p, miR-124, miR-585, recurrence-free
miR-708 survival
miR-34a Post-surgical Gallardo et al. (2009)
recurrence
miR-146b, miR-155 Overall survival in Raponi et al. (2009)
squamous cell
carcinoma
miR-34b, miR-34c, miR-449 Diagnostic Liang (2008)

discrimination and
early cancer

detection
miR-486, miR-30d, miR-1, miR-499 Overall survival Hu et al. (2010)
(serum samples)
miR-221, let-7a, miR-137, miR-372, miR-182 Overall and Yu et al. (2008)

disease-free survival

the aim of identifying pathways driving tumorigenesis, and the use of miR profiling
across a large panel of tumors to derive multi-miR signatures for classification of
patient risk for recurrence from this heterogeneous group (Table 2.1).

Profiling of miRNA expression in 104 NSCLC tumors versus matching non-
cancerous lung tissue demonstrated that 43 miRs were differentially expressed,
including 15 up-regulated (e.g. miR-21, miR-191, miR-155, and miR-17-3p) and 28
down-regulated (e.g. let-7a-2 and miR-145) (Yanaihara et al. 2006). The authors
specifically demonstrated that high miR-155 and low let-7a-2 levels correlated with
survival in multiple independent sets of patients with adenocarcinoma. Many of
these changes were similar in a separate study of multiple solid tumor types versus
normal tissue, which included 123 NSCLC cases, along with breast, colon, gas-
tric, endocrine pancreatic, and prostate cancers (Volinia et al. 2006). These data
demonstrate the large number of differences seen in tumors versus normal tissue,
likely representing both the biological heterogeneity of NSCLC and the different
stages of cancer being analyzed. Despite this complexity, these analyses have clearly
identified multiple interesting miRNAs involved in tumorigenesis and progression.

An alternative approach to miRNA profiling of tumor tissues is to measure miR
levels in relation to outcome, without explicit comparison to normal or uninvolved
tissue. This approach has principally been applied in lung cancer to address the
question of whether miRNA signatures can be developed to stratify early-stage
patients (those who have undergone surgical resection) into high or low risk for early
recurrence or metastasis. By using either microarray or quantitative real-time PCR,
multiple studies have demonstrated the ability to stratify patient risk for recurrence
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or survival based upon multi-miR classifiers, and often independently of the clini-
cal staging (Patnaik et al. 2009; Yu et al. 2008). One study approached the specific
question of whether there is a miR signature in squamous cell carcinoma of the
lung (Raponi et al. 2009). Interestingly, this study identified several miRNA fam-
ilies that have also been found to be altered in other studies of NSCLC, in which
there was strong representation of adenocarcinoma samples (Table 2.1). An alter-
native approach infers the miRNA networks involved from the changes in mRNA
expression data (Liang 2008). Using this methodology, reduced expression of miR-
34 family members was identified in multiple datasets. Currently it is unclear how
to use these signatures clinically, and whether they are true biomarkers of the dis-
ease, linked with the underlying pathways driving the tumor biology, or simply
epiphenomena. However, as our understanding of the miRNA/mRNA target biology
advances, this approach may be clinically useful in understanding how to assign risk
for recurrence in individual patients.

A final way in which tumor miR profiling data may become clinically useful
is in the selection of chemotherapeutic agents for patients. A recent study corre-
lated measured drug sensitivity across the panel of drugs in the NCI Developmental
Therapeutics Program drug screen with both miRNA and mRNA expression in the
NCI-60 panel of cell lines (Liu et al. 2010a). They demonstrated strong associations
between the sensitivity to drugs with known mechanisms of action and the patterns
of miRNA and mRNA expression. This type of analysis might provide a miRNA-
based molecular pharmacologic classification for tumors that would be helpful in
either trial design or personalized selection of drugs for individual patients.

In thinking about how to incorporate these predictive or prognostic signatures
into standard clinical practice or investigational trial design, certain practical con-
siderations must be kept in mind. MiRNAs may be ideal for these types of studies,
especially in comparison to mRNA-based studies, owing to their relative stability
against degradation in formalin-fixed paraffin-embedded tissues. However, there
is currently no gold standard methodology for the evaluation of miRNA levels
from samples. Some investigators have reported poor overall correlation between
high-throughput microarray-based techniques and quantitative real-time reverse
transcription-PCR (qRT-PCR), which is more commonly used in clinical labora-
tories (Koshiol et al. 2010; Liu et al. 2010b). Alternate methods, such as cloning
or in situ hybridization are technically challenging, time consuming and/or expen-
sive for adoption by clinical laboratories. As the availability of high-throughput
sequencing technology continues to spread, with the attendant decrease in cost, this
may well become an appropriate standard that could be adopted by clinical labs.
Finally, consideration must be given to the fact that diagnostic biopsy specimens,
either from bronchoscopy or from fine needle biopsies, frequently provide relatively
small amounts of tissue. These may be insufficient for standard pathologic analysis
of stained slides, newer molecular tests such as epidermal growth factor receptor
(EGFR) or KRAS mutational status, and miRNA analysis. One potential solution
to this issue would be the measurement of miRNAs from patient serum or plasma,
which would provide the added clinical advantage of being able to measure repeat-
edly during the course of treatment or in post-treatment surveillance. Several studies
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have reported the differential expression of miRNAs in patient serum that correlates
with disease or outcome, including one study in a group of 303 early-stage NSCLC
patients (Chen et al. 2008; Ng et al. 2009; Hu et al. 2010). Using high-throughput
sequencing on miRNAs derived from serum in a cohort of Chinese patients ver-
sus healthy donor controls, a four-miRNA signature (miR-486, miR-30d, miR-1,
and miR-499) was derived that was prognostic for patients with a shorter median
survival and increased risk for death (Hu et al. 2010). Such studies provide a start-
ing point for trials of how to incorporate these potential biomarkers into clinical
decision-making, but much work still remains to be done before circulating miRNA
levels become a standard clinical tool in the diagnosis and management of cancer
patients.

2.3 Pathogenesis

Lung tumorigenesis is frequently related to changes induced in the epithelium of
the airway by tobacco or carcinogen exposure. Recent studies to identify the link
between tobacco exposure and changes in miRNA expression have been performed
in rodents (both mouse and rat) and in chronic smokers (Izzotti et al. 2009a, b;
Schembri et al. 2009). In all three studies it was observed that the majority of
changes involved down-regulation of miRNAs, which for the rodent studies cor-
related strongly with the changes in mRNA and protein documented from prior
work using the same model system (Izzotti et al. 2009a, b). Additionally, measure-
ment of the miRNA levels proved to be an extremely sensitive marker of tobacco
exposure, producing down-regulation in 126 out of 484 measured miRNAs (26%).
Comparison of the results from the mouse and rat studies found involvement of
the same miR pathways, with 13 of 15 miRs down-regulated at least twofold in
the mouse lungs also significantly down-regulated in rat (including the let-7 fam-
ily members, miR-34b, miR-30b, miR-30c, and miR-125). Although the overlap
between the rodent samples and human were more limited (e.g. miR-30, miR-99,
and miR-125), there are likely differences related to the pathology of cells ana-
lyzed (mixed cell population of whole animal lungs versus relatively pure human
bronchial epithelial cell population), chronicity of exposure (4 week exposure in ani-
mals versus chronic human smokers with an average of 18.8 pack years) and species.
The human data also clearly indicates that changes in a relatively small number of
miRs could account for a large percentage of the documented smoking-associated
mRNA changes (Schembri et al. 2009).

Smoking is the single most important risk factor for the development of lung
cancer. However, 10—15% of cases of NSCLC occur in never smokers, correspond-
ing to approximately 20,000 deaths annually and making this subcategory one of
the top 10 causes of cancer mortality (Samet et al. 2009). This is an incompletely
understood class of patients that has received increasing focus in recent years, espe-
cially given the findings that never-smokers have a higher incidence of activating
mutation in the EGFR and are therefore more likely to benefit from the approved
tyrosine kinase inhibitors (Engelman and Janne 2008). To assess the role of miRNA
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changes in this unique group of patients, one study compared the global miRNA
expression profile from tumors in smokers versus never-smokers. Among the dif-
ferences identified, one of the most significant changes was the increase in levels
of miR-21, which strongly correlated with mutation in EGFR (Seike et al. 2009).
The authors further demonstrated that EGFR activation drives miR-21 expression
and that antisense targeting of miR-21 enhanced the apoptotic response induced by
EGFR tyrosine kinase inhibition. A separate study by Cho and coworkers found sim-
ilar results for the levels of miR-21 in a small panel of non-smoking patients with
lung adenocarcinoma, along with changes in several other miRs, including miR-145,
miR-126*, miR-182, miR-183, and miR-210 (Cho et al. 2009).

2.4 Regulation of Known Oncogenes in Lung Cancer

2.4.1 Let-7, RAS, c-Myc and HMGA?2

The RAS proto-oncogene family plays a central role in the growth factor receptor
signaling pathways and is found to have an activating mutation in many epithelial
tumor types. Approximately 30% of human NSCLC cases have mutation of the
KRAS gene, frequently associated with a history of tobacco exposure. In genetic
mouse models an activating mutation in KRAS produces lung adenocarcinoma,
the most common histologic subtype of lung cancer, with differing propensities to
invade and metastasize (Fisher et al. 2001; Jackson et al. 2001; 2005; Johnson et al.
2001; Liu et al. 2000; Olive et al. 2004; Zheng et al. 2007). One of the first miRNAs
to be identified and one of the best studied to date is let-7, which was originally
identified as a gene responsible for regulating temporally-specific developmental
changes in C. elegans (Reinhart et al. 2000). The ler-7 family contains at least nine
members and is highly conserved across species (Pasquinelli et al. 2000). In C. ele-
gans it was demonstrated that lez-7 regulates let-60/RAS and inversely correlates
with the altered RAS levels in human NSCLC tumors, providing clear evidence that
miRNAs can act as tumor suppressors (Johnson et al. 2005) (Table 2.2). Several
studies also demonstrated that loss of let-7 expression in surgically resected tumor
specimens of NSCLC is prognostic of survival, regardless of the pathologic stag-
ing (Takamizawa et al. 2004; Yanaihara et al. 2006). Using multiple in vivo models
of NSCLC development, re-expression of let-7 suppressed tumorigenesis in a man-
ner that was largely dependent upon modulation of the Ras levels (Kumar et al.
2008). In addition, let-7 has been demonstrated to down-regulate MYC and revert
MYC-induced growth in Burkitt’s lymphoma cells (Sampson et al. 2007), a find-
ing that may have relevance to NSCLC and which further demonstrates how the
loss in expression of a single miRNA can activate multiple cooperative oncogenic
pathways.

As mentioned in the section on miRNA changes in response to tobacco exposure,
let-7 suppression can occur with relatively acute exposure to tobacco smoke, but
multiple potential mechanisms have been proposed based upon analysis of human
cancer cell lines, tissue specimens, and developmental studies (Boyerinas et al.
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Table 2.2 Dysregulated microRNAs in lung cancer and their validated targets

MicroRNA Target gene(s) References

let-7 RAS, Myc, HMGA2, EGFR Johnson et al. (2005); Sampson et al.
(2007); Shell et al. (2007); Webster
et al. (2009)

miR-128b EGFR Weiss et al. (2008)

miR-21 PTEN Talotta et al. (2009)

miR-17-92 PTEN, E2F1-3, CDK4, BIM  Matsubara et al. (2007); O’Donnell

et al. (2005); Ventura et al. (2008)

miR-93, miR-98, FUSI Du et al. (2009a); Lee et al. (2007)
miR-197, miR-378

miR-34 CDK4, CCNE2, pRB He et al. (2007a)

miR-200 ZEBI, ZEB2 Burk et al. (2008); Gibbons et al.

(2009a); Gregory et al. (2008);
Park et al. (2008)

2010). One of the most intriguing mechanisms was described in a study of sin-
gle nucleotide polymorphisms (SNPs) in the 3’UTR of KRAS, which found that the
prevalence of a variant allele containing an altered let-7 complementary site was
higher in a cohort of patients with NSCLC (20.3%) than in the general population
(7.6% in a population of European descent) (Chin et al. 2008). Interestingly, the vari-
ant allele predicted increased risk for NSCLC in patients with a moderate smoking
history (< 40 pack years) in multiple independent patient cohorts. This data suggests
a synergy in miR regulation of oncogenes between the host genetic background and
exposure history up to an exposure threshold, past which the exposure becomes the
dominant tumorigenic factor.

Finally, from analyses of the NCI-60 cell line panel and ovarian cancer patient
samples, it was demonstrated that /ez-7 loss correlated with the expression of mark-
ers for less differentiated tumors, such as HMGA?2 (Shell et al. 2007). Analysis of
survival data from the patient samples clearly indicated that tumors with loss of
let-7 were more likely to metastasize or be poorly responsive to treatment, producing
striking differences in patient survival. HMGA?2 is also an established epithelial-
mesenchymal transition-inducing gene (Thuault et al. 2006), which would provide
areasonable link between the observed histological differences and a mechanism of
tumor progression.

2.4.2 EGFR

The epidermal growth factor receptor, EGFR (ErbB1/Her-1), is a member of the
ErbB family of growth factor receptor tyrosine kinases that is frequently found
to be activated by mutation or amplification in epithelial malignancies. In lung
cancer it is mutated in approximately 10% of patients in the United States and
30% of Asian patients, but is also frequently over-expressed at the protein level
and/or has increased gene copy number (Gazdar 2010). Overall, blockade of EGFR
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activation has been the focus of tremendous efforts to develop oral tyrosine kinase
inhibitors, e.g. erlotinib and gefitinib. Currently such medications are approved for
use in NSCLC patients who have failed prior chemotherapy, and their use has been
found to be of greatest benefit in patients whose tumors carry an activating EGFR
mutation.

Multiple miRNAs have been implicated in the regulation of EGFR, including
miR-128b, let-7 and miR-21 (as discussed in the previous section on pathogenesis).
MiR-128b exists on chromosome 3p22, which is a region frequently deleted in lung
cancer. A recent study evaluated whether miR-128b levels in human NSCLC cell
lines regulated EGFR levels and demonstrated that miR-128b directly recognizes
the 3’UTR of EGFR (Weiss et al. 2008). In an analysis of patient samples, the same
group also showed that loss-of-heterozygosity at the locus containing miR-128b was
frequent and strongly correlated with improved disease control with gefitinib treat-
ment, producing improved overall survival (23.4 vs. 10.5 months, p = 0.02). These
findings suggest that the loss of miR-128b may be useful as a predictive marker of
response to treatment with EGFR inhibitors. Similarly, lez-7 was found to regulate
EGFR mRNA and protein levels in multiple different cancer cell lines, including
lung, and to subsequently reduce signaling through the Akt pathway and decrease
cell viability by an apoptosis-independent process (Webster et al. 2009).

2.4.3 p53 and MiR-34

The miR-34 family (miR-34a, miR-34b, and miR-34c) is frequently decreased in
expression in solid tumors, including NSCLC (He et al. 2007b). The two genomic
loci encoding the three family members each have a p53 binding site in their pro-
moter, and their expression is induced in a p53-dependent fashion by oncogenic
stress or DNA damage (He et al. 2007a), demonstrating that miR-34 is an effector in
the p53 tumor suppressor network. In a cohort of 70 patients who underwent surgi-
cal resection for NSCLC, miR-34a and miR-34b levels were significantly repressed
versus paired normal tissue, and mutations in p53 were much more frequent in cases
with low miR-34a expression (Gallardo et al. 2009). The expression level of miR-34
in the patient samples was independently prognostic for relapse, while the com-
bination of p53 mutational status and miR-34 expression level was an even more
powerful prognosticator. This study also confirmed prior observations that miR-34
expression is frequently regulated by the methylation status of the promoter region
(Lodygin et al. 2008).

2.4.4 Fus-1 and the 3p21.3 Deletion

The 3p21.3 region in the human genome has been associated with inhibition of
tumor growth and progression, and within this locus the FUS! gene (or tumor sup-
pressor candidate 2, TUSC2) is a tumor suppressor that is lost in expression in
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90-100% of cases (Zabarovsky et al. 2002). It is hypothesized that hemizygous dele-
tion, coupled with additional epigenetic regulation, may account for the complete
loss of expression of this region in lung tumors. In fact, it was recently demon-
strated that expression levels were reduced or absent in 82% of non-small cell and
100% of small cell lung cancer specimens (Prudkin et al. 2008). This gene has
been recently shown to be under the regulation of four different miRNAs, miR-93,
miR-98, miR-197, and miR-378 (Du et al. 2009a; Lee et al. 2007).

2.4.5 MiR-17-92

The miR-17-92 cluster (also called oncomir-1) contains six miRNAs located at
13g31.3, a region that is frequently amplified in lymphoma and solid tumors
(Mendell 2008), with concordant up-regulation of expression in many solid tumors,
including lung (Volinia et al. 2006). Additionally, expression of the cluster is regu-
lated by c-Myc and subsequently targets the transcription factor E2F1 (O’Donnell
et al. 2005). This cluster is therefore proposed to act as a regulator of tumor cell
growth/proliferation and apoptosis, dysregulation of which produces a phenotype
of hyperproliferation. In fact, when the miR-17-92 locus was expressed from an
early time point during development in a transgenic murine model, the animals
developed hyperplasia of the lung epithelium, along with a block in epithelial cell
differentiation, producing few primitive alveoli in the distal airways (Lu et al. 2007).
Conversely, mice with a homozygous knockout of the miR-17-92 locus have signif-
icant hypoplasia of the lung, along with a ventricular septal defect, which produced
100% neonatal lethality (Ventura et al. 2008). Besides E2F[-3, the miR-17-92 clus-
ter modulates other downstream targets such as PTEN, CDK4, and BIM (He et al.
2007a; Ventura et al. 2008; Xiao et al. 2008), providing multiple potential mech-
anistic explanations for a proliferative phenotype. Finally, targeting of miR-17-5p
and miR-20a in lung cancer cell lines over-expressing the miR-17-92 locus induced
apoptosis (Matsubara et al. 2007).

2.4.6 MiR-155

Despite the association of high miR-155 levels with poor outcome in NSCLC
patients, it is currently unclear how miR-155 is involved in NSCLC pathogenesis.
MiR-155 has been postulated to provide a pivotal link between chronic inflamma-
tory states and cancer development (Tili et al. 2009). It has also been demonstrated
to play an important role in the cellular reactivation of oncogenic viruses such
as Epstein-Barr virus (EBV) and in modulating the anti-tumor effects of the
bone morphogenetic protein pathway signaling (Yin et al. 2010). Most recently
miR-155 has been shown to regulate components of the mismatch repair machin-
ery in colon cancer (including MLHI, MSH2, and MSH6), with high expression
resulting in a mutator phenotype and genomic instability (Valeri et al. 2010).
Each of these biologic functions could conceivably play a role in lung cancer
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biology, but further studies will be necessary to elucidate the particular mechanisms
at work.

With increasing frequency, other miRNAs are being identified as regulators of
various oncogenic functions in human samples, cell lines and mouse models of non-
small cell lung cancer, adding to the growing list of potential ways in which miRs
regulate tumor initiation or progression. Some examples include miR-3/-mediated
down-regulation of the tumor suppressors LATS2 and PPP2R2A (Liu et al. 2010b)
and the loss of regulation of the anti-apoptotic protein PED/PEA-15 by miR-212
(Incoronato et al. 2010). This later report highlights the fact that some of the changes
in miR expression may directly affect the sensitivity of malignant cells to therapeutic
intervention, which would clearly be useful in formulating treatment plans. It will
be exciting to monitor the increasing list of roles for miRNA function in lung tumors
and how this information can be incorporated into ways to personalize treatment for
patients.

2.5 Invasion and Metastasis Progression

Tumorigenesis and metastasis are two inter-locking, multi-step processes. Because
of their ability to simultaneously modulate many targets, miRNA dysregulation
could certainly affect many of the independent steps necessary in the transforma-
tion to a tumorigenic and metastatic cell. Using the well-characterized RIP-Tag2
murine model of pancreatic neuroendocrine carcinoma, Hanahan’s group recently
documented the miRNA changes associated with each of the discrete steps in
carcinogenesis, from normal islets to hyperplasia, development of the angiogenic
switch, followed by encapsulated tumor development, then invasive carcinoma and
metastasis (Olson et al. 2009). This work highlighted that the observed miRNA
changes correlate closely with the hallmark capabilities acquired by tumor cells
during progression, and that pharmacologic anti-angiogenic therapy could alter
the angiogenesis signature while invoking some of the changes observed in the
metastatic signature. Several groups have also reported elegant mechanistic work in
human breast cancer and murine model systems, demonstrating the role of multiple
miRs during progression and metastasis, including miR-10b, miR-31, miR-126, and
miR-335 (Ma et al. 2007; Tavazoie et al. 2008; Valastyan et al. 2009). However,
in lung cancer much less is known about the role of miRNAs in invasion and
metastasis.

Work by our group has demonstrated that a mutant p53 allele (p5.
fers metastatic potential to lung adenocarcinomas arising in mice due to a latent,
somatically-activated Kras®/?P allele (Zheng et al. 2007). mRNA expression profil-
ing of metastatic versus matched lung tumors from this model revealed a signature
of differentially expressed genes, that when applied to patient cohorts identified
a subset of early-stage lung cancer patients with poor prognosis (Gibbons et al.
2009b). Subsequent work with this model identified epithelial-mesenchymal transi-
tion (EMT) as a critical step in metastasis, regulated by the expression level of the
miR-200 family (including miR-141, miR-200a, miR-200b, miR-200c, and miR-429)

3RITZHAGY cop
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and the EMT-inducing transcription factor ZEB1 (Gibbons et al. 2009a). Human
NSCLC cell lines also displayed a strong correlation between the miR-200 family
levels and the EMT markers, suggesting this mechanism as a potential driver of
the biology of these cells. As noted in the section on miRNA profiling of human
NSCLC specimens, miR-200 family members are part of a multi-miRNA signature
defining high risk for recurrence after resection (Patnaik et al. 2009). Our work also
demonstrated that the miR-200/ZEB1 balance is under epigenetic regulation from
interactions between the tumor cells and their microenvironment, including cell-
matrix interactions and interactions with morphogens such as TGFp (Gibbons et al.
2009a). It has also been reported that expression of the miR-200 family in murine
and human cells (including normal human mammary epithelial cells, breast cancer
cell lines and prostate cancer cell lines) is regulated by DNA methylation of the
promoter (Vrba et al. 2010).

The association between altered miR-200 levels and EMT or metastasis has been
demonstrated in other epithelial tumor types, including breast, ovarian and gastric
(Du et al. 2009b; Gregory et al. 2008; Hu et al. 2009; Park et al. 2008). Additionally,
several studies have demonstrated the role of the miR-200 family in regulation or
maintenance of normal and tumor stem-cell features in breast, colon and pancreatic
cancer (Shimono et al. 2009; Wellner et al. 2009). These data support the concept
that EMT links the acquisition of stem cell features with metastasis, suggesting that
during metastasis tumor cells might acquire certain properties of progenitor cells,
either transiently or permanently.

2.6 Therapeutics

Because miRNAs control many known oncogenes, while also acting on their own
as either oncogenes or tumor suppressors, greater insight into their biology also
carries great promise for this class of molecules as potential therapeutic agents
or targets. Techniques to directly target their expression or modulate their levels
in tumor cells are an intense area of investigation. In general the inhibitors are
single-stranded oligonucleotides complementary to the mature miRNAs, chemically
modified with phosphorothioate, 2’-O-methyl or locked nucleic acid (LNA) sub-
stitutions to improve their resistance to nuclease-mediated degradation (Krutzfeldt
et al. 2007). Targeted tissue delivery of either antisense oligonucleotides com-
plementary to specific mature miRNAs, or of precursor or mature miRNAs to
replace loss of expression, is still a significant challenge and has not been trans-
lated to the clinical cancer setting. However, significant work is being conducted
in pre-clinical animal models to demonstrate the in vivo biology of the miRNAs
during the complex progression of tumors and to test the ability to target these
processes.

In human and murine models of lung adenocarcinoma, expression of the let-7
family is frequently suppressed. Exogenous in vivo delivery by inhalation of ade-
noviral or lentiviral vectors expressing let-7 genes at the time of mutant KRAS
activation was able to halt tumor progression (Esquela-Kerscher et al. 2008; Kumar
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et al. 2008), while delivery after the establishment of tumors halted tumor prolifer-
ation, producing a significant reduction in tumor burden after only a few weeks of
treatment (Trang et al. 2010). One advantage in the treatment of lung cancer versus
other solid tumor types may be the ability to deliver these reagents by inhalation
or tracheal instillation, providing an appropriate therapeutic effect to the primary
tumors, without the potential systemic side effects. Obviously this route of adminis-
tration would not provide any advantage in patients who have developed metastatic
disease.

Similarly, an adeno-associated virus-mediated delivery system was used in a
murine model of hepatocellular carcinoma to re-express miR-26a. Even with pre-
existing disease, re-expression of miR-26a had significant effect to induce apoptosis
and halt tumor progression in the treated animals (Kota et al. 2009). Of equal impor-
tance, there was no evidence of systemic or liver toxicity, despite the high levels of
expression of the exogenously-delivered miRNA vector.

Metastasis prevention or targeting of occult tumor metastases, rather than pri-
mary tumor growth, is emerging as a potential design for adjuvant trials of targeted
biological agents. In a recent study on the miR-10b, which is frequently up-regulated
in metastatic tumors, Ma and colleagues demonstrated selective inhibition of the
metastatic process upon targeting of orthotopic mammary tumors by the systemic
administration of an antagomir to miR-10b (Ma 2010). Antagomirs are antisense
oligonucleotides containing a 2’-O-methyl on the ribose moieties, partial replace-
ment of the phosphodiester backbone with phosphorothioate bonds, and conjugation
of a cholesterol moiety to the 3’ end (Krutzfeldt et al. 2007). Despite a pronounced
treatment effect on the development of metastases, there was no effect on the growth
of primary tumors. Interestingly, this effect was due to suppression of the early steps
in metastasis, rather than the later stages of the metastatic cascade such as colo-
nization. Again, this study was notable for no evidence of systemic toxicity in the
animals.

Currently there are no human trials targeting over-expression or loss of miRNA
function in cancer, but the clinical application and the necessary technology are
progressing in another patient setting. In chronic hepatitis C virus (HCV) infec-
tion, viral replication is dependent upon the cellular host factor miR-122 and in in
vitro experiments can be readily suppressed by inhibition of miR-122 expression.
Following the systemic administration of a LNA-anti-miR recognizing miR-122 in
healthy African green monkeys, the miR-122 levels were repressed with concordant
decrease of the serum cholesterol levels, demonstrating delivery of the anti-miR to
the liver, but without evidence of toxicity (Elmen 2008). In chimpanzees chroni-
cally infected with HCV, use of the agent (now termed SPC3649) decreased serum
HCYV RNA levels by 2.3 orders of magnitude, with no evidence for the emergence
of viral resistance to the therapy (Lanford 2010). The company developing this
LNA-anti-miR, Santaris Pharma, currently has two Phase I clinical trials under-
way in healthy volunteers and reportedly plans to open a Phase II clinical trial
in late 2010 for patients with HCV infection. The progress of this agent through
clinical development will be closely monitored by those in the field of cancer biol-
ogy and trial development, for as the biology of miRNAs in cancer becomes more



2 MicroRNAs in Lung Cancer 85

thoroughly understood, there will be increasing efforts to translate those findings
into the clinical trial setting for cancer patients.

2.7 Conclusions

The current revolution in non-coding RNAs, especially in the field of miRNAs, pro-
vides tremendous opportunity for cancer biologists to further define and refine our
understanding of the basis for carcinogenesis and tumor progression. This discov-
ery and enhanced understanding may by itself produce additional insights into better
clinical decision making, patient risk stratification and potential therapeutic options.
However, the greater promise of miRNAs is in their pleiotrophic biology, which
may provide for uniquely innovative strategies to target the spectrum of heterogene-
ity in cancer that arises from the cumulative changes in multiple pathways. Finally,
these insights will likely provide some unifying strategies against multiple cancers,
as many of the specifics outlined in this chapter probably have counterparts in the
biology of other epithelial and non-epithelial tumor types.
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