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Lung cancer is one of the deadliest types of cancer proven by the poor survival and high relapse rates after surgery. Recently
discovered microRNAs (miRNAs), small noncoding RNA molecules, play a crucial role in modulating gene expression networks and are directly involved in the progression of a number of human cancers. In this study, we analyzed the expression
proﬁle of 858 miRNAs in 38 Estonian nonsmall cell lung cancer (NSCLC) samples (Stage I and II) and 27 adjacent nontumorous tissue samples using Illumina miRNA arrays. We found that 39 miRNAs were up-regulated and 33 down-regulated significantly in tumors compared with normal lung tissue. We observed aberrant expression of several well-characterized
tumorigenesis-related miRNAs, as well as a number of miRNAs whose function is currently unknown. We show that low
expression of miR-374a in early-stage NSCLC is associated with poor patient survival. The combinatorial effect of the upand down-regulated miRNAs is predicted to most signiﬁcantly affect pathways associated with cell migration, differentiation
and growth, and several signaling pathways that contribute to tumorigenesis. In conclusion, our results demonstrate that
expression of miR-374a at early stages of NSCLC progression can serve as a prognostic marker for patient risk stratiﬁcation
C 2011 Wiley-Liss, Inc.
V
and may be a promising therapeutic target for the treatment of lung cancer.
INTRODUCTION

Lung cancer is characterized by a low survival
and high relapse rate after surgery and is the
leading cause of cancer death (Jemal et al., 2010).
The most common type is nonsmall cell lung
cancer (NSCLC), which accounts for approximately 75% of lung cancers and has two major
histological subtypes: squamous cell carcinoma
(SCC) and adenocarcinoma (AD). Poor survival of
lung cancer patients is largely due to the lack of
reliable early diagnostic markers, often resulting
in diagnosis of tumors at advanced stages. Recent
technological innovations have enabled identiﬁcation of novel molecular classiﬁers on the genomic
scale. Combining biomarker and clinical data
could be helpful for early tumor detection and
lead to a more precise prediction of both prognosis and therapeutic response.
MicroRNAs (miRNAs) are small noncoding
RNA molecules that interact with partially complementary sequences in the 30 UTR of the target mRNA and modulate gene expression at the
post-transcriptional level. Such ﬁne-tuning of the
protein repertoire of the cell in numerous molecC 2011 Wiley-Liss, Inc.
V

ular networks controls several central biological
processes in many different species (Fabian et al.,
2010; Ryan et al., 2010).
Aberrant regulation of miRNAs has been associated with a number of human diseases, including many cancers (excellent reviews include
Croce, 2009; Ryan et al., 2010; Schaefer et al.,
2010). In tumorigenesis, miRNAs may function as
tumor suppressors (Chen et al., 2010) or oncogenes (Pineau et al., 2010). One of the ﬁrst
miRNAs to be associated with lung cancer
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pathogenesis was let-7 (Takamizawa et al., 2004),
an miRNA that was ﬁrst discovered in Caenorhabditis elegans (Reinhart et al., 2000). It was later shown
that let-7 is an important tumor suppressor, controlling the expression of cellular oncogenes, such as
RAS (Kumar et al., 2008). Large-scale miRNA
expression proﬁling of tumors and developing tissue has identiﬁed several additional miRNA candidates that may contribute to tumorigenesis (Calin
et al., 2004; Miska et al., 2004; Thomson et al.,
2004). Furthermore, it appears that miRNAs can
be used to differentiate histological subtypes and
predict survival of cancer patients. For example, a
proﬁle of 34 miRNAs that clearly differentiate
SCC and AD has been identiﬁed (Landi et al.,
2010). This difference in miRNA expression was
most signiﬁcant in the earlier stages of disease and
less signiﬁcant in the late-stage tumors, indicating
the heterogeneity and complicated histological nature of late-stage tumors. The capacity for miRNAs
to regulate molecular networks that contribute to
carcinogenesis and the remarkable stability of miRNAs in body ﬂuids suggests that the development
of clinically relevant miRNA-based biomarkers for
disease detection and therapeutic monitoring is a
feasible task (Mitchell et al., 2008).
The human genome is estimated to contain a
little over a thousand different miRNA genes
(miRBase Release 16 reports 1,048 human miRNAs as of September 2010; www.mirbase.org).
Unfortunately, as the number of known miRNAs
has dramatically increased during the last few
years, earlier studies investigated only a very limited fraction of the total human miRNA repertoire. In addition, mature miRNAs may be
subjected to post-transcriptional modiﬁcations
(Ebhardt et al., 2009), further complicating the
analysis. A number of technical issues, including
population origin, method of miRNA extraction,
quantitation, data analysis, and endogenous control choice for qRT-PCR analysis, can also lead
to inconsistent results. Therefore, extensive replication and validation using independent study
groups, more advanced technologies, and representative miRNA sets are necessary to prove the
clinical relevance of miRNAs as biomarkers.
In this study, we have performed miRNA
expression analysis of Stage I and II NSCLC
samples with the aim of identifying miRNA alterations that are likely to be causative in tumorigenesis rather than later-stage ‘‘passenger’’
aberrations. The samples were collected from an
ethnically homogeneous Estonian population of
European descent (Nelis et al., 2009) and proﬁled

TABLE 1. Clinical and Pathological Characteristics
of the Patient Samples
Characteristic
Number of samples
Sex
Males
Females
Stage
Ia
Ib
IIa
IIb
Smoker
Yes
No
Unknown
Age
 63 years
> 63 years
Range
Median
Life status
Alive
Deceased

SCC

AD

Normal lunga

18

20

27

18
0

14
6

23
4

2
14
0
2

12
7
0
1

7
17
0
3

17
0
1

15
4
1

24
3

7
11
44–79
67

9
11
41–79
64

11
16
41–77
67

16
4

20
7

9
9

a
Normal lung, cancer-free tissue adjacent to tumor from NSCLC
patients.
Abbreviations: SCC, squamous cell carcinoma; AD, adenocarcinoma.

using Illumina microarrays. We also analyzed the
prognostic value of miRNA expression analysis
and found that miR-374a expression is associated
with patient survival.

MATERIALS AND METHODS
Patients and Collection of Tissue Samples

NSCLC and cancer-free tissue samples were
collected from patients who had undergone curative resection and histologically characterized in
Tartu University Lung Hospital (Estonia) from
2002 to 2008. The study was approved by the
Ethics Committee on Human Research of Tartu
University and written informed consent was
obtained from all patients. This study incorporated 38 tumor and 27 adjacent normal lung samples (including 24 paired cases) from patients
with Stage I or II NSCLC, who had not received
radio- or chemotherapy before surgery. After surgery, six patients were treated with adjuvant
chemotherapy. These data were enrolled into the
multivariate Cox regression analyses as a covariate. Staging was based on the International System for Staging Lung Cancer (Mountain, 2000).
The clinical and pathological characteristics of
the study subjects are shown in Table 1.
Genes, Chromosomes & Cancer DOI 10.1002/gcc
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RNA Isolation and miRNA Expression Proﬁling
Using Illumina BeadChips

Total RNA was extracted from 25 mg of snapfrozen tumor or normal lung tissue using Trizol
Reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions, and further puriﬁed using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA quality was assessed using the
Agilent 2100 Bioanalyzer and concentration was
measured using Nanodrop 1000 (Thermo Fisher
Scientiﬁc, Waltham, MA). Total RNA (400 ng)
was hybridized to the Illumina MicroRNA Proﬁling BeadChip, containing 858 mature human
miRNA probes and 287 hypothetical small RNA
probes according to the standard protocol provided by Illumina at the Estonian Biocentre Core
Facility, Tartu, Estonia.
Real-Time PCR Quantiﬁcation

Microarray results were validated by qRT-PCR
analysis using TaqMan miRNA assays (Applied
Biosystems, Beverly, MA). First, we analyzed the
expression of four miRNAs in eight pairs of tumor and cancer-free lung samples that were
included in the Illumina microarray sample set.
Second, we analyzed a group of eight additional
sample pairs that were not included in the microarray sample set. Reverse transcription with
miRNA-speciﬁc stem-loop primers was performed
using 40 ng of total RNA and the First Strand
cDNA Synthesis Kit (Fermentas Inc., Glen Burnie, MD) according to the manufacturer’s instructions. Reactions were incubated at 16 C for 30
min, 42 C for 30 min, and 85 C for 5 min. Realtime PCR reactions were performed in triplicate
using the ABI Prism 7900 instrument (Applied
Biosystems) using TaqMan assays (Applied Biosystems, Part Number 4427975). Cycling conditions were 95 C for 15 min, followed by 40 cycles
of 95 C for 15 sec and 60 C for 1 min. The
expression of RNU48, a small nucleolar RNA, or
the geometric mean of two highly and consistently expressed miRNAs, miR-16 and miR-26b
(Vandesompele et al., 2002; Davoren et al., 2008),
was used as an endogenous expression reference.
The relative expression of each miRNA was calculated according to 2DDCt method.
Statistical Analysis

Array data were exported from Illumina
GenomeStudio (v2009.2) and analyzed using
lumi, a Bioconductor package speciﬁcally
Genes, Chromosomes & Cancer DOI 10.1002/gcc

designed for processing and analysis of the Illumina microarray data written in R (Du et al.,
2008). Hypothetical small RNA capture probes
were excluded from the subsequent analyses.
The technical quality of the microarray chips was
evaluated using the package arrayQualityMetrics.
In addition, the probe control data, including
controls for poly(A)-polymerase, annealing, extension, hybridization, internal mismatch, contamination, and miRNA intensity, were examined for
each sample. Raw expression data was background subtracted using negative control probe
information (‘‘bgAdjust’’ method in lumi) and an
offset (minus minimum value plus one) was
added to all expression values (‘‘forcePositive’’
method in lumi). For further analysis, only the
probes that showed statistically signiﬁcant expression over the background level (detection P-value
< 0.01) in more than half of the samples
were selected, resulting in 506 miRNAs that
were included in further analysis. Data was then
log2-transformed and quantile-normalized using
the corresponding functions from lumi. Linear
models from limma were used to identify differentially expressed miRNAs using a P-value cutoff
of 0.01. The Benjamini–Hochberg method was
used to correct the P-values for false discovery
rate (FDR). For pairwise analysis, we used a subset of samples where data from both tumor and
normal lung tissue from the same individual was
available (n ¼ 24).
miRNA Target Prediction and Pathway Analyses

Enrichment analyses for KEGG pathways were
performed using the Bioconductor package,
GOstats. First, the miRNA targets were predicted
using GeneMir. To get a more comprehensive
look at the impact of miRNA alterations on the
cell physiology, we analyzed the combinatorial
effect of the 10 most up- or down-regulated miRNAs, together, instead of analyzing the inﬂuence
of just a single miRNA. A gene was considered a
target of a particular miRNA if predicted so by at
least three out of ﬁve target prediction algorithms
implemented in GeneMir (Pictar 4-way, PITA,
TargetscanS, miRanda, and DIANA-microT). For
miRNA expression data, the gene universe was
deﬁned as all predicted miRNA target genes for
all miRNAs acquired using the GeneMir program, and the input list consisted of the predicted targets of the 10 most up- or downregulated miRNAs. For mRNA expression data,
the gene universe was deﬁned as all genes
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present on the mRNA array and the input list
consisted of up- or down-regulated genes
acquired from our previous study (Välk et al.,
2010). Predicted miRNA target lists and gene
lists from mRNA analyses were compared and analyzed using Fisher’s exact test to determine
signiﬁcance.
Survival Analysis

Survival time was calculated from the date of
resection to the date of death or last follow-up.
Two patients had a very short survival time after
resection (<15 days), indicating a possible noncancer related death, and were excluded from
analysis. Cox proportional regression model was
then applied to tumor samples (n ¼ 36) to identify miRNAs whose expression was signiﬁcantly
associated with survival. Model was used in the
permutation test, where survival time and status
(censoring indicator) were assigned randomly to
each patient in 10,000 permutations to get permuted P-values (permutation P-value cutoff ¼
0.01).
Smoking status in pack-years, histological type
(SCC or AD), tumor stage (Ia, Ib, or IIb), patient
sex, age, and chemotherapy after surgery were
used as covariates in subsequent Cox regression
analyses to assess the effect of those potential
confounders (P-value cutoff ¼ 0.05). Identiﬁed
genes which showed covariate-independent association were used in Kaplan-Meier estimation
and log-rank test, where high-expression and lowexpression groups were deﬁned based on the
miRNA median expression value.
RESULTS
miRNA Expression Proﬁle in Estonian
NSCLC Samples

We analyzed miRNA expression proﬁles in 38
NSCLC and 27 cancer-free control samples
(including 24 paired cases, Table 1) using Illumina
miRNA BeadChips. Thirty-nine miRNAs were
found to be up-regulated and 33 down-regulated
in tumors compared with normal lung tissue (P <
0.01, Fig. 1A). The 30 most signiﬁcantly altered
miRNAs are shown in Table 2, and the full list is
given in Supporting Information Table 1. Application of an expression change cutoff value of twofold as a proxy for biological signiﬁcance reduced
this number to 31 up- and 29 down-regulated
miRNAs (Fig. 1A). We observed that the expression of several previously characterized tumorigen-
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esis-associated miRNAs was altered in tumor
samples; miR-9, miR-205, and miR-196a were upregulated 15.5-, 12.3-, and 8.6-fold, respectively,
and miR-101 and miR-206 were down-regulated
4.1- and 11.1-fold, respectively. Pairwise comparison demonstrated consistent expression changes in
most of the normal and tumor sample pairs (Fig.
1B). In addition, our analysis revealed signiﬁcant
dysregulation of a number of miRNAs with no
previous functional connection to human cancers,
including up-regulation of miR-708 and miR-941
(5.5- and 4.3-fold, respectively) and down-regulation of miR-1273 (14.3-fold).
Validation of the Microarray Data

First, the Illumina BeadChip results for four
miRNAs were validated by real-time quantitative
RT-PCR (qRT-PCR) in a subset of eight pairs of
samples used in the microarray (Fig. 1C). The
expression levels of miR-9, miR-149, miR-196a,
and miR-205 were signiﬁcantly higher in tumor
samples compared with normal lung, conﬁrming
the Illumina BeadChip data. Second, we used
eight independent sample pairs not included in
the array analysis to validate the expression of 10
miRNAs (Fig. 1D, Supporting Information Fig.
1). For validation, the most aberrantly regulated
miRNAs for which commercial assays were available were selected. All but one of the investigated miRNAs, miR-1273, were detectable by
qRT-PCR in our samples.
To investigate the effect of the endogenous reference gene(s) chosen for analysis on the qRTPCR results, we used two different endogenous
references, RNU48 and the geometric mean of
two miRNAs (miR-16 and miR-26b). Results
show relatively high and consistent expression of
miR-16 in both tumor and cancer-free lung samples with a median Ct of 15, while miR-26b was
moderately abundant (median Ct ¼ 19). The correlation between the two normalization methods
was statistically signiﬁcant (R ¼ 0.59–0.94, P <
0.05) for six investigated miRNAs (Supporting Information Fig. 2), whereas for three miRNAs the
correlation was not signiﬁcant. In the majority of
cases, the expression changes determined by the
two different normalization methods and array
analysis showed the same directionality (Fig. 1D).
Survival Analysis

To investigate the association between miRNA
expression levels and patient survival, the
Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure 1. Altered expression of miRNA genes in NSCLC. A. Volcano plot depicting the results of Illumina microarray analysis comparing tumor and normal lung tissue samples. X-axis shows the
expression level difference on the logarithmic scale (log2FC), and the
y-axis shows the statistical signiﬁcance of the change [negative
log10(P-value)]. Vertical dashed line indicates two-fold expression difference used as the arbitrary cut-off for biological impact. The level
of statistical signiﬁcance (P ¼ 0.01) after correction for multiple testing is marked as a horizontal dashed line. B. miRNA expression levels
in 24 normal lung (N) and tumor tissue (T) sample pairs from the
same patient. The change in expression is more pronounced for miR-

9 and miR-205 than for miR-182 and miR-140-3p. C. Validation of
microarray results using qRT-PCR. Grey bars show the average
expression difference between tumor and normal lung according to
qRT-PCR. The geometric mean of miR-16 and miR-26b was used as
an endogenous reference. Black bars show the expression difference
according to Illumina miRNA microarray analysis. Data is presented
as the SEM as calculated by log2 value of expression change (log2FC).
D. Independent validation of microarray results by qRT-PCR of eight
sample pairs not proﬁled on the array. Normalization was performed
either using the geometric mean of miR-16 and miR-26b or RNU48
expression as an endogenous reference. Error bars indicate SEM.

univariate Cox proportional hazards regression
model was ﬁtted to the data for each miRNA.
Eight miRNAs showed association with overall
survival (permuted P-value < 0.01, Supporting
Information Table 2).
To identify miRNAs which can serve as independent prognostic factors, multivariate Cox
regression analysis with age, sex, smoking status,
tumor subtype, stage, and postoperative chemotherapy (yes/no) as covariates was performed.
We identiﬁed one miRNA whose expression had
a signiﬁcant effect on survival according to the

multivariate Cox regression model (HR ¼ 0.353,
P ¼ 0.008, Supporting Information Table 3),
miR-374a. We next deﬁned the groups of tumor
samples with high or low miRNA-374a expression based on the median expression value.
Kaplan-Meier estimation and log-rank test
showed signiﬁcant difference in survival times
between the high- and low-expression groups
(Fig. 2). High expression of miR-374a increased
overall survival, whereas low expression was
associated with a signiﬁcantly poorer prognosis
(P ¼ 0.018).

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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TABLE 2. The 30 Most Differentially Expressed miRNAs in NSCLC Samples

Up-regulated

Down-regulated

miRNA

P-value

FC

Host gene(s)a

Location

miR-9

4.30 e-08

15.5

miR-182
miR-200a*
miR-151:9.1b
miR-205
miR-183
miR-130b*
miR-149
miR-193b
miR-339-5p
miR-196b
miR-224
miR-31
miR-196a

4.06
8.67
1.15
1.29
2.82
2.87
2.90
2.98
5.86
6.19
6.19
8.20
1.08

e-06
e-06
e-05
e-05
e-05
e-05
e-05
e-05
e-05
e-05
e-05
e-05
e-04

2.3
5.4
2.4
12.3
4.1
3.0
4.6
6.8
3.1
3.4
3.4
4.8
8.6

miR-423-3p
miR-708
miR-106b*
miR-210
miR-1273
miR-206
miR-140-3p
miR-338-3p
miR-101

1.10 e-04
1.44 e-04
1.44 e-04
2.92 e-04
4.06 e-06
4.06 e-06
4.06 e-06
8.51 e-06
3.5 e-05

2.0
5.5
4.2
5.1
14.3
11.1
2.4
5.0
4.1

miR-144:9.1#
miR-1285
miR-130a
miR-486-5p
miR-24-2*
miR-144*
miR-30a

1.29
2.08
6.19
8.97
9.94
1.10
2.51

C1orf61 [þ]
LOC64532 [þ]
Intergenic
Intergenic
Intergenic
PTK2 [þ]
LOC642587 [þ]
Intergenic
Intergenic
GPC1 [þ]
Intergenic
C7orf50 [þ]
Intergenic
GABRe [þ]
LOC554202 [þ]
Intergenic
Intergenic
CCDC55 [þ]
ODZ4 [þ]
MCM7 [þ]
Intergenic
RGS22 [þ]
Intergenic
WWP2 [þ]
AATK [þ]
Intergenic
RCL1 [þ]
Intergenic
KRIT1
Intergenic
ANK1 [þ]
Intergenic
Intergenic
C6orf155

1q22
5q14.3
15q26.1
7q32.2
1p36.33
8q24.3
1q32.2
7q32.2
22q11.21
2q37.3
16p13.12
7p22.3
7p15.2
Xq28
9p21.3
17q21.32
12q13.13
17q11.2
11q14.1
7q22.1
11p15.5
8q22.2
6p12.2
16q22.1
17q25.3
1p31.3
9p24.1
17q11.2
17q11.2
11q12.1
8p11.21
19p13.12
7q21.2
6q13

e-05
e-05
e-05
e-05
e-05
e-04
e-04

6.0
6.7
2.2
2.6
2.0
7.2
2.7

a

[þ] indicates that the miRNA and its host gene are transcribed in the same direction.
9.1, the given probe is speciﬁc to miRBase release 9.1 version of the miRNA.
Identical mature forms of miR-9, miR-196a, and miR-101 are encoded by more than one gene.
Abbreviation: FC, fold change.

b

The Impact of miRNA Alterations on
Regulatory Pathways

We investigated the potential consequences of
altered miRNA expression on cellular regulatory
pathways by enrichment analyses using the
KEGG PATHWAY Database. Stringently predicted targets of the 10 most up-regulated (1,750
predicted targets) and down-regulated (1,909 predicted targets) miRNAs were used. The targets of
aberrantly regulated miRNAs in our model were
mostly associated with processes linked to cell
mobility, differentiation, and proliferation, including axon guidance, and regulation of the actin cytoskeleton and focal adhesion, as well as other
signaling and tumor-related pathways (Fig. 3). For
comparison, we performed the same analyses with
lists of signiﬁcantly deregulated protein-coding
genes acquired from our previous gene expression

study (575 down-regulated and 395 up-regulated
genes; Välk et al., 2010). Analysis of data showed
that up-regulated genes most strongly regulate
cell proliferation-associated processes (cell cycle,
p53 signaling, and DNA replication), while downregulated genes primarily modulate pathways
involved in immunity and the inﬂammatory
response (Supporting Information Figure 3). We
also performed target enrichment analysis for
miR-374a and found that its targets were most
strongly associated with cancer-related pathways
(687 targets, FDR-corrected P-value ¼ 0.024).
Concordance Between miRNA and mRNA
Expression Data

To test whether deregulated genes from our
previous mRNA proﬁling study (Välk et al., 2010)
are over-represented among predicted targets of
Genes, Chromosomes & Cancer DOI 10.1002/gcc
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most deregulated miRNAs, we compared these
gene lists using Fisher’s exact test (Table 3).
Genes showing down-regulation in our previous
gene expression study were signiﬁcantly over-represented among targets of ten most up-regulated
miRNAs identiﬁed in this study [P ¼ 0.021, odds
ratio (OR) ¼ 1.37, 95% conﬁdence interval (CI)
1.04–1.78]. Interestingly, genes showing up-regulation in our mRNA proﬁling study were rather
under-represented among the targets of ten most
down-regulated miRNAs (P ¼ 0.0004, OR ¼ 0.49,
95% CI 0.30–0.75). Comparisons of two up-regulated and two down-regulated gene lists did not
yield any statistically signiﬁcant results (P > 0.05).
DISCUSSION

We have investigated miRNA expression alterations in early-stage NSCLC using Illumina microar-

Figure 2. Kaplan-Meier plot showing the overall survival of
patients according to the expression level of miR-374a. Patients were
stratiﬁed into high- and low-expression groups based on the miRNA
median expression value; high expression is considered greater than
the median value of 12.16. The log-rank test P-value ¼ 0.018. High
expression of miR-374a is associated with better survival.

rays containing 858 miRNA probes, which is one of
the most up-to-date human miRNA proﬁling arrays
at this time. The expression proﬁle of tumor samples in our study was clearly different from normal
lung tissue; several of the most dysregulated miRNAs, including miR-9, miR-205, and miR-206,
showed signiﬁcant and consistent expression
changes in tumor vs. normal lung pairwise analysis
(Fig. 1B). Previous studies have demonstrated that
miR-9 induces increased cell migration and invasiveness (Ma et al., 2010). Down-regulation of miR206 in our samples is consistent with its functional
role as an apoptosis activator and suppressor of tumor cell migration (Song et al., 2009).
Comparison of our results with previously published studies investigating miRNA expression in
NSCLC tumor tissue versus normal lung demonstrates that although different studies have revealed
largely nonoverlapping lists of altered miRNAs,
there is a small set of miRNAs that are reported to
be dysregulated in most of the studies (Table 4).
The number of miRNAs screened, population origin, sample size, and the detection methods vary
between these studies, but seven papers out of 10
(including this study) have reported down-regulation of miR-30a and miR-126. miR-30a is a regulator
of liver development and function (Hand et al.,
2009). miR-126 is crucial for angiogenesis and vascular maintenance (Fish et al., 2008) and has been
reported to have tumor suppressor activity (Liu
et al., 2009). The expression change of miR-126 in
our study was not large (2.3 times, Supporting Information Table 1) but very consistent in pairwise
analysis, indicating that miR-126 is a good candidate
for further functional experiments. miR-126 is
located within the intron of EGFL7 (epidermal
growth factor like-7), which positively regulates
angiogenesis (Fish et al., 2008; Kuhnert et al., 2008).
Six studies (including this study) have reported
up-regulation of miR-17 and miR-210. miR-17 is a
member of the mir-17-92 oncogenic cluster (Dews

TABLE 3. Frequency Table Demonstrating the Overrepresentation of Down-Regulated Genes From the Gene Expression Study
Among Predicted Targets of the 10 Most Up-Regulated miRNAs (A) and Underrepresentation of Up-Regulated Genes Among
Predicted Targets of the 10 Most Down-Regulated miRNAs (B)

A
Predicted targets
Other genes
B
Predicted targets
Other genes

Down-regulated genes

Nondifferentially expressed genes

Odds ratio

95% CI

P-value

68 (13%)
455 (87%)
Up-regulated genes

1,418 (9.8%)
12,960 (90.2%)
Nondifferentially expressed genes

1.37

1.04–1.78

0.021

23 (6.3%)
340 (93.7%)

1,767 (12.2%)
12,771 (87.8%)

0.49

0.30–0.75

0.0004

Signiﬁcance was determined by Fisher’s exact test.
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Figure 3. Identiﬁed KEGG pathways enriched by the potential targets of the 10 most up-regulated
(A) and 10 most down-regulated miRNAs (B). Expected and observed target counts and the FDR-corrected P-values are shown.

et al., 2006; Hong et al., 2010). Surprisingly, other
members of this cluster rarely appear among dysregulated miRNAs, indicating that the primary transcript produces individual miRNAs that are subject
to differential expression regulation via mechanisms
affecting either processing or stability of the individual miRNAs. miR-210 has been functionally characterized as an important factor in regulation of the
hypoxic response in tumorigenesis (Huang et al.,
2009).

miR-101 was reported to be down-regulated
and miR-21 up-regulated in ﬁve different studies.
Expression of miR-101 was shown to be downregulated in different cancer types and has been
shown to possess tumor suppressor activity
(Friedman et al., 2009; Wang et al., 2010). miR21 is one of the most-studied oncogenic miRNAs
and is implicated in modulation of the K-Ras
pathway (Hatley et al., 2010). The expression
levels of miR-21 in our study were very high in
Genes, Chromosomes & Cancer DOI 10.1002/gcc
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TABLE 4. MiRNAs that Show Statistically Signiﬁcant Altered Expression in NSCLC Tumor Tissue Versus Normal Lung
in at Least Four Published Studies
miRNA
Reference

Method

This study
Gao et al., 2010
Yang et al., 2010
Crawford et al., 2009
Seike et al., 2009
Raponi et al., 2009
Navarro et al., 2009
Yanaihara et al., 2006
Volinia et al., 2006
Hayashita et al., 2005

Microarray
Microarray
Microarray
qRT-PCR
Microarray
Microarray
qRT-PCR
Microarray
Microarray
Northern,
qRT-PCR

miRNAsa mir-9 mir-17 mir-21 mir-30a mir-30d mir-101 mir-106a mir-126 miR-210 mir-451
858
555
711
500
389
328
18
352
228
21

:

:

:

;
:

:
:
:
:
:

:
:

;
;
;
;
;

:
:

;
;

:

;
;
;

;

;
;
;
;

;

:
:
:
:

;
;
;
;
;
;
;

:

;
;

:
:
:

;
;

:
:

a
miRNAs, the number of different miRNAs investigated in the speciﬁc study; arrows indicate direction of change in expression.
Publications investigating only a single miRNA are omitted from this list. Prognostic markers for survival were analyzed by Gao et al., Raponi et al.,
and Yanaihara et al.

both normal and tumor samples. It could be that
dysregulation of some highly expressed miRNAs
(let-7 family or miR-21) escapes detection due to
signal saturation and dynamic range limitations of
the microarray. The greatest fold-change and statistical signiﬁcance in our study was observed for
miRNAs with moderate or low expression, such
as miR-9, miR-205, and miR-206 (Fig. 1B).
Signiﬁcantly altered expression of four miRNAs,
miR-9, miR-30d, miR-106a, and miR-451, are
reported in four studies. miR-451 is a very recently
discovered miRNA, which can be synthesized via
an alternative Dicer-independent biogenesis pathway (Chelouﬁ et al., 2010; Cifuentes et al., 2010)
and plays a crucial role in erythropoiesis (Patrick
et al., 2010; Yu et al., 2010). These data further
indicate that additional miRNA proﬁling studies
with better coverage of total human miRNAs have
a good potential to reveal novel, functionally important small RNAs. For example, our study also
identiﬁed signiﬁcant changes in miR-1285, which
was recently reported to directly target the tumor
suppressor, p53 (Tian et al., 2010).
One aspect that complicates miRNA expression
analysis is the heterogeneous length of mature
miRNA sequences generated from the same locus
(Chiang et al., 2010). We were able to examine
such heterogeneity because Illumina microarrays
used in this study include a small number of
probes against different species of the speciﬁc
miRNAs. A few such miRNAs, which differ by
one or two nucleotides according to different miRBase releases, were altered in our analysis. For
example, miR-151:9.1 (the probe 50 -ACTAGACTGAAGCTCCTTGA-30 that is designed according
Genes, Chromosomes & Cancer DOI 10.1002/gcc

to miRBase version 9.1, February 2007) ranks 10th
according to P-value in the list of altered genes in
our analysis. However, use of a probe designed
according to the current miRBase release, miR151-3p (50 -CTAGACTGAAGCTCCTTGAGG-30 ,
miRBase Release 16, September 2010), that differs
by a few terminal basepairs does not show statistically signiﬁcant changes in miR-151 expression. A
second example is miR-17-5p probes, which also
only show statistically signiﬁcant changes in
expression when designed using the miRBase version 9.1 (Supporting Information Table 1).
Most cancers are not a result of a single mutation
but arise as a result of a complex interaction
between environment and perturbations in genetic
networks (Quigley and Balmain, 2009). Tumorigenic miRNA:mRNA interactions are often part of
these complex pathways, where a single miRNA
may have many targets and a speciﬁc mRNA may
be regulated by multiple different miRNAs. To
understand the impact of miRNA dysregulation on
cellular physiology, we have analyzed the pathways most likely affected by aberrantly regulated
miRNAs using combined effect of the 10 most signiﬁcantly altered miRNAs (Fig. 3). It appears that
several pathways associated with cellular motility,
differentiation, and proliferation are most signiﬁcantly enriched within the potential targets of
miRNAs regulated in NSCLC samples. MAPK
signaling and axonal guidance pathways have been
reported to be associated with miRNA dysregulation in lung cancer previously (Raponi et al., 2009).
Our analysis showed that low expression of miR374a is associated with a prognosis of poor survival.
This miRNA, located on chromosome Xq13.2, has

IDENTIFICATION OF miR-374a AS A PROGNOSTIC MARKER

not been previously shown to be associated with
patient survival and its function is currently
unknown. Earlier studies that have analyzed miRNAs with potential prognostic value have identiﬁed largely nonoverlapping sets of miRNAs.
Rigorous analysis by Yu et al. reported a ﬁvemiRNA signature that predicts cancer relapse and
survival of patients with lung cancer (miR-221 and
let-7a expression correlates with survival, and
expression of miR-137, miR-372, and miR-182*
correlates with poor clinical outcome) (Yu et al.,
2008). A more recent study of 440 miRNAs in
107 male smokers (Landi et al., 2010) found a
different signature; decreased expression of miR25, miR-34c-5p, miR-191, let-7e, and miR-34a
was associated with signiﬁcantly poorer survival
in SCC patients. Two additional studies (Raponi
et al., 2009; Yanaihara et al., 2006) have also identiﬁed several miRNAs with prognostic value in
lung cancer, but only miR-191, miR-155, and let7a appear in more than one of the four aforementioned studies. We were able to detect
expression changes in miR-191, miR-155, and
let-7a in our study, but there was no correlation
with survival (Supporting Information Table 2).
The inconsistencies between studies could be due
to technical details (custom or commercial microarray vs. qRT-PCR), the number of miRNAs
screened and/or clinicopathological characteristics
of the patients. However, such low reproducibility
between studies indicates that further development of miRNA detection platforms and analysis
methods is still needed before they will become
practical in clinical settings.
In conclusion, we have identiﬁed an miRNA
expression proﬁle in early stage NSCLC and conﬁrmed the altered expression of several previously
identiﬁed tumor-associated miRNAs, including
miR-9, miR-205, and miR-210. We also identiﬁed
miR-374a as a novel potential marker for predicting a patient’s prognosis. The analysis for potential
targets of these dysregulated miRNAs suggests
that several of them may be directly involved in
tumor development and progression via cell
growth, adhesion, and signaling pathways. Detailed
analysis and experimental veriﬁcation of predicted
miRNA:mRNA interactions within these pathways
is currently underway.
ACKNOWLEDGMENTS

The authors thank Viljo Soo for excellent technical assistance and Drs. Ana Rebane and Märt
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Nelis M, Esko T, Mägi R, Zimprich F, Zimprich A, Toncheva D,
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