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MicroRNA-133b inhibits the growth of non-small-cell lung
cancer by targeting the epidermal growth factor receptor
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Both the deregulation of microRNAs and epidermal growth factor receptor
(EGFR) are emerging as important factors in non-small-cell lung cancer
(NSCLC). Here, miR-133b was found to be associated with tumor stage,
the extent of regional lymph node involvement, stage, visceral pleura or
vessel invasion and EGFR mRNA expression in Chinese patients with
NSCLC. Bioinformatic analysis and luciferase reporter assay revealed that
miR-133b can interact specifically with the 3'-UTR of EGFR mRNA.
Functionally, miR-133b transfection showed regulatory activity in transla-
tionally repressing EGFR mRNA. Moreover, miR-133b transfection may
modulate apoptosis, invasion and sensitivity to EGFR-TKI through the
EGFR signaling pathways, especially in EGFR-addicted NSCLC cells.
Taken together, our findings show that miR-133b can inhibit cell growth
of NSCLC through targeting EGFR and regulating its downstream signal-
ing pathway. This finding has important implications for the development
of targeted therapeutics for a number of EGFR-addicted cancers.

Introduction

Lung cancer is the leading cause of cancer-related
mortality for both men and women, with 222 520 new
cases and 157 300 deaths expected in the USA in 2010
[1]. According to the American Cancer Society, non-
small-cell lung cancer (NSCLC) accounts for 85% of
lung cancer cases. Despite improvements in diagnosis
and therapy, the overall 5-year survival is ~ 15%. Sys-
temic chemotherapy remains only palliative or mod-
estly effective. Recent advances in cancer biology have
led to the use of epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (EGFR-TKIs),
including gefitinib and erlotinib. EGFR-TKIs have

Abbreviations

limited but valuable activity in previously treated
NSCLC patients. EGFR mutation (exons 18-21),
increased EGFR copy number or increased expression
of EGFR/phosphorylated EGFR (pEGFR) leads to
significantly improved response rates to EGFR-TKIs
in patients with pretreated NSCLC [2]. These biomar-
kers are not mutually exclusive, and the expression of
EGFR may predict EGFR gene status (including copy
number and mutation) to some extent [3]. However, it
was considered that an increased EGFR copy number
was possibly associated with not only sensitivity but
also resistance to gefitinib [4].

BCL2L2, B-cell CLL/lymphoma 2-like protein 2; CI, confidence interval; EGFR, epidermal growth factor receptor; EGFR-TKI, epidermal
growth factor receptor tyrosine kinase inhibitor; ERK, extracellular signal-related kinase; FITC, fluorescein isothiocyanate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IC50, 50% inhibitory concentration; ISH, in situ hybridization; MCL-1, myeloid cell leukemia 1;
miRNA, microRNA; NSCLC, non-small-cell lung cancer; pAKT, phosphorylated AKT; pEGFR, phosphorylated epidermal growth factor
receptor; pERK, phosphorylated extracellular signal-related kinase; gRT-PCR, real-time quantitative RT-PCR; SD, standard deviation;

snRNA, small nuclear RNA.
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MicroRNAs (miRNAs) are tiny, noncoding, endoge-
nous, single-stranded RNAs (18-25 nucleotides) that
regulate gene expression. miRNAs are frequently
located at fragile sites and genomic regions that are
deleted or amplified in cancers, suggesting that
miRNAs act as key players in human tumorigenesis.
miRNAs bind with imperfect complementarity to the
3'-UTRs of target mRNAs, repressing the expression
of these genes at the level of translation [5]. Recently,
miRNAs have been associated with tumor invasiveness
and metastatic potential, and are thought of as being
diagnostic and prognostic markers for several types of
cancer, including lung cancer [6], breast cancer [7],
chronic lymphocytic leukemia [8], colorectal cancer [9],
hepatic cancer [10], pancreatic cancer [11], and prostate
cancer [12]. It has also been suggested that miRNAs
may constitute a viable tool to augment current thera-
pies in human cancers [13]. Accumulating evidence
shows that miRNA may participate in the EGFR net-
work in lung cancer oncogenesis and provide a clue to
overcoming EGFR-TKI resistance [6,14].

Because both the deregulation of miRNAs and
EGFR are emerging as important factors in NSCLC,
we queried whether genomic loss of a miRNA could
lead to EGFR overexpression, thereby increasing the
sensitivity to or overcoming resistance to EGFR-TKI.

In 27 paired tumor and nontumor lung tissues,
miR-133b was found to be associated with tumor, the
extent of regional lymph node involvement, stage, vis-
ceral pleura or vessel invasion and EGFR mRNA
expression in Chinese patients with NSCLC. After
performing bioinformatic analysis, we showed that
miR-133b, an miRNA located on chromosome 6p12.2,
may target EGFR. Moreover, chromosomal aberra-
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tions associated with lung cancer are frequently
observed in chromosome 6pll1.1-ql1, which plays an
important role in tumor progression and is associated
with histological differentiation [15]. We investigated
the ability of miR-133b to regulate EGFR in several
NSCLC cell lines, and determined whether miR-133b
was associated with growth, apoptosis, invasion or
metastasis of NSCLC cells. We also explored the rela-
tionship between miR-133b and sensitivity to EGFR-
TKI in NSCLC cells.

Results

Decreased miR-133b expression is associated
with tumor stage, lymph node metastasis, and
EGFR mRNA levels

To determine the potential clinicopathological implica-
tions of altered miR-133b expression, we investigated
the expression levels of miR-133b and EGFR mRNA
in 27 lung cancer tissues and corresponding non-neo-
plastic lung tissues by real-time quantitative RT-PCR
(qQRT-PCR). The results demonstrated that miR-133b
expression levels in NSCLC tissues were significantly
lower than those in paired non-neoplastic lung tissues
(t-test, P =0.002) (Fig. 1A), and this was confirmed
by in situ hybridization (ISH) with granular brown
cytoplasmic positive staining (Fig. S1). Correlations
between miR-133b expression levels and the clinico-
pathological characteristics of NSCLC are summarized
in Tables 1 and S1. A significant inverse correlation
was found between miR-133b levels and EGFR mRNA
transcript levels (r= —0.71, P =0.000) (Fig. 1B).
Notably, we also found negative correlations between
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Fig. 1. Expression of miR-133b was downregulated and inversely correlated with EGFR expresssion in NSCLC. (A) miR-133b expression
was measured by gRT-PCR in 27 matched NSCLC and normal bronchial tissues. All data were normalized to those of U6 snRNA. Data are
represented as a before-and-after plot. Lines indicate mean expression. T, tumor tissue; N, normal tissue. *P < 0.001, paired Student's
ttest. (B) miR-133b and EGFR expression correlated inversely in 27 matched NSCLC cancer and normal bronchial tissues. miR-133b and
EGFR mRNA were measured by gRT-PCR. Correlation analysis showed a significant relationship between these factors (Spearman

r=-0.71; P=10.000).
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Table 1. Comparison of several clinicopathological factors and
expression levels of miR-133b in NSCLC specimens (chi-square
test). The expression levels of miR-133b in 27 matched NSCLC
cancer and normal bronchial tissues were measured by gRT-PCR.
Because the amplification efficiency was close to 100%, the
relative amount of each miR-133b/U6 snRNA was given by 224t
as described by Livak and Schmittgen. The median relative
expression level of miR-133b was 0.134-fold of normal. Thus, 14
patients had low miR-133b expression (< 0.134) and 13 patients
had high miR-133b expression (> 0.134). Clinical stage was defined
acccording to the IASLC Lung Cancer Staging Project (2007). AC,
adenocacinoma; RUL, right upper lobe; SC, squamous cell
carcinoma; VPI/VI, visceral pleura invasion or vessel invasion.

miR-133b
Low High

Parameter N  expression expression  P-value®
Sex

Male 16 8 8

Female 11 6 5 1
Age (years)

< 63 12 6 6

> 63 15 8 7 1
Clinical stage

| 14 5 9 0.128

1=\ 13 9 4
Histological grade

Well/moderately 16 10 6

differentiated

Poorly differentiated 11 4 7 0.252
Tumor diameter (cm)

<5 21 12 9

>5 6 2 4 0.215
Lymph node

Positive 10 9

Negative 17 5 12 0.004
Smoking status

Never smoker 13 6 7

Current or former 14 8 6 0.706

smoker

VPINI

Yes 11 8 3

No 16 6 10 0.120
Location

Non-RUL 18 10 8

RUL 9 4 5 0.695
Histology

AC 19 10 9

SC 8 4 4 1

2 Fisher's exact test.

miR-133b expression levels and the extent of regional
lymph node involvement (r = —0.62, P = 0.001), stage
(r =—=0.50, P =10.007), and visceral pleura or vessel
invasion (r = —0.44, P = 0.023). Meanwhile, a positive
correlation was found between EGFR mRNA levels
and the extent of regional lymph node involvement
(r =0.54, P = 0.004). The expression of miR-133b was
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not associated with any other clinicopathological char-
acteristics of patients with NSCLC (sex, age, smoking
index, histology, cell differentiation, size and location
of the tumor) in our study. The median follow-up time
for the entire cohort was 396 days (range, 235-
618 days), no significant correlation was found
between miR-133b expression levels and overall sur-
vival time of NSCLC patients (Fig. S2).

miR-133b targets EGFR by binding to the EGFR
3'-UTR

To determine whether miR-133b targets the EGFR
3-UTR (GenBank ID: NM _005228), TARGETSCAN 5.2
and picTAR were used to assess the complementarity of
miR-133b to the EGFR 3-UTR. It was shown that
EGFR mRNA contained an miR-133b seven-nucleo-
tide seed match at position 50-56 of the EGFR
3-UTR. (Fig. S3A) Functional annotation analysis of
other cancer-related genes targeted by miR-133b
showed that the enriched functional categories were
regulation of gene expression, the intracellular orga-
nelle, protein binding, etc. (Table S2).

To determine whether or not miR-133b directly rec-
ognizes the EGFR 3-UTR, we amplified a sequence of
the 3-UTR of EGFR mRNA with the predicted target
sites of miR-133b from human genomic DNA, and
then inserted the resulting amplicon into the pMIR-
Report-Luc plasmid. Transfection of miRNA-133b
and EGFR@pMIR-Report-Luc plasmid into HEK
293T cells led to a 49.4% (P = 0.03) reduction in nor-
malized luciferase values as compared with controls
including pRL-TK reporter plasmids (Fig. S3B). These
data suggest that miR-133b directly inhibits EGFR
expression via its 3-UTR.

miR-133b is regulated by liposomal delivery of
mimic or inhibitor

miR-133b mimic was transfected by the use of cationic
liposomes into lung cancer cells. To assess the effi-
ciency of our miR-133b transfection, an miR-133b
activity reporter plasmid, containing the above fully
complementary miR-133b target sites as a 3-UTR
for the luciferase gene, was used. Transfection with
miR-133b ablated reporter activity, indicating high
transfection efficiency (Fig. S4A).

After transfection, miR-133b expression in H1650,
A549, H1975 and PC-9 cells was significantly increased
by 72.1% [95% confidence interval (CI) 40.9-110.2%),
54.2% (95% CI 30.1-82.7%), 653.9% (95% CI 521.2—
815.0%), and 72.7% (95% CI 32.6-105.3%), respec-
tively, as compared with each cell line transfected with
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miR-NC. After transfection with miR-133b inhibitor,
miR-133b expression in H1650, A549, H1975 and
PC-9 cells was significantly decreased by 52.5%
(95% CI 44.7-59.2%), 45.4% (95% CI 38.5-51.5%),
43.2% (95% CI 24.8-57.1%), and 50.7% (95% CI
36.2-61.9%), respectively, as compared with control
(Fig. S4B).

miR-133b induces apoptosis of NSCLC cells

After treatment of H1650, A549, H1975 and PC-9 cells
with miR-133b mimic, the increased percentages of
apoptotic lung cancer cells as compared with control
were 27.9% (95% CI 26.3-29.4%), 27.0% (95% CI
25.3-28.5%), 24.6% (95% CI 23.3-25.9%), and
37.2% (95% CI 36.2-38.2%), respectively. Treatment
with miR-133b inhibitor for 48 h also resulted in
increased apoptosis and increased numbers of necrotic
cells in the four cell lines. Differences in apoptotic cell
numbers between transfectants and control in H1650,
A549, HI1975 and PC-9 cells, respectively, were
6.7% (95% CI 5.0-8.3%), 10.7% (95% CI 9.4-12.0%)),
10.5% (95% CI 9.4-11.5%), and 12.9% (95% CI 11.7-
14.1%). All P-values for the differences between the
miR-133b mimic/inhibitor and the control were < 0.05
(Fig. 2A).

miR-133b enhances sensitivity to gefitinib in
NSCLC cells

To study whether miR-133b could regulate the sensitivity
to gefitinib in NSCLC cells, they were treated with
gefitinib after being transfected with miR-133b mimic,
miR-133b inhibitor, and miR-NC. The survival rates are
shown in Fig. 2B. The 50% inhibitory concentration
(IC50) values of gefitinib were 8.71 um (95% CI
6.10-12.44), 6.76 pm  (95% CI 4.62-9.90), 21.10 pum
(95% CI 15.11-29.46), and 0.02 pm  (95% CI 0.02—
0.03), respectively, for H1650, A549, H1975 and PC-9
cells. The IC50 values of gefitinib after transfection with
miR-133b inhibitor were 9.02 um (95% CI 7.30-11.13),
13.71 pm (95% CI 11.33-16.59), 30.79 pm (95% CI
23.38-40.55), and 0.61 pm (95% CI 0.48-0.77), respec-
tively, for H1650, A549, H1975 and PC-9 cells. The IC50
values of gefitinib after transfection with miR-133b
mimic were 1.04 um  (95% CI 0.92-1.18), 4.13 um
(95% CI 3.42-4.99), 5.66 pm (95% CI 4.25-7.54), and
0.02 um (95% CI 0.01-0.02), respectively, for H1650,
A549, H1975 and PC-9 cells. Significant resistance to gef-
itinib was found in A549, H1975 and PC-9 cells transfect-
ed with miR-133b inhibitor as compared with controls
(P < 0.05). Significantly more sensitivity to gefitinib was
found in H1650, H1975 and PC-9 cells transfected with
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miR-133b mimic than in controls (P < 0.05) (Fig. 2C).
After application of miR-133b mimic, A549 cells with
the highest relative expression of miR-133b were not
more sensitive to gefitinib. After application of miR-
133b inhibitor, H1650 cells with the lowest relative
expression of miR-133b were not more resistant to gefiti-
nib. The different responses to miR-133b mimic and
inhibitor were partially attributed to the different expres-
sion levels of miR-133b.

miR-133b inhibits invasion of NSCLC cells

In the invasion assay, ectopic expression of miR-133b
resulted in 13.3%, 13.8%, 8.7% and 48.4% decreases,
respectively, in H1650, A549, H1975 and PC-9 cell
invasiveness. Moreover, the loss of miR-133b pro-
moted the invasion and metastasis of NSCLC cells:
7.5%, 23.1%, 20.2% and 147.7% for H1650, A549,
H1975 and PC-9 cells, respectively. Stronger regulation
was found in PC-9 and A549 cells, which were highly
or moderately addicted to the EGFR signaling path-
way respectively (Fig. 3).

miR-133b suppresses the expression of EGFR

Although EGFR was identified as a target gene for
miR-133b, it was unknown whether miR-133b could
regulate endogenous EGFR expression. NSCLC cells
were transfected with miR-133b mimic, miR-133b
inhibitor or miR-NC to determine whether miR-133b
could modulate endogenous EGFR. As compared with
control, the level of EGFR mRNA detected by
gRT-PCR was not significantly changed in H1650,
A549 and HI1975 cells (Fig. 4A). In PC-9 cells, which
are EGFR-addicted lung cancer cells, EGFR mRNA
was significantly downregulated by transfection with
miR-133b mimic. Additionally, the EGFR level was
measurably reduced by miR-133b mimic and increased
by miR-133b inhibitor (Fig. 4B). These data show
that endogenous EGFR expression was regulated by
miR-133b.

miR-133b suppresses EGFR pathway activation

To examine the potential relationship between
miR-133b and EGFR signaling, the expression of pEG-
FR (Tyr1068) and the expression of downstream signal-
ing molecules were measured by western blotting.
Consistent with previous observations, miR-133b mimic
abolished the phosphorylation of EGFR, AKT and
extracellular signal-related kinase (ERK)12 in the
EGFR-addicted PC-9 and A549 cells. However, in
H1650 and HI1975 cells, which were not EGFR-
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Fig. 2. miR-133b inhibited the proliferation of lung cancer cells. (A) miR-133b induced apoptosis in lung cancer cells. After 48 h of incubation
in the presence of control, miR-133b mimic, or miR-133b inhibitor, total cell lysates were stained with annexin V-FITC and propidium iodide
(P1), and this was followed by flow cytometric analysis. miR-133b strengthened apoptosis in lung cancer cells, especially for EGFR-addicted
cells. Data are expressed as mean + SD from three independent experiments. (B, C) miR-133b strengthened the sensitivity to gefitinib.
Lung cancer cells were transfected with 10 nm miR-133b mimic, miR-133 inhibitor, or a negative control. (B) Loglinhibitor]-normalized
response to gefitinib in NSCLC cells. (C) The IC50 values of gefitinib in NSCLC cells after transfection with miR-133b mimic, miR-133
inhibitor, or a negative control. Means (bars) and 95% Cls (error bars) are shown. *P < 0.05 as compared with control.
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Fig. 3. miR-133b suppressed lung cancer cell invasion. Lung cancer cells were transfected with 10 nm miR-133b mimic, miR-133 inhibitor,
or a negative control. (A) Representative fields of invasive cells on the membrane. (B) Average invasive cell numbers were from three
independent experiments + SD. *P < 0.05 as compared with control. HPF, high-power field.
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negative control. EGFR mRNA expression, measured by gRT-PCR, was normalized to GAPDH expression. EGFR expression was detected
by western blotting and quantified by densitometry relative to B-actin expression. Data are shown as the mean = SD from three

independent assays. *P < 0.05 as compared with control.

addicted NSCLC cell lines, no definite changes in the
expression of pEGFR, phosphorylated AKT (pAKT)
and phosphorylated ERK (pERK)12 were found after
transfection with miR-133b mimic or inhibitor (Fig. 5).
A flow diagram of the miR-133b regulation of EGFR
and links to related pathway is shown in Fig. SS5.

Discussion

Although a role for miRNAs in cancer has been pos-
tulated, the molecular mechanisms by which miRNA

FEBS Journal 279 (2012) 3800-3812 © 2012 The Authors Journal compilation © 2012 FEBS

can regulate tumor growth or invasion have not been
established. In this study, we found that the expression
of miR-133b was apparently decreased in NSCLC tis-
sues and cells, and had a negative relationship with
stage and visceral pleura or vessel invasion in NSCLC.
Our findings were consistent with the reduced expres-
sion of miR-133b in lung cancer found in previous
study [16]. To our knowledge, this is the first report
showing that miR-133b inhibits the growth and inva-
sion of NSCLC cells by targeting EGFR and repress-
ing EGFR signaling, especially in EGFR-addicted
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measured by gRT-PCR, was normalized to GAPDH expression. (C) pEGFR, pAKT and pERK expression was detected by western blotting
and quantified by densitometry relative to B-actin expression. Data are shown as the mean + SD from three independent assays. *P < 0.05

as compared with control.

lung cancer cells. Moreover, miR-133b can restore or
enhance EGFR-TKI sensitivity in NSCLC cells. These
results suggest that the expression of miR-133b might
be implicated in the progression and phenotype of
NSCLC.

It is now well known that miRNAs regulate the
expression of multiple target genes and affect a variety
of cellular pathways. miR-133b, located on chromo-
some 6pl2.2, has been studied in midbrain dopamine
neurons [17], cardiomyocytes [18], skeletal muscles
[19], extraocular muscles [20], myoblasts [21], osteo-
blasts [22], T-helper cells [23], and coronary artery dis-
ease [24]. More recently, miR-133b has been suggested
to function as a tumor suppressor gene, because it was
shown to be downregulated in several cancer types as
compared with normal tissues, including lung cancer
[25], esophageal squamous cell carcinoma [26], colorec-
tal cancer [27], gastric cancer [28], bladder cancer [29],
squamous cell carcinoma of the tongue [30], cervical
carcinoma [31], breast cancer, lymphoma, ovarian can-
cer, prostate cancer, and testicular cancer [32].

Functionally, miR-133b targets the prosurvival mol-
ecules myeloid cell leukemia 1 (MCL-I) and B-cell
CLL/lymphoma 2-like protein 2 (BCL2L2) in lung
cancer [16], oncogenic fascin homolog 1 gene in esoph-
ageal squamous cell carcinoma [26], the proto-onco-
gene ¢-MET in colorectal cancer [33], the potential
oncogene pyruvate kinase type M2 in squamous cell

carcinoma of the tongue [30], and the anti-oncogene
MST?2 and the small GTPases RhoA and CDC42 in
cervical cancer, affecting cell proliferation and inva-
sion. Moreover, elevation of miR-133b deregulates the
AKTI1 and ERK signaling pathways via direct effects
on MST2, CDC42 and RhoA activities [31]. These
data suggest that miR-133b may be involved in the
pathology of cancer by targeting distinct pathways
that are specific for each disease [34] (Fig. S5).
However, it largely remains unclear which of these
pathways miR-133b affects and how it does so, in par-
ticular regarding miRNA-related oncogenesis, because
little is known about the physiological targets of miR-
133b. Multiple lines of evidence indicate that EGFR is
one such target. First, miR-133b level inversely corre-
lated with EGFR expression in NSCLC tumor sam-
ples. Second, the ability of miR-133b to regulate
EGFR expression may be direct, as it binds to the
3-UTR region of EGFR transcript with complemen-
tarity to the seed region of miR-133b. Third,
EGFR@pMIR-Report-Luc is specifically responsive to
miR-133b  mimic. Fourth, EGFR expression is
decreased in lung cancer cells treated with miR-133b
mimic, and increased in those treated with miR-133b
inhibitor. Finally, miR-133b can regulate EGFR sig-
naling and restore/enhance EGFR-TKI sensitivity,
especially in EGFR-addicted Iung cancer cells.
Although miRNAs may inhibit translation and/or
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accelerate mRNA degradation [35], our results sug-
gested that miR-133b inhibited EGFR protein transla-
tion, and EGFR mRNA levels were not significantly
affected by miR-133b mimic or inhibitor.

The EGFR family, including four distinct transmem-
brane receptors (EGFR/erbB-1, HER2/erbB-2, HER3/
erbB-3, and HER4/erbB-4), is expressed in many
tumors, and is regarded as a biomarker of aggressive
disease and shorter survival [36]. As an oncogene
protein, it has led to the development of anticancer ther-
apeutics directed against EGFR, including gefitinib.

Activation of EGFR causes increased cell prolifera-
tion, decreased apoptosis, and enhanced tumor cell
motility and neo-angiogenesis. As described above,
miR-133b also targets the prosurvival genes MCL-I
and BCL2L2 in lung cancer and induces apoptosis.
However, we conducted more experiments (apoptosis,
sensitivity to gefitinib, and invasion assay) with
EGFR, and found that their effects (apoptosis, sensi-
tivity to gefitinib, and invasion) are much more signifi-
cant when miR-133b mimic or inhibitor is applied,
especially on EGFR-addicted lung cancer cells. This
may also suggest that the impact of miR-133b on cell
proliferation and invasion was probably mediated by
targets beyond EGFR, and was partially caused by
MCL-1 and BCL2L2, especially on non-EGFR-
addicted lung cancer cells. The tyrosine phosphoryla-
tion of EGFR leads to the activation of many
signaling pathways through the recruitment of diverse
proteins. For example, AKT acts downstream of
phosphatidylinositol-3 kinase to regulate tumor cell
proliferation and invasion [37]. At the same time, the
RAF-mitogen-activated protein kinase-ERK pathway
can also communicate signals from EGFR on the
surface to the DNA in the nucleus of the cell. Also,
substrate-level phosphorylation by ERK may promote
proliferation, invasion, differentiation, and cellular
survival [38,39]. Therefore, the identification of EGFR
as an miR-133b target gene provides a possible expla-
nation for why downregulated miR-133b can drive
tumorigenesis [26] and invasion [27].

In the present study, we used four lung cancer cell
lines with overexpressed EGFR or tyrosine kinase
domain-mutated EGFR to determine the association
of miR-133b with the EGFR signaling pathway. In the
three EGFR-mutant cell lines (PC-9, H1650, and
H1975 cells), high levels of pEGFR were found with
induction of pAKT. Furthermore, EGFR with activat-
ing mutations was seen to activate the AKT pathway
rather than the ERK pathway in the current study. As
previously reported [40], we also found that NSCLC
cells with high-level expression of pAKT (PC-9 cells)
had a better response rate to EGFR-TKI. However, in
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A549 cells with wild-type EGFR, the ERK pathway
was probably regulated after transfection with
miR-133b. PC-9 and A549 cells, which are highly and
intermediately sensitive to EGFR-TKI, respectively,
were considered to be the so-called EGFR-addicted
cells [41] in this study. It was found that the EGFR-
addicted cells were more sensitive to miR-133b mimic/
inhibitor transfection than non-EGFR-addicted cells
with regard to apoptosis induction, cell invasion,
EGFR-TKI sensitivity, and EGFR pathway activity.
More importantly, relative EGFR expression in PC-9
cells was only slightly enhanced (5%) by miR-133b inhi-
bition (Fig. 4A), whereas the corresponding lung cancer
cell invasion was significantly increased (2.47-fold)
(Fig. 3A). This demonstrates that the slight change in
EGFR level in EGFR-addicted cancer cells can greatly
affect the final outcome of cancer cells. Taken together,
our data strongly suggest that miR-133b can function-
ally regulate the EGFR signaling pathway.

Although there were many controversial roles in the
functional regulation of microRNA, microRNA might
be selected cancer’s ultimate Achilles heel through
modulating the crucial pathway, similar to targeted
therapy by EGFR-TKI in NSCLC [42]. Our results
from the chemosensitivity and apoptosis assays also
indicated that miR-133b may enhance/restore sensitiv-
ity to EGFR-TKI. Consequently, multitargeted ther-
apy will overcome primary or acquired resistance to
EGFR-TKI [43,44].

In conclusion, we observed that low expression of
miR-133b was significantly associated with tumor tis-
sues, stage and invasion as compared with matched
normal tissues in Chinese NSCLC patients. All of
these findings suggest that miR-133b regulates cell
growth, invasion and apoptosis by targeting EGFR.
Moreover, they also suggest that transfection of
miR-133b has therapeutic potential for overcoming
resistance to EGFR-TKI in EGFR-addicted NSCLC.
Thus, characterization of the miRNA modulating the
EGFR pathway has provided important information
with regard to understanding the mechanisms of action
of EGFR-TKI in NSCLC cells and optimizing combi-
nation targeted therapy to improve its efficacy in the
clinic. Nonetheless, our results should be confirmed by
in vivo and well-designed prospective studies.

Experimental procedures

Human lung cancer tissue specimens

All paired tumor and nontumor lung tissues were obtained
from patients in the First Affiliated Hospital and the Can-
cer Hospital of Nanjing Medical University in Nanjing
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China from June 2010 to November 2011. The study meth-
odologies conformed to the standards set by the Declara-
tion of Helsinki, and the study was approved by the
Institutional Review Board of the First Affiliated Hospital
of Nanjing Medical University. Written informed consent
was obtained from patients for all of the samples. Tumors
were staged according to the 7th edition of the TNM stag-
ing system of the American Joint Committee on Cancer
(2007) [45]. Tumor histologic grade was assessed according
to the World Health Organization criteria [46]. All tissues
were stained with hematoxylin and eosin for histological
validation and tumor cell evaluation by a pathologist
(Fig. S5). Only those cases with > 60-70% tumor cells in
the section were used in this study. We also evaluated the
size and the quality of samples and the completeness of
patient information. Finally, 27 paired lung cancer samples
and their corresponding normal lung tissues were selected.
All tissues were snap-frozen and stored at —80 °C.

Characteristics of cell lines and cell assays

H1650, A549, PC-9 and 293T cell lines were obtained from
Shanghai Cell Bank, Chinese Academy of Sciences, and the
H1975 cell line was purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). The different
features of the four lung adenocarcinoma cell lines are shown
in Table 2 [47,48]. The cells were routinely maintained in
RPMI-1640 medium (Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Gibco) as protein
source, 100 U-mL~! penicillin sodium and 100 mg-mL™"
streptomycin sulfate at 37 °C. 293T cells were cultured in
DMEM supplemented with 10% fetal bovine serum. An
atmosphere of 5% carbon dioxide in air was maintained in a
humidified carbon dioxide incubator. The cells were used in
the logarithmic phase of growth throughout each experiment.
Transfections with hsa-miR-133b mimics, has-miR-133b
inhibitor and negative control (miR-NC, cel-miR-67) were
performed at a concentration of 20 nm with Lipofecta-

Table 2. The different features of the four lung adenocarcinoma
cell lines. PTEN, phosphatase and tensin homolog.

Levels of
Sensitivity to  EGFR
Cell line  EGFR mutations EFGR-TKI addiction
H1650 Exon 21 L858R; Primary Nonaddicted
Exon 19 del E746-A750; resistance

PTEN loss

Ab49 Wild type Intermediate  Intermediate

sensitivity
H1975 Exon 21 L858R; Acquired Nonaddicted
Exon 19 del E746-A750; resistance
Exon 20 T790M
PC-9 Exon 19 del E746-A750 High High
sensitivity
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mine 2000 (Invitrogen, Carlsbad, CA, USA). The miR-133b
mimic, miR-133b inhibitor and miR-NC were designed and
provided by Ambion (Austin, TX, USA).

Bioinformatics analysis and luciferase reporter
assay

The search for the potential miR-133b targets on EGFR
(accession no. NM 005228) was performed on the following
websites for microRNA: TARGETscAN (http://www.targetscan.
org/) and picTAR (http://pictar.mdc-berlin.de/). Approxi-
mately 50 bp of the 3'-UTR of human EGFR mRNA encom-
passing the nucleotide sequence complementary to the
miR-133b seed sequence was cloned into the pMIR-
REPORT miRNA Expression Reporter Vector System
(Ambion). Total RNA (1 pg) was reverse transcribed into
cDNA as described above, and the 3-UTR was amplified
with the following primers: forward, 5-GTGCAAGGAC-
ACCTGCCCCC-3"; and reverse, 5-CACAGGCTCGGA-
CGCACGAG-3'. Purified DNA was digested with HindIII
and Sacl (NEB; New England Biolabs, Hitchin, UK). After
construction of the EGFR@pMIR-Report-Luc plasmid
(reporter plasmid), DNA sequences of the 3'-UTR were veri-
fied. For the luciferase assay, 293T HEK and PC-9 cells
(2 x 10° per well) were plated in each well of a 96-well
culture plate and allowed to attach overnight. The cells were
cotransfected with 0.1 pg of EGFR@pMIR-Report-Luc
plasmid or pRL-TK reporter plasmid (Promega, Madison,
WI, USA) and with miR-133b mimic or miR-NC (cel-miR-
67), using Lipofectamine 2000 (Invitrogen) on the following
day. Forty-eight hours later, the cells were lysed and assayed
for firefly and Renilla luciferase activity with Dual Luciferase
Assay reagent (Promega). Activities were reported as ratios
of firefly luciferase to Renilla luciferase. Each treatment was
performed in triplicate in three independent experiments.

Drugs and chemicals

Gefitinib was purchased from AstraZeneca (Macclesfield,
UK). One gram of gefitinib (C22H24CIFN403, WM 446.9)
was dissolved in 1 mL of dimethylsulfoxide and stored at
—20 °C. Antibody against EGFR (C74B9) and antibody
against pEGFR (Tyr1068, 1H12) were purchased from Cell
Signaling Technology (Beverly, MA, USA). Antibodies
against pERK1/2 (Y204) were from Bioworld Technology
(Minneapolis, MN, USA). Antibodies against pAKT1/2/3
(Serd73) were from Santa Cruz (Santa Cruz, CA, USA).

gRT-PCR

The lung cancer cells were transfected with miR-133b mimic,
miR-133  inhibitor or miR-NC in 24-well plates
(2 x 10° cells per well) for 48 h. Total RNA was prepared
with Trizol, and reverse transcribed with the PrimerScript
RT reagent Kit (TaKaRa Bio, Otsu, Japan) from cells and
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samples of patients. The mRNA and miRNA levels were
analyzed by use of SYBR Green Realtime PCR Master Mix
with gene-specific primers (Table S3) on the ABI 7500 Fast
Real-Time PCR System, according to the manufacturer’s
instructions. The cycle number at which the reaction crossed
an arbitrarily placed threshold (Ct) was determined for each
gene. When the amplification efficiency was close to 100%,
the relative amount of each mRNA /glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and miR-133b/U6 small
nuclear RNA (snRNA) was given by 2724t as described by
Livak and Schmittgen [49], where ACt = Ct,rna — Ctgap-
DH mRNA and ACt = Ctmir-133b — Ctus SNRNA) respectively,
and AACt = ACtegperiment — ACteonirol. Otherwise, when the
efficiency was not close to 100%, the relative expression lev-
els were calculated according to the efficiency corrected
approach described by Pfaffl er al. [50]. All experiments were
performed in triplicate.

ISH

ISH with double-Dig-labeled miR-133b miRCURY LNA
probe (Exiqon, Woburn, MA, USA) was performed on for-
malin-fixed paraffin-embedded samples of paired tumor
and nontumor lung tissues essentially according to the
manufacturer’s instructions. Sections were deparaffinized in
xylene, and then rehydrated through a series of ethanol
dilutions at room temperature. After the slides had been
incubated with PCR-grade Proteinase-K (Roche, Indiana-
polis, IN, USA) for 10 min at 37 °C, washed stringently
with NaCl/P;, and dehydrated in a gradient of ethanol
solutions, the hybridization was performed with 40 nm
miR-133b doubled-labeled LNA probe for 1 h at 56 °C.
Then, sections were washed in decreasing SSC concentra-
tions and incubated with blocking solution for 15 min. For
immunostaining, sections were incubated for 30 min with
1 : 250 mouse anti-Dig IgG1 (Roche), and then incubated
with labeled polymer-horseradish peroxidase anti-mouse
IgG (Dako EnVision+, Glostrup, Denmark) for 30 min at
room temperature. 3,3-Diaminobenzidine was applied, and
nuclei were counterstained with Carazzi’s hematoxylin. The
same protocol was used for the negative control, without
probe and with scrambled probe. The sections were scored
independently by two investigators. The scoring was 0-3,
as follows: 0, negative; 1, weak; 2, moderate, and 3, strong.

Flow cytometry analysis

The lung cancer cell density was adjusted to (0.3-
1.0) x 107 cellss-mL~". After serum starvation for 24 h, cells
were treated with miR-133b mimic, miR-133b inhibitor or
miR-NC for 48 h. A single cell suspension was produced
after harvesting with trypsin. The cells were pelleted by cen-
trifugation at 800 g for 5 min, and washed three times with
NaCl/P;. Then cell pellets were then resuspended and fixed
with ice-cold 70% ethanol in NaCl/P;, and stored at 4 °C
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until use. The cells were incubated with RNase A
(20 mg-L~'; Sigma, St Louis, MO, USA), annexin V—fluo-
rescein isothiocyanate (FITC), and then propidium iodide,
according to the manufacturer’s recommendations
(Annexin V-FITC Apoptosis Detection Kit; Keygen Bio-
tech, Nanjing, China). After incubation for 10 in at room
temperature in the dark, the specimens were analyzed on a
Coulter XL flow cytometer, with sysTem II acquisition soft-
ware (Beckman Coulter, Miami, FL, USA). The apoptosis
rates were calculated. Experiments were conducted at least
three times, each with three replicates.

Cell proliferation and chemosensitivity assay

Lung cancer cells, transfected with miR-133b mimic, inhibi-
tor, and miR-NC, were seeded at a density of 1 x 10* cells
per well in 96-well plates for 48 h. After treatment with dif-
ferent concentrations of gefitinib for 48 h, 20 pL of
5mgmL~"  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (Biosharp, St. Louis, MO, USA) was added
to each well and incubated at 37 °C for 4 h. The plates were
spun, and the purple-colored formazan precipitates were dis-
solved in 200 pL of dimethylsulfoxide (Sigma). The absor-
bance was measured at 490 nm with an automatic multiwell
spectrophotometer (Bio-Rad, Hercules, CA, USA). The
dose—effect relationship was nonlinear-fitted with curve
regression models to obtain the IC50 of gefitinib.

Cell migration and invasion assay

Transwell chambers (six-well polycarbonate transwell mem-
brane inserts with 8-mm pores (Corning, Corning, NY,
USA) were used to evaluate cell invasion in vitro. Cells,
serum-starved for 24 h, were first suspended in serum-free
RPMI-1640 to a final cell density of 5 x 10° cellsmL ™" in
the invasion assay. A 1-mL cell suspension was seeded into
the top chamber, lined with a membrane coated with
200 mg-mL ! Matrigel (BD Biosciences, San Jose, CA,
USA), and the lower chamber beneath the polycarbonate
membranes was filled with 2.5 mL of RPMI-1640 medium
supplemented with 20% fetal bovine serum, which was
used as a chemoattractant for the cells. After incubation at
37 °C for 48 h after seeding, the cells on the upper surface
of the membrane were wiped with cotton wool. Cell mono-
layers on the underside of the membrane were fixed in
100% methanol for 10 min, and stained with 0.1% crystal
violet. Three visual fields of each chamber were randomly
counted under a microscope (with 20 x 10 lenses). The
means of triplicate assays for each experimental condition
were used.

Western blot analysis

Lung cancer cells were transfected with miR-133b mimic,
inhibitor or miR-NC in six-well plates (1.0 x 10° cells per
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well). After being incubated at 37 °C for 48 h, cells were
lysed in ice-cold lysis buffer containing 50 mm Tris/HCI
(pH 7.4), 150 mm NaCl, 1% NP-40, 1 mm phen-
ylmethanesulfonyl fluoride, 1 mm EDTA, and complete
proteinase inhibitor mixture. After protein content determi-
nation with a bicinchoninic acid Protein Assay Kit (Keygen
Biotech), standard western blotting was performed with
antibodies as described above, according to the manufac-
turer’s instructions. The optimal antibody dilutions were
1:1000, 1:1000, 1:500, 1:200 and 1 : 1000 for mAb
against EGFR, mAb against pEGFR, polyclonal antibody
against pERK1/2, polyclonal antibody against pAKT1/2/3,
and mADb against B-actin, respectively.

Statistical analysis

All data shown are mean + standard deviation (SD), if not
stated otherwise. Statistical analysis of the data was per-
formed by applying Student’s z-test. Associations of miR-
133b with EGFR mRNA expression levels and the other
risk factors were calculated for all tumor samples with chi-
squared tests and bivariate Spearman rank correlation anal-
ysis. Overall survival was estimated with the Kaplan—-Meier
method, and the resulting curves were compared by use of
the log-rank test. Overall survival was calculated as the
interval between the date of lung cancer surgery and either
the date of death or the date of the last clinical follow-up.
The results of cell proliferation, apoptosis, qRT-PCR and
western blotting were analyzed with one-way ANOVA. All
P-values were two-sided, and P < 0.05 was considered to
be statistically significant. Statistical computations were
performed with spss v13.0 (SPSS, Chicago, IL, USA) and
GRAPHPAD V5.0 (GraphPad, San Diego, CA, USA).
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