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Abstract MicroRNAs (miRNAs) have been integrated into
cancer development and progression, because they repress
translation of target genes which can be tumor suppressors
and oncogenes. A number of miRNAs have been found to be
closely related to human non-small cell lung cancer (NSCLC).
However, the roles of miR-136 in NSCLC are still largely
unknown. Here, we show that miR-136 is significantly
upregulated in human NSCLC primary tumors and cell lines
compared to their nontumor counterparts. Suppression of
miR-136 expression in NSCLC cell line A549 inhibited both
anchorage-dependent and anchorage-independent prolifera-
tion. Further studies showed that suppression of miR-136
expression attenuated phosphorylation of extracellular-
signal-regulated kinase 1/2 (Erk1/2). We found that serine/
threonine protein phosphatase 2A 55 kDa regulatory subunit
B « isoform (PPP2R2A, also known as B55c) was a direct
target of miR-136, and suppression of miR-136 expression led
to a robust increase in both mRNA and protein levels of
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PPP2R2A. We found that miR-136 promoted phosphorylation
of Erkl/2 through inhibition of PPP2R2A expression, and
forced overexpression of PPP2R2A abrogated promotion of
Erk1/2 phosphorylation by miR-136. Moreover, forced
overexpression of PPP2R2A abrogated the promoting effect
of miR-136 on cell growth and led to a reduced growth rate of
NSCLC cells. Our findings indicate that miR-136 promotes
Erk1/2 phosphorylation through targeting PPP2R2A in
NSCLC cells and suggest that it may serve as a therapeutic
target in NSCLC therapy.
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Introduction

Lung cancer is a leading cause of cancer-related mortality in
many countries [1], and non-small cell lung cancer (NSCLC)
accounts for the majority of lung cancer cases. Surgery, che-
motherapy, radiotherapy, and their combination are selected
for the treatment of NSCLC depending on the histological
grade, cancer stage, and patient age. Despite recent advances
in clinical and experimental oncology, the prognosis of lung
cancer still remains poor, with a 5-year overall survival rate of
approximately 11 % [2]. Therefore, a detailed understanding
of NSCLC and development of more effective treatments are
the most important topics for this disease.

MicroRNAs (miRNAs) are evolutionarily conserved, en-
dogenous noncoding RNA of about 21-24 nucleotides in
length that regulate gene expression by base pairing with
target mRNAs in the 3'-untranslated region (3'-UTR), leading
to mRNA cleavage or translational repression [3, 4]. Through
these mechanisms, miRNAs regulate up to 30 % of human
genes [5] and play important parts in various biological
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process, including development, differentiation, apoptosis,
and cell proliferation [6, 7]. According to recent findings,
miRNAs are frequently dysregulated in many types of cancer
[8] and involved in tumor initiation, promotion, and progres-
sion through regulation of various oncogenes or tumor sup-
pressors [9]. Recently, accumulating evidence has shown that
miRNAs are involved in NSCLC pathogenesis, providing
new insights for NSCLC treatment.

miR-136 was earlier reported to be markedly upregulated in
the Jurkat cell line [10], and it was also found to be associated
with embryonic stem cells [11]. Latter reports showed that
miR-136 was implicated in cancer biology and played roles
as both tumor suppressor and oncogene in different types of
cancer by targeting distinct genes. miR-136 is downregulated in
human glioma and promotes apoptosis of glioma cells by
targeting AEG-1 and Bcl-2 [12]. miR-136 was found to target
tumor suppressor PTEN in breast cancer cells, which also
showed a tumor-promoting role in cancer development [13].
Recently, miRNA microarray expression profiling showed that
miR-136 was prominently overexpressed in murine and human
lung cancers relative to adjacent normal lung tissues. Although
miR-136 was showed to be closely related to lung cancer, its
biological function in human NSCLC is largely unknown.

Mitogen-activated protein kinase (MAPK) pathways are
evolutionarily conserved in eukaryotic cells and take important
parts in physiological processes, such as embryonic develop-
ment and immune response [14]. In mammals, four major
classes of MAPKs have been identified, including the
extracellular-signal-regulated kinases 1/2 (Erk1/2), the c-Jun
N-terminal kinases, the p38 kinases, and ERKS. Considering
the Erk1/2 pathway, the primary input activator is activated
Ras, a small GTPase. It activates Rafl (MAPK kinase kinase),
which then phosphorylates and activates MEK1/2 (MAPK
kinase), which finally activates Erk1/2 [15]. In its active form,
Erk1/2 phosphorylates a wide range of protein substrates, in-
cluding transcriptional regulators, apoptosis regulators, and
steroid hormone receptors. The biological consequences of
Erk1/2 substrate phosphorylation include promotion of prolif-
eration, differentiation, survival, angiogenesis, motility, and
invasion [16—18]. Hyperactivation of the Erk1/2 pathway is
frequently observed in human malignancies by many reasons
including aberrant activation of receptor tyrosine kinases and
gain-of-function mutations in Ras, Raf, or MEK [19-22].
Therefore, components of the Erkl1/2 pathway are viewed
as attractive candidates for the development of targeted
therapies of cancer [23], and inhibitors of the kinase func-
tion of Raf and MEK are currently evaluated in preclinical
and clinical analyses [24, 25].

In this study, we found that miR-136 was significantly
upregulated in NSCLC primary tumors and cell lines. Sup-
pression of miR-136 led to inhibition of cell proliferation and
attenuated phosphorylation of Erk1/2. Moreover, miR-136
promoted Erk1/2 phosphorylation through direct targeting of
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serine/threonine protein phosphatase 2A 55 kDa regulatory
subunit B « isoform (PPP2R2A), while overexpression of
PPP2R2A abrogated the promoting effect of miR-136 on
NSCLC cell proliferation. Our research reveals miR-136 as
a regulator of Erk1/2 signaling in NSCLC and provides valu-
able information for therapeutic development against NSCLC.

Materials and methods
Clinical specimens

NSCLC specimens, including matched nontumor tissues,
were obtained from the tissue bank of The First Affiliated
Hospital of Zhengzhou University. The study protocol was
approved by the Institutional ethics Committee. The speci-
mens were obtained after surgical resection and immediately
frozen in liquid nitrogen until use.

Cell culture and transfection

All cell lines were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The normal bronchi-
al epithelial cell line 16HBE and NSCLC cell lines A549,
SPC-A1, NCI-H1650, and NCI-H1299 were maintained in
DMEM media (Invitrogen, Carlsbad, USA) and supplemented
with 10 % (v/v) fetal bovine serum, 100 U/ml penicillin, and
100 mg/ml streptomycin. Cell culture was conducted at 37 °C
in a humidified 5 % CO, incubator.

miR-136 mimics or anti-miR-136 oligonucleotide
(Ambion, Austin, USA) was transfected using Lipofectamine
2000 regent (Invitrogen, Carlsbad, USA) following the man-
ufacturer’s protocol.

Quantitative RT-PCR

Total RNA was isolated from NSCLC tissues and cell lines
using the TRIzol regent (Invitrogen) and reverse transcribed
into cDNA. miR-136 expression was detected by TagMan®
MicroRNA assay (Applied Biosystems, Foster City, USA)
following the manufacturer’s instructions. U6 snRNA was
used as an endogenous control. The levels of PPP2R2A were
analyzed using standard quantitative RT-PCR. The following
primers were used: PPP2R2A forward: 5'-TCGG
ATGTAAAATTCAGCCA-3'; PPP2R2A reverse: 5'-
CATGCACCTGGTATGTTTCC-3"; GAPDH forward: 5'-
ACGGATTTGGTCGTATTGGG-3', and GAPDH reverse:
5'-TGATTTTGGAGG GATCTCGC-3'". The levels of
miRNA and mRNA were determined using the 7500 Fast
System SDS software (Applied Biosystems, Foster City,
USA). Each reaction was repeated independently at least three
times in triplicate. For semiquantitative RT-PCR, the number
of cycles was 23 for U6 and 27 for miR-136.
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Cell viability assay

Cell viability was measured using the MTT assay. MTT was
diluted in PBS to a final concentration of 5 mg/ml and sterile
filtered. Cells were incubated with a final concentration of
0.5 mg/ml MTT at 37 °C for 4 h. Cell culture supernatants
were carefully removed, and DMSO was added. The absor-
bance values were determined using a microplate reader
(Pharmacia Biotech, Uppsala, Sweden) at a wavelength of
490 nm. The experiments were performed three times.

Colony formation assay

The treated cells were suspended in complete medium con-
taining 0.35 % agar and overlaid on 0.6 % agar in six-well
plates (2x 10° cells/well). Following about 4 weeks of culture,
the number of colonies that include more than 50 cells was
subsequently counted from three independent experiments.

Western blotting

Cells were lysed in a RAPI lysis buffer and solubilized in SDS
loading buffer. Equal amounts of protein extracts were sepa-
rated on a 12 % polyacrylamide gel and transferred to a
nitrocellulose membrane (Amersham Biosciences). Protein
expression was analyzed using standard procedures for west-
ern blotting. The following primary antibodies were used:
anti-Erk1/2, Cell Signaling Technology, 1:1,000 dilution;
anti-p-Erk1/2, Cell Signaling Technology, 1:1,000 dilution;
anti-PPP2R2A, Abcam, 1:1,000 dilution; and anti-GAPDH,
Sigma, 1:1,000 dilution. After incubation with the appropriate
horseradish peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology, 1:1,000 dilution), the membranes were
treated with an enhanced chemiluminescence reagent (Ther-
mo Scientific, Dreieich, Germany), exposed to X-ray film
(Kodak, Rochester, USA) and quantified by densitometry
(Beckman, South Pasadena, Canada).

Construction of expression vectors

The 2.2-kb 3'UTR of human PPP2R2A from a human cDNA
library was amplified using PCR and cloned into a pGL3
vector (Promega, Madison, WI) to generate a Luc-PPP2R2A-
wt vector. The following primers were used to clone PPP2R2A
3'UTR: forward: 5'-GGGGTACCGGTTGGCATT
CCTAGCAGAAG-3' and reverse: 5'-CCCAAGCT
TGTGGCTGGGCTTAGAGTTTG-3'". Site-directed mutagen-
esis of the miR-133b target sites in the PPP2R2A 3'UTR was
performed using a QuikChange mutagenesis kit (Stratagene,
Heidelberg, Germany) to generate the Luc-PPP2R2A-mut
vector.

PPP2R2A mRNA was amplified by PCR using the follow-
ing primers: forward: 5'-CGGGATCCATGTTCCC

GAAGTTTTCTC-3" and reverse: 5'-GGAATTCCT
AATTCACTTTGTCTTG-3'. The PCR products were
digested with BamH I and EcoR I and inserted into a pcDNA3
vector to construct PPP2R2A overexpression vector.

Dual-luciferase reporter assay

Luciferase reporter assays were performed in A549 cells.
Cells were cotransfected with pRL-TK vector, wild type
(Luc-PPP2R2A-wt), or mutant (Luc-PPP2R2A-mut) reporter
plasmids, along with miR-136 or control miRNA. Forty-eight
hours after transfection, cells were rinsed with PBS, and dual-
luciferase assay was performed (Promega). Luciferase activity
was measured using a Victor luminometer (PerkinElmer, Wal-
tham, USA). The firefly luciferase activity was normalized
using cotransfected Renilla luciferase for transfection efficien-
cy. All experiments were performed in triplicate.

Statistical analysis

Data were analyzed using the SPSS software (SPSS Inc.,
Chicago, IL). Quantitative data are presented as the mean +
the standard deviation. Differences between the miR-136 in
tumor tissues and adjacent nontumor tissues were analyzed by
the Wilcoxon matched pairs test. The Pearson test was used to
identify correlation between miR-136 and PPP2R2A in
NSCLC tissues. Statistical differences between groups were
determined by Student’s ¢ test. Differences were considered
significant when P <0.05.

Results

miR-136 is upregulated in NSCLC primary tumors and cell
lines

To test the expression of miR-136 in human NSCLC tissues,
we examined miR-136 levels in 37 pairs of NSCLC tissues
using quantitative RT-PCR analysis. Our results showed that
miR-136 expression was significantly upregulated in NSCLC
tissues compared to matched nontumor tissues (P<0.01,
Fig. 1a), while there was no significant difference of U6
RNA expression between NSCLC and nontumor tissues (Sup-
plemental Fig. 1). miR-136 levels in NSCLC tissues were
approximately 3.8-fold higher than those in matched
nontumor tissues.

We further analyzed the correlation between the
upregulated miR-136 and several clinicopathological param-
eters among the 37 patients. There were 26 men and 11
women included with age ranging from 35 to 74 years old
(the median, 58 years). The 37 NSCLC cases can be divided
into two types including 23 squamous cell carcinoma (SCC)
cases and 14 adenoma cases. Our results did not reveal any
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Fig. 1 miR-136 is upregulated in NSCLC primary tumors and cell lines.
a The expression level of miR-136 in 37 pairs of NSCLC tissues and
matched nontumor tissues was detected by quantitative RT-PCR. U6
snRNA was used as an endogenous control. Data are presented as fold
changes in tumor tissues relative to nontumor tissues. The miR-136 levels
were significantly upregulated in NSCLC tissues as determined by the
Wilcoxon matched pairs test, 7<0.01. b Analysis of miR-136 expression

significant association between miR-136 expression and the
parameters including age and gender, but adenoma tended to
have more increased miR-136 levels (Table 1). The tumors
were also subdivided in terms of histological grades and
tumor—lymph node-metastasis (TNM) stages. Among these
37 cases, 25 were well to moderately differentiated (1 grade I,
2 grade I-11, and 22 grade II), and 12 were poorly differenti-
ated (2 grade II-1II and 10 grade III). The results showed a
significant correlation between miR-136 and the histological
grade (P=0.014, Table 1). According to the TNM cancer
staging system, the 37 NSCLC cases were classified into
TNM stage I (n=1), Il (n=2), and II-1II (n=35). There was
no significant correlation between miR-136 and the TNM
stages.

We examined miR-136 expression in NSCLC cell lines
A549, SPC-A1, NCI-H1650, and NCI-H1299 as well as in
the normal bronchial epithelial cell line 16HBE. Compared to
16HBE cell line, miR-136 was upregulated overall but had
different expression levels in all the tested NSCLC cell lines
(Fig. 1b, c¢). No significant difference of U6 RNA expression
between these cell lines was observed (Supplemental Fig. 2).
Moreover, A549 cells showed relatively higher expression of
miR-136 than other tested NSCLC cells. To further confirm
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levels in NSCLC cell lines A549, SPC-A1, NCI-H1650, and NCI-H1299
compared to the normal bronchial epithelial cell line I6HBE by semi-
quantitative RT-PCR. U6 snRNA was used as an inner control. ¢ Analysis
of miR-136 expression levels in cell lines in b by quantitative RT-PCR.
U6 snRNA was used as an inner control. d Detection of miR-136 by in
situ hybridization in paired NSCLC tissue and its matched nontumor
tissue. x100 magnification

Table 1 Statistical correlations between miR-136 expression and each
clinicopathological parameter in 37 patients with NSCLC

miR-136 expression

Total Weak, N (%) Strong, N (%) P value
Age (years) 0.431
<58 17 8 (47.1) 9(52.9)
>58 20 12 (60.0) 8 (40.0)
Gender 0.495
Male 26 15 (57.7) 11 (42.3)
Female 11 5(45.5) 6 (54.5)
Tumor type 0.031*
ScC 23 8(33.3) 15 (66.4)
Adenoma 14 10 (71.4) 4(28.6)
Differentiation 0.013*
Well to moderate 25 10 (40.0) 15 (60.0)
Poor 12 10 (83.3) 2 (16.7)
TNM stage 0.180
L1 2 2 (100.0) 0(0.0)
T-111 35 18 (51.4) 17 (48.6)

P values were derived using the Chi-square test
SCC squamous cell carcinoma, TNM tumor—lymph node-metastasis
*P<0.05
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Fig. 2 Downregulation of miR-
136 in A549 cells reduces cell
proliferation. a Cells were
transfected with 40 nM of anti-
miR-136 or control
oligonucleotide, and examined by !
quantitative RT-PCR. The
expression levels of miR-136
after transfection on day 3 and
day 5 were shown as the relative
values to control. * P<0.05, vs.
control (Student’s ¢ test). b A549 0
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cells were transfected with anti- Ctrl
miR-136 or control
oligonucleotide. MTT assay was
performed to determine the c
proliferation of A549 cells. Data
represent the mean + S.D. from
three independent experiments.
The difference of cell growth
during culture on day 5 was
analyzed. ¥*P <0.05, vs. control
(Student’s ¢ test). (¢) The
proliferation of A549 cells was
detected using the colony
formation assay. Cells were
cultured for 4 weeks after
transfection with anti-miR-136 or
control oligonucleotide, and
counted for formed colonies. 40x
magnification (d) The
quantitation of relative colony
numbers was shown. * P<0.05,
vs. control (Student’s ¢ test)
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the upregulation of miR-136 in NSCLC, we examined miR-
136 expression in NSCLC tissues using in situ hybridization
assay. We found that the staining signal of miR-136 was much
higher in NSCLC tissue than the matched nontumor counter-
part (Fig. 1d). Together, these results indicate that miR-136 is
upregulated in NSCLC primary tumors and cell lines.

Downregulation of miR-136 reduces cell proliferation

To evaluate the biological significance of miR-136 in NSCLC,
we examined whether downregulation of miR-136 could af-
fect cell proliferation. The NSCLC cell line A549 was chosen
for its highest expression of miR-136 in the tested NSCLC cell
lines. Downregulation of miR-136 was examined by quanti-
tative RT-PCR after transfection with anti-miR-136 oligonu-
cleotide. There were approximately 75 and 64 % reductions of
miR-136 expression in A549 cells after transfection with anti-
miR-136 oligonucleotide on day 3 and 5, respectively, com-
pared to control (Fig. 2a). To test the effect of miR-136
downregulation on cell proliferation, we examined cell viabil-
ity using MTT assay after transfection with anti-miR-136
oligonucleotide. The results showed that downregulation of

anti-miR-136
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miR-136 significantly reduced viability of A549 cells
(Fig. 2b). Compared to control, the viability of anti-miR-136
oligonucleotide-transfected A549 cells was decreased to 71 %
(P <0.05) on the 5th day. To further identify the effect of miR-
136 downregulation on cell proliferation, the cells transfected
with anti-miR-136 oligonucleotide were analyzed for colony
formation ability using soft agar assay. Our results showed
that miR-136 downregulation in A549 cells caused a signifi-
cant decrease in the number of formed colonies (Fig. 2¢). The
colony numbers of anti-miR-136 oligonucleotide-transfected
cells were reduced by 62 % compared to the control (P <0.05,
Fig. 2d). Taken together, our results showed that
downregulation of miR-136 reduced proliferation of NSCLC
cells, suggesting that miR-136 takes an important part in
NSCLC cell growth.

Downregulation of miR-136 inhibits activation of Erk1/2
To investigate how miR-136 regulates NSCLC cell prolifera-
tion, we examined some cardinal signaling kinases which are

essential for cancer cell growth in A549 cells after transfection
with anti-miR-136 oligonucleotide. Our results showed that
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anti-miR-136 oligonucleotide caused a significant reduction
of Erk1/2 phosphorylation in a dose-dependent manner
(Fig. 3a and data not shown). Anti-miR-136 oligonucleotide
at 40 nM concentration can inhibit 90 % of Erk1/2 phosphor-
ylation at 72 h posttransfection (Fig. 3b). Next, we examined
whether Erk1/2 phosphorylation was upregulated in NSCLC
tissues in accordance with miR-136 upregulation. The phos-
phorylation of Erk1/2 was analyzed using immunohistochem-
istry assay. Our results showed that Erk1/2 phosphorylation
was significantly upregulated in NSCLC tissue compared to
matched adjacent nontumor tissue (Fig. 3c). These results
indicate that downregulation of miR-136 inhibits phosphory-
lation of Erk1/2 in NSCLC cells, and there is a positive
correlation between miR-136 expression and Erk1/2 phos-
phorylation in NSCLC.

miR-136 directly targets PPP2R2A in A549 cells

We used two programs, PicTar and TargetScan, to predict
target genes of miR-136. A gene termed PPP2R2A (also
known as B55«) was identified as a potential target of miR-
136. The 3'UTR of PPP2R2A mRNA contains a putative
binding site of miR-136 (Fig. 4a). To confirm that this site
was responsible for the regulation by miR-136, we integrated
wide-type PPP2R2A 3'UTR or PPP2R2A 3'UTR with muta-
tion of miR-136 binding site into a luciferase reporter vector,
and tested the effect of miR-136 on luciferase activity using
dual-luciferase assay. The results showed that miR-136 sig-
nificantly repressed the luciferase activity of WT-3'UTR re-
porter vector in A549 cells compared to control miRNA (P <
0.05), but barely affected the luciferase activity of Mut-3'UTR

Fig. 3 Downregulation of miR- a
136 attenuates Erk1/2 activation.

Ctrl

anti-miR-136

reporter vector (Fig. 4b). To determine whether down-
regulation of miR-136 affects the expression of endogenous
PPP2R2A, we transfected anti-miR-136 oligonucleotide into
A549 cells and examined PPP2R2A expression using western
blotting analysis. Our results showed that transfection with
anti-miR-136 oligonucleotide caused a significant increase of
endogenous expression of PPP2R2A (Fig. 4c). Because
miRNAs inhibit expression of target gene through translation
repression or cleavage of mRNA, we examined whether
downregulation of miR-136 affects mRNA levels of
PPP2R2A. Our results showed that PPP2R2A mRNA was
also significantly increased after anti-miR-136 oligonucleo-
tide transfection (Fig. 4d). It indicates that miR-136 can di-
rectly target PPP2R2A and cause cleavage of PPP2R2A
mRNA. To confirm this hypothesis, we examined PPP2R2A
mRNA levels in the same 37 pairs of NSCLC tissues which
miR-136 was examined in. We found that PPP2R2A mRNA
expression was significantly downregulated in NSCLC tissues
compared to nontumor tissues (P <0.01, Fig. 4e). Moreover,
there is a reverse correlation between miR-136 and PPP2R2A
expression in NSCLC tissues (Pearson test, »=—0.377, P <0.01).
Taken together, our results demonstrated that miR-136 directly
targeted PPP2R2A in NSCLC.

We further analyzed the correlation between the
downregulated PPP2R2A and several clinicopathological
parameters among our 37 NSCLC tissues. The results
showed no significant association between miR-136 ex-
pression and the parameters including age, gender, and
TNM stages (Table 2). However, we found that there is
a significant correlation between PPP2R2A and the his-
tological grade (P=0.013, Table 2).

a A549 cells were transfected
with anti-miR-136 (20, 40, or
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Fig. 4 miR-136 directly targets PPP2R2A in A549 cells. a Schematic
representation of PPP2R2A 3'UTR showing a predicted target site for
miR-136. A PPP2R2A 3'UTR containing the mutant miR-136 binding
sequence was cloned for luciferase reporter assay. b The dual-luciferase
reporter assay was performed in A549 cells. The luciferase reporter
plasmid containing wild-type or mutant PPP2R2A 3'UTR was
cotransfected into A549 cells with miR-136 or control miRNA. Luciferase
activity was determined at 48 h posttransfection using the dual-luciferase
assay and shown as the relative firefly activity normalized to renilla
activity. Bars indicate the relative luciferase activities of three experiments.
*P<0.05, vs. control (Student’s ¢ test). ¢ A549 cells were transfected with

PPP2R2A is responsible for miR-136-induced Erk1/2
phosphorylation and cell proliferation

Because PPP2R2A can cause dephosphorylation of some
kinases including Erk1/2, we investigated whether PPP2R2A
plays essential roles in miR-136-regulated Erk1/2 activation.
We transfected miR-136 alone or together with PPP2R2A into
A549 cells and then examined Erk1/2 phosphorylation using
western blotting. Our results showed that miR-136 inhibited
PPP2R2A expression and promoted Erk1/2 phosphorylation
without affecting total levels of Erkl1/2 protein (Fig. 5a).
However, when miR-136 was transfected together with
PPP2R2A into A549 cells, miR-136-promoted Erk1/2 phos-
phorylation was significantly inhibited; meanwhile, the miR-
136 levels were identical in miR-136 transfected cells and
cells transfected with miR-136 along with PPP2R2A
(Fig. 5b). It indicated that PPP2R2A can block miR-136-
promoted phosphorylation of Erkl/2, suggesting that
PPP2R2A is responsible for miR-136-induced Erk1/2

1.2
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0.8 -
0.6
0.4
0.2 -
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Ctrl + - -
miR-136 =o* s *
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Relative luciferase o
activity
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£
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o

0 T T

miR-136 or control miRNA. The PPP2R2A protein levels were examined
by western blotting at 72 h posttransfection. GAPDH was used as a
loading control. d A549 cells were treated as ¢. PPP2R2A mRNA levels
were detected at 72 h posttransfection by quantitative RT-PCR. GAPDH
was used as an endogenous control. *P <0.05, vs. control (Student’s 7 test).
e The expression level of PPP2R2A in 37 pairs of NSCLC tissues and
matched nontumor tissues was detected by quantitative RT-PCR. U6
snRNA was used as an endogenous control. Data are presented as fold
changes in tumor tissues relative to nontumor tissues. The PPP2R2A
levels were significantly downregulated in NSCLC tissues as determined
by the Wilcoxon matched pairs test, P <0.01

phosphorylation. We further examined whether forced
overexpression of PPP2R2A can neutralize the promoting
effect of miR-136 on cell proliferation. A549 cells were
transfected with miR-136 alone or together with PPP2R2A,
and cell viability was examined using MTT assay. The results
showed that miR-136 promoted cell proliferation, while
PPP2R2A in reverse significantly inhibited cell proliferation
and abrogated the promoting effect of miR-136 on NSCLC
cell proliferation (Fig. 5¢). miR-136 induced a 32 % increase
of cell growth compared to control on the 5th day (P <0.05),
while the growth of cells cotransfected with miR-136 and
PPP2R2A showed a 44 % reduction compared to that
transfected with miR-136 alone on the 5th day (P <0.05),
which is also much lower than that of control cells. Mean-
while, on the Sth day, there were identical levels of miR-136 in
miR-136-transfected cells and cells transfected with miR-136
along with PPP2R2A, supporting that PPP2R2A can neutral-
ize the promoting effect of miR-136 on cell proliferation
(Fig. 5d). Taken together, our results demonstrate that
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Table 2 Statistical correlations between PPP2R2A expression and each
clinicopathological parameter in 37 patients with NSCLC

miR-136 expression

Total Weak, N (%) Strong, N (%) P value
Age (years) 0.591
<58 17 10 (58.8) 7(41.2)
>58 20 10 (50.0) 10 (50.0)
Gender 0.969
Male 26 14 (53.8) 12 (46.2)
Female 11 6 (54.5) 5(455)
Tumor type 0.044*
SCC 23 16 (69.7) 7 (30.3)
adenoma 14 5(35.7) 9 (64.3)
Differentiation 0.014*
Well to moderate 25 17 (68.0) 8 (32.0)
Poor 12 3 (25.0) 9 (75.0)
TNM stage 0.115
L1 2 0(0.0) 2 (100.0)
11111 35 20 (57.1) 15 (42.9)

P values were derived using the Chi-square test
SCC squamous cell carcinoma, TNM tumor—lymph node-metastasis
*P<0.05

PPP2R2A is important for miR-136-induced Erk1/2
phosphorylation and cell proliferation.

Discussion

With the advent of miRNA expression profiling, significant
effort has been made to correlate miRNA expression with
tumor progression and prognosis. In addition, the Dicer en-
zymes, necessary for the maturation of the miRNAs, have
been reported to be downregulated in the tumor tissue of
patients with lung cancer in whom it had a prognostic impact
on survival [26], suggesting that miRNAs take important part
in lung cancer. To date, a number of dysregulated miRNAs
found in lung cancer correlate with patient survival [27, 28]
and therapeutic response [29]. Some of them has been showed
to be implicated in the therapeutic resistance mechanisms in
lung cancer [30]. Therefore, understanding the roles of
miRNA in lung cancer might provide valuable information
for therapeutic strategies in lung cancer treatment. Here, we
focused on the roles of miR-136 in NSCLC.

We examined miR-136 expression in NSCLC primary
tumors and cell lines through quantitative RT-PCR assay.
Our results showed that miR-136 was upregulated in NSCLC
tissues and cell lines compared to their nontumor counterparts.

@ Springer

The dysregulation of miR-136 has been reported in some
types of cancer. Those reports have indicated that miR-136
is downregulated in human glioma, but upregulated in leuke-
mia cell line Jurkat and breast cancer cell lines. Moreover,
miRNA microarray expression profiling in murine and human
lung cancers recently has showed some upregulated miRNAs
in lung tumor tissues including miR-136. Their results and
ours all support the upregulation of miR-136 in lung cancer
and suggest that miR-136 might play an important role in lung
cancer oncogenesis.

There is little information available for the function
of miR-136, particularly in cancer. The existing studies
have shown the complexity of miR-136 in different
types of cancer. It acts as a tumor suppressor by
targeting Bcl-2 in glioma, but acts as an oncogene by
targeting PTEN in breast cancer cells. However, its role
in cancer is likely correlated with its expression levels.
Considering its upregulation in lung cancer, we posited
that it might promote lung cancer development. Our
results showed that suppression of miR-136 resulted in
inhibition of NSCLC cell viability as indicated by MTT
assay. We also found that the anchorage-independent
proliferation was also inhibited by miR-136 suppression.
These results indicate that miR-136 takes an important
role in NSCLC cell growth.

To determine how suppression of miR-136 causes
growth inhibition of NSCLC cells, we examined several
kinases which are essential for cancer cell growth after
anti-miR-136 transfection, and we found that Erk1/2
was significantly inhibited by miR-36 suppression in a
dose-dependent manner. miRNAs typically function
through inhibiting expression of target genes. We hy-
pothesized that miR-136 probably inhibited expression
of certain genes which could inhibit Erk1/2 phosphory-
lation. We searched for its potential targets using bioin-
formatics analysis and identified a phosphatase subunit
PPP2R2A. There is one miR-136 binding site in the 3’
UTR of PPP2R2A mRNA. In our luciferase report as-
say, we showed that Luc-PPP2R2A-wt was specifically
responsive to miR-136 overexpression. In contrast, the
Luc-PPP2R2A-mut, which contained the mutation of
miR-136 binding site in the PPP2R2A 3'UTR, success-
fully abolished the effect of miR-136 on luciferase
activity. We also demonstrated that miR-136 likely
inhibited PPP2R2A expression through cleavage of
PPP2R2A mRNA, because the mRNA and protein
levels of PPP2R2A were both significantly increased
when miR-136 expression was suppressed.

PPP2R24 is inferred to be a candidate tumor suppressor
gene because it belongs to the protein phosphatase 2 (PP2A)
regulatory subunit B family. PP2A refers to a large family of
heterotrimeric Ser/Thr phosphatases and is implicated in the
negative control of cell growth and division through
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Fig. 5 PPP2R2A is responsible for miR-136-promoted Erk1/2 phos-
phorylation and cell proliferation. a A549 cells were transfected with
miR-136 as well as PPP2R2A or control vector. At 72 h posttransfection,
the levels of PPP2R2A, Erk1/2, and p-Erk1/2 were assessed by western
blotting. b The expression levels of miR-136 in the cells treated as a were
examined by quantitative RT-PCR. The relative expression of miR-136 at
72 h posttransfection compared to control was shown. *P<0.05, vs.

regulating a variety of cellular processes, including signal
transduction, DNA replication, apoptosis, and cell cycle pro-
gression. The PP2A core enzyme consists of a catalytic C
subunit and a structural A subunit. The AC dimer recruits a
third regulatory B subunit, which is responsible for the sub-
strate specificity and function of the PP2A heterotrimeric
complex. Four unrelated families of B subunits have been
identified to date: B/B55/PPP2R2A, B'/B56/PR61/PPP2RS5,
B"”/PR72/PPP2R3, and Striatin/STRN. PPP2R2A gene is lo-
cated at the 8p21 chromosome region, which is frequently
deleted in a wide range of epithelial cancers, and PPP2R2A
was found to be frequently inactivated in multiple cancer
types by various mechanisms including loss of heterozygosity
and gene truncation [31]. Many reports showed that reduced
PPP2R2A expression was found in prostate adenocarcinoma
samples, acute myelogenous leukemia, as well as in lung
cancer. Accumulating evidence indicates that PPP2R2A tar-
gets PP2A to numerous kinases and signaling pathways that
are in involved in cell proliferation, DNA replication, apopto-
sis, and cell migration. PPP2R2A acts to antagonize activation
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control (Student’s ¢ test). ¢ A549 cells were treated with a. MTT assay
was performed to determine cell proliferation. Data represent the mean +
S.D. from three independent experiments. The difference of cell growth
during culture on day 5 was analyzed. *P <0.05, vs. miR-136 (Student’s ¢
test). d A549 cells were treated as ¢. The relative expression of miR-136
in A549 cells during culture on day 5 was shown. *P <0.05, vs. control
(Student’s ¢ test)

of FoxM1 and p107, thus playing roles in cell cycle progres-
sion [32, 33]. PPP2R2A is also the major regulatory subunit
mediating dephosphorylation of FOXO1 and is associated
with oxidative and apoptotic stress [34]. PPP2R2A directly
interacts with beta-catenin, which is important for cell migra-
tion, and specifically regulates PP2A-mediated dephosphory-
lation of beta-catenin [35]. Moreover, PPP2R2A had been
found to contribute to tumor suppressor activity by negatively
regulating pathways such as Akt and Erk1/2 signaling path-
ways to ensure normal growth of cells [36, 37]. Silencing of
PPP2R2A leads to hyperactivation of Erk stimulated by con-
stitutively active MEK1.

In this study, we showed that miR-136 was upregulated in
NSCLC and had an important part in NSCLC cell prolifera-
tion. We found that miR-136 directly targeted PPP2R2A, a
protein phosphatase regulatory subunit which is important for
dephosphorylation of Erk1/2, and contributed to elevated
phosphorylation of Erk1/2 in NSCLC cells. Our study showed
the important roles of miR-136 in NSCLC and provided valu-
able information for therapeutic development against NSCLC.
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