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Oleanolic acid suppresses the proliferation of lung carcinoma cells

by miR-122/Cyclin G1/MEF2D axis
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Abstract Oleanolic acid (OA) is a natural compound
from plants with anti-tumor activities. However, the
mechanism of the inhibitory effect of OA on cell cycle
progression has not been completely explored. We
employed several lung carcinoma cell lines to investigate
the cell cycle-related molecular pathway affected by OA.
The data revealed that OA suppressed the proliferation of
lung cancer cells in both dose- and time-dependent man-
ners, along with an increase in miR-122 abundance. The
suppression of miR-122 abolished the effect of OA on lung
cancer cells. CCNG1 and MEF2D, two putative miR-122
targets, were found to be downregulated by OA treatment.
Restoring their expression counteracted the effect of OA on
lung carcinoma cells. OA was further shown to induce the
expression of miR-122-regulating transcriptional factors in
lung cancer cells. Collectively, OA induced cell cycle
arrest in lung cancer cells through miR-122/Cyclin G1/
MEF2D pathway. This finding may contribute to the
understanding of the molecular mechanism of OA’s anti-
tumor activity.

Keywords CCNGI - miR-122 - MEF2D - Lung cancer -
Oleanolic acid

X. Zhao - M. Liu - D. Li (IX)

Department of Thoracic Surgery, Shandong Cancer Hospital and
Institute, 440 Jiyan Road, Jinan 250117, Shandong, People’s
Republic of China

e-mail: daotanglijn@163.com

X. Zhao

School of Medicine and Life Sciences, University of Jinan and
Shandong Academy of Medical Sciences,

Jinan 250117, Shandong, People’s Republic of China

Introduction

Oleanolic acid (OA), a natural pentacyclic triterpene, is
widely distributed in a variety of herbs and vegetables. It has
been reported that OA possesses many bioactivities,
including hepatoprotection, anti-inflammation effect, and
anti-tumor activity [1]. The anti-tumor activity of OA has
been verified in many types of cancers, such as glioma [2],
breast carcinoma [3], osteosarcoma [4], hepatocellular car-
cinoma [5], and lung carcinoma [6]. The induction of cell
cycle arrest is among major mechanisms of OA’s anti-tumor
activity. However, the molecular mechanism by which OA
induces cell cycle arrest is still unclear. Previous investiga-
tions revealed that the activation of ERK/p53 pathway con-
tributes to cell cycle arrest induced by OA in HepG2 cells [5].
However, other p53-independent mechanisms should exist,
because p53 mutation and deletion is quite common in
cancer cell lines and the tumor specimen from patients.

miRNAs have been well documented to be associated with
cancer initiation and progression [7]. Therefore, they are also
believed to be effective therapeutic targets [7]. miR-122 has
been found to be an important tumor suppressor in some types
of cancer. This miRNA can induce apoptosis [8], trigger cell
cycle arrest [9], inhibit metastasis [10], and enhance drug
resistance of cancer cells [11]. To inhibit cell cycle progres-
sion of cancer cells, miR-122 recognizes and binds miRNA
response element (MRE), a sequence complementary to the
“seed” of miR-122, which is located within 3’ untranslated
region (3° UTR) of its target mRNA, such as Cyclin G1 [9]
and MEF2D [12]. Subsequently, miR-122 degrades these
existing mRNA molecules and reduces the expression of their
proteins. Eventually, cancer cells are subjected to Go/G; or
G,/M arrest and lose their high proliferation rate.

In this study, we employed several lung carcinoma cell
lines and primary lung cancer cells to investigate if miR-
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122 and its downstream target genes are associated with the
anti-proliferation effect of OA on cancer cells.

Materials and methods
Cell cultures and chemicals

Human lung cancer cell lines, A549, NCI-H460, and NCI-
HI1299, were purchased from American Type Culture
Collection (Manassas, VA), as well as normal lung fibro-
blast cell line, MRC-5. The cells were cultured with
DMEM containing 10 % fetal bovine serum under a 37 °C
5 % CO,-containing humidified condition. OA was pur-
chased from Sigma Aldrich (St. Louis, MO).

Lung carcinoma specimen

Lung carcinoma tissues were obtained from the patients
with their written informed consent following the proce-
dures approved by Ethical Review Board in Shandong
Cancer Hospital and Institute (Jinan, China). These patients
were subjected to surgery at Department of Thoracic Sur-
gery, Shandong Cancer Hospital and Institute (Jinan,
China). The obtained tumors were cut into pieces. Then,
trypsin was used to separate cells. The cells were filtered
with steel net and cultured in DMEM containing 15 %
FBS. The established primary lung cancer cell lines were
defined as primary LC 1 and primary LC 2.

Quantitative PCR

Total RNA were isolated from cells after the indicated treat-
ment at certain time points with the help of Trizol solution
(Sigma Aldrich), followed by reverse transcription reaction
using All-in-One™ First-Strand c¢DNA Synthesis Kit
(AORT-0020, GeneCopoeia) based on the manufacturer’s
instructions. Quantitative PCR (qPCR) was performed using
All-in-One™ miRNA gRT-PCR Detection Kit (AOMD-
Q020, GeneCopoeia) on CFX96™ Real-Time PCR detection
system with analytical software (Bio-Rad). The primers and
probes specific for miR-122 and endogenous reference, U6,
were available at the websites of GeneCopoeia.

miR-122 silencing

miR-122 antagomir was purchased from Genepharma
(Shanghai, China). Cells were transfected with miR-122
antagomir with Lipofectamine™ 2,000 (Invitrogen),
according to the instructions provided by manufacturers.
After 48 h, subsequent experiments were performed for
certain purposes.
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Cell proliferation assay

5 x 10 A549, NCI-H460 and NCI-H1299 and two primary
lung carcinoma cells were planted on 96-well plates. Six hr
later, cells were treated with OA at different concentrations.
At the indicated time points, 10 pl 3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) (5 mg 171 was
added to the media in the tested well and incubated for another
4 h. MTT solution was then discarded, and 150 pl DMSO
was used to resolve the subsidence. A model 550 microplate
reader (Bio-Rad) was used to detect the 570 nm absorptive
value in each well. The proliferation rate was calculated by
the following formula: Proliferation rates (folds) = absor-
bance value of tested wells/absorbance value of control wells.

Western blotting

Western blotting was used to detect the expression level of
proteins in cells in our study. Proteins were isolated from
cells with M-PER® mammalian protein extraction reagent
(Thermo Scientific). BCA assays were used to determine
the concentration of proteins in samples. Then polyacryl-
amide gel electrophoresis was performed according to
routine procedures, followed by transferring onto 0.45 pum
nitrocellulose membranes. The membrane was incubated
with specific primary antibodies for 16 h at 4 °C. Appro-
priate secondary antibodies were then used to incubate the
membranes. Finally, the blots were visualized using Wes-
tern Blotting Substrate (Pierce). The used primary anti-
bodies (anti-CCNG1, anti-MEF2D, anti-HNFlo, anti-
HNF3p, anti-HNF4a, anti-HNF6, and anti-B-tubulin) were
all purchased from Cell Signaling Technology (MA, USA).

CCNGI1 and MEF2D overexpression vectors

pcDNA3.1-CCNG1 and pcDNA3.1-MEF2D were both
purchased from Highene Biotechnology Company (Qing-
dao, China), as well as pcDNA3.1-GFP as control. 2 ng of
the above plasmid was transfected into cells with Lipo-
fectamine ™ 2000 (Invitrogen) according to the manufac-
turer’s instructions. 48 h later, the cells were subjected to
the subsequent experiments.

Animal experiments

The procedures of animal experiment were approved by
Committee on the Use and Care on Animals of Shandong
Cancer Hospital and Institute (Jinan, China). Lung carci-
noma xenograft was established by injecting 5 x 10° pri-
mary lung cancer cells into the flanks of 4- to 5- week-old
male BALB/c nude mice. 18 mice were divided into three
groups (n = 6). Low dose (40 mg kg™") or high dose
(120 mg kg~') of OA was orally administrated every day
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Fig. 1 OA reduced the proliferation rates of lung cancer cells in
time- and dose-dependent fashions. A549, NCI-H460, NCI-1299,
primary LC 1, primary LC 2, and MRC-5 were treated with OA at 15,

for 4 weeks. Tumor diameters were then periodically
measured with calipers. Tumor volume (mm’) = maximal
length (mm) x perpendicular width (mm)2/2.

Statistical analysis

We employed two-tailed Student’s test for statistical ana-
lysis in our study. * P < 0.05; ** P < 0.01.

Results

OA reduced the proliferation rates of lung cancer cells
in time- and dose-dependent fashions

First of all, we detected if OA can affect the proliferation of lung
carcinoma cell lines, A549, NCI-H460, and NCI-H1299, as
well as two primary lung cancer cells. The results indicated that,
48 h after treatment, OA significantly reduced the proliferation
of the tested cells by different extents (A549, 10.7-39 %; NCI-
H460, 1.3-41.8 %; NCI-H1299, 2-50.4 %; primary lung
cancer 1, 4.5-64.3 %; primary lung cancer 2, 1.8-46.9 %) in a
dose-dependent manner (Fig. 1a). Also, OA suppressed their
proliferation in a time-dependent manner at the concentration
of 30 pg ml~' (Fig. 1b).In addition, normal lung fibroblast cell
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30, or 60 pg ml™" for 48 h (a), or at 30 pug ml™" for 24, 48, or 72 h
(b). The proliferation rates of these cells were tested by MTT assays
and shown as mean £ SD of three independent experiments

lines, MRC-5, had no significant reduction in its proliferation
rate when OA was added to the media (Fig. 1a, b).

OA elevated the expression level of miR-122 in lung
carcinoma cells

To explore the molecular mechanism of OA’s anti-prolifer-
ation effect, we detected the expression levels of miR-122 in
lung cancer cell under this treatment. The data revealed that
OA was able to induce the expression of miR-122, 48 h after
OA treatment (6.02-9.86 folds for 60 pg/ml of OA) (Fig. 2a).
Time course analysis also indicated that OA elevated the
abundance of miR-122 in a time-dependent manner (Fig. 2b).

The decline in miR-122 level abolished the effect
of OA on lung cancer cells

To confirm the role of miR-122 overexpression in the anti-
proliferation effect of OA on lung cancer cells, we used
antagomir to suppress the expression of miR-122 in cells
treated with OA (Fig. 3a). Antagomir abolished the
inhibitory effect of OA on the proliferation of lung cancer
cells, evidenced by the increased proliferation rates of the
cells co-treated with OA and antagomir, compared with
that treated with OA alone (Fig. 3b).
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Fig. 2 OA elevated the
expression level of miR-122 in
lung carcinoma cells. A549,
NCI-H460, NCI-1299, primary
LC 1, and primary LC 2 were
treated with OA at 15, 30, or
60 pg ml~! for 48 h (a), or at
30 pg ml~' for 24, 48, or 72 h
(b). The expression level of
miR-122 was detected by qPCR
assay and shown as mean + SD
of three independent
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Fig. 3 Reducing miR-122 levels abolished the effect of OA on lung
cancer cells. (a) A549 and primary LC 1 were treated with OA
(30 pg ml™") or/and miR-122 antagomir. 48 h later, qPCR assay was
performed to examine the abundance of miR-122 in these cells. The
results were shown as mean £ SD of three independent experiments.

OA suppressed the expressions of CCNG1 and MEF2D
in lung cancer cells

To furthermore investigate the mechanism by OA affected
cell proliferation by miR-122, we evaluated the expression
of its target genes that have been identified to be related to
cell cycle progression. CCNGI1, a promoter of Gy/G,
transition that has been verified as a miR-122 target, was
found to be downregulated in lung cancer cells treated with
OA in both dose- and time-dependent ways (Fig. 4a, b).
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U6 was selected as endogenous reference. *P < 0.05; **P < 0.01.
(b) Under the above treatments, proliferation rates of A549 and
primary LC 1 cells were also evaluated by MTT assays and shown as
mean £ SD of three independent experiments. *P < 0.05

The expression of another miR-122 target, MEF2D, was
also found to be silenced in the tested cells under the
treatment of OA (Fig. 4a, b).

The restoration of CCNG1 and MEF2D reversed
the effect of OA on lung carcinoma cells

To confirm if CCNG1 and MEF2D mediated the inhibitory
effect of OA on A549 and primary lung cancer cells, we
transfected these cell with plasmids that overexpressed



Mol Cell Biochem (2015) 400:1-7

A A549 Primary LC 1
CCNG1 db eo o - - -~
1.00 0.80 0.53 0.38 1.00 0.77 0.25 0.22
MEF2D R B
1.00 0.340.04 0 1.000.410.37 0
p-tubulin e s e e S D
Oleanolicacid o 45 39 g 0 15 30 60
(ng/ml)
B A549 Primary LC 1
— -

CCNG1 i- -

1.00 0.81 0.49 0.05

1.000.72 0.35 0.27

MEF2D o . v

1.000.680.10 0 1.00 0.65 0.30 0.25
B-tubulin - e e - e e O
Time (hr) 0 24 48 72 0 24 48 72

Fig. 4 OA suppressed the expressions of CCNG1 and MEF2D. A549
and primary LC 1 were treated with OA at 15, 30, or 60 ug ml~" for
48 h (a), or at 30 pg ml~! for 24, 48, or 72 h (b). The expression
level of CCNG1 and MEF2D was detected by immunoblot assays.
The densities of these blots were determined with ImageJ software

CCNG1 and MEF2D (pcDNA3-CCNG1 and pcDNA-
MEF2D) (Fig. 5a). The results revealed that the overex-
pression of these two proteins was able to protect lung
cancer cells from the action of OA, evidenced by increased

proliferation of lung cancer cells under co-treatment of OA
and these plasmids (Fig. 5b).

OA elevated the expression of miR-122-regulating
transcriptional factors

To further identify the mechanisms by which OA induced
miR-122 overexpression, we detected the expression of
hepatocyte nuclear factor (HNF)lo, HNF33, HNF4a, and
HNF6, the known miR-122-regulating transcriptional fac-
tors, in A549 lung carcinoma cells treated with OA of
different doses. Immunoblot assay revealed that OA was
able to increase the expression of these transcriptional
factors in both dose- and time-dependent manners (Fig. 6a,
b), implying that OA may exert its stimulatory effect on
miR-122 expression through inducing these transcriptional
factors.

OA suppressed the growth of lung carcinoma
xenografts in vivo

To investigate if OA exerts anti-tumor activity on lung
carcinoma cells in vivo, we established a mouse model
bearing tumor xenografts by subcutaneously injecting
primary lung carcinoma cells. The determination of tumor
volumes indicated that high dose of OA significantly
inhibited the growth of lung cancer xenograft in mice
(Fig. 7a). Although there was no statistical significance,
low dose of OA also modestly reduced the growth of
tumor xenograft (Fig. 7a). qPCR assays revealed that miR-
122 expression was restored in tumor xenograft in mice by
OA administration (Fig. 7b). CCNG1 and MEF2D were
consistently found to underexpressed in these tumors
(Fig. 7c¢).
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Fig. 5 Restoration of CCNG1 and MEF2D reversed the effect of OA
on lung carcinoma cells. (a) A549 and primary LC 1 were treated
with OA (30 pg ml~') as well as pcDNA-GFP (—, 2 ng) or pcDNA-
CCNGI1 plus pcDNA-MEF2D (2 ng together). Forty-eight hr later,
immunoblot assay was used to assess the abundance of CCNG1 and

+pcDNA-MEF2D

MEF2D proteins in these cells. The densities of these blots were
determined with ImageJ software. (b) Under the above treatments,
proliferation rates of A549 and primary LC 1 cells were also
evaluated by MTT assays and shown as mean £ SD of three
independent experiments. *P < 0.05
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Discussion

OA is a well-recognized natural compound with anti-tumor
activity, which is derived from plants. However, the
molecular mechanism by which OA suppresses the pro-
liferation of cancer cells has not been completely explored
yet. miRNA has been identified as therapeutic targets of
many compounds for cancer treatment. For instances,
rhamnetin and cirsiliol sensitize non-small cell lung cancer
cells to radiotherapy in a miR-34-dependent manner [13].
Zhang et al. found that waltonitone can suppress the pro-
liferation of A549 lung cancer cells by affecting 8 miRNAs
associated with cell cycle progression [14]. To our
knowledge, the implication of miRNA in the anti-tumor
activity of OA has not been reported. Here, we verified that
OA can increase the expression of tumor suppressor
miRNA, miR-122, in lung cancer cells.

miR-122 attracts much attention from researchers,
because of its significant inhibitory effect on cancer for-
mation and progression. miR-122 can suppress almost all
the aspects of cancer cells, including survival, proliferation,
invasion, metastasis, drug resistance, metabolism, and
angiogenesis [15]. Therefore, its restoration should be an
effective strategy for cancer treatment [16]. However, there
has been no confirmed natural compound that affects miR-
122 level or function yet. Our data confirmed that miR-122
is an authentic therapeutic target for cancer treatment.
Thus, more compounds are encouraged to be tested for
their effect on miR-122.

MEF2D, a member of myocyte enhancer factor 2 family
transcript factors, has recently been shown to be
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Fig. 7 OA suppressed the growth of lung carcinoma xenografts
in vivo. (a) Low dose (40 mg kg_l) or high dose (120 mg kg_') of
OA was orally administrated every day for 4 weeks. Tumor diameters
were periodically measured. The volumes were calculated based on
the formula described in Materials and Methods and shown as
mean £ SD. The expression level of miR-122 (b), as well as CCNG1
and MEF2D (c), was detected in tumor xenografts. The densities of
these blots were determined with ImageJ software

overexpressed in HCC cells and promotes their prolifera-
tion by accelerating G,/M transition. Interestingly, MEF2D
is also a miR-122 target [12]. This finding raises the pos-
sibility that MEF2D may be a therapeutic target for cancer
treatment. Actually, 6-Hydroxydopamine can reduce the
survival of normal neuron cell, PC-12, by downregulating
MEF2D [17]. Our results further confirmed that OA-
induced MEF2D reduction can also decelerate the prolif-
eration of tumor cells, reinforcing the notion that MEF2D
is an effective target for cancer treatment.

In addition, other proteins may also be involved in the
role of miR-122 in the effect of OA on the proliferation of
lung carcinoma cells. For instances, pyruvate kinase type
M (PKM) may be associated with the effect of OA on lung
cancer cells. PKM has been shown as a confirmed target of
miR-122 in liver cancer cells [18]. Furthermore, OA has
been verified to regulate PKM function and suppress the
proliferation of cancer cells [3]. Therefore, we hypothe-
sized that PKM may also mediate the anti-tumor activity of
OA on lung cancer cells in a miR-122-dependent manner.
Other regulators, such as autophagy-related proteins [19,
20], AMPK [21], and p38 MAPK [22], may also be
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associated with the miR-122-involved inhibitory effect of
OA on lung cancer cells.

Taken together, we identified that OA exerts its anti-

proliferation effect on lung cancer cells through miR-122/
CCNGI1/MEF2D pathway. Furthermore, targeting miR-122
and its downstream oncogenic targets may be effective
therapeutic anticancer strategies.
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