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A large proportion of the NSCLC patients were insensitive to radiotherapy, but the exact mechanism is
still unclear. This study explored the role of miR-25 in regulating sensitivity of NSCLC cells to ionizing
radiation (IR) and its downstream targets. Based on measurement in tumor samples from NSCLC pa-
tients, this study found that miR-25 expression is upregulated in both NSCLC and radio-resistant NSCLC

Keywords: patients compared the healthy and radio-sensitive controls. In addition, BTG expression was found
BT‘EZZS negatively correlated with miR-25a expression in the both tissues and cells. By applying luciferase re-
glsl C}_ P porter assay, we verified two putative binding sites between miR-25 and BTG2. Therefore, BTG2 is a

directly target of miR-25 in NSCLC cancer. By applying loss-and-gain function analysis in NSCLC cell lines,

Radio-sensitivi
v we demonstrated that miR-25-BTG2 axis could directly regulated BTG2 expression and affect radio-

therapy sensitivity of NSCLC cells.
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1. Introduction

Lung cancer is a malignant tumor and is one of the leading
causes of cancer related death [1]. Non-small cell lung cancer
(NSCLC) is the most common type and accounts for about 80%—85%
of all lung cancer cases. The five year overall survival rate of NSCLC
cases is lower than 15% [2]. Radiation therapy is one of the main
treatments of NSCLC. However, a large proportion of the patients
were insensitive to radiotherapy, which significantly limits the
therapeutic effects [3]. Although it is generally recognized that
radio-resistance is related to tumor heterogeneity due to different
cell origins and molecular/genetic pathogenesis, the exact mecha-
nism is still unclear [4].

The B-cell translocation gene 2 (BTG2) is a member of the APRO
(antiproliferative), which is generally considered as a tumor sup-
pressor gene in various cancers [5]. Several recent studies found that
exposure to DNA-damaging agents such as ionizing radiation (IR) and
chemical substances induces BTG2 expression via p53 pathway and
results in cell cycle arrest [6—8]. In fact, BTG2 is a pan-cell cycle
modulator and acts as a major effector of p53-induced proliferation
arrest at either G1 or G2 cell cycle [9,10]. Besides, BTG2 can also
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enhance the activity of pro-apoptotic stimuli [11]. Therefore, it is
highly possible that BTG2 is a functional mediator in radiotherapy
sensitivity. As a putative tumor suppressor gene, BTG2 down-
regulation was observed in NSCLC cases [12] and was related to
increased growth, proliferation, and invasiveness of NSCLC cells [13].
However, how its expression is regulated in lung cancer is still unclear.

MicroRNAs (miRNAs) is a group a conservative, small and non-
coding RNAs inhibiting translation of or degrading target mRNAs
by binding to the complementary sequences in the 3’ untranslated
region (3/-UTR) [ 14]. Recently, the relationship between microRNAs
and BTG2 expression was reported [5]. One recent study demon-
strated that miR-21 could bind with BTG2 and downregulate its
expression in NSCLC cells [13]. Due to the complex regulative
network of miRNAs, it is unclear whether other miRNAs are
involved in regulation of BTG2.

This study firstly confirmed BTG?2 is a novel target of miR-25 and
has two binding sites with miR-25 in the 3/-UTR. The miR-25-BTG2
axis could directly regulated BTG2 expression and affect radio-
therapy sensitivity of NSCLC.

2. Methods
2.1. Human specimen collection

From 2013 to 2014, 60 NSCLC patients (22 radio-sensitive and 38
radio-resistant) who received surgical resection and 32 pulmonary
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bulla cases (cancer free, as healthy control) who received video-
assisted thoracic surgery at the Civil Aviation General Hospital
were recruited. Inform content was obtained from every patient
before the surgery. Lung cancer tissue was collected immediately
after resection and was stored in liquid nitrogen before further use.
Blood sample (5 ml) were collected from every participants.

2.2. qRT-PCR to quality the expression of miR-25 and BTG2

Total RNAs were extracted from tissue and cells samples by
using Trizol and from blood by using TRIzol LS Reagent reagent
(Invitrogen) respectively, according to the manufacturer's in-
structions. The integrity of total RNA samples were examined by
using gel electrophoresis and the purity and concentration were
determined by using a UV—visible spectrophotometer (Evolution
260 Bio, Thermo). TagMan MicroRNA Reverse Transcription Kit was
used to synthesize miRNA specific cDNA. Then mature miR-25
expression was quantified by using Tagman miRNA Assays
(Applied Biosystems) according to recommended protocol. For
BTG2 mRNA expression analysis, first strand cDNA was synthesized
by using RevertAid first strand ¢cDNA synthesis kit (Fermentas)
according to the manufacturer's instructions. Its expression at
mRNA level was detected by using the following primers : F: 5'-
CATCATCAGCAGGGTGGC-3/, and R: 5'-CCCAATGCGGTAGGACAC-3')
by using Syber Green PCR mastermix (Applied Biosystems). U6
served as an endogenous control.

2.3. Cell culture

HEK293T, normal human bronchial epithelial cell line BEAS-2B
and NSCLC cancer cells, including H226, H1299, A549 and U1810
was obtained from the American Type Culture Collection (ATCC).
The cells were cultured in DMEM (HEK293T) or RPMI 1640 (other
cell lines) culture medium supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 100 pg/mL streptomycin and
100 U/mL penicillin in an incubator with a humidified atmosphere
and 5% CO, at 37 °C.

2.4. lonizing radiation (IR) (y-ray)

24 h before exposure to irradiation, cells were plated in 25 cm?
polystyrene flasks to generate a subconfluent monolayer. Then, the
cell monolayer were irradiated by using a Gamma Cell 40 Exactor
(Nordion International) at a dose rate of 2.4 Gy/min.

2.5. Western blot analysis of BTG2 expression

Patient tumor tissues and cells were lysed to extract protein for
western blot analysis. Protein concentration was measured by BCA
protein assay (Pierce, Thermo Scientific). GAPDH served as a
loading control. Protein samples were separated on 10% SDS PAGE
gel and then transferred onto nitrocellulose membranes. The
membranes were blocked with 5% nonfat dry milk in TBST and
probed with primary antibodies (anti-BTG2, Abcam, ab58219, 2 ug/
ml; anti-GAPDH, Abcam, ab125247, 0.5 pg/ml) overnight at 4 °C and
then with secondary antibody (Anti-Mouse IgG (HRP), Abcam,
ab97046, 0.2 ug/ml) for 2 h at room temperature. The signals were
visualized by using ECL Western Blotting Substrate (Thermo Sci-
entific Pierce).

2.6. Cell transfection
Chemically synthesized AntagomiR-25 and miR-25 mimics were

purchased from Ribo Life Science (China). BTG2 Wide Type (Wt)
CMV Expression Vector and the empty control were purchased

from Affymetrix. BTG2 mutant (Mut) Expression Vector was
generated by using the QuikChange Multi Site-Directed Mutagen-
esis kit (Stratagene). BTG2 siRNA and siRNA control were purchased
from Santa Cruz. Plamid, antagomiR and miR mimics transfection
were done by using lipofectamine 2000 (Invitrogen) and siRNA
transfection is done by using Oligofectamine (Invitrogen) according
to recommended manual. Generally, U1810 cells were transfected
with antago-miR-NC (400 nM), antago-miR-25 (400 nM), BTG2 Wt
Expression Vector, BTG2 Expression Vector control and a combi-
nation of antago-miR-25 (400 nM) and BTG2 siRNA (200 nM)
respectively. H226 cells were transfected with miR-25 mimics
(100 nM), miR-NC mimics (100 nM), BTG2 siRNA (200 nM), siRNA
control (200 nM) and a combination of miR-25 mimics (100 nM)
and BTG2 Mut Expression Vector respectively. HEK293T cells were
transfected with miR-25 mimics (100 nM).

2.7. MTT assay of cell viability

Cells after different treatments were plated at 5 x 10> cells/well
in 96-well plates. Cells were cultured for 48 h and then cell viability
was measured by MTT (Sigma—Aldrich) assay according to rec-
ommended protocol. Absorbance at 490 nm of the solution was
read by using a spectrophotometric plate reader. Each test was
performed with three repeats.

2.8. Flow cytometry analysis of apoptosis

U1810 Cells were treated with Antago-miR-25, Antago-miR-NC,
co-treated with IR and Antago-miR-25 or co-treated with IR and
Antago-miR-NC. H226 cells were treated with miR-25 mimics, miR-
NC mimics, co-treated with IR and miR-25 mimics or co-treated
with IR and miR-NC mimics. 48 h after treatment, cells were
plated in six-well plates at 4 x 10° cells/well. Cell apoptosis was
detected by using Fluorescein Active Caspase 3 Staining Kit (Abcam,
ab65613). The proportion of apoptotic cells was measured by using
a flow cytometer (FACSCalibur, BD Biosciences).

2.9. Luciferase reporter assay

To predict binding sites between miR-25 and BTG2, searching
was performed in PICTAR and MIRDB. Considering two putative
binding sites identified, four pairs of DNA oligonucleotides con-
taining the BTG2 3’-UTR wild type (Wt) and/or mutant (Mut)
sequence corresponding to the putative miR-25 binding sites and
with the flanking Sacl and Sall restriction enzyme digestion sites
were synthesized (Sequence details were given in supplementary
material. 1). The DNA oligonucleotide and the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega) were used
to build the luciferase report vectors. The recombinant luciferase
report vectors were designated as Luc-BTG2-Wt-1 + Wt-2, Luc-
BTG2-Mut-1 + Wt-2, Luc-BTG2-Wt-1 + Mut-2 and Luc-BTG2-Mut-
1 + Mut-2 respectively. The insertion was confirmed by sequencing.
The HEK293T cells were co-transfected with 300 ng reporter
plasmids and miR mimics-NC or miR-25 mimics respectively. After
transfection for 24 h, the cells were lysed and the fluorescence
activity was detected by GloMax 20/20 Luminometer. The firefly
luciferase activity was normalized to the renilla luciferase activity.

2.10. Statistical analysis

performed by Mann—Whitney U test. MiR-25 expression change
before and after radiotherapy was based on Wilcoxon signed-rank
two-related-samples test. p value <0.05 was considered as

Data were presented as mean + SD. Group comparison was
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significant difference. *, **, and *** donates significance at 0.05, 0.01
and 0.001 level respectively.

3. Results

3.1. miR-25 is upregulated, while BTG2 is downregulated in both
NSCLC and radio-resistant NSCLC patients

miR-25 and BTG2 expression in NSCLC patients were quantified
by using qRT-PCR. Based on tissue and serum samples of 60 NSCLC
patients, we observed that miR-25 expression was significantly
upregualted in cancer cases than in healthy controls (Fig. 1A and B).
Interestingly, miR-25 expression was also related to radiotherapy
sensitivity. Its expression was significantly higher in both tumor
and serum of radio-resistant patients than in radio-sensitive
counterparts (Fig. 1D and E). We further explored the expression
of BTG2 transcript in both healthy controls and NSCLC patients. The
results showed that BTG2 expression is significantly lower in cancer
cases compared with normal control (Fig. 1C). In addition, its
expression was even lower in radio-resistant NSCLC patients than
in radio-sensitive patients (Fig. 1F).

3.2. miR-25 modulates sensitivity to radiation induced apoptosis

To explore the association between miR-25 and sensitivity to
radiation therapy, we firstly assessed sensitivity to IR of five cell
lines with different level of miR-25 expression. Compared with
BEAS-2B, H226 and U1810 had the lowest and highest miR-25
expression respectively (Fig. 2A). After treatment with IR and
normalized to BEAS-2B, cell proliferation of the four NSCLC cell
lines were positively related to miR-25 expression. U1810 and H226
had the highest and lowest proliferation rate respectively (Fig. 2B).
Interestingly, BTG2 expression in the four NSCLC cell lines was
negatively correlated with miR-25a expression. U1810 and H226
had the lowest and highest BTG2 expression respectively (Fig. 2C).
To further study the function of miR-25 in IR sensitivity of NSCLC

A B

cells, U1810 with miR-25 knockdown and H226 with miR-25
overexpression were generated by transfection of antagomiR-25
and miR-25 mimics respectively (Fig. 2D1 and D2). MiR-25
knockdown could significantly increase sensitivity of U1810 cells
to IR (Fig. 2E1), while miR-25 overexpression presented the oppo-
site effect in H226 cells (Fig. 2E2). Then, cell apoptosis induced
under these treatments was assessed by detecting caspase 3 acti-
vation. miR-25 knockdown significantly increased apoptosis of
U1810 cells induced by IR ((Fig. 2G1 and F1), while miR-25 over-
expression significantly rescued apoptosis of H226 cells induced by
IR (Fig. 2G2 and F2).

3.3. miR-25 directly targets BTG2 and suppresses its expression

Since the regulative role of miR-25 on NSCLC cells' sensitivity to
IR and inverse expression between miR-25 and BTG2 in the cells
were identified, we further explored whether miR-25 could regu-
late BTG2 expression. Through searching and comparison in bio-
informatics databases, we identified two putative binding sites
between miR-25 and BTG2 (Fig. 3A). To further verify the bindings,
luciferase report vectors carrying wide type and mutant sequence
of the predicted binding sites (Fig. 3A) were constructed. HEK293T
cells were transfected with miR-25 mimics for overexpression
(Fig. 3B). The relative luciferase activity of Luc-BTG2-Mut-1 + Mut-
2 was mostly inhibited by miR-25. Mutation at any one of the two
putative binding sites could partly abrogate the inhibitive effect,
while mutation at both sites could fully abrogate the inhibition
(Fig. 3C), suggesting miR-25 can effectively bind to these two sites.
Furthermore, Knockdown of endogenous miR-25 in U1810 and
overexpression of miR-25 in H226 cells led to increased and
decreased BTG2 protein expression respectively (Fig. 3D and E). In
five randomly selected NSCLC patients, it was also observed that
BTG2 protein expression was inversely correlated with miR-25
expression in cancer tissues (Fig. 3F and G). These results thus
verified the two miR-25-BTG2 interactions and confirmed miR-25
can directly suppress BTG2 expression.
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Fig. 1. Up-regulation of miR-25 while down-regulation of BTG2 in both NSCLC and radio-resistant NSCLC patients using qRT-PCR analysis. (A and B) Compared with normal healthy
group (n = 32), miR-25 in tissues (A) and serum (B) was significantly down-regulated in human NSCLC patients (n = 60). (C) mRNA level of BTG2 in human NSCLC samples was
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independent experiments. *P < 0.05, **P < 0.01, NP>0.05.

3.4. miR-25 modulates sensitivity to radiotherapy through if not all,
inhibiting BTG2 expression

We further explored the role of BTG2 in sensitivity of NSCLC
cells to radiation. U1810 with BTG2 overexpression and H226 cells
with BTG2 knockdown was generated (Fig. 4A1 and A2). BTG2
overexpression significantly increased radio-sensitivity of U1810

cells (Fig. 4B1), while BTG2 knockdown promoted redio-
resistance of H226 cells (Fig. 4B2). BTG2 knockdown could
significantly rescue decreased radio-resistance due to miR-25
knockdown in U1810 cells (Fig. 4C1). Overexpression of mutant
BTG2 (without miR-25 binding site) significantly alleviate
increased radio-resistance due to miR-25 overexpression
(Fig. 4C2). Therefore, these results suggest that miR-25 modulates
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sensitivity of NSCLC cells to IR by regulating BTG2 expression
directly.

4. Discussion

Increased miR-25 expression was observed in several types of
cancer, including prostate, gastric, hepatocellular ovarian and
esophageal squamous cell carcinomas [15—17]. In these cancers,
miR-25 act as an oncogene by targeting different genes. In gastric
cancer, it promotes gastric cancer migration, invasion and prolif-
eration by directly targeting ERBB2 and TOB1 [17]. In esophageal
squamous cell carcinoma, miR-25 promotes cell migration and in-
vasion by targeting E-cadherin (CDH1) [16]. In ovarian cancer, miR-
25 attenuates cancer cell apoptosis by targeting Bim [18] and pro-
motes cancer cell proliferation and motility by targeting LATS2 [19].
Therefore, miR-25 has a complex regulative network and its targets
might be cancer specific. In lung cancer, previous studies observed
that miR-25 expression might be associated with tumor progres-
sion [20] and it might regulate proliferation of NSCLC cells through

targeting CDC42 [21]. However, the exact expression pattern and
function of miR-25 in NSCLC cancer, especially in radio-sensitive
and radio-resistant NSCLC is still not clear. In the current study,
we demonstrated that miR-25 is upregulated in NSCLC, especially
in radio-resistant NSCLC patients and can modulate sensitivity of
radiation induced apoptosis. Based on the confirmed regulative role
of miR-25 in sensitivity to radiotherapy, we further explored its
downstream targets in NSCLC.

BTG2 is expressed in various organs and tissues and is
considered an early growth response gene. The decreased
expression of BTG2 is found in several human cancer tissues [5].
BTG2 usually acts as tumor suppressor due to its anti-proliferation
and apoptosis inducing effect [5]. In fact, BTG2 is a pan-cell cycle
modulator and acts as a major effector of p53-induced G1 or G2
cell cycle arrest [9,10]. In lung cancer, previous study demon-
strated that BTG2 can inhibit cell proliferation and invasion by
decreasing expression of cyclin D1, MMP-1, and MMP-2 [12,13].
However, it is highly possible that BTG2 has some unidentified
functions due to its wide and strong regulation over cell cycle.
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DNA damage is associated with following upregulated p53
expression. Generally, P53 induces DNA repair and initiates cell
cycle arrest at G1/S-phase. When the damage could not be
repaired, programmed cell death or apoptosis is initiated through
p53 pathway. In fact, p53 upregualtion directly leads to increased
expression of BTG2 [22] and decreased expression of cyclin D1, a
protein promoting DNA damage repair [8]. Several recent studies
found that exposure to DNA-damaging agents such as IR and
chemical substances induces BTG2 expression via p53 pathway
and results in the cell cycle arrest [6—8]. Therefore, it is high
possible that BTG2 might be involved in the radiotherapy sensi-
tivity. One recent study found BTG2 overexpression in human
breast cancer cell line MCF-7 could increase cell sensitivity to IR by
inhibiting DNA repair-related protein expression and enhancing
apoptosis induced by radiation [23]. However, whether it in-
fluences radiotherapy sensitivity in NSCLC and how its expression
is regulated in NSCLC is not clear.

The regulation of miRNA on protein expression is a complex
network. A miRNA may target several different genes, while a
target gene may also be regulated by several miRNAs. One recent
study observed that miR-21 is overexpressed in lung cancer cells
and can negatively regulate BTG2 expression [12]. The current
study observed inverse expression between miR-25 and BTG2 in
NSCLC cancer patients and cell lines. Thus, we further explored the
association between miR-25 and BTG2 expression. By using data-
base searching and dual luciferase assay, we verified two putative
binding sites between miR-25 and BTG2. Therefore, BTG2 is a direct
target of miR-25 in NSCLC cancer. In addition, by applying loss-and-
gain function analysis, this study also demonstrated that miR-25-
BTG2 axis could regulate radio-sensitivity of NSCLC cancer cells.

In conclusion, this study firstly confirmed BTG2 is a novel target
of miR-25 and has two binding sites with miR-25 in the 3/-UTR. The
miR-25-BTG2 axis could directly regulated BTG2 expression and
affect radiotherapy sensitivity of NSCLC.
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