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Background: Radiotherapy is the most effective non-surgical modality in lung cancer treatment, and microRNAs (miRNAs)
have been suggested as key regulators in radiosensitization. Herein, we explored the specific function of miR-
339-5p in the radiosensitivity of lung cancer cells.

Material/Methods: Radiosensitivity was assessed by cell viability (CCK-8 assay), cell apoptosis, and cell cycle changes (flow cytom-
etry). qRT-PCR and subsequent Western blot assays were used to determine the expression of miR-339-5p and
other related proteins.

Results: We demonstrated that ionizing radiation (IR) exposure impaired lung cancer cell viability, and found that miR-
339-5p is a novel IR-inducible miRNA. Overexpression of miR-339-5p enhanced radiosensitivity of A549 and
H460 cells by inhibiting cell viability, increasing apoptosis, inducing cell cycle arrest, and suppressing cell prolif-
eration. Further exploration validated that miR-339-5p can target phosphatases of regenerating liver-1 (PRL-1)
in lung cancer cells. Restoration of PRL-1 partially reverses the enhanced radiosensitivity of lung cancer cells
induced by miR-339-5p.

Conclusions: Our data support that miR-339-5p has potential therapeutic value by sensitizing lung cancer cells to radiation
via targeting of PRL-1.
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Abbreviations: miRNA — microRNA; PRL-1 — phosphatases of regenerating liver-1; IR — ionizing radiation; Pl — propidium
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sis; PVDF - polyvinylidene difluoride
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Background

Lung cancer remains the most frequent cause of cancer-related
death worldwide; non-small cell lung cancer (NSCLC) accounts
for more than 80% of all lung cancer cases and has a 5-year
overall survival rate of less than 15% [1-3]. Radiotherapy is the
second-most effective modality for the treatment of lung can-
cer, while surgery is the most effective method [4]. However,
radioresistance is the key factor limiting the effects of radio-
therapy, which in turn induces local recurrence and inevita-
bly leads to treatment failure [5,6]. In the future, research on
therapy should mainly focus on developing radiosensitizers to
treat this lethal disease, as well as improving survival of pa-
tients after standard first-line therapy.

MicroRNAs (miRNAs) are a subtype of short non-coding RNAs
(with a length of 20-25 nucleotides) that function by regulat-
ing gene expression via targeting mRNA for degradation or
inhibition of mRNA translation [7,8]. An increasing number
of studies have demonstrated that miRNAs are potential on-
cogenes or oncosuppressor genes, according to the cell con-
text and the targets they regulate [8]. Moreover, recent stud-
ies have suggested a link between altered expression of some
miRNAs and radiotherapy, especially in lung cancer [9-11].
Because a single miRNA has many possible targets, efforts of
identify critical miRNAs that guide radiation sensitivity may
facilitate the development of miRNA-censored approaches to
overcome radioresistance.

MiR-339-5p was originally reported in a serum miRNA analysis
showing that it is detected at low levels in patients with lung
adenocarcinoma [12], indicating its tumor-suppressing roles in
lung cancer. Subsequent research demonstrated that miR-339-
5p strongly repressed cell migration and invasion in vitro, and
was associated with the tumor-node-metastasis (TNM) staging
and lymph node metastasis (LNM) of NSCLC [13]. However, its
role in the radiosensitivity of lung cancer cells remains elusive.

In the present study, we explored the effects of miR-339-5p in
the in vitro radiosensitivity of lung cancer cells, and confirmed
the targeting of phosphatases of regenerating liver-1 (PRL-1)
by miR-339-5p in mediating radiosensitivity in lung cancer
cells. Our data may provide a way to enhance the efficacy of
radiation therapy in lung cancer treatment.

Material and Methods

Cell culture and ionizing radiation (IR)

Human lung cancer cells A549 and H460 cells were purchased
from Cell Resource of Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). A549 cells
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were maintained in DMEM medium (Gibco, USA) while H460
cells were maintained in RMPI-1640 medium (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS) at 37°C in
a humidified atmosphere of 5% CO,. IR was achieved by using
Linear accelerator (Siemens, Germany). A 200 cGy/min dose
rate was used for indicated cells at room temperature to reach
a required total dose and then collected at the indicated time
points in each experiment.

Cell counting kit (CCK)-8 assay

Cells were plated into 96-well plates at a density of 5x103
cells/well. Twenty-four hours later, cells were exposed to indi-
cated doses of y-irradiation and allowed to settle for another
12 h in the incubator at 37°C. Cell viability was measured us-
ing the cell counting kit (CCK)-8 assay according to the stan-
dard protocol. Relative cell viabilities of irradiated cells were
calculated by normalizing the absorbance at 450 nm of irra-
diated cells to that of non-irradiated control cells.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

RNA of the cell samples was extracted using the mirVana RNA
isolation kit (Ambion, USA) according to the standard protocol.
After quality and quantity control using ND-100 (NanoDrop,
USA), equal amounts of RNA were subjected to reverse tran-
scription using the PrimeScript RT Master Mix and Mir-X miR-
NA First-Strand Synthesis kit (Takara, China). qRT-PCR was per-
formed using the SYBR Premix Ex Taq Il kit (Takara). U6 was
used as the internal control. Each sample was prepared and
assayed in triplicate. Data were calculated using 22" method.

Transfection of oligonucleotides or plasmid

Mimics for miR-339-5p (sense 5’-UCCCUGUCCUC
CAGGAGCUCACG-3’; antisense 5’-UGAGCUCCUGGAGGACAGG
GAUU-3) and negative control (NC) (sense 5’-UCCUCCGAACGU
GUCACGUTT-3’; antisense 5’-ACGUGACACGUUCGGAGAATT-3’)
were chemically synthesized by GenePharma (Shanghai, China).
To construct the expression plasmid of pcDNA3.1-PRL-1, the
completed sequence of human PRL-1 open-reading frame was
synthesized and inserted into a pcDNA3.1 (+) vector. For miR-
NA mimics transfection, cells were plated to 50% confluency
in a 6-well plate and transfected with 200 nM miRNA mimics
using Lipofectamine RNAIMAX (Invitrogen, USA) following the
manufacturer’s protocol. For plasmid transfection, cells were
plated to 80% confluency in a 6-well plate and transfected with
2 pg plasmid using Lipofectamine 2000 (Invitrogen, USA) as
per the standard method. Twenty-four hours later, cells were
collected for RNA/protein extraction and other experiments.
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Figure 1. Upregulation of miR-339-5p following IR exposure in lung cancer cells. (A) Relative cellular viability of A549 and H460 cells
after treatment with increasing doses of IR was determined by CCK-8 assay. (B) IR dose-dependent induction of miR-339-5p
in A549 and H460 cells. miR-339-5p expression was analyzed by gRT-PCR. 5S rRNA was used as an internal control. Data are

expressed as the mean +SD (* P<0.05, ** P<0.01 vs. O Gy).

Analysis of cell cycle and apoptosis

For cell cycle analysis, cells were collected and fixed in 70% eth-
anol at —20°C overnight. After washing twice in cold PBS, cells
were incubated with 50 pg/ml Pl for 30 min for further flow cy-
tometry analysis. For apoptosis assay, the Annexin V-PE/7-AAD
apoptosis detection kit (KeyGen, China) was used to quantify
cell apoptosis, following the indicated protocol. Flow cytome-
try (BD Biosciences, USA) was used to visualize cell cycle and
apoptosis of the above prepared cells, and results were ana-
lyzed with Modfit LT (Verity Software House, USA) or FlowJo
(version 10; Tree Star, USA) software, respectively.

Luciferase reporter assay

The wild-type sequences of PRL-1 3’-untranslated region (3’-
UTR; p-WT) and its deletion mutant (p-MT) without the miR-
339-5p binding sites were inserted downstream of the firefly lu-
ciferase reporter gene in the pEZX-MTO01 vectors (GeneCopoeia,
China). The 2 reporter plasmids were used to transfect A549
or H1299 cells alone (Control) or with the NC and miR- 339-
5p mimics using Lipo2000 Transfection Reagent (Invitrogen,
USA). The activities of firefly and Renilla luciferase activities
were detected using the dual-luciferase reporter assay system
(Promega, USA). The results were presented as the firefly lucif-
erase activities normalized against those of Renilla.

Western blotting

Protein was isolated from cultured cells with RIPA lysis buffer
supplemented with protease inhibitor (Beyotime, China) and
protein concentration was determined by using the BCA quan-
tification kit (Beyotime, China). Equal amounts of protein were
separated in 10% SDS-PAGE, electrophoretically transferred to

PVDF membranes (Millipore, USA), then detected with anti-hu-
man PRL-1 (Santa Cruz, USA), Bcl-2 (Cell Signaling Technology,
USA), Bax (Cell Signaling Technology, USA), and B-actin (Santa
Cruz, USA) antibodies. The proteins were visualized using the
Image Quant software (Molecular Dynamics, USA).

Statistical analysis

Experiments were all performed at least 3 times separately,
each in triplicate. Data are expressed as means +SD of 3 inde-
pendent experiments. Statistical significance between 2 groups
were calculated separately by t test. P values <0.05 were con-
sidered to be statistically significant.

Results

IR impairs cell viability and induces miR-339-5p
expression in lung cancer cells

Following IR exposure (0, 2, 4, 6, 8, 12 Gy), CCK-8 assay showed
that IR repressed cell viabilities of A549 and H460 cells in a
dose-dependent manner, and high doses of IR (higher than
6 Gy) markedly decreased cell viability in both A549 and H460
cells (Figure 1A). To test whether miR-339-5p was a novel IR-
responsive miRNA, we analyzed its expression in IR-exposed
cell extracts. As shown in Figure 1B, the miR-339-5p level was
evidently induced by IR exposure at 12 h after IR in both A549
and H460 cells (Figure 1B). Since there is no previous report on
the role of miR-339-5p in radiosensitivity of lung cancer cells,
we then investigated the function and target of miR-339-5p
in the IR response of lung cancer cells.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

8410




Wang J. et al.:
Lung cancer radiosensitivity by miR-339-5p/PRL-1
© Med Sci Monit, 2018; 24: 8408-8416

LAB/IN VITRO RESEARCH

A 50 vx
[ Con
M NC
= 407 M miR-339-5p mimics
=
< 30 *%
=
e
&
A549 H460
B *% A549
120 *x u
*
*
i
90- T *
g
3 60-
I
30
0
0Gy 6Gy 12Gy
IR dose

H460 O Con
** ENC
120 M miR-339-5p
*
90+
=
z
:,:; 60
I
304
0
0Gy 6Gy 12 Gy
IR dose

Figure 2. miR-339-5p increased the radiosensitivity of lung cancer cells. (A) Relative levels of miR-339-5p were examined by qRT-
PCR at 48 h after transfection. 55 rRNA was used as an internal control. (B) After non-transfection (control) or transfection
with NC or miR-339-5p mimics followed by exposure to increasing doses of IR, cellular viability of A549 and H460 cells was
determined by CCK-8 assay. Data are expressed as the mean +SD (* P<0.05, ** P<0.01).

miR-339-5p enhances radiosensitivity of A549 and H460
cells

To examine the relationship between miR-339-5p and radio-
sensitivity, we irradiated NC or miR-339-5p mimics-transfect-
ed A549 and H460 cells, and then determined cell viability,
apoptosis, and cell cycle distribution. The results of gRT-PCR
indicated a significantly greater induction of miR-339-5p ex-
pression in miR-339-5p mimics-transfected A549 and H460
cells in comparison with the NC mimics-transfected cells
(Figure 2A). Following IR exposure (0, 6, 12 Gy), miR-339-
5p overexpression significantly reduced cell viability at each
dose (0, 6, and 12 Gy) in A549 cells and only at lower dos-
es (0 and 6 Gy) in H460 cells (Figure 2B) compared with con-
trols (NC mimics-transfected cells). Alterations of apoptosis
and cell cycle were then analyzed. We found that miR-339-
5p overexpression strikingly elevated the apoptosis rates of
A549 and H460 cells, both at 0 and 6 Gy of IR (Figure 3A, 3B).
For H460 cell cycle, miR-339-5p mimics induced GO/G1 arrest
at both 0 and 6 Gy of IR (Figure 4A, 4B). In addition, we test-
ed the effect of miR-339-5p overexpression on proliferation
of H460 cells and found that miR-339-5p obviously reduced

clones compared with the Control and NC group (Figure 4C).
These results suggest that upregulation of miR-339-5p inhib-
its cell viability, increases apoptosis, induces cell cycle arrest,
suppresses cell proliferation, and enhances radiosensitivity
in lung cancer cells.

miR-339-5p directly targets PRL-1 in lung cancer cells

To further explore the underlying mechanism of miR-339-5p
in lung cancer, we performed a bioinformatics (miRDB and
TargetScan) search for predictive targets of miR-339-5p, and
PRL-1 was selected as a candidate target (Figure 5A). Luciferase
reporter assay revealed that miR-339-5p obviously suppressed
the luciferase activity derived from the recombinant reporter
plasmid containing wild-type 3’-UTR of PRL-1 (p-WT) in A549
and H460 cells (P<0.05~0.001; Figure 5A, 5B), whereas the mu-
tant 3’-UTR without miR-339-5p binding sites (p-MT) failed to
exert the same effect (Figure 5A, 5B). Western blotting was
applied to determine if miR-339-5p could downregulate the
expression of PRL-1 in A549 and H460 cells. We found that
PRL-1 protein was decreased in the miR-339-5p mimics-trans-
fected cells compared to the control groups (Figure 5C, 5D).
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Figure 3. miR-339-5p promotes IR-induced apoptosis of lung cancer cells. (A) A549 and H460 cells were non-transfected (control)
or transfected with NC or miR-339-5p mimics. Twenty-four hours later, cells were exposed to 12 Gy of IR or untreated for
another 24 h. Cell apoptosis was detected by Annexin V/PI staining and flow cytometry. (B) Mean apoptosis rate assessed
by flow cytometry in response to IR exposure as in (A). Mean +SD of 3 independent experiments were performed (* P<0.05,

** P<0.01).

Therefore, we confirm that PRL-1 is a target and is inversely
regulated by miR-339-5p in lung cancer cells.

Restoration of PRL-1 relieves the enhanced radiosensitivity
caused by miR-339-5p in lung cancer cells

To investigate whether miR-339-5p mediates radiosensitivity via
targeting PRL-1, PRL-1 rescue experiments were done in H460
cells and subsequent experiments were performed to analyze
cell apoptosis, since apoptosis of cancer cells is closely related
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to radiosensitivity. Notably, under different IR doses (0, 6, and
12 Gy), the expression of PRL-1 was decreased gradiently, which
was consistent with our previous result (Figure 1B) that IR in-
duced miR-339-5p upregulation, which in turn downregulated
PRL-1. As shown in Figure 6A and 6B, PRL-1 plasmid was used
to overexpress its protein in H460 cells, and overexpression of
PRL-1 reversed the downregulation of PRL-1 protein by miR-
339-5p mimics in H460 cells. Consistently, miR-339-5p mim-
ics markedly elevated the expression of Bax proteins and re-
duced Bcl-2 level under 6Gy of radiation, but overexpression
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Figure 4. miR-339-5p arrests cell cycle of lung cancer cells following IR exposure. (A) A549 and H460 cells were non-transfected
(control) or transfected with NC or miR-339-5p mimics. Twenty-four hours later, cells were exposed by 12 Gy of IR or
untreated for another 24 h. Cell cycle was analyzed by flow cytometry. MiR-339-5p caused a GO/G1 arrest. (B) Quantification
for cell cycle attribution. The percentage of cell population at GO/G1, S, and G2/M phases are represented as mean +SD (*
P<0.05). (C) After transfection, the H460 cells were plated into 6-well plates. With/without radiation (12 Gy), cells clones
were stained by crystal violet and were calculated 10 days later.

of PRL-1 reversed the stimulation of the mitochondrial apop-
tosis pathway. Importantly, co-transfection of PRL-1 plasmid
and miR-339-5p mimics partially relieved apoptosis induction
in miR-339-5p mimics-transfected H460 cells at 6 Gy of IR
(Figure 6C, 6D). To conclude, miR-339-5p enhances radiosen-
sitivity of lung cancer cells by targeting PRL-1, at least partially.

Discussion

Although there has been great technological progress in ra-
diotherapy over the last 2 decades on curing a wide range of
human cancers, academic studies in radiation biology have
mainly concentrated on elevating the therapeutic effect of
radiotherapy. To attain this goal, much work is still needed to
better understand the cellular response to IR exposure and
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Figure 5. PRL-1 is a target of miR-339-5p in lung cancer cells. (A) Predicted miR-339-5p binding sites in the 3’-UTR of PRL-1 by
TargetScan and the designed mutant 3’-UTR in which miR-339-5p binding sites were deleted. (B) Luciferase reporter assays
in A549 and H460 cells transfected with p-WT or p-MT alone (Mock) and cotransfected with p-WT or p-MT and NC or miR-
339-5p mimics; p-WT=the reporter plasmid of wild-type PRL-1 3’-UTR, p-MT=the reporter plasmid of mutant-type PRL-1 3’-
UTR. Data are normalized according to the ratio of Firefly luciferase activity to Renilla luciferase activity. (C) The expression
levels of PRL-1 were detected by Western blotting in A549 and H460 cells after indicated transfections. B-actin was used as
a loading control. (D) Quantification of Western blotting results as in (A). Data are expressed as the mean +SD (** P<0.01,

% pe0.001).

to overcome radioresistance in cancer patients. According to
recent studies, miRNAs play key roles in regulating radiosen-
sitivity by interacting with the downstream targets [14,15].

One previous study concluded that miR-339-5p, a tumor sup-
pressing miRNA in other malignancies [16,17] represses cell mi-
gration and invasion potential in NSCLC cancer [13]. Therefore,
the possible therapeutic significance of miR-339-5p prompted
us to investigate its role in lung cancer radiosensitivity. Herein,
we found that miR-339-5p could be upregulated by IR expo-
sure. In vitro experiments demonstrated that miR-339-5p ele-
vated radiosensitivity of A549 and H460 cells by suppressing
cell viability, increasing apoptosis, and inducing GO/G1 arrest.
Further investigation suggested that miR-339-5p might be a
radiosensitizer by targeting PRL-1 in lung cancer cells.

Because a single miRNA might concurrently target many mRNAs,
which may differ in different cellular contexts, identifying
these targets is important to interpret the functional mech-
anism of miRNAs. Previous studies showed that miR-339-5p

has multiple biological targets [18-20]. By combining predic-
tions made using 2 major tools (miRDB and TargetScan), we
validated PRL-1 as a functional downstream target of miR-339-
5p. In fact, Zhou et al. found that miR-339-5p could target PRL-
1 and dramatically inhibit colorectal cancer cell growth and
metastasis in vitro [20]. PRL-1 belongs to the PRL subfamily of
protein tyrosine phosphatases that is implicated in oncogenic
and metastatic phenotypes [21,22]. However, the role of PRL-
1 in lung cancer progression remains unknown. From the per-
spective of radiosensitivity, our data suggest a tumor-promot-
ing role of PRL-1 in lung cancer. Future research should focus
on validation of the observations in tumor growth in vivo and
further investigation of the mechanism of PRL-1 in mediating
the radiosensitivity of miR-339-5p.

Conclusions

Our study verifies that IR-induced miR-339-5p enhanced ra-
diosensitivity of lung cancer cells in vitro, at least by targeting
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Figure 6. miR-339-5p sensitizes lung cancer cells to IR by targeting PRL-1. (A) The expression levels of PRL-1, Bax, and Bcl-2 under
0Gy/8Gy were detected by Western blotting in H460 cells after indicated transfections. B-actin was used as a loading control.
(B) Quantification of Western blotting results as in (A). (C) Cell apoptosis was detected by annexin V/PI staining and flow
cytometry in indicated cells. (D) Mean apoptosis rate assessed by flow cytometry in response to IR exposure as in (C). Data

are expressed as the mean +SD (* P<0.05).

PRL-1. The miR-339-5p/PRL-1 pathway may be a potential
therapeutic approach to radiosensitization for lung cancer, but
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