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piR-651 promotes tumor formation in non-small cell lung
carcinoma through the upregulation of cyclin D1 and CDK4
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Abstract. Piwi-interacting RNAs (piRNAs or piRs) are a
novel class of non-coding RNAs that participate in germline
development by silencing transposable elements and regulating
gene expression. To date, the association between piRNAs
and non-small cell lung carcinoma (NSCLC) has not yet been
elucidated. In the present study, we have demonstrated that a
significant increase in piR-651 expression occurs in NSCLC.
Furthermore, the abnormal expression of piR-651 was associ-
ated with cancer progression in the patients with NSCLC. The
upregulation of piR-651 in A549 cells caused a significant
increase in cell viability and metastasis. The percentage of
arrested cells in the GO/GI1 phase was lower after piR-651 over-
expression compared with the controls. We also examined the
expression of oncogenes and cancer suppressor genes following
piR-651 overexpression in NSCLC cells. Only the expression
levels of cyclin D1 and CDK4 significantly correlated with
piR-651 expression both in vivo and in vitro. Furthermore, by
injecting nude mice with A549 cells transfected with piR-651
plasmids to establish a xenograft model, we demonstrated that
there was a correlation between piR-651 overexpression and
tumor growth, which was mediated by cyclin D1 and CDK4.
These findings strongly support the notion that piR-651 induces
NSCLC progression through the cyclin D1 and CDK4 pathway
and it may have applications as a potential diagnostic indicator
and therapeutic target in the management of NSCLC.

Introduction
Lung cancer is the leading cause of cancer-related deaths world-

wide, and studies on lung cancer have increased significantly
in recent years. Among all types of lung cancer, non-small cell
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lung carcinoma (NSCLC) represents the highest number of
cases of diagnosed lung cancer (1). Surgical resection, chemo-
therapy and radiotherapy are currently used for the treatment
of NSCLC (2). However, the long-term survival for NSCLC
patients remains poor. A lack of information regarding the
effects of genetic, epigenetic and environmental factors in
NSCLC has led to difficulties in elucidating the develop-
mental mechanisms of cancer cells, such as roles in viability,
aggressiveness and progression. To date, improvements in the
understanding of the genetic processes involved in NSCLC has
assisted in the diagnosis and the establishment of treatment
options. Unveiling the pathogenesis of lung cancer epigeneti-
cally would also aid in identifying new diagnostic biomarkers
as well as in establishing new therapeutic strategies.

In cancer, the cellular genomes are unstable and typically
exhibit alterations including amplification and/or deletion of
cancer genes and epigenetic silencing (3). Epigenetic altera-
tions including microRNA (miRNA or miR) silencing, DNA
methylation and histone modification have been demonstrated
to participate in cancer progression (4). DNA hypomethylation
largely affects intergenic and intronic regions of the genome as
well as repeat sequences and transposable elements (TEs) (5).
In addition, the methylation levels of oncogenes and tumor
suppressor genes in cancer cells are commonly aberrant (6). TEs
as mobile factors in the genome are widely distributed among
all regions, causing deleterious mutations, gene disruptions and
chromosomal rearrangements (7), and potentially lead to the
initiation and progression of cancer (8). To date, our under-
standing of the association between TEs and human cancer
is limited. In addition, the correlation between the mobility of
TEs and the cancer cell environment remains-unknown.

Recently, the piwi-interacting RNA (piRNA or piR) pathway
was identified in germline cells in the testis and confirmed as
an highly conserved, evolutionarily pathway in animals (9).
piRNAs are 26-32 nucleotides in length and bind PIWI proteins
and mediate the post-translational activities of TEs as well
as gene expression (10-12). Thus, the piRNA pathway plays a
crucial role in epigenetic change by regulating genome stability.
Several PIWI-like genes have been identified as mammalian
paralogs, including four paralogs in humans and three paralogs
in the mouse (13). The initial studies of PIWI and piRNAs
were focused on germ cell development, particularly in the
testis. A recent study by Yan et al using high-throughput small
RNA sequencing, showed widespread expression of piRNAs in
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somatic tissues, which suggested new functions of the piRNAs
in addition to their roles in the development of gonads (14).
These results suggest that the piRNA pathway has compre-
hensive functions during development, both in germ cells and
somatic cells, by regulating TEs and gene expression.

Several studies have indicated that the piRNA pathway is
increased in different types of cancer, including lung cancer,
pancreatic cancer and ovarian cancer (15). The abundant
expression of PIWI proteins has been found in the breast, gastro-
intestinal tract, stomach, and endometrium with cancer whereas
no expression has been found in normal tissues (16,17). Moreover,
increasing Piwill enhanced tumor growth and mortality (18).
Piwil2 is also widely expressed in pre-cancerous stem cells, breast
cancer cells and cervical cancer cells, suggesting that Piwil2 is
involved in tumorigenesis (19). Piwil3 and Piwil4 expression has
only been identified in colon cancer, to the best of our knowl-
edge (16). In addition to PIWI proteins, piRNAs have also been
found to be abnormally expressed in cancer cells. Cheng et al
showed that piR-651 was upregulated in gastric cancer tissues
and was associated with the tumor-node-metastasis (TNM)
stage. The authors concluded that piR-651 was involved in the
development of gastric cancer and may be a potential marker
for diagnosis (20). In another study, Cheng et al reported that
piR-823 reduced tumor activity in gastric cancer cells. These
findings suggested that piRNAs mediate cancer progression (21).
However, the precise roles and mechanisms of these piRNAs in
different types of cancer and processes require further study.

In the present study, we aimed to elucidate the role of
piR-651 in NSCLC by examining the expression and potential
function of piR-651 in NSCLC.

Materials and methods

Clinical lung cancer samples. Clinical lung cancer samples
and adjacent normal tissues from 78 patients with NSCLC were
provided by the Xiangya School of Medicine, Central South
University (Changsha, China). Informed consent was obtained
for all samples, and the study was approved by the institutional
review board (Xiangya School of Medicine Research Ethics
Committee). All patients included in this study had not received
preoperative chemotherapy, radiotherapy or any other therapy.
Basic information was collected, including age, gender, clinical
manifestation and histological differentiation. The follow-up
was from December 1st 2012 and lasted for 24 months. Tissue
histology classification was determined according to criteria
from the World Health Organization classification of lung
tumors (22). The tumor stages were confirmed following the
pathological TNM (pTNM) classification (7th edition) of the
International Union against Cancer.

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR). Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). RNA (1 pg) was used
to synthesize first-strand cDNA. To perform RT-qPCR of
piRNA, the miScript SYBR-Green PCR kit provided by
Qiagen (Hilden, Germany) was used for reverse transcription,
and the PrimeScript™ II 1st Strand cDNA Synthesis kit from
Takara (Dalian, China) was used for gene expression detection.
The primers used for detecting piRNAs and genes are listed
in Table I. The cDNAs were then analyzed using the Applied
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Biosystems 7500 qPCR System (Life Technologies, Carlsbad,
CA, USA). The PCR conditions were as follows: 1 cycle of
94°C for 2 min; and 40 cycles of 94°C for 15 sec and 60°C for
45 sec. The dissociation curves were subsequently performed
to verify whether the product was specific. The quantity of the
piRNA and gene expression were calculated using the 244
method.

PiRNA northern blot analysis. Total RNA (30 ug) was
separated in a 15% denaturing polyacrylamide gel and then
transferred onto a GeneScreen Plus Hybridization Transfer
membrane (NEN Life Science Products, Inc., Boston, MA,
USA) and blotted using a **P-labeled oligonucleotide. The
membrane was then stripped in 0.1X SSPE and hybridized
with the probe (piR-651, 5'-GAC GCU UUC CAA GGC ACG
GGC CCC UCU CU-3') overnight at 40°C. The antisense
oligonucleotide (5'-AAA ATA TGG AAC GCT TCA CGA-3")
of U6 snRNA was used as a loading control. After washing
with 2X SSPE containing 1% sodium dodecyl sulfate (SDS),
the membrane was exposed to a Phosphorlmager screen
(Molecular Dynamics, Inc., Sunnyvale, CA, USA) for 20 min.

Fluorescent in situ hybridization. The oligonucleotide probe
of piR-651 was synthesized by Sangon Biotech, Co., Ltd.
(Shanghai, China) according to the following sequence:
piR-651, 5'-GAC GCU UUC CAA GGC ACG-3'. Both the
5" and 3' ends were modified using digoxigenin (DIG) (Life
Technologies). A control probe, 5'-AGC GUA UGG AAU
UCA GAU CUC A-3' was used as previously described (20).

In situ hybridization for piR-651 was performed on fixed
paraffin-embedded sections. Briefly, the samples were fixed in
4% paraformaldehyde at 4°C overnight following paraffin wax
embedding and cutinto 8-xm sections. After xylene dewaxing, the
samples were digested with 2 ng/ml proteinase K in phosphate-
buffered saline (PBS) buffer at 37°C for 10 min. The samples were
then hybridized with 0.5 uM piR-651 probes at 37°C for 24 h,
and then washed with 4X saline sodium citrate (SSC) containing
0.5% Tween-20 for 2 min at room temperature. Finally, an ELF
detection kit (Invitrogen) was used to detect green fluorescent
signals according to the manufacturer's instructions (Invitrogen).
4'.6-diamidino-2-phenylindole (DAPI; 1 ug/ml) (Invitrogen)
was used to stain the nuclei. The probe was visualized with DIG
combined with anti-DIG-antibody conjugated to alkaline phos-
phatase and the 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/
nitro-blue tetrazolium (NBT) kit (Invitrogen).

The tissue histology was shown by hematoxylin and eosin
(H&E) staining. The paraffin-embedded tissue samples were
prepared into 3-5-ym thick slices and were stained with H&E
(Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China).

Cell culture and transfection. The A549 cell line was obtained
from the American Type Culture Collection (ATCC; Manassas,
VA, USA). The experimental and control vectors were constructed
from the pcDNA3.1(t) plasmid (pc3.1) (Invitrogen) and piRNAs.
Briefly, the piR-651 sequence 5-AGA GAG GGG CCC GUG
CCU UGG AAA GCG UC-3' was cloned into the pc3.1 plasmid
between the BamHI and EcoRlI sites to generate pc3.1-piR-651.
The sequence 5'-CAG TAT TTT GTG TAG TAC AA-3' was
used for the negative control to generate the pc3.1-piR-control.
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Table I. Primer sequences used for RT-qPCR.
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Gene Sense (5'-3") Antisense (5'-3")

piR-651 AGAGAGGGGCCCGTGCCTTG Provided by miScript SYBR-Green PCR kit
[-catenin ATGGAACCAGAGAAAAGC AAGGACTGAGAAAATCCCTG

cyclin D1 CGAGGAGCTGCTGCAAATGG GGTATCAAAATGCTCCGGAGAGG
cyclin D2 AGCAGCGGGAGAAGCTGTCTCTG ATGGACGCGTCTCTCTCTTTCGGCC
cyclin D3 TGGATGCTGGAGGTATGTG CGTGGTCGGTGTAGATGC

CDK2 ATCCGCCTGGACACTGAGACT TGGAGGACCCGATGAGAATG

CDK4 CACAGTTCGTGAGGTGGCTTTA TGTCCTTAGGTCCTGGTCTACATG
CDKS CAAATCCCTTACCCAAAACGAG TCTGCGGCTGTGATGTGCT

NF-xB TAAGCAGAAGCATTAACTTCTCT CCTGCTTCTGTCTCTAGGAGAGTA
Caspase-3 TCTGACTGGAAAGCCGAAACTC TCCCACTGTCTGTCTCAATGCCAC
ICAM-1 GCAGACAGTGACCATCTACAGCTT CTTCTGAGACCTCTGGCTTCGT
BCL-2 TGGGATGCCTTTGTGGAACTAT AGAGACAGCCAGGAGAAATCAAAC
MIF ACCAGCTCATGGCCTTCG CTTGCTGTAGGAGCGGTT

MMP-9 ACGCAGACATCGTCATCCAGT GGACCACAACTCGTCATCGTC
KISS-1 GAGAACTCTTGAGACCGGGAGC TGGGCTCCCGGTCTCAAGAGTTCTC
RECK CACAGACCACATGGAGCACAAC GCTGCCAAGAGCGAAGGACA

EGFR ACTGCCAGAAACTGACCAAAATC GCCCTCGGGGTTCACATC

Raf kinase CTTCTTTGACTATGCGTCGTATGC GGTGAGGCTGATTCGCTGTG

myc ACATCATCATCCAGGACTGTATGTG GGCTGCCGCTGTCTTTGC

HER2 CCCCAAAGCCAACAAAGAAA GTGTACGAGCCGCACATCCT

pS3 ATGGAGGAGCCGCAGTCAGATCCTA TAGGATCTGACTGCGGCTCCTCCAT
PTEN TGGAAAGGGACGAACTGGTG CATAGCGCCTCTGACTGGGA

APC ATGTACGGGCTTACTAATGACCACT CACTTCCAACTTCTCGCAACG

CD95 ATGCTGGGCATCTGGACCCT CAACATCAGATAAATTTATTGCCAC
ST5 GAGTGAGCCCAGCGCCTTCCTCAGG GAGTGAGCCCAGCGCCTTCCTCAGG
YPEL3 ATGTGTGTGGCCCAGGTCCTGACAG CTGTCAGGACCTGGGCCACACACAT
ST7 ATTCAATCCTCATGTGCCAAAAT GATTCAAAGCCCCTTCCACTC

ST14 ACCCTGAGCCCCATGGAGCCCCACG CGTGGGGCTCCATGGGGCTCAGGGT
GAPDH TTAGCACCCCTGGCCAAG GCCATCCACAGTCTTCTGGG

Following vector construction, transfection was performed using
Lipofectamine™ 2000 (Invitrogen). The cells were cultured
in Dulbecco's modified Eagle's medium with 10% fetal bovine
serum (both from Gibco, Gaithersburg, MD, USA) at 37°C in an
incubator with 5% CO,. Following 24 h of transfection, the cells
were subjected to experimental analysis.

Colony formation assay. Colony formation was detected
following pc3.1-piR-651 transfection. For each group, the
cells were plated into 6-well plates at a density of 1x10° cells/
well and incubated for 2 weeks. After washing with PBS
three times, the cells were stained using 0.2% crystal violet
(GE Healthcare Life Sciences, Little Chalfont, UK) for 20 min
at room temperature and observed under an inverted micro-
scope (Nikon Eclipse TS-100F; Nikon, Tokyo, Japan).

Cell viability assay. Cell proliferation was assayed by
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) kits (Invitrogen) according to the manufacturer's
instructions. Briefly, 2x10° cells/well were plated in 96-well
plates. After 24, 48,72 or 96 h, MTT was added into the wells
and plates were incubated at 37°C for 2 h. Using a VMAX

(Molecular Devices, Sunnyvale, CA, USA), the absorbance at
570 and 690 nm (as reference) was detected.

Flow cytometric analysis. To determine the effects of piR-651
on the cell cycle, we performed flow cytometric analysis. Firstly,
the cells were fixed with 70% ethanol overnight. After resus-
pending the cells with 50 yg/ml propidium iodide, the cells were
treated with 0.5 yg/ml Annexin V-PE and 0.5 yg/ml 7-amino-
actinomycin D (7-AAD) (BD Biosciences, Franklin Lakes,
NIJ, USA) at room temperature for 15 min and assayed using
a FACSCanto flow cytometer (BD Biosciences). The signals of
Annexin V, 7-AAD, or both were detected and cell death was
analyzed using CellQuestPro software (BD Biosciences).

Western blot analysis. Tissues were homogenized using RIPA
lysis buffer (Beyotime, Wuhan, China). The total protein
quantity of each sample was analyzed using the bicinchoninic
acid (BCA) method (Beyotime). Protein samples (20 ug)
were electrophoresed on a 12% SDS polyacrylamide gel and
the separated proteins were transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA, USA). The
membranes were blocked using 4% skim milk for 1 h at room
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Table II. Antibodies and dilutions used in the present study.

Dilution
Protein Antibody  Western
name product code blot  Immunohistochemistry
Cyclin D1 SAB4502603 1:500 1:100
CDK4 SAB4300695 1:500 1:100
GAPDH  SAB2100894 1:1,000 -

temperature. Primary monoclonal antibodies (antibodies and
dilutions are listed in Table IT) were purchased from Santa
Cruz Biotechnology, Inc., (Santa Cruz, CA, USA) and were
incubated with the membranes at 4°C overnight. GAPDH was
used as a loading control. After three washes with TBST buffer
(20 mM Tris-HCI, pH 7.6/137 mM NaCl/0.5% Tween-20), the
specific protein was detected by a secondary horseradish perox-
idase-conjugated goat anti-rabbit antibody (1:2,000; Santa-Cruz
Biotechnology, Inc., Heidelberg, Germany). After three washes
with TBST buffer, the signals were visualized using an enhanced
chemiluminescence detection system (Millipore).

Immunohistochemical analysis. Firstly, 8-ym-thick tissue
sections were prepared. The sections were dewaxed and
blocked with 4% skim milk. Following incubation with a
monoclonal antibody (antibodies and dilutions are listed in
Table II) at 4°C overnight and washing with TBST buffer, the
sections were processed with a secondary horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit antibody (1:200). The
specific protein was stained using HRP-conjugated strepta-
vidin (Beyotime) and exposed on photosensitive film (Kodak,
Rochester, NY, USA) or with the VersaDoc 3000 imaging
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Tumor formation in a nude mouse model. Five-week-old
female nude mice were used for the tumor formation experi-
ment. The mice were housed under specific pathogen-free
conditions. All animal protocols were approved and monitored
by the Ethics Committee of Xiangya School of Medicine,
Central South University (Changsha, China). The A549 cells
transfected with pc3.1-piR-651 and pc3.1-piR-control were
separately inoculated (2x10° cells) into the dorsal side of the
mouse. The tumor volumes were measured and calculated
using the equation V=0.5x (width x width x length). The mice
were sacrificed 35 days after cell inoculation by dislocation
of the cervical vertebrae and the tumor tissues were collected
subsequently. The tissues were assayed using RT-qPCR,
western blot analysis and immunohistochemistry.

Statistical analysis. All statistical analysis was performed
using SPSS v17.0 software. The significant difference among
the groups was confirmed by one-way analysis of variance.
The correlation of the associations between the expression
of piRNAs and various clinicopathologic parameters was
calculated according to Spearman. A P-value <0.05 was
considered to indicate a statistically significant difference. The
Kaplan-Meier survival curves were generated and analyzed
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with log rank tests with 95% confidence intervals. For the
Kaplan-Meier survival analysis over 24 months, 50 patients
with relative expression between 1 and 3, as the low expres-
sion group, and 50 patients with relative expression between 5
and 6, as the high expression group, were included.

Results

Aberrant expression of piR-651 in NSCLC. The mRNA expres-
sion of piR-651 in normal and NSCLC tissues was determined
by RT-qPCR, northern blot analysis and in situ hybridization.
The results showed that piR-651 expression in the cancer
lesions of NSCLC patients was significantly higher than that
in the adjacent normal tissues (Fig. 1A-C). Furthermore, the
upregulation of piR-651 was associated with distal metastasis
and disease recurrence (Table III). The Kaplan-Meier survival
curves showed that increased piR-651 expression inversely
correlated with overall survival (Fig. 1D).

Effects of piR-651 on NSCLC cells. We then analyzed the effects
of piR-651 upregulation in NSCLC cells. Firstly, we confirmed
that piR-651 expression was increased in the cells transfected
with a plasmid expressing piR-651 (Fig. 2A). We then studied
cell viability using MTT assays. Cell viability increased
significantly following piR-651 overexpression compared
with the controls (P<0.05 after 96 h) (Fig. 2B). Additionally,
flow cytometry showed that the cells overexpressing piR-651
exhibited significantly reduced levels of apoptosis compared
with the controls (Fig. 2C and D). piR-651-overexpressing cells
displayed a significantly lower percentage of cells in the G0/
G1 phase and significantly higher percentage of cells in the
G2/M phase (Fig. 2E), indicating that piR-651 overexpression
promotes cell cycle progression. We also found that piR-651-over-
expressing cells had a stronger ability to form colonies (Fig. 2F).

Correlation between piR-651 expression and cyclin DI and
CDKH4 expression in NSCLC cells. To elucidate the mecha-
nism underlying the effects of piR-651 in NSCLC cells, the
expression patterns of lung cancer-related genes were exam-
ined after overexpression of piR-651. The cancer-promoting
genes induced by piR-651 overexpression included B-catenin,
cyclin D, CDK, NF-kB, ICAM and MIF. Similarly, several
oncogenes, including cyclin D, CDK, MMP-9, KISS-1, RECK,
EGFR, Raf kinase, myc and HER2, showed significantly
higher expression after piR-651 overexpression. By contrast,
the expression levels of cancer suppressor genes, such as
p53, PTEN, APC, CD95, ST5, YPEL3, ST7 and ST14, were
decreased with higher expression of piR-651 (Fig. 3A).

Of all the examined genes, only cyclin D1 and CDK4
showed a high correlation with piR-651 (R*>0.5 and P<0.05).
Cyclin D1 expression positively correlated with piR-651
expression (R?=0.834 and P<0.05) (Fig. 3B). Similarly, CDK4
expression positively correlated with piR-651 expression
(R?=0.721 and P<0.05) (Fig. 3B). Western blot analysis also
revealed that the protein expression of cyclin D1 and CDK4
increased following the upregulation of piR-651 (Fig. 3C).

Correlation between piR-651 expression and cyclin DI and
CDK4 expression in NSCLC tissues. A positive correlation
(R?=0.771 and P<0.05) between piR-651 expression and
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Figure 1. Abnormal expression of piR-651 in non-small cell lung carcinoma (NSCLC) tissues. (A) Relative expression of piR-651 was higher in the NSCLC
tissues compared with that in the normal tissues (data are expressed as the means + SD, n=78, “P<0.01) according to RT-qPCR analysis. (B) In situ hybridiza-
tion results indicated that piR-651 was highly expressed in the NSCLC tissues. Scale bar, 50 ym. (C) Higher expression of piR-651 in NSCLC tissue compared
with normal tissue was determined by northern blot analysis. (D) Overall survival with low (relative expression between 1 and 3) and high (relative expression
between 5 and 6) expression of piR-651.

Table III. Analysis of the correlation between piR-651 expression in NSCLC tissues and the patient clinicopathological characteristics.

Variable N Median piR-651 expression (range) P-value (piR-651)

Age (years)
<50 36 5.60 (0.89-12.42) 0.89
>50 42 441 (0.74-10.78)

Gender
Male 56 6.02 (0.89-10.78) 045
Female 22 4.26 (0.74-12.42)

T stage
T1/T2 52 3.18 (0.74-7.65) 0.03
T3/4 26 7.62 (3.62-12.42)

Histologic grade
I-II 55 2.23(0.74-4.69) 0.02
I-1v 23 8.07 (4.54-12.42)

Metastasis
No (MO) 50 2.53(0.74-4.49) 0.01
Yes (M1) 28 9.62 (4.48-12.42)

Tumor size
<5cm 63 3.88 (0.74-547) 0.01
>5 cm 15 8.69 (4.49-12.42)

NSCLC, non-small cell lung carcinoma.
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Figure 2. Cell biological activities following piR-651 overexpression in non-small cell lung carcinoma (NSCLC) cells. (A) The increased expression of
piR-651 following transfection (n=3, ‘P<0.05 and “P<0.01 compared with the control). (B) Cell viability was determined by MTT assay. Cell viability was
increased in piR-651-overexpressing cells (data are expressed as the means + SD, n=3). (C) Flow cytometric analysis of the NSCLC cells after piR-651
overexpression. (D) Apoptosis rates were calculated from flow cytometry data ("P<0.05, compared with the control, data are expressed as the means + SD, n=3).
(E) The percentage of NSCLC cells in each phase of the cell cycle ('P<0.05, compared with the control, data are expressed as the means + SD, n=3). (F) Colony
formation assay of NSCLC cells in the control and the piR-651-overexpressing groups.

cyclin D1 was observed in the NSCLC tissues from patients.
Moreover a similar positive correlation between piR-651
expression and CDK4 (R?=0.727 and P<0.05) was also shown
in these tissues (Fig. 4A). To determine whether piR-651,
cyclin D1 and CDK4 are involved in metastasis, the expres-
sion levels from patients at the MO and M1 stage (n=3) were
assayed (Fig. 4B). The expression levels of piR-651, cyclin D1
and CDK4 were higher in the M1 stage patients compared with
the MO stage patients (Fig. 4C), indicating that increased levels
of piR-651 induced cyclin D1 and CDK4 and thus, promoted
metastasis.

PIR-651 promotes tumor growth in vivo. In order to further
examine the relevance of our in vitro findings with regard

to NSCLC tumorigenesis in vivo, we injected A549 cells
transfected with control sequences or piR-651 plasmids into
nude mice to generate xenograft models and monitored tumor
growth. In tumors injected with piR-651-overexpressing cells,
the tumor volume and tumor weight were higher compared
with the controls (P<0.05 after 5 weeks) (Fig. 5SA and B),
which was consistent with our in vitro findings. The tissue
sections also showed that piR-651 triggered NSCLC tumori-
genesis in vivo (Fig. 5C). At 5 weeks after cell implantation,
higher expression of piR-651 was observed in tumor tissues
evaluated by RT-qPCR and northern blot analysis (Fig. 5SD).
Consistent with our results described above, the over-
expression of piR-651 led to an increased level of cyclin D1
and CDK4 in the xenograft tumor tissues (Fig. 6). Thus, these
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results from the nude mouse xenograft model demonstrate that
piR-651 promotes NSCLC tumorigenesis in vivo through the
cyclin D1 and CDK4 pathway.

Discussion

A novel class of small RNAs, referred to as piRNAs, have been
identified in mouse germline cells (23,24). Notably, it has been
demonstrated that the overexpression of PIWI and piRNAs
results in the abnormal development of gonads in verte-
brates (25,26). In humans, the increased expression of Hiwi,
a homolog of Piwill, was found to correlate with the risk of
cancer-related death in the pancreas of male individuals (27).
A previous study has suggested that piRNAs were highly
expressed in gastric cancer tissues (17). These findings have
demonstrated that piRNAs are potential diagnostic indicators
of gastric cancer. In the present study, our findings confirmed
that piR-651 participates in the development of NSCLC.

The present study demonstrated high piR-651 expres-
sion in patients with NSCLC. The overall survival curves
suggested that the high expression of piR-651 was associated
with a higher risk of death. These results are similar to the
findings from a study of gastric cancer showing that piR-651
was upregulated in gastric cancer. In addition, by inhibiting

piR-651, gastric cancer cells were suppressed, which to the
best of our knowledge, was the first demonstration of a novel
class of small RNAs capable of regulating the progression of
cancer (20). Based on the observations of similar expression
levels of piR-651 in patients with gastric cancer and NSCLC,
the regulatory mechanisms controlled by these piRNAs need
to be elucidated.

Our results showed that following the overexpression
of piR-651 in NSCLC cells, cell viability was significantly
increased. A previous study has demonstrated that upregu-
lating piR-651 may promote cancer metastasis in gastric cell
lines and downregulating piR-651 arrested the cells in the
G2/M phase (20). However, current information regarding the
effects of piR-651 on the activities of cancer cells is limited.
Whether the effects of piR-651 on cancer cells are specific
to different types of cancer remains unknown. Our findings
suggest that piR-651 exhibits similar effects in NSCLC as in
gastric cancer cells in terms of promoting cell viability. In
addition, upregulating piR-651 in NSCLC cells significantly
reduced the number of cells in the GO/G1 phase and increased
the number of cells in the G2/M phase, indicating a regulatory
function for piR-651 in cell proliferation.

Our results showed that the expression of oncogenes was
induced and that of the cancer suppressor genes was reduced
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Figure 4. Correlation between piR-651 expression and cyclin D1 and CDK4 expression in non-small cell lung carcinoma (NSCLC) patients. (A) Positive cor-
relations of cyclin D1 and CDK4 with piR-651 in 20 patients with NSCLC. (B) Histology of NSCLC samples from six patients (three were in MO metastasis
stage; three were in M1 metastasis stage confirmed by the TNM staging system). Scale bar, 200 zm. (C) Expression levels of piR-651 (detected by northern blot
analysis), cyclin D1 (detected by western blot analysis), and CDK4 (detected by western blot analysis) were increased in M1 tissues compared with MO tissues.

by piR-651. To the best of our knowledge, this is the first
demonstration that a single piRNA is capable of regulating the
expression of a wide panel of cancer-related genes. Furthermore,
the correlation between piR-651 expression and the genes was
analyzed. Notably, in vivo and in vitro studies showed that only
cyclin D1 and CDK4 positively correlated with piR-651 expres-
sion. Cyclin D1 and CDK4 drive cell cycle progression through
the G1 checkpoint. The upregulation of cyclin D1 and CDK4
promoted cell cycle progression, which led to cell proliferation.
Thus, our findings revealed that piR-651 promotes the cell
cycle by regulating cyclin D1 and CDK4.

The mechanism of gene regulation by miRNAs has
been intensively investigated. However, as a novel class of
non-coding, small RNAs, the regulation of genes by piRNAs
remains unclear. Robine et al have reported the existence
of a 3' untranslated region (3'UTR) conserved pathway of
piRNAs, suggesting a similar transcriptional regulating func-
tion for piRNAs as for miRNAs by acting on the 3'UTR (28).
Nevertheless, there is no evidence for any direct binding
between piRNAs and transcripts. The molecular mechanisms
underlying the regulatory effects of piR-651 on cyclin D1 and
CDK4 remain unknown and warrant further investigation.

Finally, our results demonstrated that the injection of
piR-651-transfected cells significantly promoted increases
in tumor volume and tumor weight. The overexpression of
piR-651 lasted for 5 weeks. Thus, we propose that piR-651
may function as an oncogene in NSCLC. Previous studies have
demonstrated a role for piR-651 in promoting tumorigenesis.
However, whether single piRNAs play a direct role in different
types of cancer is currently unknown. Notably, upregulation
of cyclin D1 and CKD4 was found in the group injected with
piR-651-transfected cells, which confirmed the function of
piR-651 as a modulator of the cell cycle. Taken together, this
evidence indicates that piRNAs may play a crucial role in
human disease.

In conclusion, the present study has demonstrated that
piR-651 is associated with the progression of NSCLC. The
high expression of piR-651 was associated with a higher risk
of death in patients with NSCLC. The viability and cell cycle
progression of NSCLC cells were also regulated by piR-651.
The expression levels of cyclin D1 correlated with piR-651
expression. In addition, tumor formation was promoted by
injecting nude mice with piR-651-overexpressing A549 cells.
Our findings suggest that piR-651 may have applications as
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Figure 5. piR-651 overexpression promotes tumor formation. (A) Volume of xenograft tumors derived from A549 cells overexpressing piR-651 or control
sequence in nude mice (data are expressed as the means + SD, n=6, "P<0.05 and "P<0.01). (B) The weight of xenograft tumors in nude mice (data are expressed
as the means = SD, n=6, "P<0.05). (C) Histology of xenograft tumors derived from A549 cells overexpressing piR-651 and control sequences. (D) Expression
levels of piR-651 in xenograft tumor tissues (data are expressed as the means + SD, n=6, "P<0.05).
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(C) Immunohistochemical assay of cyclin D1 and CDK4 in xenograft tumor tissues. Scale bar, 100 ym.
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a potential diagnostic indicator and therapeutic target in the
management of NSCLC.
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