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Piwi-interacting RNA-651 promotes cell proliferation and migration and inhibits

apoptosis in breast cancer by facilitating DNMT1-mediated PTEN promoter

methylation
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ABSTRACT

Piwi-interacting RNAs (piRNAs/piRs) are small non-coding RNAs that play important roles in
stablizing genome through silencing transposable genetic elements. The piR-651 was reported
to be dysregulated in several human solid cancer tissues, such as gastric and lung cancers.
However, the role of piRNA-651 in carcinogenesis of breast cancer has not been defined. We
found that piR-651 was highly expressed in breast cancer tissues and cell lines. Overexpression of
piR-651 facilitated cell proliferation and invasion, restrained cell apoptosis and the percentage of
arrested cells in GO/G1 phase, accompanied by upregulated expression of oncogenes (MDM2,
CDK4 and Cyclin D1), whereas piR-651 downregulation showed the opposite effects. Additionally,
piR-651 could promote phosphatase and tensin homolog (PTEN) methylation and its downregu-
lated expression by recruiting DNA methyltransferase 1 (DNMT1) to the PTEN promoter region
through complex formation with PIWIL2. PTEN overexpression reversed the effects of upregulated
piR-651 on cell functions. This study reveals that piR-651 promotes proliferation and migration
and induces apoptosis of breast cancer cells by facilitating DNMT1-mediated PTEN promoter
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methylation, which may provide a potential therapeutic mechanism for breast cancer.

Introduction

Breast cancer is the most common malignant
tumor in women all over the world. The incidence
of breast cancer in China is 42.55/10 million, and
by 2021, breast cancer patients in China will be
more than 2.5 million [1]. Although breast cancer
is regarded as a curable cancer at early stage and
the 5-year survival rate has been increased to
about 90% in advanced countries, 5-year survival
rate of breast cancer in China is just about 80%
and the patients tend to be younger [2]. What’s
worse, only 22% of Chinese patients are treated
with breast conserving surgery, which is far less
than 50% of the advanced countries [3]. It is
urgent for the Chinese researchers making pro-
gresses in molecular oncology and new therapies
to extend the survival of breast cancer patients and
improve the patients’ quality of life. For the
moment, gene therapy against neoplasms has
been a novel research focus in cancer treatment.

Therefore, a better understanding of such molecu-
lar mechanisms is required to facilitate the devel-
opment of more accurate prognostic markers and
effective therapeutic strategies.

piRNAs are a type of novel non-coding small
RNA with a length of 25-33 nucleotides. They
have biological effects through specific combina-
tions with PIWTI proteins [4]. Abundant expression
of PIWI proteins was found in breast, gastrointest-
inal, gastric and endometrial tissues from patients
with cancer, whereas no expression has been found
in normal tissues. PIWIL2 has been reported to be
widely expressed in breast and cervical cancer cells,
suggesting that PIWIL2 may be involved in tumor-
igenesis [5]. In addition to PIWI proteins, piRNAs
have also been found to be abnormally expressed in
cancer cells. Recent studies have shown that abnor-
mal expression of piRNA is a hallmark feature of
multiple cancer types. Circulating PIWI-interacting
RNAs piR-5937 and piR-28,876 have been reported
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to be upregulated in colon cancer and are promis-
ing diagnostic biomarkers for cancer therapy [6].
Zhou et al found that piR-1245 was up-regulated in
gastric cancer tissues and was associated with tumor
node metastasis (TNM) stage. The authors con-
cluded that piR-1245 is involved in the develop-
ment of gastric cancer and may be a potential
marker for diagnosis [7]. Notably, increasing evi-
dence on the function of piRNAs is involved in the
regulation of epigenetic mechanisms in tumorigen-
esis. PIWIL4/piR-31,470 was able to recruit DNA
methyltransferase 1 or DNA methyltransferase 3B
and methyl-CpG binding domain protein 2 to initi-
ate and maintain the hypermethylation and inacti-
vation of GSTP1, which in turn suppressed GSTP1
levels and increased susceptibility to oxidative stress
and DNA damage in human prostate epithelial
cancer cells [8]. PIWI-interacting RNA 021285 par-
ticipates in breast tumorigenesis by remodeling the
cancer epigenome [9]. PIWI/PiR-651 was reported
to be up-regulated in several cancer tissues and cell
lines, including NSCLC and gastric cancer, and may
be an oncogene in carcinogenesis [10,11]. However,
the regulatory mechanism of PIWI/piR-651 in
breast cancer carcinogenesis remains to be
elucidated.

In the present study, we aimed to investigate
whether piR-651 is involved in breast cancer pro-
gression and its underlying mechanisms, contri-
buting to the clinical treatment for breast cancer.

Materials and methods
Tissue sample collection

Breast cancer tissue and adjacent tissue samples

were collected from 16 patients (aged
37.93 + 10.05 years) at The Second Affiliated
Hospital, Medical School of Xi’an Jiaotong

University (Xi’an, China) between January 2018
and February 2019. And all patients had not
received radiotherapy or chemotherapy. They
don’t have other gynecological diseases and
tumors. All breast cancer patients gave the written
informed consent and conducted in accordance
with the Declaration of Helsinki. This study was
performed with the approval of the ethics commit-
tee of Xi'an Jiaotong University. The ethical num-
ber is XAJTDX-2018-31.

Cell culture and treatment

Human breast cancer cell lines (MDA-MB-231,
MCF-7, AU565 and HCC38) and human breast
epithelial cells (Hs-578Bst) were obtained from
Chinese Academy of Sciences (Shanghai, China).
The cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Rockville, MD)
supplemented with 10% fetal bovine serum (FBS)
(HyClone, Salt Lake City, UT) and 1% penicillin-
streptomycin (Sigma, St. Louis, MO, USA) at 37°C in
a controlled humidified atmosphere with 5% CO,.
2 x 10° cells were plated in 6-well plates and incu-
bated for 24 h. The culture medium was replaced
once every 2 days, and the cells were passaged by 1%
trypsin when they reached 80%~90% confluence.

Cell transfection

Overexpression plasmid of piR-651 (pcDNA-piR
-651) and PTEN (pcDNA-PTEN), short hairpin
RNA against piR-651 (piR-651 shRNA) and its nega-
tive control (sh-NC) were purchased from RiboBio
Co., Ltd (Guangzhou, China). Cells were transfected
by using 1 pg and 2 pg of piR-651 shRNA, 0.5 ugand 1
ug of pcDNA-piR-651 mixed with
Lipofectamine®3000 (Thermo, Waltham, MA, USA),
respectively. All transfection was performed by using
Lipofectamine®3000 according to manufacturer’s
instructions. In brief, transfection was performed
when cells were about 70%  confluent.
Lipofectamine®3000 reagent was diluted by using
Opti-MEM medium (2 tubes) and mix well suffi-
ciently. DNA master mix was then prepared by dilut-
ing the DNA by using Opti-MEM medium, followed
by the addition of  p3000™  reagent.
Lipofectamine®3000 that had been diluted in each
tube reagent with diluted DNA (1:1 ratio). DNA-
liposome complexes were added to the cells after 5
min incubation at room temperature. Cells were col-
lected after transfection for 48 h for further
experiments.

Cell proliferation assay

Cell proliferation was determined by Cell
Counting Kit-8 (CCK-8) assay (Dojindo,
Kumamoto, Japan). The MDA-MB-231 and

MCE-7 cells were seeded in a 96-well plate at



1.5 x 10* cells/well. After 24, 48 and 72 h of
transfection, the supernatant was discarded and
10 puL of CCK-8 solution was added to each well.
After incubating at 37°C for 2 h, the absorbance at
450 nm wavelength was measured by an automatic
microplate reader (Bio-Rad, Hercules, CA, USA).

Cell apoptosis assay

Annexin V-FITC/PI double staining was used to
analyze apoptosis on the flow cytometer. After
48 h of transfection, the cells were detached with
EDTA-free trypsin and collected afterward. The
cells were centrifuged for 5 min at 4°C at
1000 rpm, and the supernatant was discarded.
Apoptosis was detected by an Annexin V-FITC/
PI Apoptosis Detection Kit (CA1020; Beijing
Solarbio Science & Technology, Beijing, China).
The cells were suspended in a mixture of
Annexin V-FITC and binding buffer (1:40) and
incubated at room temperature for 30 min.
A mixture of PI and binding buffer (1:40) was
then added and shaken, followed by incubation
at room temperature for 15 min. Fluorescence
was detected by the flow cytometer (BD
FACSVerse 6 color Flow Cytometer, BD
Bioscience, San Jose, CA, USA), and the apoptosis
rate was calculated and determined.

Transwell invasion assay

We use 8.0 um chamber plates to determinate cells
invasiveness. The upper surface of the Transwell
filter we used was coated with Matrigel (BD, New
Jersey, USA). Firstly, cells were planted into the
8.0 um chamber plates, then 300 uL of serum-free
DMEM medium was added to the upper compart-
ment of the chamber, and 500 uL of DMEM med-
ium supplemented with 10% FBS was added to the
lower chamber for 48 h incubations. Then, the
noninvasive cells on the upper side of the chamber
were suspended with a cotton swab, and then the
invasive cells were fixed in 4% paraformaldehyde
and stained with a crystal violet solution. We
stained infiltrating cells using an Olympus IX70
inverted microscope (Olympus Corp, Tokyo,
Japan) and randomly selected the best six fields
of view, and each experiment was repeated three
times.
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Cell cycle assay

MDA-MB-231 and MCEF-7 cells were fixed with
70% ethanol overnight. After resuspending the
cells with 50 pg/ml propidium iodide, the cells
were treated with 0.5 pg/ml Annexin V-PE and
0.5 pg/ml 7-aminoactinomycin D (7-AAD) (BD
Biosciences, Franklin Lakes, NJ, USA) at room
temperature for 15 min and assayed by using
a FACSCanto flow cytometer. The signals of
Annexin V, 7-AAD, or both were detected and
cell death was analyzed by using CellQuestPro
software (BD Biosciences).

Quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA from clinical samples or cultured cells
was extracted by using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) with the manufacturer’s
instructions. RNA (1 ug) was used to synthesize
first-strand c¢DNA. 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. Real-time
PCR analyses were conducted with the SYBR
Premix Ex Taq II (Takara, Dalian, China) on an
ABI 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA) under the following
conditions: 95°C for 1 min, and then 95°C for 20
s, 56°C for 10 s and 72°C for 15 s for 35 cycles. The
PCR conditions are as follows: 2 pL. of cDNA was
added to 10 pL of the 2x SYBR green PCR master
mix with 04 pL of Taq polymerase enzyme
(RiboBio Co., Ltd, Guangzhou, China), 0.8 uL of
each primer and 6 uL of ddH2O to a final volume
of 20 uL. The sequences of primers were as follows:
piR-651 forward, 5-AGA GAG GGG CCC GTG
CCT TG-3'; and reverse, 5-CCA TCC AGC TCT
TTC ACC AT-3'; phosphatase and tensin homolog
(PTEN) forward, 5-ACA CCG CCA AAT TTA
ACT GC-3'; and reverse, 5-TAC ACC AGT CCG
TCC TTT CC-3"; DNMT1 forward: 5'-CCA CCA
CCA AGC TGG TCT AT-3’; and reverse, 5-TAC
GGC CAA GTT AGG ACA CC-3'; GAPDH for-
ward, 5'-TGC AGT GGC AAA GTG GAG ATT-3;
and reverse, 5-TCG CTC CTG GAA GAT GGT
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GAT-3"; U6 forward, 5- GCT TCG GCA GCA CAT
ATA CTA AAA T-3'; reverse: 5'-CGC TTC ACG
AAT TTG CGT GTC AT-3". We used GAPDH and
U6 (only against piR-651) as endogenous control,
respectively. The relative expression levels were cal-
culated by using 27" method.

Western blotting

The cells were washed twice with ice-cold PBS and
lysed by using RIPA lysis buffer (CW Biotech,
Beijing, China) supplemented with protease inhi-
bitor (Roche Diagnostics, Basel, Switzerland).
Then the protein concentration was measured by
BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Equal amount of protein
was subjected to 10% SDS-PAGE at 70 V for
30 min then 120 V for 90 min. And the protein
bands were transferred to PVDF membranes at
300 mA for 2 h. The membranes were blocked
with 5% skim milk for 2 h at room temperature,
then incubated with the following primary antibo-
dies: rabbit monoclonal GAPDH antibody (1:2500
dilution, Abcam, ab9485, Cambridge, UK), rabbit
monoclonal Cyclin D1 antibody (1:200 dilution,
ab16663, Abcam, Cambridge, UK), rabbit mono-
clonal CDK4 antibody (1:1000 dilution, ab108357,
Abcam, Cambridge, UK), rabbit monoclonal
MDM?2 antibody (1:1000 dilution, ab259265,
Abcam, Cambridge, UK), rabbit monoclonal
PTEN antibody (1:1000 dilution, ab170941,
Abcam, Cambridge, UK), DNMT1 (1:1000 dilu-
tion, abl188453, Abcam, Cambridge, UK),
PIWIL4/PIWT (1:500 dilution, ab111714, Abcam,
Cambridge, UK). After washing 3 times with TBS-
T, the membranes were incubated with the horse-
radish peroxidase (HRP)-conjugated goat anti-
rabbit I1gG (1:5000, ab6721, Abcam, Cambridge,
London, UK) for 1 h at room temperature.
GAPDH was used as endogenous controls.
Protein bands were visualized by the ECL system
and the quantification was performed by using
Image ] software.

Chromatin immunoprecipitation (ChIP)

ChIP assay was conducted to verify the effects of
DNMT1 on the PTEN promoter region. Briefly,
MDA-MB-231 cells (4 x 10° cells/well) were seeded

into 10 cm flat petri dishes for 24 h, and then cells
were subjected to standard cross-linking. DNA-
protein complexes were cross-linked with 1% for-
maldehyde for 10 min at 37°C. Then, cells were
lysed in the lysate, and the chromatin DNA was
sonicated into fragments. Immunoprecipitation
was performed with DNMT1 antibody. IgG as an
isotype control antibody. The immunoprecipitated
DNA was treated with RNase A and proteinase
K and purified with phenol-chloroform extraction
followed by ethanol precipitation. Input DNA was
purified with phenol chloroform extraction and
ethanol precipitation. Purified DNA and input
genomic DNA were analyzed by real-time PCR.
The PTEN promoter primer sequences used in this
study to amplify purified DNA were as follows:
Forward primer: 5- AAG CTG CAG CCA TGA
TGG AA -3', Reverse primer: 5'- CTC CAG GAG
CGG GAG GTG -3'. Fold enrichment at the pro-
moter was calculated with the standard method
according to the manufacturer’s protocol.

Co-immunoprecipitation (Co-IP)

MDA-MB-231 cells were lysed by using RIPA buffer
(Beyotime, Shanghai, China), and the supernatant
was collected and incubated with or DNMT1 anti-
body at 4°C overnight. Then, the mixture was incu-
bated with 100 pL of protein A/G agarose beads
(Takara Biotechnology, Dalian, China) overnight at
4°C. Subsequently, the agarose beads-antigen-
antibody complex was collected by instantaneous
centrifugation and washed with PBS for three times.
Next, the complex was boiled with protein loading
buffer for 5 min. The supernatant was collected by
centrifugation and analyzed by using Western blot-
ting to detect the expression of interaction proteins.

Methylation-specific PCR

Analysis of CpG island of PTEN promoter region
was performed by using MethPrimer software
(https://www.urogene.org/methprimer/). The pri-
mers specific for the methylated PTEN gene pro-
moter were 5" -TTG TTA TTA TTT TTA GGG
TTG GGA A - 3’ and 5' - CTA AAC CTA CTT
CTC CTC AAC AAC C - 3. MSP-PCR was used
to detect the methylation status of the PTEN pro-
moter. Cell DNA extraction was conducted with
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the genomic DNA extraction kit (Qiagen, Hilden,
Germany) according to the manufacturer’s
instructions. The DNA concentration was deter-
mined by using a UV spectrophotometer. The
extracted DNA (10 pg) was added with 5.5 uL of
3 M NaOH to denature at 37°C for 10 min. Next,
DNA was added with 20 uL of 10 mM hydroqui-
none and 520 pL of 40.5% sodium hydrogen sul-
fite, and then covered by 200 pL mineral oil. Then,
the modified DNA was purified by wizard DNA
column. The purified solution was added with
5.5 pL of 3 mol/L NaOH to denature for 10 min,
and then 5.5 puL of 3 M sodium acetate and 120 pL
of cold absolute ethanol were added to precipitate
and recycle DNA. DNA was then modified with
CpGenome DNA Modification Kit (57820;
Millipore Sigma) and underwent MSP followed
by PCR reaction on a Thermocycler (Biometra,
Dublin, Ireland). The amplified products were
subjected to 18 g/L agarose gel electrophoresis,
imaged by UV imager gel electrophoresis imaging,
and analyzed by using a gel imager (FireReader,
UVlItec, Cambridge, United Kingdom).

Northern blotting

Total RNA (30 pg) was separated in a 15% denatur-
ing polyacrylamide gel and then transferred onto
a GeneScreen Plus Hybridization Transfer mem-
brane (NEN Life Science Products, Inc., Boston,
MA, USA) and blotted by using a 32P-labeled oli-
gonucleotide. 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 oli-
gonucleotide (5'-AAA ATA TGG AAC GCT TCA
CGA-3') of U6 snRNA was used as a loading con-
trol. 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.

Enzyme-linked immunosorbent assay (ELISA)

The activity of DNMT1 in MD-MB-231 cells was
determined by ELISA kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions.
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RNA Immunoprecipitation (RIP)

RIP assay was performed to validate the binding
relationship between piR-651 and PIWIL2. MDA-
MB-231 cells were lysed by using RIP lysis buffer,
and 100 uL of the lysate was incubated with RIP
buffer containing magnetic beads, which were con-
jugated with PIWI2 antibodies (Abcam, 1:500,
ab181340, Cambridge, UK) or control normal
mouse IgG (Millipore, Billerica, MA, USA). Among
the antibodies, IgG was considered as a negative
control. Proteinase K buffer was then added to the
samples to digest protein. Finally, the bounded RNA
was isolated from the beads by using Trizol reagent
and purified piR-651 was assayed by using RT-qPCR.

Statistical analysis

All the experimental data were expressed as mean +
standard error of mean (SEM), and SPSS Statistics,
version 23.0 (IBM Corporation, NY, USA) was used
for statistical analysis. The Shapiro-Wilk test was
used to verify whether the data was normally dis-
tributed. Levene’s test was used to verify the homo-
geneity of variances. A one-way analysis of variance
(ANOVA) or Kruskal-Wallis non-parametric test
was used, depending on data distribution and var-
iance homogeneity. The Kruskal-Wallis test fol-
lowed by the post hoc analysis (Mann-Whitney
U-test) was used to evaluate pairwise differences
among the adjusted means. Values of P < 0.05
were considered statistically significant.

Results

piR-651 was up-regulated in breast cancer
tissues and cell lines

The mRNA expression of piR-651 in breast cancer
tissues or cell lines was determined by Northern
blotting and RT-qPCR analysis, respectively. The
results showed that piR-651 expression in the can-
cer lesions of breast cancer patients was promi-
nently higher than that in the para-carcinoma
tissues (Figure 1(a), p < 0.01). Similarly, piR-651
was overexpressed in breast cancer cell lines
(AU565, HCC38, MCF-7 and MDA-MB-231)
compared with that of normal breast epithelial
cells (Hs-578Bst), especially in MDA-MB-231
cells (Figure 1(b), p < 0.01).
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Overexpression of piR-651 promotes cell
proliferation and invasion and inhibits apoptosis

We then analyzed the effects of piR-651 upregula-
tion in breast cancer cell functions. Different doses
of pcDNA-piR-651 and its negative control were
transfected into MDA-MB-231 and MCF-7 cells.
Figure 2(a) and Figure 2(b) displayed that the piR-
651 expression was elevated in a dose-dependent
manner in pcDNA-piR-651 transfected cells
(P < 0.01). Overexpression of piR-651 could obser-
vably enhance the cell proliferation and invasion
and inhibit cell apoptosis, especially in the high-
dose transfection group (Figure 2(c-j), P < 0.01).
Additionally, the cell cycle results illustrated that
upregulation of piR-651 markedly decreased the
percentage of GO/G1 phase cells and increased
the percentage of G2/M phase cells, indicating
that overexpression of piR-651 could promote
cell cycle progression and arrest cells in G2/M
phase, especially in the high-dose transfection
group (Figure 2(k-m), P < 0.01).

Interference piR-651 expression inhibits cell
proliferation and invasion and promotes
apoptosis

To further explore the effect of piR-651 interfer-
ence on cell proliferation, invasion, apoptosis and
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Figure 1. piR-651 was up-regulated in breast cancer tissues and cell lines. (a) The expression of piR-651 in breast cancer tissue and
adjacent tissue samples collected from 16 patients (37.93 + 10.05 years) was detected by Northern blotting. ** P < 0.01, unpaired
t test. (b) Relative expression of piR-651 in breast cancer cells and normal breast epithelial cells was detected by RT-gPCR. N = 4,
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to evaluate multigroup comparisons of the means.
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comparisons of the means.
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decreased the protein levels of MDM2, CKD4 and
CyclinD1 (Figure 4(a-d), P < 0.01).

PIWI/piR-651 facilitates DNMT1-mediated PTEN
promoter methylation

To further investigate the underlying mechanism
of piR-651 in the regulation of breast cancer cell
behaviors, we focused on the piR-651 downstream
pathway. RIP results showed that PTIWIL2 could
combine with piR-651 to form a complex (Figure 5
(a), p < 0.01). Co-IP results displayed that DNMT1
was an interacting protein of PIWI/piR-651
(Figure 5(b), p < 0.01). Furthermore, upregulated
piR-651 resulted in elevated enzymatic activity of
DNMT1, which was reduced when piR-651 was
interfered (Figure 5(c), p < 0.01). We conducted
ChIP assay and the results showed that DNMT]1
could bind to promoter region of PTEN, and
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silencing of piR-651 prominently attenuated
DNMT1 enrichment (Figure 5(d), p < 0.01). PiR-
651 overexpression increased PTEN promoter
region methylation and restrained PTEN expres-
sion, whereas piR-651 knockdown decreased
PTEN promoter region methylation and facilitated
PTEN expression. Furthermore, overexpression of
piR-651 significantly reversed the inhibitory effect
of DNMT1 inhibitor 5-Aza-Dc on PTEN promo-
ter methylation rate as well as the promoting effect
on PTEN protein level (Figure 5(e) and Figure 5
(f), P < 0.01).

Overexpression of PTEN antagonizes the
promotive effects of piR-651 upregulation on
breast cancer cell functions

The expression of PTEN in breast cancer tissues or
cell lines was determined by Western blotting and
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Figure 4. piR-651 overexpression promotes the expression of oncogenes. PcCDNA-piR-651 and piR-651 shRNA were transfected into
MDA-MB-231 cells for 24 h. (a) Western blotting was used to detect the protein levels of MDM2, CKD4 and CyclinD1 in MDA-MB-231
cells. (b) The quantitative analysis of MDM2 protein level. (c) The quantitative analysis of CKD4 protein level. (d) The quantitative
analysis of CyclinD1 protein level. Data were presented as mean + SEM, (N = 4). The difference of the samples between the two
groups were analyzed with independent sample t test. The analysis of variance (ANOVA) test was used to evaluate multigroup

comparisons of the means.
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samples between the two groups were analyzed with independent sample t test. The analysis of variance (ANOVA) test was used to

evaluate multigroup comparisons of the means.

RT-qPCR analysis, respectively. The results dis-
played that PTEN expression in breast cancer cell
lines (AU565, HCC38, MCF-7 and MDA-MB-231)
and the cancer lesions of breast cancer patients
was prominently lower than that in normal breast
epithelial cells (Hs-578Bst) and the para-
carcinoma tissues (Figure 6(a-c), P < 0.01).
Additionally, survival analysis of breast cancer
patients showed that patients with low expression
of PTEN had poor overall survival (Figure 6(d),
p <0.01). To further explore the effect of PTEN on
piR-651 regulation of breast cancer cell prolifera-
tion, invasion, apoptosis and cell cycle, pcDNA-
piR-651, pcDNA-PTEN and its corresponding
negative control were transfected into MDA-MB
-231 cells. Figure 6(e-Figure 6g) displayed that

overexpression of PTEN had no significant effect
on piR-651 expression, whereas the PTEN expres-
sion was observably decreased (P < 0.01). PTEN
overexpression could reverse the facilitative effects
of piR-651 overexpression on cell proliferation and
invasion, as well as the inhibitory effect on cell
apoptosis (Figure 6(h-1), P < 0.01). Flow cytometry
analysis showed that PTEN overexpression
reversed the regulation of the cell cycle by piR-
651 upregulation and arrested cells in GO/Gl
phase (Figure 6(m) and Figure 6(n), P < 0.01).
Furthermore, Western blot assay demonstrated
that PTEN overexpression reversed the promoting
effects of piR-651 upregulated on the protein levels
of MDM2, CDK4 and CyclinD1 (Figure 6(o),
p < 0.01).
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Figure 6. Overexpression of PTEN antagonizes the promotive effects of piR-651 upregulation on proliferation and invasion in breast
cancer cells. (a-b) The expression of PTEN in breast cancer tissue and adjacent tissue samples collected from 16 patients
(37.93 + 10.05 years) was detected by Western blotting. ** P < 0.01, unpaired t test. (c) Relative expression of PTEN in breast
cancer cells and normal breast epithelial cells was detected by RT-qPCR. (d) The survival analysis of breast cancer patients by PTEN
expression. pcDNA-piR-651, pcDNA-PTEN and its corresponding negative control were transfected into MDA-MB-231 cells for 24 h.
(e) RT-gPCR was used to perform the expression of piR-651 in MDA-MB-231 cells. (f-g) Western blotting was used to perform the
expression of PTEN in MDA-MB-231 cells. (h) The cell viability of MDA-MB-231 cells was detected by CCK-8 assay. (i-j) The cell
apoptosis ability of MDA-MB-231 cells was determined by flow cytometry. (k-I) The cell invasion ability of MDA-MB-231 cells was
determined by Transwell assay. (m-n) The percentage of MDA-MB-231 cells in each phase of the cell cycle was conducted by flow
cytometry analysis. (0) Western blotting was used to detect the protein levels of MDM2, CKD4 and CyclinD1 in MDA-MB-231 cells.
N = 4, **P < 0.01. The difference of the samples between the two groups were analyzed with independent sample t test. The
analysis of variance (ANOVA) test was used to evaluate multigroup comparisons of the means.
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Discussion

Increasing evidence indicates that abnormal piRNAs
expression is detected in many human cancers and
cell lines, including breast cancer, and their various
functions are demonstrated by regulating several
biological features. For example, PIWIL2/piR-932
is a positive regulator in the process of breast cancer
stem cells by promoting the methylation of Latexin
[12]. The expression of piR-651 was reported to be
higher in gastric, colon, lung and breast cancer
tissues than in paired non-cancerous tissues [13].
PiR-651 regulated lung tumorigenesis by promoting
the highly metastatic properties of human lung can-
cer cell line 95-D [10]. In addition, a study found
that upregulation of piR-651 in non-small cell lung
carcinoma cells resulted in a significant increase in
cell viability and metastasis, as well as with
a decrease in the percentage of cells arrested in
GO0/G1 phase [14]. Consistent with previous find-
ings, our results verified that piR-651 was upregu-
lated in breast cancer cell lines, including MDA-MB
-231 and MCF-7, and piR-651 overexpression sig-
nificantly promoted cell proliferation and migration
of breast cancer cells. The flow cytometry assays
confirmed that the piR-651 overexpression mark-
edly induced cell apoptosis and arrested cells in G2/
M phase by regulating cell cycle, while piR-651
interference showed the opposite results. So, we
inferred that the biological function of piR-651 was
closely related to the proliferation, invasion, apop-
tosis and cell cycle of breast cancer cells.
Subsequently, piR-651 regulates the expression of
tumor-related genes, which further confirms this
hypothesis.

Epigenetics is the study of inheritable modifica-
tions of gene expression and regulation, including
DNA methylation, histone modification, genomic
imprinting, and small molecule RNA-related gene
silencing [15]. DNA methylation has critical roles
in the control of gene activity. Hypermethylation
of CpG islands in the promoter region of tumor
suppressor genes is a major factor in the develop-
ment of many cancers. Hypermethylation and
inactivation of these genes could affect several
cellular processes, such as cell cycle, DNA repair,
cell-cell interactions, carcinogen metabolism,
angiogenesis and apoptosis, all of which may be
involved in the development of cancer [16].

Methylation of genomic DNA is catalyzed by
DNA methyltransferases (DNMTs), which are
essential for cytosine methylation and mainte-
nance of methylation throughout cell replication
[17]. Enhanced expression of DNMTs is associated
with hypermethylation of tumor suppressor genes
in breast cancer [18]. Additionally, PIWIL4/piR-
31,470 was able to recruit DNA methyltransferase
1 or DNA methyltransferase 3B and methyl-CpG
binding domain protein 2 to initiate and maintain
the hypermethylation and inactivation of GSTP1,
which in turn suppressed GSTP1 levels and
increased susceptibility to oxidative stress and
DNA damage in human prostate epithelial cancer
cells [8]. Our results demonstrated that the methy-
lation level of PTEN gene promoter is regulated by
piR-651, which could promote PTEN methylation
by recruiting methyltransferase DNMT 1 to the
PTEN promoter region in MDA-MB-231 cells,
thereby inhibiting PTEN expression.

PTEN, a tumor suppressor gene, exists in various
tumor cell chromosomes and is located at 10g23.3.
In the nucleus, PTEN promotes chromosome sta-
bility and DNA repair. Conversely, loss of PTEN
function increases genomic instability [19]. PTEN
is mutated in variety of cancers. For example,
PTEN is inhibited in prostate cancer cells, and
Notch can participate in the development of epithe-
lial tumors by regulating PTEN/PI3K/Akt and
other pathways [20]. Furthermore, Methylation of
the PTEN promoter is directly associated with gas-
tric cancer, hematotoxicity and other diseases.
CagA promotes the methylation of PTEN and
reduces its expression in human gastric cancer
[21]. PTEN methylation is involved in benzene-
induced hematotoxicity through suppressing
PTEN mRNA expression [22]. Similarly, loss of
PTEN expression has been observed during the
progression of breast cancer, in which aberrant
promoter methylation is one of the silencing
mechanisms of PTEN. Recent studies have
reported that PTEN hypermethylation is one of
the possible mechanisms leading to the levels of
PTEN decreased in human breast cancer [23].
Tamoxifen promotes PTEN promoter methylation
by recruiting DNMT1, thereby alleviating drug
resistance in breast cancer cells [24]. Consistent
with this, our results illustrate that PTEN expres-
sion in breast cancer cell lines and the cancer



lesions of breast cancer patients was prominently
lower than that in normal breast epithelial cells and
the para-carcinoma tissues. Furthermore, PTEN
overexpression reversed the promotive effects of
piR-651 upregulated on proliferation and invasion
and inhibitory effects on apoptotic ability in MDA-
MB-231 cells, and arrested cells in GO/G1 phase by
regulating cell cycle. Previous reports have reported
that a range of oncogenes, including MDM2, CDK4
and Cyclin D1, are amplified and overexpressed in
a variety of tumor types, including breast cancer
[25-27]. Our results displayed that upregulation of
piR-651 restrained the expression of MDM2,
CDK4 and CyclinD1, while PTEN overexpression
reversed these effects.

In conclusion, the present study demonstrated
that piR-651 promotes proliferation and migration
and inhibits apoptosis of breast cancer cells by
facilitating  DNMT1-mediated PTEN promoter
methylation, which may have applications as
a potential diagnostic indicator and therapeutic
target in the management of breast cancer.
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