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ABSTRACT
Non-coding RNAs (ncRNAs) play key roles in epigenetic events. However, the exact mechanism of ncRNA guidance, particularly piwi-
interacting RNAs (piRNAs), for the targeting of epigenetic regulatory factors to specific gene regions is unclear. Although piRNA function was
first established in germ-line cells, piRNAmay be crucial in cancer cells. This study investigated the potential roles of CDKN2B-related piRNA
in leukemia cells to provide a potential tumorigenesis model of leukemia. CDKN2B-related piRNAs, hsa_piR_014637 and hsa_piR_011186
were transduced into the leukemia cell line U937 to study the effect of these two piRNAs on cell-cycle progression, apoptosis, heterochromatin
formation, CDKN2Bmethylation and expression. Our results show that over-expressing hsa_piR_011186 promoted cell-cycle progression and
decreased apoptosis. We also observed inhibition of CDKN2B gene expression. These effects were likely mediated by novel piRC (piRNA
complex) of CDKN2B-related piRNA that associate with DNMT1, Suv39H1 and/or EZH2 proteins to modulate the methylation of DNA and
histone H3 in the promoter region of the CDKN2B gene. The novel piRC complex facilitated epigenetic modifications on the promoter of cell-
cycle regulating genes, providing an expanded view of the role of piRNA in the progression of leukemia cells. J. Cell. Biochem. 116: 2744–2754,
2015. © 2015 Wiley Periodicals, Inc.
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MODIFICATION

Epigenetics is the study of inheritable modifications of gene
expression and regulation without changes to the original

DNA sequence. These modifications include DNA methylation,
histonemodification, genomic imprinting, and small molecule RNA-
related gene silencing.

Piwi-interacting RNAs (piRNAs) are non-coding RNAs (ncRNAs)
[Aravin et al., 2006] endogenously expressed in mammalian testes.
They belong to a distinct class of small ncRNAs and form piRNA-
induced silencing complex (piRISC) in the germ cells of many
species. Under physiological conditions, piRNA and the Piwi family

of proteins interact to form piRNA complexes (piRCs) [Girard et al.,
2006; Grivna et al., 2006; Lau et al., 2006] to maintain the integrity
of the genome by silencing transposable elements [Siomi et al.,
2011]. piRNAs mediate the methylation of transposon DNA in mice
[Shirayama et al., 2012; Leslie, 2013] and is the specific determinant
of DNA methylation in germ cells [Bourc’his and Bestor, 2004; Chen
et al., 2012].

Argonaute proteins are divided into the Ago subfamily and the
Piwi subfamily. They are found in multiple species and are known to
play essential roles in the production and targeting of ncRNAs [Wei
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et al., 2013]. For example, human AGO2 protein is the core element
of the RISC and engages in targeted mRNA cleavage, translation
inhibition and chromatin modification. In fission yeast in which the
AGO and Dicer genes have been knocked-down, it was determined
that the transcriptional-silencing of repeating sequences in the
centromere was through the methylation of histone H3 at lysine 9 by
Swi6, thus regulating gene expression at the transcript level
[Lippman and Martienssen, 2004]. Similar to fission yeast, AGO
proteins in human cells are also crucial for the RNA interference-
mediated heterochromatinization and subsequent transcriptional
silencing [Morris, 2008]. In Drosophila, AGO3, a member of the Piwi
subfamily, participates in the generation of piRNAs and mediate
silencing of gene expression through heterochromatin formation
[Zaratiegui and Martienssen, 2012].

Although piRNAs have been previously suggested to be germline-
specific, recent studies have shown that they also play crucial roles in
nongonadal cells [Ishizu et al., 2012]. It was presumed that piRNA
pathways evolved specifically in germ cells to defend against the
invasion of external genetic elements and to maintain cellular
genetic integrity and stability. Recent studies have shown that
piRNAs may play a role in cancer biogenesis [Cheng et al., 2011].
Hiwi, one of the four PIWI proteins found in humans, associates with
piRNAs. Through an epigenetic process, they might contribute to the
stem cell-like epigenetic state of cancer progression. Although
aberrant expression of piRNA has been detected in tumor tissues
including cervical, gastric, colonic, mammary and lung cancers
[Cheng et al., 2011; Lu et al., 2011; Cheng et al., 2012; Siddiqi and
Matushansky, 2012], its expression level in leukemia cell has not
been studied.

Acute leukemia (AL) is a group of heterogeneous clonal disease
induced by mutations in hematopoietic stem cells and/or hema-
topoietic progenitor cells, resulting in hematopoietic malignancy.
While the exact mechanism remains unknown, a correlation exists
between abnormal epigenetic modifications on certain chromo-
somes and the onset of leukemia progression [Foltankova et al.,
2012]. The expression of CDK inhibitor is down-regulated in human
sarcomas as a result of Hiwi-mediated DNA methylation [Siddiqi
et al., 2012]. In some cases of leukemia, such as chronic myeloid
leukemia, multiple myeloma, and lymphoma, the promoter region of
the INK4 (inhibitors of cyclin-dependent kinase 4) family member
CDKN2B gene is hyper-methylated, suggesting that hyper-methyl-
ation of CDKN2B plays a crucial role in the genesis and progression
of certain hematopoietic malignancies [Takeuchi et al., 1995; Kusy
et al., 2004; Papageorgiou et al., 2007; Bies et al., 2010]. Not
surprisingly, CDKN2B encoded protein P15INK4B is involved in
regulating cell growth and inhibiting cell cycle progression.

The Piwi proteins of piRC mediate the covalent modification of
euchromatic histone, which results in the heterochromatinization of
telomere-associated sequence on the right arm of chromosome 3
(3R-TAS) and activates the piRNA transcription in the site [Yin and
Lin, 2007]. The “Piwi-piRNA guidance hypothesis” was formulated
to describe the epigenetic functions of piRNA, suggesting that Piwi-
piRNA complex function to recognize specific target sequence and
recruite epigenetic effectors, such as heterochromatin protein 1a
(HP1a) to those targets [Brower-Toland et al., 2007; Yin and Lin,
2007; Halic and Moazed, 2009; Ashe et al., 2012; Le Thomas et al.,

2013]. The sequence complementarity between the piRNA and the
target sequence is an important determinant of the regulatory
mechanism [Ender and Meister, 2010].

In this study, we aimed to investigate how piRNA regulate the
expression of p15, a CDK inhibitor (CDKI), through epigenetic
modification in U937 leukemia cells. Two CDKN2B gene-related
piRNAs, piR_014637 and piR_011186, located within the 6411
nucleotide CDKN2B gene, are endogenously expressed in U937 cells.
Using a lentiviral vector expression system, these piRNAs were
overexpressed, to enable identification of binding proteins with
epigenetic modification activity. Our novel findings suggest a piRC-
mediated inhibition of p15 CDKI as a potential mechanism of
tumorigenesis in hematopoietic cells.

MATERIALS AND METHODS

CELL CULTURE
Acute myeloid leukemia cell line U937 (CRL-1593.2TM; ATCC,
Manassas, VA) was obtained from the Fujian Institute of
Hematology. Cells were grown in 7–10mL of RPMI-1640 (Gibco,
Carlsbad, CA) supplemented with 10% fetal calf serum (Sijiqing,
Zhejiang, China) at 37°C in a humidified incubator containing 5%
CO2. Cells in logarithmic growth phase were subjected to further
study.

IDENTIFICATION AND ANALYSIS OF piRNA COMPLEX MEMBERS
Universal Magnetic Co-IP kit (Active Motif, Carlsbad, CA) was
applied to identify members of the piRNA complex in U937 cells.
Five target protein detection groups (Enhancer of Zeste homolog2
(EZH2), suppressor of variegation 3–9 homolog 1(Suv39H1), DNA
methyl transferase 1 (DNMT1), DNA methyltransferase 3a
(DNMT3a), and DNA methyltransferase 3b (DNMT3b)) and nuclear
extract group were set in each Co-IP operation. Cells (5� 106) in
logarithmic growth phase were taken for nuclear extract preparation
in each group. Nuclear extract (400–500mg) and 5mg monoclonal
antibody to each protein group member (Active Motif) were
combined in a final volume of 500mL with complete Co-IP/Wash
Buffer in a pre-chilled 1.5mLmicrocentrifuge tube and incubated for
4 h at 4°C on a three-dimensional orbital shaker (Kylin-Bell Lab
Instruments, Haimen, China). Twenty-five microliters of Protein G
magnetic beads were added to each tube and incubated for 1 h at 4°C
on a rotator. Afterwards, tubes were placed on magnetic stand to
pellet beads on the side of the tube. The supernatant was carefully
removed from each tube and discarded, then 500mL Complete Co-IP/
Wash Buffer was added to resuspend the pellet completely by
pipetting up and down several times. Finally, piRC member AGO3
protein in the six aforementioned samples and a blank control were
analyzed by Western blotting with RIPAbþTM Ago3 monoclonal
antibody (]03–250; Millipore, Billerica, MA) as primary antibody
and horseradish peroxidase-labeled goat anti-mouse IgG antibody
(Golden Bridge, Peking, China) as secondary antibody.

CELL TRANSDUCTION
The nucleotide sequences of hsa_piR_014637(Minus:UGGUCUC-
GAACUCCUGACCUCAGGUGAUCU) and hsa_piR_011186 (Plus:
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UGCCUGUAAUCCCAGCACUUUGGGAGGCC) (retrieved from the
piRNA database; http://pirnabank.ibab.ac.in/) were sub-cloned
into the lentiviral GV209 vector, and the respective expression
plasmids LV-hsa_piR_014637 and LV-hsa_piR_011186 were con-
structed for the overexpression of piRNAs (cat. ] GMUL30566 and
GMUL30569; Genechem, Shanghai, China). The virus titers were
1.5� 109 and 1.2� 109 transducing units/mL, respectively. U937
cells in logarithmic growth phase were divided in GV209 vector
transduction group, LV-hsa_piR_014637 and LV-hsa_piR_011186
transduction groups. Each transduction group containing 2–4� 105
cells was incubated at 37°C in a humidified incubator containing 5%
CO2. The next day, poly-L-lysine was added to a final concentration
of 6mg/mL to each group and 4–6� 106 viral units were added after
30min. The transduction efficiency was determined 48 h later.

ANALYSIS OF piRNA EXPRESSION LEVELS
According to the piRNA sequences related to the CDKN2B gene,
hsa_piR_014637 and hsa_piR_011186, specific primers and PCR
Fluorescence Quantitative Detection Kit for reverse transcription
were purchased (ABI, San Francisco, California). Transduced cells
were incubated for 48 h, and cells in logarithmic growth stage were
collected. Total cell number was approximatedly 2� 106. RNA was
purified using TRIzol and the purified total RNA was subjected to
reverse transcription reaction using TaqMan

1

MicroRNA Reverse
Transcription Kit (ABI). An ABI7500 Real-Time RCR module,
TaqMan

1

Universal PCR Master Mix II (2� ) with UNG kit and
TaqMan

1

Small RNA Assay (20� ) were employed for real-time
quantitative polymerase chain reaction (qPCR) analysis of RNA
reverse transcription products, with U1 snRNA as internal control.
The total reaction volume was 20mL, including 10mL Master Mix,
1.33mL cDNA, 1.0mL Small RNA Assay and 7.67mL RNAse-free
H2O. The reaction condition were 50°C, 2min for 1 cycle (1st stage),
95°C, 10min for 1 cycle (2nd stage) followed by 40 cycles of 95°C for
15 sec and 60°C for 60 sec (3rd stage). Every reactionmixturewas run
in triplicate. DCt value comparison was used to evaulate the
expression levels of hsa_piR_011186 and hsa_piR_014637 mole-
cules. The algorithm was: DCt¼Ct value (piRNA)-Ct value (U1
snRNA), DDCt¼DCt (transduction group)-DCt (control group),
relative quantification (RQ) of transduction group¼ 2�DDCt and
the RQ of control group set to 1.

RNA IMMUNOPRECIPITATION (RIP)-qLPCR ANALYSIS
Transduced cells were incubated for 48 h and cells in logarithmic
growth phase were collected (approximately 1.0� 107 cells). Magna
RIPTM RNA-Binding Protein Immunoprecipitation Kit (Millipore)
and RIPAbþ TM Ago3 monoclonal antibody (]03–250; Millipore)
were utilized to analyze cellular RIP-qPCR products. Each trans-
duction group was performed in triplicate. Based on the designed
primers for reverse transcription and real-time PCR kit instructions, a
TaqMan

1

MicroRNA Reverse Transcription Kit (ABI) was used for
RNA reverse-transcription reactions. ABI7500 Real-Time RCR
module, TaqMan

1

Universal PCR Master Mix II (2� ) with UNG
kit and TaqMan

1

Small RNA Assay (20� ) were employed for real-
time qPCR analysis of piRNA reverse transcription products, with U1
snRNA as internal control. The total reaction volume was 20mL,
including 10mLMaster Mix, 1.33mL cDNA, 1.0mL Small RNAAssay

and 7.67mL RNAse-free H2O. The reaction conditions were 50°C,
2min for 1 cycle (1st stage), 95°C, 10min for 1 cycle (2nd stage)
followed by 40 cycles of 95°C, 15 sec, and 60°C, 60 sec (3rd stage).
Every reaction mixture was performed in triplicate. Values for
analysis were represented by the percent of input and fold-change.
The standardized RNA amounts were calculated as DCt normalized

ChIP¼ CtChIP-[CtInput-Log2
(Input Dilution Factor)], Input Dilution Factor

¼ (fraction of the input chromatin) �1¼(1%)�1¼ 100; %Input¼ 2–
DCt normalized ChIP� 100%; Fold Change ¼ 2–DDCt. DDCt¼DCt

normalized ChIP transcription group– DCt normalized ChIP control group.

CELL CYCLE AND APOPTOSIS ANALYSIS
The proliferation rates of the three transduced groups were inspected
using CCK-8 solution (Dojindo). 2,500 cells were seeded on 96-well
plates. After treatment for 48 h, 10mL CCK-8 solution was added to
each well and cells were incubated for 2 h at 37°C, then the
absorption values at 450 nm were measured. Cell proliferation and
apoptosis were evulated by double staining with fluorescein
isothiocyanate (FITC) and propidium iodide (PI). Each experiment
was done in triplicate.

ANALYSIS OF CDKN2B GENE EXPRESSION LEVEL
Transduced cells were incubated for 48 h, and cells in logarithmic
growth stage were collected (approximately 2� 106 cells). RNA was
purified using TRIzol and purified total RNA was used to synthesize
the 1st strand of CDKN2B cDNA using a Reverse Transcription Kit
(Fermentas, Waltham, Massachusetts). An ABI7500 Real-Time RCR
module and FastStart Universal SYBR Green Master (ROX) kit were
employed to investigate reverse-transcription products using
glyceraldehyde-3-phosphate dehydrogenase (GADPH) as the inter-
nal control. The total reaction volumn was 20mL, including 10mL of
SYBR

1

-Green Master, 1mL cDNA, 0.3mL of forward and reverse
primers each (20mM), 0.8mL of UNG (1U/mL) and 7.6mL RNAse-free
H2O. The reaction conditions were 50°C, 2min for 1 cycle (1st stage),
95°C, 2min for 1 cycle (2nd stage) followed by 95°C, 15 sec then
60°C, 60 sec for 40 cycles (3rd stage). Melting curve analysis
involved one cycle each of 95°C, 15 sec; 60°C, 60 sec; 95°C, 15 sec
then 60°C, 15 sec. Every reaction mixture was run in triplicate and
qPCR was also applied in triplicate for all cell groups. Ct values
indicate the expression levels of CDKN2B mRNA, and DCt¼Ct
(CDKN2B)-Ct(GAPDH), DDCt¼DCt(transduction group)-DCt(con-
trol group); the RQ of transduction group¼ 2�DDCt and the RQ of
control group was set to 1. p15 polyclonal antibody and GAPDH
monoclonal antibody were utilized to show the p15INK4b protein
expression in U937 cells by Western Blot.

ANALYSIS OF CpG ISLAND METHYLATION IN THE PROMOTER
REGION
The sequence data of CDKN2B gene promoter region (Accession
Number 42920) was retrieved from Transcriptional Regulatory
Element Database (http://rmLai.cshl.edu/cgi-bin/TRED/tred.cgi?
process=home). BSP primers were designed (Table I) by Methyl
Primer Express v1.0 software (ABI). The synthesis and purification
were performed by Invitrogen Cnservice (Shanghai, China).
Transduced cells were incubated for 48 h, and cells in logarithmic
growth stage were collected (approximately 2.0� 106 cells).
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Genomic DNA was extracted by conventional chloroform method,
followed by bisulfite conversion and purification with Epitech
Bisulfite Kit (Qiagen, Hilden, Germany). Converted DNA was
analyzed by BSP. The PCR reaction mix contained 25mL of
2�GoldStar Best Master Mix, 5mL of bisulfite-converted DNA,
1mL for both forward and reverse primers (20mM) and RNAse-free
H2O to a total volume of 50mL. Reaction conditions were pre-
denaturation at 95°C, 10min, denaturation at 95°C, 40 sec, cool-
down to 50°C for 50 sec andextension at 72°C for 60 sec. After a total
of 40 cycles, the reaction was stopped after additional extension at
72°C for 10min. The PCR products were cloned and sequenced by
Invitrogen (Shanghai, China). Each cell group and control products
were cloned and sequenced 10 times. EpiTect Control DNA and
Control DNA Set (Qiagen) served as positive and negative controls
for the specificity of methylation, respectively. Once the cloned
sequences were obtained, BiQ Analyzer 2.0 DNA methylation
analysis software was employed to investigate the CpG island
methylation, themethylation percentage in each locus, and sequence
comparison and point charts were drawn.

CHROMATIN IMMUNOPRECIPITATION (ChIP)-qPCR ANALYSIS
The aforementioned CDKN2B promoter sequence (Accession
Number 42920) was used to design qPCR primers using Beacon
Designer 7 software (PREMIER Biosoft, Palo Alto, California), which
were synthesized and purified by Invitrogen Cnservice. Transduced
cells were incubated for 48 h and cells in logarithmic growth stage
were collected (approximately 1.0� 107 cells). EZ-Magna ChIPTM A/
G One-Day Chromatin Immunoprecipitation Kits (catalog] 17–
10086; Millipore) were used for ChIP-qPCR analysis. Cell harvesting,
sonication, chromosome immunoprecipitation, washing of the
precipitated complex and de-crosslinking procedures were per-
formed strictly following the provided protocol. De-crosslinked
products (DNA segments) were purified by chloroform/glycogen
method (Thermo Scientific, Pittsburgh, PA). The qPCR reaction mix
for DNA segments contained 10mL SYBR

1

-Green Master, 2mL DNA
solution, 0.3mL forward and reverse primers each (20mM), 0.8mL
UNG (1U/mL) and 6.6mL RNAse-free H2O. Reaction conditions were
50°C, 2min, 1 cycle (1st stage); 95°C, 2min, 1 cycle (2nd stage); 40
cycles of 95°C, 15 sec and 60°C, 60Nsec (3rd stage); for melting curve
analysis, 95°C, 15 sec, 60°C, 1min, 95°C, 15 sec, 60°C, 15 sec for 1
cycle. Every reaction mixture was performed in triplicate, as was
ChIP-qPCR for all cell groups. The analysis of qPCR results and the
standardization of DNA amounts were represented as “% input“ and
“fold change”: DCt normalized ChIP¼CtChIP-[CtInput-Log2

(Input Dilution

Factor)], Input Dilution Factor¼ (fraction of the input chromatin)�1

¼ (1%)�1¼ 100; %Input¼ 2–DCt normalized ChIP� 100%; Fold Change
¼ 2–DDCt. DDCt¼DCt normalized ChIP transduction group -DCt normalized ChIP

control group.

STATISTICAL ANALYSIS
Continuous data were expressed as mean� standard deviation (SD).
Due to small sample size (n¼ 3) and the lack of normal hypothesis,
all paired comparisons were perfomed with Mann–Whitney U test. A
P-value under 0.05 would be recognized as reaching significance of
each test. All analyses were performed using IBM SPSS Version 19
(SPSS Statistics V19, IBM Corporation, Somers, New York).

RESULTS

ENDOGENOUS AND OVER-EXPRESSION OF piRNAs IN U937
LEUKEMIA CELLS
This study investigated piRNA regulated expression of p15, a CDK
inhibitor, in U937 leukemia cells. To detect CDKN2B (which encodes
the p15 protein) gene-related piRNAs, we used piRNABANK (http://
pirnabank.ibab.ac.in/) to search for piRNAs in the vincinity of the
CDKN2B gene. The gene is located on chromosome 9, at position
21992901 to 21999311. The piRNABANK search revealed four
candidate results including two potential piRNAs: a 30-nucleotide,
minus strand piR_014637, and a 29-nucleotide, plus strand
piR_011186. Both piRNAs are located within the 6411 nucleotide
CDKN2B gene. Both piRNAs are endogenous in U937 cells.
Secondary structure prediction tool in the piRNA DATABASE
showed that both piRNAs exhibit typical piRNA features (Fig. 1a). To
assess the expression levels of hsa_piR_011186 and hsa_-
piR_014637 in U937 and transduced cells, qPCR was performed.
In U937 cells, levels of hsa_piR_011186 were higher than
hsa_piR_014637 (P¼ 0.050) (Fig. 1b). After transduction of
hsa_piR_011186 and LV-hsa_piR_014637, both piRNA levels
increased (Fig. 1c), and no significant difference was detected in
the expression level of the two piRNAs (P¼ 0.38). Using the lentiviral
vector expression system, these piRNAs were overexpressed in U937
cells in subsequent studies.

CELL PROLIFERATION AND APOPTOSIS PROFILES OF TRANSDUCED
CELLS
By overexpressing hsa_piR_011186 and hsa_piR_014637 in U937
cells, we were able to observe an amplification of the biological

TABLE I. Primer Sequences

Primers Sequence (50!30) Tm value (°C) Product length (bp)

BSP
Forward TTTATTGGGGATTAGGAGTTGA 60.87
Reverse CTCCTTCCTAAAAAACCTAAACTCA 61.15 543

ChIP-qPCR
Forward CCTGGATTGCTTCTGGGAAAAAG 60.06
Reverse AGCTGAAAACGGAATTCTTTGCC 60.55 154

ChIP-qPCR control
Forward AAGATTCTAGGACTCAACTCATT 60.9
Reverse GGATTACAGACATAAGCCACT 61.4 170
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functions of these piRNAs. Here, we assayed cell proliferation and
apoptosis using cck-8 cell proliferation testing and Annexin V-FITC/
PI double staining, respectively. Both piRNAs enhanceed cell
proliferation (Fig. 2a), while only piR_011186 significant facilitated
the entry into the S-phase of the cell cycle (2b). In hsa_piR_011186
tranduced cells, we observed inhibition of apoptosis, suggestive of a
role of hsa_piR_011186 in tumor biogenesis (Fig. 2c).

CDKN2B GENE EXPRESSION IN TRANSDUCED CELLS
To delineate whether piRNA down-regulated CDKN2B expression, we
used qPCR and Western blot to scrutinize the gene expression level in
transducedcells.After transductionwith lentiviral plasmid, theCDKN2B
mRNAlevel andp15protein level inU937cellswere significantlydown-
regulated in the LV-hsa_piR_011186-transduced group (P¼ 0.05), but
not in the LV-hsa_piR_014637-transduced group (Fig. 3).

Fig. 1. piR_011186 and piR_014637 secondary structure and expression in U937 human leukemia cells. (a) By the on-line piRNA structure prediction tool (http://pirnabank.
ibab.ac.in/UNAFold/unahome.cgi), the predicted structures of both piRNAs showed typical features of piRNAs. (b) RNA was prepared and assayed for hsa_piR_014637 and
hsa_piR_011186 expression in U937 human leukemia cells. Relative expression of individual piRNA was normalized by U1 snRNA. The results represent mean� standard
deviation of three independent experiments performed in triplicate. (c) U937 cells were infected with vector, LV-hsa_piR_014637 or LV-hsa_piR_011186 for 48 h. RNA was
assayed for hsa_piR_014637 and hsa_piR_011186 expression. The results representmean� standard deviation of three independent experiments performed in triplicate.Mann–
Whitney U test, � represents P� 0.05, hsa_piR_014637 vs hsa_piR_011186 in U937 cells. represents P> 0.05 LV-hsa_piR_011186 group vs hsa_piR_014637.
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Fig. 2. Evaluation of the viability and apoptotic events in U937 human leukemia cells infected with vector, LV-hsa_piR_014637 or LV-hsa_piR_011186. U937 cells were
infected with vector, LV-hsa_piR_014637 or LV-hsa_piR_011186 for 48 h. (a) For cell viability assay, CCK8 was added and 2 h later, viability was assessed by spectrophotometry
at 450 nm. The results represent mean� standard deviation of three independent experiments performed in triplicate. Mann–Whitney U test, represents P� 0.05, LV-
hsa_piR_014637 group vs vector control group. represents p�0.05, LV-hsa_piR_011186 groupvs vector control group. (b) Cell cycle was analyzed by flow cytometry. The
results represent mean� standard deviation of three independent experiments. Mann-Whitney U test, represents P�0.05, LV-hsa_piR_014637 group vs Vector control group.

represents P� 0.05, LV-hsa_piR_011186 group vs Vector control group. (c) Cell apoptosis was assessed using Annexin V-FITC/PI. The results represent mean� standard
deviation of three independent experiments. Mann-Whitney U test, represents P� 0.05, LV-hsa_piR_011186 groupvs vector control group.
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DNA METHYLATION PROFILE WITHIN THE PROMOTER REGION OF
CDKN2B IN TRANSDUCED CELLS
Over-expression of LV-hsa_piR_011186 piRNAs correlated with the
down-regulation of CDKN2B mRNA and p15 protein expression.

Since the methylation of a gene’s promoter region could lead to gene
down-regulation, it was necessary to examine the methylation level
in the promoter region of CDKN2B in transduced U937 cells. The BSP
assay was used to investigate the methylation profile for 45 sites in

Fig. 3. Expression levels of the CDKN2B gene in U937 human leukemia cells after infection. (a) U937 cells were infected with Vector, LV-hsa_piR_014637 or LV-
hsa_piR_011186 for 48 h. After transfecttion, RNA was prepared and assayed for CDKN2B mRNA expression in U937 cells. Relative expression of individual CDKN2B mRNA was
normalized by GAPDH mRNA. The results represent mean� standard deviation of three independent experiments. Infected groups RQ¼ 2�DDCt, vector control group RQ¼ 1.
Mann-Whitney U test, represents P� 0.05, LV-hsa_piR_011186 group vs LV-hsa_piR_014637 group. (b) Total cell lysates were collected after infection of U937 cells with
vector, LV-hsa_piR_014637 or LV-hsa_piR_011186 for 48 h and subjected to Western blotting. The membranes were probed with anti-CDKN2B Ab (top panel), or anti-GAPDH
Ab (lower panel). Representative data for three separate experiments are shown.

Fig. 4. Point charts of DNA methylation of CDKN2Bgene promoter in U937 human leukemia cells after infection. (a) Human bisulfite converted methylated control DNA. (b)
Human bisulfite converted unmethylated control DNA. (c) In the LV-hsa_piR_011186 infection group there were abnormal methylations in CG sites of CDKN2Bgene promoter in
U937 cells. Methylation rates among 2 to 44CG sites were different. (d)In LV-hsa_piR_014637 infection group there were no methylations in CG sites of CDKN2B gene promoter
in U937 cells. (e) In vector control infection group there were no methylations in CG sites of CDKN2B gene promoter in U937 cells as well.
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Fig. 5. Fold-change of ChIP-qPCR assay to detect methylated histones (H3K9,H3K27) at CDKN2B gene promoter in U937 human leukemia cells after infection. U937 cells were
infected with Vector, LV-hsa_piR_014637 or LV-hsa_piR_011186 for 48 h. After infection, chromatin was prepared and assayed for methylation level of histones (H3K9 and
H3K27) at CDKN2B gene promoter in U937 cells through ChIP assay. ChIP assay showing the levels of H3K9 (mono-, dim- and trimethylation) and H3K27 (mono-, dim- and
trimethylation) at the promoter of the p15INK4b genes in the U937 cell lines after infection. Levels were determined by qPCR and are expressed as fold change (2�DDCt). The results
represent mean� standard deviation of three independent experiments (vector control group, LV-hsa_piR_014637 group and LV-hsa_piR_011186 group). Compared with
vector control group, histone H3 at CDKN2B gene promoter region manifested different degree of methylation in K9 and K27 in LV-hsa_piR_014637 infection group and LV-
hsa_piR_011186 infection group, especially in LV-hsa_piR_011186 infection group(P� 0.05). Mann-Whitney U test, represents P� 0.05, vs control group. Mann-Whitney U
test, represents P� 0.05, H3K9-Dim vs H3K27-Dim.
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the CpG islands within the CDKN2B promoter region. There was
aberrant DNA methylation in the CDKN2B promoter area of the LV-
hsa_piR_011186 transduced group (Fig. 4c). Methylation varied
from the 2nd to the 44th CG spots in the CpG island. Each spot had a
methylation rate above 20%, with a maximum 50%methylation rate
in some specific spots (the 34th and 35th location). The vector
control group (Fig. 4e) and LV-hsa_piR_014637 (Fig. 4d) trans-
duction group displayed insignificant methylation modification in
the CpG island of CDKN2B promoter region.

HETEROCHROMATINIZATION OF CDKN2B GENE PROMOTER
REGION OF TRANSDUCED CELLS

The BSP method revealed methylation modification in the CpG
island within the CDKN2B promoter region of the LV-hsa_-
piR_011186 transduction group. This modification resulted in the

down-regulation of gene expression. There were no methylation
modifications in the LV-hsa_piR_014637 transduction group, even
though the group exhibited slight CDKN2B down-regulation in
comparison with the vector only control group. Since heterochro-
matinization of a promoter region is also involved in the regulation
of gene expression and may have contributed to CDKN2B down-
regulation in the LV-hsa_piR_014637 transduction group, it was
necessary to test the heterochromatinization status in the CDKN2B
promoter region of transduced cells. ChIP-qPCR was used to assess
histone H3 methylation in the CDKN2B promoter area. Compared to
the vector control group the LV-hsa_piR_011186 transduction
group displayed significantly different levels of histone H3
methylation (P�0.05) (Fig. 5), whereas the LV-hsa_piR_014637
transduction group did not. In the hsa_piR_011186 transduction
group, both H3K9 and H3K27 exhibited different levels of
methylation including mono-, di- and trimethylation. The dime-
thylation of H3K27 was the most profound.

piRC COMPONENTS AND FUNCTIONAL FACTORS IN U937 LEUKEMIA
CELLS
The data so far clearly indicate the formation and activity of piRNA
complexes in U937 cells after the transduction of LV-hsa_-
piR_014637 and hsa_piR_011186. These complexes mediated
down regulation of the CDKN2B gene through methylation. In
order to identify the methyltransferases that were a component of
the piRC, co-immunoprecipitation (Co-IP) was performed using
antibodies against histone methyltransferases EZH2 and Suv39H1,
and against DNA methyltransferases DNMT1, DNMT3a, and
DNMT3b. The protein complexes were then captured by antibody-
binding Protein G beads followed by elution of the antibody-bound
proteins. In humans, AGO3 is known to associate with miRNAs in
suppressing the translation of target mRNAs. To investigate the
possibility of AGO3 association with piRNAs, Western blots were

Fig. 6. AGO3 interaction verified by Co-IP assay in U937 human leukemia
cells. Five interaction proteins (EZH2, Suv39H1, DNMT1, DNMT3a, and
DNMT3b) were tested. Nuclear extract and nonspecific isotype IgG were used as
input control and IgG Isotype control, respectively. The piRC member AGO3
protein in the six above-mentioned samples and the blank control sample were
analyzed throughWestern blotting with AGO3monoclonal antibody as primary
antibody and HRP-labeled goat anti-mouse IgG antibody as secondary
antibodies. piRNAs-AGO3 complexes contain DNA methyltransferase
DNMT1 and histone methylase Suv39H1 and EZH2, but not DNA
methyltransferases DNMT3a and DNMT3b.

Fig. 7. Relative level of p15-piRNAs associated with AGO3 in U937 cells after infection. U937 cells were infected with vector, LV-hsa_piR_014637 or LV-hsa_piR_011186 for
48 h. RNA immunoprecipitation (RIP)-qPCR assay was performed to assess the level of piRNAs associated with AGO3. The results represent mean� SD of three independent
experiments, which showed the fold-change in site occupancy of hsa_ piR_011186 and hsa_ piR_014637 groups. Figures showed the data of LV-hsa_ piR_014637 infected
group (a), LV-hsa_piR_011186 infected group (b), and the normalization data of two groups (c). Mann-Whitney U test, represents P< 0.05.
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performed using anti-AGO3 monoclonal antibody. The results
showed that AGO3 associated with DNMT1, Suv39H1, and EZH2, but
not DNMT3A or DNMT3B proteins in U937 cells (Fig. 6). This
suggests that a complex consisting of AGO3 and DNMT1, Suv39H1,
or EZH2 was formed in U937 cells, and will be referred to as the
piRNAs-AGO3 protein complex henceforth.

BINDING CAPACITY OF piRNA WITH AGO3
To test the binding of over-expressed piRNAs to endogenous AGO3
after transduction, RIP-qPCR was used 48 h after transduction in
U937 cells. AGO3 binding by both piRNAs increased compared with
the control group transduced with empty vector (Fig. 7a, 7b). After
normalizing for the difference in the expression level of piRNA
transduction (Fig. 7c), no significant difference was found in the fold
change between the two piRNAs.

DISCUSSION

In this study, we investigated the role of hsa_piR_014637 and
hsa_piR_011186 piRNAs on CDKN2B in epigenetic modification by
over-expressing these two piRNAs in U937 cells. Both hsa_-
piR_014637 and hsa_piR_011186 piRNAs are endogenously ex-
pressed in U937 cells, where hsa_piR_011186 is relatively more
abundant. Although the mechanism of the differential expression
levels remains unknown, the higher level of hsa_piR_011186may be
due to the structural stability of the piRNA itself. To investigate the
function of the piRNAs in U937 cells, we explored cell proliferation
and apoptosis in cells ced with piRNA overexpression plasmids. Both
piRNAs facilitated proliferation, but only hsa_ piR_011186 inhibited
cell apoptosis. These findings can be explained by the down-
regulation of CDKN2B genes and p15 proteins in transduced cells.

To elucidate the mechanism of down-regulation of CDKN2B in
transduced cells, the BSP method was used to analyze the
methylation profiles of the 45 loci in the CpG island in the promoter
region of CDKN2B. In the LV-hsa_piR_011186 transduction group,
the CpG island in the CDKN2B promoter area was methylated to
various extent, which in turn reduced mRNA transcription and
CDKN2B expression. On the other hand, in the LV-hsa_piR_014637
transduction group, no methylation in the CpG island was found.
However, based on the fact that heterochromatinization of promoter
region also affects gene transcription, it’s likely that histone H3
methylation in the promoter region induced transcriptional gene
silencing. ChIP-PCRwas used to assay for the heterochromatin levels
in the promoter region of CDKN2B in transduced cells. In the LV-
hsa_piR_011186 overexpression group, histone H3K9 and H3K27 in
CDKN2B promoter region were subjected to different levels of
methylation modification, where the most significant was the
dimethylation in H3K27. Therefore, piR_011186-mediated CDKN2B
silencing could be a result of the piRNA-binding to specific
complementary sequence on the target gene, followed by the recruit
of DNA and histone methyltransferases to the CDKN2B gene for
epigenetic modification.

From our Co-IP and Western blot data, we were able to identify a
DNA methyltransferase (DNMT1) and two histone methyltransfer-
ases (EZH2 and Suv39H1) that interacted with hsa_piR_014637 and

hsa_piR_011186 in forming piRCs. Of particular interest is the
finding that the piRCs consist of AGO3, a member of the human
argonaute protein family. Moreover, by overexpressing the piRNAs,
it was revealed that the binding affinities between both piRNAs and
AGO3 were strong. Such unusual association between piRNA and
argonaute proteins may occur in cancer biogenesis to disrupt gene
expressin. Our results show that not only was AGO3 involved in the
synthesis of piRNAs, it also facilitated epigenetic modifications. The
methylation profile of LV-hsa_piR_011186 transduced group is
indicative of de novomethylation. It’s possible that DNMT3a and 3b,
which mediate de novo methylation, associated with targeting
proteins other than AGO3 to account for this observation. Another
possibility is that the ectopic expression of LV-hsa_piR_011186may
have triggered some de novo methylation ability by DNMT1, even
though DNMT1 normally prefers hemimethylated DNA.

Huang et al. [2013] reported a piRC complex formed by Piwi, HP1a
and Su(var) 3–9 proteins that could catalyse the covalent
modification of histones, similar to the piRCs in U937 cells.
DNMT1, a cytosine C5-specific methyl transferase, is aberrantly
expressed in tumor cells and facilitate tumorigenesis by triggering
the hyper-methylation of promoter regions of tumor suppressor
genes, creating an early molecular hallmark of tumor formation. The
histone methylase Suv39 (suppressor of variegation 3–9) catalyzes
the methylation of histone H3K9. Silencing Suv39H1 leads to the
expression of CDKN2B gene and suppression of cell proliferation
through de-methylation of H3K9 in the promoter region of tumor
suppressor genes [Zhao et al., 2013]. EZH2 belongs to the PcG gene
family and catalyzes histone H3K27 methylation. It’s involved in
regulating chromosome structure and gene expression [Knutson
et al., 2012; Wang et al., 2012].

One limitation of this study is that we only used one cell line to
investigate the mechanism. Evidences from additional cell lines will
providemore convincing data. This limitation should be addressed in
the following study.

In conclusion, LV-has_piR_011186 and not LV-hsa_piR_014637
appears to mediate the DNA and histone H3 methylation of the
CDKN2B promoter region to affect the expression of CDKN2B gene
and ultimately facilitated cell proliferation and inhibited apoptosis.
The precise mechanism likely involves piRNA-binding to a specific
complementary sequence, followed by the recruitment of DNA and
histone-methylating proteins to the CDKN2B gene. Although
piRNAs were first discovered in germ-line cells and served to
preserve the integrity of the genome by inhibiting transposon
activity, current evidence supports the notion that piRNA is also
involved in tumorigenesis by down-regulating tumor suppressing
genes or CDK inhibitors. The piRNA database lists 23,439 piRNA
sequences in the human genome. Since the CDKN2A gene is located
in chromosome 9p21 and is adjacent to the CNKN2B gene with a gap
of only 8412 nucleotides, we will further investigate whether the two
piRNAs under study could affect the expression of other proteins
encoded by CDKN2A/B, for example, p16INK4A and p14-ARF. We
believe that different sets of piRNAs are activated in and could even
determine fates of different cell types. The mechanism and timing
governing the diverse compositions of piRNA-protein complexes
and the activation of cetain piRNAs in various kinds of cells is a
subject that requires further clarification.
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