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Piwi proteins and Piwi-interacting RNAs (piRNAs) have been 
implicated in transposon control in germline from Drosophila 
to mammals. To examine the profile of small RNA expression 
in human cancer cells and explore difference in small RNA 
transcriptome, small RNA libraries prepared from wildtype, 
HILI overexpressed and HILI knockdowned Hela cells were se-
quenced using Solexa technology. piRNAs and other re-
peat-associated small RNAs were observed in Hela cells. By 
using in situ hybridization, piR-49322 was localized in the nu-
cleolus and around the periphery of nuclear membrane in 
Hela cells. Following the overexpression of HILI, the retro-
transposon elements LINE1 was significantly repressed, while 
LINE1-associated small RNAs decreased in abundance. The 
present study demonstrated that HILI along with piRNAs plays 
a role in LINE1 suppression in Hela cancer cell line. [BMB re-
ports 2010; 43(9): 635-641]

INTRODUCTION

The Argonaute gene family, encoding basic proteins that con-
tain both PAZ and PIWI conserved domains and complex with 
distinct classes of small RNAs, take part in an RNA silencing 
machinery using small RNA molecules as guides to identify 
homologous sequences and can induce histone and DNA 
methylation, deletion of DNA sequences, mRNA breakdown 
and inhibition of translation (1, 2). 

Based on the phylogenetic analysis, known Argonaute pro-
teins can be divided into two distinct classes, the ubiquitous 
Ago clade and the predominantly germline-specific Piwi clade 
(3-6). In recent years, discoveries have shown that Piwis are 
highly conserved during evolution and play essential roles in 
stem-cell self-renewal, gametogenesis and RNA silencing in di-
verse organisms. Loss of Piwi in Drosophila decreases the rate 

of germline stem cell division in ovary and leads to severe de-
fects in gametogenesis (7, 8), while in mice single null-muta-
tions of each of the three Piwi homologs cause arrestment of 
spermatogenesis and male sterility (9-11).

In contrast to their Ago-family cousins, the Piwi proteins do 
not associate with siRNAs or miRNAs. Only recently a sepa-
rate class of 24- to 30-nt RNA molecules termed Piwi-interact-
ing RNAs (piRNAs) was identified associating with Piwi pro-
teins in germline cells (12-15). The biogenesis, characteristics, 
and functions of piRNAs have been extensively studied in C. 
elegans, Drosophila, zebrafish and mice. It is now clear that 
piRNAs can be divided into two distinct subclasses: repeat as-
sociated interfering RNA (rasiRNA) and non-repetitive piRNA 
(5, 6, 12-14, 16-23).

The Piwil2 gene, alias HILI in human, is a member of Piwi 
subfamily and required for spermatogonial stem cell self-re-
newal (24, 25). The loss of piwil2 in zebrafish results in an in-
creased level of transposon transcript and the inability of germ 
cells differentiation (26). And in mice, Piwil2-knockout leads 
to meiotic defects in germline stem cell and correlated with in-
creased transposon activity (11). Both mouse and human 
Piwil2 genes are reported specifically expressing in testis, but 
also in most tumors, and classified into the category of can-
cer-testis antigens (27). However, no report has demonstrated 
the profile of piRNAs in human cancer cell. In the present 
study, small RNAs were isolated from human Hela cells and 
sequenced using a newly developed massive parallel technol-
ogy Solexa, to investigate whether piRNAs also present in can-
cer cellline. Furthermore, in situ hybridization was performed 
to reveal the subcellular localization of piRNA piR-49322 and 
the association between HILI and retrotransposon activation in 
Hela cells was also evaluated.

RESULTS

Overall analysis of small RNAs among the libraries
By using Solexa, a newly developed high throughput sequenc-
ing technology producing highly accurate, reproducible and 
quantitative readouts of small RNAs, three libraries of small 
RNAs from normal (NC), HILI-overexpressed (HILI+) and 
HILI-knockdowned (HILI-) human Hela cells were established 
and sequenced. After filtering out low quality reads, trimming 
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Table 1. Identified small RNA species in NC library

Category Unique sRNA % Total sRNA %

Total 403,212 100% 6,704,180 100% 
rRNA 60,377 14.97% 949,400 14.16%
scRNA 1,695 0.42% 21,595 0.32%
snRNA 4,118 1.02% 79,121 1.18%
snoRNA 2,530 0.63% 42,321 0.63%
srpRNA 96 0.02% 222 0.00%
tRNA 22,850 5.67% 403,677 6.02%
Exon_antisense 2,009 0.50% 2,906 0.04%
Exon_sense 49,066 12.17% 73,321 1.09%
Intron_antisense 5,724 1.42% 9,416 0.14%
Intron_sense 13,496 3.35% 33,526 0.50%
miRNA 5,017 1.24% 3,843,528 57.33%
piRNA 433 0.11% 10,778 0.16%
Repeat 18,425 4.57% 142,453 2.12%
LINE 4,764 25.86%* 70,638 49.59%*
SINE 5,254 28.52%* 14,753 10.36%*
LTR 3,094 16.79%* 6,114 4.29%*

Other 25,502 6.32% 70,036 1.04%
Unann 221,346 54.90% 1,226,919 18.30%

*Percentages are given with respect to repeat-deriveded small RNAs.

Fig. 1. Overview of small RNA libraries. (A), the histogram shows 
length distribution of small RNAs (18-30 nt) in three libraries. (B), 
the chromosome distribution of small RNAs mapped to human 
genome in each libraries. The plus and minus strands are count-
ed relatively.

the adaptor and acceptor sequences and cleaning up con-
taminants formed by ligation, 6,704,180 clean reads out of 
9,435,055 in total (77.39%) were obtained from NC library, 
while 8,850,724 (86.68%) from HILI+ and 10,410,335 
(91.85%) from HILI-. For analysis, raw reads were grouped and 
converted into unique sequences with associated counts of the 
individual reads, generating 403,212 (NC), 464,987 (HILI+) 
and 473,365 (HILI-) identical unique sequences, respectively. 

The length distribution of high-quality reads showed approx-
imately consistency among the three RNA libraries. In NC li-
brary, 73.88% of clean reads were at a range of 20-23 nt, 
which was considered as a canonical length of miRNA, while 
68.57% and 70.26% of reads met this length in HILI+ and 
HILI- libraries, respectively. Interestingly, a significant 18nt- 
peak including 837,685 of 9,649,654 reads (8.68%) was ob-
served in HILI+ but not HILI- (3.68%) and NC (2.80%) li-
braries (Fig. 1A).

Small RNA alignment to genome
The clean reads from three libraries were used to map the hu-
man genome using the SOAP program, and then localized on 
each chromosome. 78.68% of clean read (5,274,732 out of 
6,704,180) in NC, while 79.79% in HILI+, 84.35% in HILI-, 
were successfully mapped to genome and the distribution of 
small RNAs across different chromosomes had a generally sim-
ilarity among three libraries. However, some 2,774,508 (39.29%) 
sequences in HILI+ were mapped on the plus strand of 
Chromosome 9, while only 13.18% in NC and 18.17% in 

HILI- located on the same region. Another significant differ-
ence was on the minus strand of Chromosome X, as 25.61% 
in HILI+ but only 5.42% and 10.24% respectively in NC and 
HILI- libraries (Fig. 1B).

By annotating the small RNA tags with known RNA se-
quences from database such as Genbank and Rfam, matched 
tags were divided into different categories of small RNAs. The 
majority fraction of clean reads (57.33%, 58.86% and 49.49% 
respectively in each library) was identified as miRNA se-
quences. Another two significant fractions of the clean reads 
were derived from unannotated sequences (18.30%, 17.22%, 
and 12.29%, respectively) and putative degradation products 
of rRNAs, tRNAs, small nuclear RNAs, and other non-coding 
RNAs (22.31%, 20.88%, 35.88%, respectively).  Reads counts 
and genomic distribution categories were summarized in 
Table 1.

piRNAs were observed in HeLa cells
To investigate whether piRNAs, which previously reported to 
express only in germ cells, also exist in cancer cell lines such 
as HeLa cells, we compared our datasets to piRNAs from NCBI 
database. Among 6,704,180 clean reads screened in NC li-
brary, 433 unique sequences with 10,778 counts were suc-
cessfully aligned to piRNAs from NCBI database, while 460 
unique sequences in HILI+ and 525 in HILI-, respectively. 

By normalizing and comparing the expression of piRNAs in 
two libraries, Fig. 2A showed 151 piRNAs (78 up-expressed 
and 73 down-expressed) which were significantly changed 
(fold changes＞2) corresponding to the library NC and HILI+; 
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Fig. 2. piRNAs were analyzed in Hela cells. (A), the scatted diagrams showed changes in expression of these piRNAs. Significantly 
up-regulated (red, folder＞2), significantly down-regulated (green, folder＞2) and no significant changes (blue) piRNAs were marked accord-
ing to counting number among libraries. (i) X-axis: NC, Y-axis: HILI+; (ii) X-axis: NC, Y-axis: HILI-; (iii) X-axis: HILI-, Y-axis: HILI+. (B), 
small RNAs derived from three major classes of transposable elements: LINE, SINE and LTR. Numbers of matched unique tags (Left) and 
total reads (right) were shown in histograms. (C), piR-49322 was subcellular localized using in situ hybridization. Signals of DIG-labeled 
probe (brown) were detected concentrating around the periphery of nuclear membrane (black arrow) and scatting in the nucleolus (white 
arrow). (i) cultured Hela cells; (ii) negative control treated with RNAse.

and 140 piRNAs (79 up-expressed and 61 down-expressed) 
significantly changed corresponding to NC and HILI-. Com-
pared with the two transfected-cells libraries, a number of 
piRNAs showed no significant changes were excluded as the 
influence of external simulation, and we obtained forty-six 
piRNAs that are up-regulated by HILI and fifty piRNAs that are 
down-regulated.

Besides, considering that in some systems, these Piwi-inter-
acting RNAs (piRNAs) are primarily derived from transposons 
and other repeated sequence elements, leading to their alter-
native designation as repeat-associated small interfering RNAs 
(rasiRNAs) and that rasiRNAs are thought as a subset of 
piRNAs (17, 19, 20, 28, 29), we aligned small RNA tags pre-
viously mapped to genome to repeat associated RNAs, which 
provided a pool of potential piRNAs associated with trans-
posable elements. In mammalian genome, transposable ele-

ments are mainly composed of three major classes: LTR, LINE 
and SINE retrotransposons. Our dataset revealed that 3,094 
LTR-derived, 4,764 LINE-derived and 5,254 SINE-derived 
small RNAs in NC. In HILI+ library, there were 5,019 LTR-de-
rived, 9,520 LINE-derived and 4,669 SINE-derived small 
RNAs, while 5,619 LTR-, 8,907 LINE- and 7,511 SINE-derived 
in HILI- library (Fig. 2B).

To localize the expression of piRNAs in Hela cells, an in 
situ hybridization assay was performed using Digoxin-labeled 
oligonucleotide probe. As shown in Fig. 2C, signal of piRNA 
piR-49322 was detected concentrating around the periphery of 
nuclear membrane and scatting in the nucleolus.

HILI repressed LINE1 and LINE1-assocated piRNA in Hela 
cells
Our analysis revealed that in NC library, 14,910 reads (4,937 
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Fig. 3. HILI repressed LINE1 retrotransposon in Hela cells. (A), histograms showed the number of LINE1 derived small RNAs. Upper, num-
ber of unique sequences mapped to LINE1; Lower, number of total reads. (B), length distribution of LINE1-derived small RNAs (18-30 nt) 
in three libraries. Upper, small RNAs matched to sense strand of LINE1; Lower, small RNAs matched to antisense strand. (C), the ex-
pression of LINE1 mRNA was evaluated using real-time RT-PCR method. ns-siRNA, nonspecific control siRNA transfected HeLa cells.

to antisense and 9,973 to sense) representing 2,689 unique se-
quences (1,230 to antisense and 1,459 to sense) were matched 
to LINE1, a retrotransposon element composing approximately 
18% of the mass of human genome. In HILI+ library, unique 
sequences matched to LINE1 increased in species (1,775 to an-
tisense and 4,125 to sense), while the total reads decreased in 
abundance (4,181 to antisense and 8,829 to sense). And in 
HILI- library, 17,955 reads (7,582 to antisense and 10,373 to 
sense) representing 4,865 unique sequences (1,747 to anti-
sense and 3,118 to sense) were matched to LINE1 (Fig. 3A).

The length distribution of LINE1-derived small RNAs also 
changed following the expression of HILI. The fraction of 23- 
to 30-nt in length decreased from 58.9% (NC) to 26.2% 
(HILI+), while fraction of 18- to 20-nt increased from 20.4% 
(NC) to 59.1% (HILI+). And the corresponding fractions from 
HILI- library accounted for 45.1% and 31.7%, respectively 
(Fig. 3B).

To further analyze whether HILI regulates the expression of 
LINE1, a real-time RT-PCR was employed and LINE1 relative 
expression level was examined. The results showed that there 
was a significant decrease in LINE1 mRNA expression follow-
ing the over-expression of HILI, while the silence of HILI 
slightly decreased LINE1 transcription (Fig. 3C).

DISCUSSION

Traditionally, piRNAs were considered as a class of small RNA 
associated with Piwi family proteins and specifically expressed 
in germ cells (5). However, Piwil2, one member of Piwi fam-
ily, had been reported expressing not only in testis but also in 
most tumors, and classified into the category of cancer-testis 
antigens (27). To investigate whether piRNAs, whose function 
is associated with Piwis, also present in cancer, we have se-
quenced small RNAs in normal and HILI expression modu-
lated HeLa cells. The dataset generated by the newly devel-
oped sequencing technology Solexa revealed the existence of 
piRNAs and other repeat associated small RNAs in Hela cells 
and that piRNAs in cancer can be both derived from trans-
posable elements  and non-repeated sequences.

Further research by using in situ hybridization showed that 
piR-49322 expressed in nucleolus and cytoplasm, especially 
concentrated around the periphery of nuclear membrane. This 
result was consistent with previous report that mature piRNAs 
are generated in a germline-specific perinuclear structure 
called nuage and then imported into the nucleus in the form of 
Piwi-piRNA complexes (20). However, in contrast to the enor-
mous population of known piRNAs in male germ cells, the 
population of piRNAs revealed in Hela cells is dramatically 
small. 
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Research on C. elegans suggested that Piwi is not essential 
for piRNA biogenesis, but necessary to stabilize piRNAs and 
facilitate their accumulation, and the expression level of 
piRNAs is dramatically reduced in piwi mutants (18). Whereas 
in Drosophila, evidence indicated that a PIWI-depended me-
chanism called pingpong-cycle amplification exists during 
piRNA biogenesis (17). It is also demonstrated that piwil2, 
alias zili in zebrafish and mili in mice, plays an essential role 
in this mechanism in both species. In this amplification cycle, 
sense piRNAs are bound to Piwil2 and take part in a complex 
that generates antisense piRNAs from target transcripts (5, 30). 
Thus a knockout of Mili would significantly block piRNA pro-
duction in mouse germline (14). Our sequencing result re-
vealed a fraction of piRNAs whose expression can be regu-
lated by HILI in dose-response in human cancer cell line Hela. 
However, the mechanism and the role of piRNAs in cancer 
cells remain unknown. 

Piwi family proteins had been well studied for their ability 
of transposable elements silencing in Drosophila and mouse 
germline (1, 9, 31, 32). In our study, it was observed that in 
Hela cells HILI significantly repressed the expression of retro-
transposon LINE1, while also decreased LINE1-derived small 
RNA in abundance (Fig. 3A, C). Evidence indicated that in 
mouse germline, the initiating input for piRNA production was 
the transcription of active elements that generates sense 
piRNAs, rather than specialized piRNA clusters generating an-
tisense piRNAs. Thus increases in LINE piRNAs might be 
linked to de-repression of these elements and the increased ca-
pacity of transposon mRNAs for entry into the piRNA pathway 
in germline (30). And this might be supported by the sig-
nificant change of length distribution of LINE1-derived small 
RNAs in our study. In NC library, the LINE1-derived small 
RNAs were predominantly composed of small RNAs above 
23-nt in length, whereas in HILI+ library 18- to 20-nt-sized 
RNAs which were more likely degradation product of LINE1 
transcripts composed the larger fraction of LINE1-derived small 
RNAs (Fig. 3B). Interestingly, compared to the significant re-
duction in HILI+ cells, the LINE1 expression level was un-
expectedly a little lower in HILI-knockdown cells than NC. As 
it was reported that in MILI-deficient germ cells MIWI2 delo-
calized from nucleus to cytoplasm (30), the compensation of 
other Piwi genes may reduce the effect of Piwil2 knockdown. 
On the other hand, considering that HILI is expressed in varie-
ty of tumors and acts as an oncogene (27), its aberrant endoge-
nous expression in Hela cells may fail to repress the activation 
of LINE1. Accordingly, additional studies are necessary to elu-
cidate the role of HILI and piRNAs in human cancers.

In the present study, we have sequenced small RNAs in nor-
mal and HILI-regulated Hela cells. Our data revealed the ex-
pression of piRNAs and other repeat associated small RNAs in 
Hela cell line, and demonstrated that human HILI repressed 
retrotransposon LINE1 and decreased the expression of LINE1- 
derived small RNAs in Hela cells. These investigations will 
provide insights into roles of HILI and piRNAs in cancer cells.

MATERIALS AND METHODS

Cell culture 
Hela cells were maintained in PRMI1640 (Gibco, USA) con-
taining 10% heat-inactivated FBS, 100 U/ml penicillin and 100 
μg/ml streptomycin, and cultured at 37oC in a humidified at-
mosphere of 5% CO2. Cells were placed in a freshly prepared 
25 cm2 culture flask and transfected with a lipofectamine 2000 
solution (Invitrogen, USA). The expression vector of HILI was 
constructed by obtaining complete CDS of human Piwil2 gene 
with a RT-PCR method and cloning it into a pcDNA3.1+ 
plasmid. The siRNA of HILI was synthesized and purchased 
from GenePharma Co. Ltd (Shanghai, China). The transfection 
was carried out according to the manufacturer’s protocol and 
stable overexpression transfectants were selected by cultured 
in medium containing 1 mg/ml of G418 (Solarbio, China) for 
one month. The cell line was designated as HILI+, while the 
normal Hela cell line was designated as NC and siRNA-trans-
fected cells as HILI-.

Small RNA libraries preparation and sequencing
Total RNA was extracted from the prepared cells with Trizol 
reagent (Invitrogen, USA) according to manufacturer’s pro-
tocol. The quality of RNA samples were evaluated by a 2100 
Bioanalyzer (Agilent, USA) and then size-fractionated on a 
15% PAGE gel to collect the 18-30 nt fraction. The 5’ and 3’ 
RNA adaptors were ligated to the RNA pool, following with a 
RT-PCR to produce sequencing libraries. PCR products were 
purified and sequenced using Solexa 1G Genome Analyzer 
(Beijing Genomics Institute, China).

After filtering out low quality reads, trimming the adaptor 
and acceptor sequences, cleaning up contaminants formed by 
ligation, clean reads were grouped and converted into unique 
sequences with associated counts of the individual reads. 
Those small RNA tags were mapped to genome by a SOAP 
program to analyze their expression and distribution on the 
genome. Then small RNA tags were aligned with the se-
quences of non-coding RNAs (rRNA, tRNA, snRNA, snoRNA) 
available in Rfam (http://www.sanger.ac.uk/software/Rfam) and 
the GenBank noncoding RNA database (http://www.ncbi.nlm. 
nih.gov/) to get rid of matched tags from unannotated tags. In 
addition, all sequences were searched for miRNA precursor/ 
mature miRNA in miRBase14.0 (http://www.mirbase.org/) and 
piRNA in NCBI database with screening program developed 
by Beijing Genomics Institute.

In situ hybridization
The DIG-labeled LNA (locked nucleic acid) detection probe 
was purchased (Exiqon, Denmark) to localize piR-49322 
(Genebank accession number: DQ581210.1) in cultured Hela 
cells. The cells were fixed for 10 min at room temperature in 
PBS solution containing 4% formaldehyde, and then per-
meabilized with 70% ethanol at 4oC overnight. After rehy-
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drated in 2x SSC containing 50% formamide for 5 minutes at 
room temperature, the cells are hybridized at 37oC for one 
hour in 40 μl 2x SSC of a mixture containing 10% dextran sul-
fate, 2 mM vanadyl-ribonucleoside complex, 0.02% RNAse- 
free BSA, 50% formamide, 40 μg E. coli tRNA and 30 ng of 
probe. Then the cells were washed in 0.2x SSC at 60oC for one 
hour and incubated with 1：2,000 diluted anti-DIG-alkaline 
phosphatase antibody at 4oC overnight. The method above ref-
erenced manufacturer’s protocol and Singer’s protocol of ISH 
of mammalian cells (http://www.singerlab.org/protocols). As 
negative control, cells were pretreated with RNAse (100 
μg/ml) for 1 hour before fixation.

Real-time RT-PCR
Reverse transcription reactions were performed in a final vol-
ume of 20 μl containing 2 μl purified total RNA, 1×RT Buffer 
(Fermentas, USA), 0.25 mM each of dNTPs, 10 U/μl RevertAid 
M-MuLV Reverse Transcriptase (Fermentas, USA), 1 U/μl 
RNase inhibitor (Fermantas, USA) and 0.2 μg random primers. 
The reactions were incubated in Dyad Peltier Thermo Cycler 
(BioRad, USA) at 37oC for 10 min, 42oC for 60 min, 70oC for 
10 min and then held in 4oC.

Following reverse transcription, 2 μl-equivalents of cDNAs 
were used as a template for each PCR reaction, in a final vol-
ume of 30 μl containing 1×PCR Buffer, 2.5 mM MgCl2, 0.3 
mM each of dNTPs, 1.5 U PCR Polymerase (TaKaRa, Japan), 
300 nM TaqMan Probe and 300 nM each of primers.

Quantitative PCRs were performed in an iCycler IQ re-
al-time PCR Detection System (BioRad, USA), with a first dena-
turation step at 94oC for 10 min, followed by 45 cycles com-
prising denaturation at 94oC for 20s, annealing at 58oC for 30s 
and extension at 60oC for 40s. To normalize for differences in 
the amount of total RNA in each RT-PCR, the expression of 
β-actin gene was performed as an internal control as well as 
positive control. Negative controls were also established and 
all experiments were run in triplicate. All synthetic oligonuleo-
tides were purchased from (Invitrogen, USA).

Acknowledgements
This work is supported by the National Natural Science 
Foundation of China (30770812 and 90919006) and National 
High-Tech Research and Development Program of China 
(2008AA02Z102).

REFERENCES

1. Aravin, A. A., Hannon, G. J. and Brennecke, J. (2007) The 
Piwi-piRNA pathway provides an adaptive defense in the 
transposon arms race. Science 318, 761-764.

2. Zamore, P. D. and Haley, B. (2005) Ribo-gnome: the big 
world of small RNAs. Science 309, 1519-1524.

3. Carmell, M. A., Xuan, Z., Zhang, M. Q., and Hannon, G. 
J. (2002) The Argonaute family: tentacles that reach into 
RNAi, developmental control, stem cell maintenance, and 
tumorigenesis. Genes Dev. 16, 2733-2742.

4. Farazi, T. A., Juranek, S. A. and Tuschl, T. (2008) The 
growing catalog of small RNAs and their association with 
distinct Argonaute/Piwi family members. Development 
135, 1201-1214.

5. Houwing, S., Kamminga, L. M., Berezikov, E., Cronem-
bold, D., Girard, A., van den Elst, H., Filippov, D. V., 
Blaser, H., Raz, E., Moens, C. B., Plasterk, R. H., Hannon, 
G. J., Draper, B. W. and Ketting, R. F. (2007) A role for 
Piwi and piRNAs in germ cell maintenance and trans-
poson silencing in zebrafish. Cell 129, 69-83.

6. Seto, A. G., Kingston, R. E. and Lau, N. C. (2007) The 
coming of age for Piwi proteins. Mol. Cell 26, 603-609.

7. Cox, D. N., Chao, A., Baker, J., Chang, L., Qiao, D. and 
Lin, H. (1998) A novel class of evolutionarily conserved 
genes defined by piwi are essential for stem cell self- 
renewal. Genes Dev. 12, 3715- 3727.

8. Cox, D. N., Chao, A. and Lin, H. (2000) Piwi encodes a 
nucleoplasmic factor whose activity modulates the num-
ber and division rate of germline stem cells. Develop-
ment 127, 503-514.

9. Carmell, M. A., Girard, A. l., van de Kant, H. J., Bourc'his, 
D., Bestor, T. H., de Rooij, D. G. and Hannon, G. J. 
(2007) MIWI2 is essential for spermatogenesis and re-
pression of transposons in the mouse male germline. Dev. 
Cell 12, 503-514.

10. Deng, W. and Lin, H. (2002) Miwi, a murine homolog of 
piwi, encodes a cytoplasmic protein essential for sperma-
togenesis. Dev. Cell 2, 819-830.

11. Kuramochi-Miyagawa, S., Kimura, T., Ijiri, T. W., Isobe, 
T., Asada, N., Fujita, Y., Ikawa, M., Iwai, N., Okabe, M., 
Deng, W., Lin, H., Matsuda, Y. and Nakano, T. (2004) 
Mili, a mammalian member of piwi family gene, is essen-
tial for spermatogenesis. Development 131, 839-849.

12. Aravin, A., Gaidatzis, D., Pfeffer, S., Lagos-Quintana, M., 
Landgraf, P., Iovino, N., Morris, P., Brownstein, M. J., 
Kuramochi-Miyagawa, S., Nakano, T., Chien, M., Russo, J. 
J., Ju, J., Sheridan, R., Sander, C., Zavolan, M. and Tuschl, 
T. (2006) A novel class of small RNAs bind to MILI pro-
tein in mouse testes. Nature 442, 203-207.

13. Girard, A., Sachidanandam, R., Hannon, G. J. and Carmell, 
M. A.(2006) A germline-specific class of small RNAs binds 
mammalian Piwi proteins. Nature 442, 199-202.

14. Grivna, S. T., Beyret, E., Wang, Z. and Lin, H. (2006) A 
novel class of small RNAs in mouse spermatogenic cells. 
Genes Dev. 20, 1709-1714.

15. Lau, N. C., Seto, A. G., Kim, J., Kuramochi-Miyagawa, S., 
Nakano, T., Bartel, D. P. and Kingston, R. E. (2006) Cha-
racterization of the piRNA complex from rat testes. 
Science 313, 363-367.

16. Batista, P. J., Ruby, G., Claycomb, J. M., Chiang, R., 
Fahlgren, N., Kasschau, K. D., Chaves, D. A., Gu, W., 
Vasale, J. J., Duan, S., Conte, D. Jr., Luo, S., Schroth, G. 
P., Carrington, J. C., Bartel, D. P. and Mello, C. C. (2008) 
PRG-1 and 21U-RNAs interact to form the piRNA com-
plex required for fertility in C. elegans. Mol. Cell 31, 
67-78.

17. Brennecke, J., Aravin, A. A., Stark, A., Dus, M., Kellis, M., 
Sachidanandam, R. and Hannon G. J. (2007) Discrete 
small RNA-generating loci as master regulators of trans-
poson activity in Drosophila. Cell 128, 1089-1903.



 Identification of piRNAs in Hela cells
Yilu Lu, et al.

641http://bmbreports.org BMB reports

18. Das, P. P., Bagijn, M. P., Goldstein, L. D., Woolford, J. R., 
Lehrbach, N. J., Sapetschnig, A., Buhecha, H. R., Gil-
christ, M. J., Howe, K. L., Stark, R., Matthews, N., Bere-
zikov, E., Ketting, R. F., Tavaré, S. and Miska, E. A. (2008) 
Piwi and piRNAs act upstream of an endogenous siRNA 
pathway to suppress Tc3 transposon mobility in the Cae-
norhabditis elegans germline. Mol. Cell 31, 79-90.

19. Gunawardane, L. S., Saito, K., Nishida, K. M., Miyoshi, K., 
Kawamura, Y., Nagami, T., Siomi, H. and Siomi, M. C. 
(2007) A slicer-mediated mechanism for repeat-associated 
siRNA 5' end formation in Drosophila. Science 315, 
1587-1590.

20. Klattenhoff, C. and Theurkauf, W. (2008) Biogenesis and 
germline functions of piRNAs. Development 135, 3-9.

21. Ruby, J. G., Jan, C., Player, C., Axtell, M. J., Lee, W., 
Nusbaum, C., Ge, H. and Bartel, D. P. (2006) Large-scale 
sequencing reveals 21U-RNAs and additional microRNAs 
and endogenous siRNAs in C. elegans. Cell 127, 1193- 
1207.

22. Vagin, V. V., Sigova, A., Li, C., Seitz, H., Gvozdev, V. and 
Zamore, P. D. (2006) A distinct small RNA pathway si-
lences selfish genetic elements in the germline. Science 
313, 320-324.

23. Watanabe, T., Takeda, A., Tsukiyama, T., Mise, K., Okuno, 
T., Sasaki, H., Minami, N. and Imai, H. (2006) Identifica-
tion and characterization of two novel classes of small 
RNAs in the mouse germline: retrotransposon-derived 
siRNAs in oocytes and germline small RNAs in testes. 
Genes Dev. 20, 1732-1743.

24. Lee, J. H., Engel, W and Nayernia, K. (2006) Stem cell 
protein Piwil2 modulates expression of murine spermato-
gonial stem cell expressed genes. Mol. Re-prod. Dev. 73, 
173-179.

25. Wang, J., Saxe, J. P., Tanaka, T., Chuma, S. and Lin, H. 
(2009) Mili interacts with tudor domain-containing protein 

1 in regulating spermatogenesis. Curr. Biol. 19, 640-644.
26. Houwing, S., Berezikov, E. and Ketting, R. F. (2008) Zili is 

required for germ cell differentiation and meiosis in ze-
brafish. EMBO J. 27, 2702-2711.

27. Lee, J. H., Schütte, D., Wulf, G., Füzesi, L., Radzun, H. J., 
Schweyer, S., Engel, W. and Nayernia, K. (2006) Stem-cell 
protein Piwil2 is widely expressed in tumors and inhibits 
apoptosis through activation of Stat3/Bcl-XL pathway. 
Hum. Mol. Genet 15, 201-211.

28. Aravin, A. A., Lagos-Quintana, M., Yalcin, A., Zavolan, 
M., Marks, D., Snyder, B., Gaasterland, T., Meyer, J. and 
Tuschl, T. (2003) The small RNA profile during Drosophila 
melanogaster development. Dev. Cell 5, 337-350.

29. Saito, K., Nishida, K. M., Mori, T., Kawamura, Y., Miyoshi, 
K., Nagami, T., Siomi, H. and Siomi, M. C. (2006) Specific 
association of Piwi with rasiRNAs derived from retro-
transposon and heterochromatic regions in the Drosophila 
genome. Genes Dev. 20, 2214-2222.

30. Aravin, A. A., Sachidanandam, R., Bourc'his, D., Schaefer, 
C., Pezic, D., Toth, K. F., Bestor, T. and Hannon, G. J. 
(2008) A piRNA pathway primed by individual trans-
posons is linked to de novo DNA methylation in mice. 
Mol. Cell 31, 785-799.

31. Kalmykova, A. I., Klenov, M. S. and Gvozdev, V. A. (2005) 
Argonaute protein PIWI controls mobilization of retro-
transposons in the Drosophila male germline. Nucleic. 
Acids. Res. 33, 2052-2059.

32. Kuramochi-Miyagawa, S., Watanabe, T., Gotoh, K., 
Totoki, Y., Toyoda, A., Ikawa, M., Asada, N., Kojima, K., 
Yamaguchi, Y., Ijiri, T. W., Hata, K., Li, E., Matsuda, Y., 
Kimura, T., Okabe, M., Sakaki, Y., Sasaki, H. and Nakano, 
T. (2008) DNA methylation of retrotransposon genes is 
regulated by Piwi family members MILI and MIWI2 in 
murine fetal testes. Genes Dev. 22, 908-917.


