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PIWI proteins, a subclade of the Argonaute family proteins, are expressed predominantly
in the germline and bind to PIWI-interacting RNAs (piRNAs), which are 25-31 nucleotides

in length. The PIWI/piRNA pathway plays critical roles in germline development by regu-
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ARGONAUTE FAMILY PROTEINS AND SMALL REGULATORY
RNAs

In recent years, it has become increasingly apparent that many
non-protein-coding regions of the genome are transcribed, and
that these non-coding RNAs play crucial roles in normal biologi-
cal processes and human diseases (Esteller, 2011). The functional
significance of non-coding RNAs is particularly evident for small
regulatory RNAs, which direct highly specific regulation of gene
expression by complementary recognition of their RNA targets. To
date, three major classes of small regulatory RNAs have been iden-
tified: microRNAs (miRNAs), short-interfering RNAs (siRNAs),
and PIWI-interacting RNAs (piRNAs; Farazi et al., 2008; Ghildiyal
and Zamore, 2009; Kim et al., 2009). The defining features of small
regulatory RNAs are their short lengths of 20-31 nucleotides (nt),
and their interaction with Argonaute family proteins to form effec-
tor ribonucleoprotein complexes. Argonaute family proteins are
well-conserved proteins of approximately 95 kDa and are defined
by two major protein motifs: the PAZ domain, a single-stranded
nucleic acid-binding motif, and the PIWI domain containing an
RNase H fold (Carmell et al., 2002; Parker and Barford, 2006).
Based on amino acid sequence similarities, Argonaute family pro-
teins can be divided into two subclades: AGO, named after its
founding member in Arabidopsis thaliana, and PIWI, named after
the Drosophila protein PIWI (P-element induced wimpy testis;
Carmell et al., 2002).

AGO proteins are ubiquitously expressed in all the tissues and
bind to miRNAs and siRNAs that are 20-23 nt in length (Bartel,
2004; Farazi et al., 2008; Liu et al., 2008; Ghildiyal and Zamore,
2009; Kim et al., 2009; Table 1). miRNAs, the best-studied class
of small regulatory RNAs, are produced from stem-loop hairpin-
structured primary miRNAs (pri-miRNAs), which are processed
in the nucleus by the ribonuclease Drosha. The resultant precursor

lating transposons and other targets to maintain genome integrity. While the functions of
PIWI in the germline have been extensively investigated, recent studies have accumulated
evidence that the human PIWI proteins, HIWI and HILI, are aberrantly expressed in a vari-
ety of cancers. This review summarizes our knowledge of PIWI expression in cancer and
discusses its possible role in tumorigenesis.
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miRNAs (pre-miRNAs) are exported from the nucleus and cleaved
in the cytoplasm by a Dicer endonuclease to yield mature miRNAs
of approximately 22 nt in length. These miRNAs bind to AGO
proteins and repress target mRNA expression by recognizing com-
plementary sequences in the mRNAs which are generally located in
the 3 "-UTR. Imperfect miRNA base-pairing with target mRNAs
appears to induce translational silencing, whereas perfect base-
pairing triggers exonucleolytic decay of the target mRNAs (Pillai
et al., 2007; Liu et al,, 2008). The human genome encodes over
1000 miRNAs (Bentwich et al., 2005; Griffiths-Jones et al., 2008),
which are estimated to regulate the expression of more than 60% of
protein-coding genes (Friedman et al., 2009). Therefore, miRNAs
constitute one of the most abundant classes of gene expression
regulators and have a tremendous impact on shaping transcrip-
tomes of eukaryotic organisms. siRNAs, which are widely used to
experimentally manipulate gene expression, are processed from
double-stranded RNA precursors by Dicer. The resulting mature
siRNAs bind to AGO proteins, and in vivo, the siRNA pathway
destabilizes viral RNA to limit virus infectivity and is also involved
in transposon regulation (Wang et al., 2006; Farazi et al., 2008;
Ghildiyal and Zamore, 2009; Kim et al., 2009).

PIWI AND piRNA: A SMALL REGULATORY RNA PATHWAY IN
THE GERMLINE

In contrast to the ubiquitous expression of AGO proteins, the
expression of PIWI proteins, the other subclade of the Argonaute
family, is restricted to germline cells. PIWI was first identified in a
genetic screen for mutants that affect asymmetric division of stem
cells in the Drosophila germline (Lin and Spradling, 1997; Cox
et al,, 1998). The early studies on the piwi mutant demonstrated
that Drosophila PIWT is essential for gametogenesis and is a key
regulator of female germline stem cells (Cox et al., 1998,2000). The
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Table 1 | Argonaute family proteins.

AGO

PIWI

Expression All tissues

Germline and cancer

Homologs of human

AGO1, AGO2, AGO3, AGO4

HIWI, HILI, PIWILS, HIWI2

Mouse AGO1, AGO2, AGO3, AGO4 MIWI, MILI, MIWI2
Drosophila AGO1, AGO2 PIWI, AUB, AGO3
Bound small RNA miRNA siRNA piRNA
Length (nt) 20-23 20-23 25-31
Precursor Hairpin-structured RNA dsRNA ssRNA
Biogenesis Drosha, Dicer Dicer Dicerindependent
~ AGO AGO
, miRNA s siRNA ,
5 Phrmr‘w 3 5 P IR OCH ¥ 5
Function ‘ ' ‘
o JLLLLLLENVREH T o AR & o AT 6
Target mRNA Transposon, virus Transposon, other target
Regulation of mMRNA stability Regulation of transposon, protection Regulation of transposon,
and translation from viral infection unknown function

PIWI protein family is highly conserved in a wide variety of organ-
isms. Four PIWI proteins are expressed in humans: PIWIL1/HIWI,
PIWIL2/HILI, PIWIL3, and PTWIL4/HIWI2 (Sasaki et al., 2003).
Three PIWI proteins are expressed in mice: MIWI, MILI, and
MIWI2 (Kuramochi-Miyagawa et al., 2001; Deng and Lin, 2002;
Carmell et al., 2007). Three PIWI proteins are also expressed
in Drosophila: PIWI, Aubergine (AUB), and AGO3 (Lin and
Spradling, 1997; Cox et al., 1998; Harris and MacDonald, 2001;
Brennecke et al., 2007; Gunawardane et al., 2007; Table 1). PIWI
mutations in mice, Drosophila, and zebrafish commonly cause
defects in gametogenesis (Schupbach and Wieschaus, 1991; Cox
etal., 1998,2000; Deng and Lin, 2002; Kuramochi-Miyagawa et al.,
2004; Brennecke et al., 2007; Carmell et al., 2007; Chen et al., 2007;
Gunawardane et al., 2007; Houwing et al., 2007, 2008), indicat-
ing evolutionarily conserved essential roles for PIWI proteins in
germline development.

Since 2006, the small RNAs bound to PIWI proteins have been
purified and identified in mice (Aravin et al., 2006, 2007, 2008;
Girard et al., 2006; Grivna et al., 2006a; Watanabe et al., 2006;
Kuramochi-Miyagawa et al., 2008), rats (Lau et al., 2006), Xeno-
pus (Armisen et al., 2009; Kirino et al., 2009; Wilczynska et al.,
2009), zebrafish (Houwing et al., 2007, 2008), Drosophila (Saito
et al., 2006; Vagin et al., 2006; Brennecke et al., 2007; Gunawar-
dane et al., 2007), silkworm (Kawaoka et al., 2008), and C. elegans
(Ruby et al., 2006; Batista et al., 2008). These interacting RNAs
are 25-31 nt in length, which are longer than miRNAs and siRNAs
by several bases, and termed piRNAs (Klattenhoff and Theurkauf,
2008; Siomi et al., 2011). The molecular mechanism and involved
factors for piRNA biogenesis and function remain elusive. piRNAs
are a highly complex mix of sequences, with tens of thousands of
distinct piRNA sequences, derived from defined genomic regions
called piRNA clusters. The main function of piRNAs is to silence
transposable elements, and in Drosophila ovaries, the vast majority
of piRNAs appear to be derived from a limited number of pericen-
tromeric and telomeric sites that are enriched for retrotransposon

sequences (Klattenhoff and Theurkauf, 2008; Malone and Han-
non, 2009; Siomi et al., 2011). Unlike the other classes of small
regulatory RNAs, piRNAs are believed to be generated from single-
stranded RNA transcripts by a Dicer-independent mechanism.
piRNAs have a preference for uridine at their 5'-ends, and have a
HENT1 methyltransferase-catalyzed 2'-O-methyl ribose modifica-
tion at their 3’-ends (Horwich et al., 2007; Kirino and Mourelatos,
2007a,b; Ohara et al., 2007; Saito et al., 2007). Several other factors
have been suggested to be involved in piRNA biogenesis, includ-
ing Armitage, Zucchini, and Squash in Drosophila (Vagin et al.,
2006; Pane et al., 2007), and MVH, MitoPLD, and SUN1 in mice
(Chi et al., 2009; Kuramochi-Miyagawa et al., 2010; Huang et al.,
2011; Watanabe et al., 2011). PIWI proteins contain evolution-
arily conserved symmetrical-dimethylarginines (sDMAs), which
are synthesized by the methyltransferase PRMT5 (Kirino et al.,
2009; Vagin et al., 2009). Several members of the TUDOR domain-
containing protein family, which specifically recognizes sDMAs
such as Spindle-E, Tudor, Krimper, and Tejas in Drosophila (Vagin
et al., 2006; Lim and Kai, 2007; Nishida et al., 2009; Kirino et al.,
2010; Patil and Kai, 2010) and TDRD1-9 in mice (Chen et al., 2009;
Kojima et al., 2009; Reuter et al., 2009; Shoji et al., 2009; Vagin et al.,
2009; Wang et al., 2009; Kirino et al., 2010), have recently received
attention for their PIWI interactions and functional involvement
in piRNA biogenesis and function (Siomi et al., 2010).

PIWI EXPRESSION IN CANCER

Gene expression in cancer cells and tissues is known to be con-
trolled by a wide array of regulatory molecules including small
regulatory RNAs. Among the three major classes of small regula-
tory RNAs, miRNAs have been most extensively studied in cancer
(Li et al., 2010; Farazi et al., 2011). Precise control of miRNAs is
crucial for keeping cells in normal physiological states, and the dys-
regulation of miRNAs has been reported to lead to oncogenesis.
When their down-regulation leads to tumor formation, miRNAs
actas tumor suppressors; when their overexpression leads to tumor
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formation, miRNAs can be regarded as oncogenes (Calin et al,,
2004; Iorio et al., 2005; Johnson et al., 2005; Akao et al., 2006;
Sarhadi et al., 2006; Voorhoeve et al., 2006; Yanaihara et al., 2006;
Lee and Dutta, 2007; Sampson et al., 2007). Thus, miRNAs have
become one of the key players in oncogenesis, and have attracted
a great deal of attention as potential biomarkers for diagnosis as
well as potential targets for therapeutic manipulation. Despite the
well-known roles of miRNAs in oncogenesis, PIWI proteins and
PiRNAs have not extensively been studied in cancer.

Cancer cells and germ cells, as well as stem cells, share several
characteristics such as rapid proliferation and virtually infinite
self-renewal. Therefore, it is not surprising that germline factors
would also be involved in oncogenesis; germline-specific factors
are becoming a focus of cancer research. A group of molecules
called cancer/testis antigens (CTAs) have been receiving increased
attention. CTAs are a category of tumor antigens whose normal
expression is restricted to male germ cells in the testis (Simpson
et al., 2005; Costa et al., 2007; Caballero and Chen, 2009; Cheng
et al.,, 2011). CTAs are regarded as potential immunotherapeutic
targets because of their restricted expression and therefore, pre-
sumably reduced side effects. Using a loss-of-function approach
to search for germline factors in Drosophila that are responsi-
ble for the growth of malignant brain tumors, Janic et al. (2010)
demonstrated that two PIWTI proteins, PIWI and AUB, contribute
to tumor growth.

While miRNA profiles in cancer have been extensively charac-
terized, PIWI proteins are relatively new players in cancer research,
and most studies of PIWI protein expression in human cancers
have been published only recently (see Table 2). The first report
of PIWI expression in cancer was in seminomas, a cancer of male
germ cells (Qiao et al.,, 2002). HIWI was detected in seminomas,
but not in non-seminomas, spermatocytic seminomas, or testicu-
lar tumors originating from somatic cells such as Sertoli cells and
Leydig cells (Qiao et al., 2002). HILI was also detected in semino-
mas, and induction of ectopic HILI expression in NIH3T3 cells, a
mouse cell line, revealed that HILI is related to cell growth, adhe-
sion, and apoptosis (Lee et al., 2006). These reports on seminomas
were followed by reports on a wide variety of cancers (Table 2).
HILI was detected in breast cancer (Lee et al., 2010; Liu et al.,
2010a) and shown to suppress apoptosis of cancer cells (Lee et al.,
2010). Cervical cancer cells were reported to express HIWI (Liu
et al., 2010b) and HILI (He et al., 2010; Lu et al., 2012). Interest-
ingly, the expression of both HIWT and HILI showed correlation
with human papillomavirus infection (He et al., 2010; Liu et al.,
2010b). Elevated HIWI expression was shown to be associated with
cancer invasion, but not with patient age or histological grade (Liu
et al., 2010b). Furthermore, in cervical cancer, HILI was shown to
inhibit p53, a tumor suppressor, and to repress apoptotic cell death
of cancer cells (Lu et al., 2012).

There are additional clinical reports suggesting a potential use
for PIWI expression in cancer prognosis. In gliomas, the expres-
sion level of HIWI was positively correlated with tumor grade,
and patients with high HIWI expression had poorer clinical out-
comes (Sun et al., 2011). In pancreatic cancer, patients with an
altered level of HIWI mRNA had an increased risk of tumor-
related death (Grochola et al., 2008). Among colon cancer patients
without lymph node metastasis, those with HIWI-positive tumors

had a significantly lower survival rate than those with HIWI-
negative tumors, according to Kaplan—Meier analysis (Liu et al.,
2012). Furthermore, among patients with colorectal cancer, those
with HIWI expression in adjacent non-cancerous tissue had lower
survival rates than patients without HIWI expression (Zeng et al.,
2011). Among patients with early stage colorectal cancer, HIWI
expression was negatively correlated with survival time (Zeng
et al., 2011). HIWTI has also been detected in endometrial cancer,
esophageal cancer, and liver cancer. HIWI expression in endome-
trial cancer was not associated with clinical pathological features
(Liu et al., 2010c); however, in esophageal cancer, it was positively
correlated with histological grade and T stage, and was related
to poor clinical outcome when the expression was observed in
the cytoplasm (He et al., 2009). HIWI expression in liver can-
cer was positively correlated with tumor size and metastasis, and
negatively correlated with survival rates (Zhao et al., 2012). PIWI
proteins have been detected in gastric cancer as well (Liu et al.,
2006; Wang et al., 2012). The expression of HIWI, HILI, PIWIL3,
and HIWI2 were positively correlated with T stage, lymph node
metastasis, and clinical TNM, and patients with higher expression
had shorter survival times (Wang et al., 2012). Moreover, HIWI
has been shown to be an independent prognostic factor in gastric
cancer, according to multivariate analyses by Cox’s proportional
hazard model (Wang et al., 2012). A more basic study of gastric
cancer revealed a correlation between the expression of HIWI and
Ki67, a proliferation marker (Liu et al., 2006). The suppression of
HIWT caused cell cycle arrest in the G2/M phase and inhibited the
growth of gastric cancer cells (Liu et al., 2006). HIWI was reported
to be overexpressed in sarcoma, and its increased expression cor-
related with grade (Siddiqi et al., 2012). HIWI was shown to be
a negative prognostic factor for sarcoma patients (Taubert et al,,
2007). Lastly, HILI expression has been observed in both ovarian
cancer patient tissues (Lee et al., 2006) and cell lines (Wang et al.,
2011).

It is noteworthy that HILI (PTWIL2) has been shown to have
multiple variant forms. PIWIL2-like (PL2L) proteins have been
identified in a wide variety of cancers (Ye et al., 2010). One vari-
ant, PL2L60, was found in all human cancer cell lines tested,
and its expression was associated with nuclear expression of NF-
kB, whose incorrect regulation has been linked to oncogenesis
(Perkins, 2012). It is also noteworthy that there have so far been
no reports that convincingly demonstrate the presence of piR-
NAs in cancer. Presumably, many factors, known or unknown,
are required for the complex process of piRNA biogenesis and
expression in cancer cells. However, there may exist a pathway
for PIWI protein function without guidance by piRNAs. In fact,
a recent study demonstrated that MIWI directly interacts with
and stabilizes mRNAs without piRNAs as guides (Vourekas et al.,
2012). Further studies are urgently needed to determine whether
PIWI proteins interact with piRNAs in cancer and whether PIWI
proteins interact with other RNA species.

HOW IS PIWI INVOLVED IN TUMORIGENESIS?

As described above, there have been many studies demonstrat-
ing PIWT expression in a wide variety of cancers. Some of these
are clinical reports utilizing precious patient samples, and it is
undoubtedly worth considering the future use of PIWI proteins
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Table 2 | PIWI expression in human cancers.

Disease Material PIWI Method Reference
Breast cancer Tissue, MDA-MB-231 HILI RT-PCR, RNA array, Lee et al. (2010)
WB, IC

Breast cancer Tissue HILI IHC Liu et al. (2010a)
Breast, cervical, and MDA-MB-231, MDA-MB-468, MCF-7, Hel a, HILI, PL2L50, RT-PCR, WB, IHC Ye et al. (2010)
other cancers THP-1, CCREF, Jurkat, H9, Raji, Daudi, HEL, PL2L60, PL2L80

Dami, HL-60, K562, PBL985, HCT-8, 3B11,

CaoV3, CaCo, HT-29, SW480, Huh?,

CT26CL25, Hey1B, SW872, H1299, C8161,

HepG2, INS-1, LL2, N2a
Cervical cancer Tissue HIWI IHC Liu et al. (2010b)
Cervical cancer Tissue HILI IHC He et al. (2010)
Cervical cancer Hela HILI WB Luetal. (2012)
Colon cancer Tissue HIWI IHC Liu et al. (2012)
Colorectal and other Human tissue, 823, AGS, N87, GES1, E30, HIWI WB, IHC Zeng et al. (2011)
cancers E70, E140, E180, E410, HepG2, 7402,

7721,YES2,T12, LoVo, CL187, HT-29, RKO,

SW480, HCT116, PG, GLC82, H446, H460,

H1299, A549
Endometrial cancer Tissue HIWI IHC Liu et al. (2010c¢)
Esophageal cancer Tissue, KYSE70, KYSE140, KYSE450 HIWI WSB, IC, IHC He et al. (2009)
Gastric cancer Tissue HIWI, HILI, PIWIL3, IHC Wang et al. (2012)

HIWI2

Gastric cancer Tissue, AGS, NCI-N87, SNU-1, SNU-5, HIWI RT-PCR, IHC, WB Liu et al. (2006)

SNU-16
Glioma Tissue, U251, U87 LN229 HIWI RT-PCR, WB, IHC Sun et al. (2011)
Liver cancer Tissue, HepG2, SMMC7721, MHCC97L, HIWI gRT-PCR, WB, IHC Zhao et al. (2012)

MHCC97H, HCCLM3
Ovarian cancer A2780, CP70, CDDP MCP2, MCP3, MCPS, HILI WB Wang et al. (2011)

2008, 2008C13
Pancreatic cancer Tissue HIWI gRT-PCR, IHC Grochola et al. (2008)
Sarcoma Tissue HIWI gRT-PCR Taubert et al. (2007)
Sarcoma Tissue, MFH HIWI IHC Siddiqgi et al. (2012)
Seminoma Tissue HIWI gRT-PCR Qiao et al. (2002)
Seminoma and other Tissue, MDA-MB-231 HILI RT-PCR, IC, IHC Lee et al. (2006)

cancers

as potential therapeutic targets. However, in spite of the growing
attention focused on PIWI proteins, very few studies have carefully
examined the molecular mechanisms by which PIWI proteins con-
tribute to tumorigenesis or function in cancer cells. Therefore, we
must rely on studies of normal germ cells for hypothesizing the
roles of PIWI proteins in cancer, as described below.

Firstly, the overexpression of PIWI proteins may contribute to
tumorigenesis by transcriptionally silencing tumor-suppressing
genes through epigenetic mechanisms. In mice, both mili and
miwi2 mutants fail to establish de novo DNA methylation of trans-
poson sequences, which is required for transcriptional silencing
of transposons in the genome, suggesting that MILI and MIWI2
guide the DNA methylation machinery to transposon loci (Aravin
etal.,2007,2008; Kuramochi-Miyagawa et al., 2008). Since MIWI12
with antisense sequences of transposons stays in the nucleus
during the short period of embryogenesis when de novo DNA
methylation occurs in the male germline, it has been speculated

that piRNAs function as a guide for directing transposon-specific
DNA methylation. In Drosophila, PIWI is localized in the nucleus,
and its nuclear localization is essential for its function in trans-
poson silencing (Cox et al., 1998; Saito et al., 2006, 2010). It
has also been reported that Drosophila PIWI interacts with het-
erochromatin protein la (HPla) and directs HP1a localization
to heterochromatin formation (Pal-Bhadra et al., 2004; Brower-
Toland et al., 2007). Additionally, PIWI co-localizes with Poly-
comb group proteins, suggesting its involvement in chromatin-
dependent mechanisms (Grimaud et al., 2006). PIWI can also
function as an epigenetic activator by promoting euchromatic
histone modifications in heterochromatin (Yin and Lin, 2007).
Consistent with these observations on epigenetic functions of
PIWI/piRNA complexes in the germline, Siddiqi et al. (2012)
recently reported that HIWI expression is associated with DNA
methylation in sarcoma, and that down-regulation of HIWI
reduces global DNA methylation and limits tumorigenesis.

Frontiers in Genetics | Non-Coding RNA

October 2012 | Volume 3 | Article 204 | 4


http://www.frontiersin.org/Non-Coding_RNA
http://www.frontiersin.org/Non-Coding_RNA/archive

Suzuki et al.

PIWI expression in cancer

Secondly, analogous with the AGO/miRNA complexes that
induce translational silencing of target mRNAs, PIWI proteins
may affect the post-transcriptional regulation of oncogenes and
tumor suppressor genes. Consistent with this speculation, in mice,
MIWI binds to mRNAs, as well as to piRNAs, in the polysome
(ribosome cluster) fraction and also associates with mRNA cap-
binding complexes (Grivna et al., 2006a,b). Since miwi null mice
showed down-regulation of the mRNAs normally complexed with
MIWI (Deng and Lin, 2002), MIWT positively regulates the sta-
bility and probably the translation of its target mRNAs. MILI
forms a complex with elF3a and is also associated with mRNA
cap-binding complexes (Unhavaithaya et al., 2009). Although the
mili mutation had no effect on the cellular mRNA level, it reduced
the rate of protein synthesis in premature testicular seminifer-
ous tubules, suggesting a positive role for MILI in translational
regulation (Unhavaithaya et al., 2009). Similarly, Drosophila PTIWI
proteins have been shown to positively regulate translation in early
embryos. PIWI overexpression enhances the expression of Oskar
and Vasa (Megosh et al., 2006). AUB does not affect the levels of
oskar mRNAs, but enhances their translation (Wilson et al., 1996).
In contrast, AUB and piRNAs can act as a post-transcriptional neg-
ative regulator by promoting deadenylation and decay of maternal
mRNAs in embryos (Rouget et al., 2010).

Thirdly, PIWI proteins may be involved in genomic instability,
one of the most common occurrences in cancer. Genomic insta-
bility is attributable to an extra copy of genomic DNA or a chro-
mosome, chromosomal translocation, chromosomal deletion, or
single-stranded or double-stranded breaks in genomic DNA (Cas-
sidy and Venkitaraman, 2012; Lord and Ashworth, 2012). It has
been demonstrated that LINE1, a known target retrotransposon
of the PIWI/piRNA pathway in the germline, contributes to DNA
repair through its integration into DNA lesions (Morrish et al.,
2002, 2007; Zingler et al., 2005). This implies that PIWI pro-
teins in cancer may cause genomic instability by suppressing the
expression of such transposons. However, mice and Drosophila
deficient for PIWI proteins accumulate y-H2Av foci, a sign of
double-stranded DNA breaks, suggesting a positive contribution
of PIWI proteins to the repair of DNA damage (Kuramochi-
Miyagawa et al., 2004; Carmell et al., 2007; Klattenhoff et al,,
2007). A putative positive role for PIWI in DNA repair is sup-
ported by the observation that RIWI, a rat PIWI protein, forms a
complex with RecQ1 (Lau et al., 2006), which has a highly con-
served role in the repair of double-stranded DNA breaks (Hunter,
2008). In an ovarian cancer cell line, HILI has been reported to
repair cisplatin—induced DNA damage and help cancer cells sur-
vive platinum-based chemotherapy (Wang et al., 2011). Therefore,
if and how PIWI proteins are involved in DNA repair, and therefore
in genomic instability, remains controversial.

REFERENCES (2006). A novel class of small

Akao, Y., Nakagawa, Y., and Naoe, RNAs bind to MILI protein
T. (2006). let-7 microRNA func- in mouse testes. Nature 442,
tions as a potential growth sup- 203-207.
pressor in human colon can- Aravin, A. A, Sachidanandam,
cer cells. Biol. Pharm. Bull. 29, R, Bourc’his, D.  Schaefer,
903-906. C., Pezic, D., Toth, K. E, et

Aravin, A., Gaidatzis, D., Pfef- al. (2008). A piRNA pathway
fer, S., Lagos-Quintana, M., primed by individual trans-

Landgraf, P, Iovino, N., et al posons is linked to de novo DNA

Fourthly, PIWI proteins may promote cell proliferation in can-
cer and cause aneuploidy during mitosis. Pek and Kai (2011) have
recently reported an abolished localization of Vasa in mitotic chro-
mosomes, defective chromosomal condensation and segregation,
and delayed cell division in the germline of an aub Drosophila
mutant. Vasa is a conserved germline DEAD-box RNA helicase
that plays diverse roles in the regulation of mRNA translation,
germline differentiation, germ granule assembly, and piRNA-
mediated transposon silencing (Liang et al., 1994; Styhler et al,,
1998; Vagin et al., 2004; Malone et al., 2009; Kuramochi-Miyagawa
etal., 2010). AUB mediates the localization of Vasa in the vicinity
of mitotic chromosomes; Vasa recruits condensin I and promotes
robust chromosomal condensation and segregation (Pek and Kai,
2011). This raises the intriguing possibility that PIWI proteins and
piRNAs might regulate cell division in cancer cells.

CONCLUDING REMARKS

A growing number of reports have revealed the aberrant expres-
sion of PIWI proteins in various cancers, and it appears highly
plausible that PIWI proteins are involved in tumorigenesis. How-
ever, data for elucidating the detailed molecular role of PIWI
proteins in tumorigenesis is very limited, in part because a consid-
erable portion of the experimental results is derived from studies
of patient samples, with limited opportunities for experimen-
tal manipulation. Further basic studies with more manipulable
materials, such as cell lines and experimental animals, are urgently
needed to address the possibility of PIWI as a therapeutic target. An
immediate focus is to identify PIWI protein-associating RNAs to
determine whether piRNAs and/or other RNA species specifically
interact with PIWI proteins in cancer cells. It is also imperative
to investigate how PIWI proteins are involved in the biological
functioning of cancer cells, such as transposon silencing, tran-
scriptional or post-transcriptional regulation, DNA repair, and
chromosome condensation and segregation, and to determine the
roles of PIWI proteins in tumorigenesis. Such investigations will
significantly advance our understanding of tumorigenesis and may
lead to novel therapeutic applications targeting PIWI proteins and
their molecular functions.
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