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Abstract
Piwi (P-element-induced wimpy testis) first discovered in Drosophila is a member of the
Argonaute family of micro-RNA binding proteins with essential roles in germ-cell development.
The murine homologue of PiwiL2, also known as Mili is selectively expressed in the testes, and
mice bearing targeted mutations of the PiwiL2 gene are male-sterile. PiwiL2 proteins are thought
to protect the germ line genome by suppressing retrotransposons, stabilizing heterochromatin
structure, and regulating target genes during meiosis and mitosis. Here we report that PiwiL2 and
associated piRNAs (piRs) may play similar roles in adult mouse mesenchymal stem cells. We
found that PiwiL2 is expressed in the cytoplasm of metaphase mesenchymal stem cells from the
bone marrow of adult and aged mice. Knockdown of PiwiL2 with a specific siRNA enhanced cell
proliferation, significantly increased the number of cells in G1/S and G2/M cell cycle phases and
was associated with increased expression of cell cycle genes CCND1, CDK8, microtubule
regulation genes, and decreased expression of tumor suppressors Cables-1, LATS and Cxxc4. The
results suggest broader roles for Piwi in genome surveillance beyond the germ-line and a possible
role in regulating the cell cycle of mesenchymal stem cells.
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INTRODUCTION
MicroRNAs (miRs) are endogenous non-coding ~23 nucleotide RNAs that regulate gene
expression in eukaryotic cells at the post-transcriptional level [1]. Over 700 human miRNA
sequences have been described and more than 30% of the human genome is thought to be
under miRNA control. MiRs are transcribed by RNA polymerases II and III and the primary
transcripts are processed to stem-loop-structured miRNA precursors by the RNase III
enzyme Drosha (reviewed in [2-5]). Dicer generates 21–25 nt long dsRNAs that separate
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into 2 strands one of which binds to a member of the Argonaute protein family to form the
silencing complex that uses the miR sequence to target specific RNAs for post-translational
repression [6, 7]. Depending on the miR and the mRNA target, Ago protein complexes can
block transcription or mediate posttranscriptional gene silencing by blocking translation, or
by promoting mRNA degradation (reviewed in [8]). MiRs coordinate the expression of
multiple genes and play roles in numerous biological contexts including growth, cell
division, development and disease.

Piwi (P-element induced wimpy testis) is a subfamily of Argonaute proteins originally
described in Drosophila where its expression in germ line cells is essential for
spermatogenesis. Like Argonaute miRs, Piwi proteins are targeted to cytoplasmic mRNA
after complexing to Piwi-interacting RNAs (piRNAs). These RNAs are slightly longer than
the miRs (26-31nts), there are no equivalents of Drosher or Dicer in the Piwi subfamily and
with the possible exception of some tumor cells the gene silencer functions are germ line-
specific [8, 9]. A role for both fly and mammalian Piwi-piRNAs in germ-line nuclear
surveillance has been suggested wherein genomic integrity is preserved by the interception
of retrotransposons, regulation of heterochromatin structure, and possibly fine-tuning of
selective genes by pretranslational silencing. In the mouse both Miwi and PiwiL2 are
essential for spermatogenesis [10, 11]. Male PiwiL2 −/− mice are sterile with smaller testes
due to meiosis defects that cause an arrest of spermatogenesis.

Opposite effects have been reported for over-expression of Piwi homologues in different cell
types. In Drosophila germ cells and several cancer cells Piwi over-expression increases the
rate of cell division [12-16]. Conversely, over-expression of Hiwi in human leukemia KG1
cells was reported to decrease cell proliferation and enhance apoptosis [17]. It has been
proposed that Piwi-regulation is restricted to meiotic germ line cells because of a
requirement to preserve genomic integrity during the numerous rounds of replication
required for spermatogenesis. Few targets for piRNAs have been described and the
mechanism for their control of cell cycle is not known.

Mesenchymal stem cells (MSCs) are multipotent primitive cells that may be required for
tissue repair and, like germ cells are repopulated throughout life [18-21]. We recently
reported profound age-related changes in the expression of differentiation, growth factor,
and cell cycle-related genes during aging of mouse MSCs [22]. Here we present evidence
that adult and aged MSCs express significant levels of PiwiL2 and its associated piRNA.
Expression of PiwiL2 in aged MSCs was restricted to metaphase cells and was amplified by
synchronizing cells in metaphase. PiwiL2 knockdown doubled the rate of proliferation and
caused an upward shift in the number of cells in G1/S. Microarray and RT-PCR analyses
after PiwiL2 knockdown indicated selective regulation of cell cycle and tumor suppressor
genes.

MATERIALS AND METHODS
Cell isolation and culture

MSCs were isolated from C57BL/6 WT mice aged 2, 8 and 26 months (4 mice per group) as
described in Ref 34. Cells were cultured in mouse MSC basal media with supplements
(Stem Cell Technologies, Va) for 10 passages before harvest. Details of marker expression
and phenotypic characterization are reported in [22].

Flow cytometry
MSCs were fixed in 4% formaldehyde, permeabilized with Triton X-100 (0.1% in PBS) and
incubated with anti-mouse Piwil2 antibody (Abcam) in 2% calf serum and 0.05% sodium
azide for 60 minutes at 4°C. After rinsing the cells were incubated with 0.5μl FITC
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conjugated anti-rabbit antibody for 30 minutes at 4°C. Cells were analyzed by flow
cytometry using a FACSCalibur with CellQuest Pro 4.0.2 software (Becton Dickinson, San
Jose, CA). For negative control the primary antibody was substituted with an irrelevant IgG.

Microarray
These analyses are described in detail in [22].

Quantitative RT-PCR
RNA was reverse-transcribed using TaqMan Reverse Transcription Reagents (Applied
Biosystems, Foster City, CA). Piwil2 expression levels were measured by real-time PCR
with an ABI/PRISM 7700 sequence detection system (Applied Biosystems). The expression
level of Piwil2 mRNA relative to hypoxanthine–guanine phosphoribosyl-transferase (HPRT)
was calculated using the comparative threshold cycle (CT) method (2-ΔΔCT).

Immunostaining of Piwil2
MSCs were seeded in chamber slides, fixed in 4% formaldehyde, permeabilized with 0.1%
Triton X-100, and incubated with anti-mouse Piwil2 antibody in at 4°C overnight followed
by PE-anti-goat secondary antibody. Imaging was achieved using a Zeiss LSM-510
Confocal Laser Scanning Microscope. Substitution of the primary antibody with irrelevant
IgG isotopes served as negative controls.

Immunoprecipitation
Cells were lysed in buffer containing 1% Triton X-100, 25mM β-glycerophosphate, and
protease inhibitors. Equal amounts of protein were incubated with anti-Piwil2 antibody and
A/G agarose beads (Santa Cruz). Proteins were analyzed by 10% SDS-PAGE as described
[23].

Metaphase Synchronization
Exponentially-growing MSCs were incubated in complete Mesencult medium with 1200 ng/
ml Nocodazole at 37°C for 12 hr. Loosely attached, rounded mitotic cells were harvested
and resuspended in complete Mesencult medium.

SiRNA knockdown and microarray analysis
Piwil2 siRNA (Ambion) or random sequence siRNA were delivered by Lipfectamine™
2000 following the manufacturer’s instructions (Invitrogen, CA). Cultures were incubated at
37° for 48 hours and transfected cells harvested for proliferation, RNA or protein assays.
Proliferation: Transfected cells were trypsinized and counted in a Vi-CELL™ XR cell
viability analyzer (Beckman coulter Inc.). Cell cycle: Cells were fixed in 70% ethanol at
-20°C overnight, washed and resuspended in PI/RNase Staining Buffer (BD Pharmingen).
Cells were analyzed by flow cytometry using a FACS Calibur with CellQuest Pro 4.0.2
software, (Becton Dickinson, San Jose, CA).

Northern blot
Total RNA was isolated from cells or tissue using Trizol and small RNAs separated by 15%
denaturing PAGE. Gels were stained with SybrGold (Molecular Probes) and electroblotted
onto Hybond-N+membranes (Amersham). Membranes were UV crosslinked and hybridized
with biotin end-labeled oligonucleotide probes, sequence:
AAAGCTATCTGAGCACCTGTGTTCAT TCA (Girard et al). A North2South
Chemiluminescent Hybridization and Detection Kit (Thermo Fisher Scientific Inc) was used
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to detect the piRNA. Blots were exposed to streptadivin-HRP and developed with an ECL
reagent.

RESULTS
Quantification of PiwiL2 expression by microarray, RT-PCR and FACs

Microarray analyses revealed that MSCs from mice at age 8 and 26 months contained
significantly more Piwil2 mRNA transcripts than those from 2-month mice. These results
were confirmed by RT-PCR (Figure 1a). To confirm these results at the protein level MSCs
from each age group were labeled with anti-Piwi2L antibody and permeabilized cells
quantified by flow cytometry. FACS analysis confirmed a significant increase of Piwil2
expression in MSCs derived from 8-month compared with 2-month old mice (Fig. 1b). To
relate the level of expression of PiwiL2 in 8-month MSCs to that in germ line cells PiwiL2
protein was immunoprecipitated from mouse testis and MSCs. As shown in Figure 1c
PiwiL2 was expressed in the 8-month MSCs at a level about 10% of that in testes. To detect
piRNA expression, MSCs from 2-month mice were transfected with Piwi2L cDNA as
described in Methods and RNAs from 2- and 8-month mice were analyzed by Northern blot.
As shown in Figure 1d, piRNA was faintly detected in 2-month MSCs, this expression was
strongly augmented by PiwiL2 gene transfection, and 8-month MSCs expressed piRNA at a
level about one third of that in the transfected 2-month MSCs. To compare piRNA from
MSCs with that from testes RNA was purified from 8-month MSCs and mouse testes and
analyzed by Northern blot. As shown in Figure 1e MSCs displayed distinct RNA bands at
32 and 26 nucleotides, sizes predicted for miRNA and piRNA respectively. The level was
about 10% of that in testes. These results are consistent with significant expression of
PiwiL2 and probably its piRNA in adult mouse MSCs.

Piwil2 expression is confined to the cytoplasm of mitotic MSCs
Previous studies have shown that PiwiL2 expression in germ line cells is cytoplasmic and
mostly confined to mitotic cells [14]. To determine the distribution of PiwL2 in MSCs,
semi-confluent cells from 8-month mice were immunostained with anti-PiwiL2 antibody
and analyzed by fluorescence microscopy. As shown in Figure 2, fluorescence was
perinuclear and selective for actively dividing cells with only weak diffuse expression in
non-dividing cells. The expression and intracellular location were similar to that reported for
mouse germ line cells [14]. These results suggest that PiwiL2 expression and intracellular
localization in MSCs are similar to those in mitotic germ line cells.

Enhanced Piwi2L expression by synchronizing cells in metaphase
To further explore the relationship between Piwi2L and cell division we synchronized cells
in metaphase (Fig. 3). As shown in Figure 3a there was a significant enrichment of
metaphase cells and FACS analysis revealed a ~ 3-fold increase of PiwiL2 expression (Fig.
3b). This suggest that PiwiL2 expression is associated with cell division.

Cell proliferation affected by siRNA knockdown
To investigate a possible role for PiwiL2 in the regulation of cell division we knocked down
(KD) the mRNA using a PiwiL2-sepective siRNA and measured proliferation in parallel
cultures after treatments with PiwiL2 or random sequence siRNA as described in Methods.
As shown in Figure 3c, cultures with PiwiL2 KD showed a significant 2-fold increase in cell
number compared with random sequence siRNA. In support of these results we found that
PiwiL2 KD also caused a significant increase in the number of cells in G1/S (Fig. 3d).
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Downstream signals affected by Piwil2
To examine possible target genes of PiwiL2, synchronized and unsynchronized MSCs from
8-month old mice were transfected with PiwiL2 siRNA or random sequence siRNA and
subjected to microarray analyses as described in Methods. Heat maps are shown in Figure
4a, the Piwi arrowhead indicates strong KD of Piwil2 by the siRNA treatment in both
synchronized and unsynchronized groups, and arrows indicate commonly affected target
genes. There was significant overlap of putative PiwiL2-regulated genes between
synchronized groups and unsynchronized groups with over 25% of down-regulated genes
common to both groups. These results suggest multiple gene-specific effects of Piwl2 KD.
When we compared genes that were affected by both synchronization and PiwiL2
knockdown, 1803 transcripts were increased or decreased by >2-fold in synchronize cells,
and of these 663 (37%) overlapped with genes that were also up- or down-regulated 2-fold
or more by PiwiL2 knockdown (Fig. 4b). GeneGo process network software analysis
wherein genes are grouped with respect to their biological functions revealed multiple cell
cycle-related genes as potential targets for PiwiL2, including genes linked to mitotic
chromosome condensation, DNA packaging, chromatin assembly, mitotic cell cycle process,
and M phase, (data not shown). Microarray and RT-PCR analyses identified a series of
putative PiwL2 regulated cell cycle/proliferation-associated genes. CCND1 (cyclin D1),
CDK8, KIF15, and microtubule associated protein 1a (Mtap-1a) expression increased when
PiwiL2 was knocked down, while transcripts of Cables 1, LATS2, and Wnt-pathway genes
Cxxc4 and Fzd9 decreased. CCND1 and CDK8 regulate cell cycle transition while KIF15
and Mtap-1a regulate microtubule assembly [24, 25]. Cxxc4 is a negative regulator of the
Wnt pathway and a tumor suppressor that causes decreased cell proliferation [26, 27].
Cables-1 and LATS2 are also tumor suppressors [28-30]. These changes are consistent with
a mechanism whereby PiwiL2 suppresses proliferation through the selective targeting and
reciprocal regulation of cell cycle genes and tumor suppressors. PiwiL2 knockdown was
also associated with increased expression of caspase 6.

DISCUSSION
We demonstrate that adult murine mesenchymal stem cells express PiwiL2 protein and
associated piRNAs selectively in the cytoplasm of mitotic cells. MSCs from both groups of
older mice constituting a total of 8 mice expressed higher levels of PiwL2 than those
isolated from the young group. The characteristics of these cells were described previously
[23]. Cells from each age group were isolated and cultured in parallel using identical
procedures. All cells were analyzed at the same passage number, they expressed similar
patterns of cell surface markers and displayed a similar potential for osteogenic
differentiation. The main difference between groups was the age of the donors and whereas
we cannot entirely eliminate other variables it seems possible that PiwiL2 expression in
bone marrow MSCs is age-related. Immunostaining (Fig. 2) demonstrated intense
cytoplasmic expression of PiwL2 protein only in dividing cells identical to the pattern seen
in mouse germ line cells (14). Selective expression during mitosis is consistent with the 3-
fold increase observed when cells were synchronized in metaphase (Fig 3). Knockdown of
PiwiL2 in MSCs from 8-month mice resulted in a 2-fold increase in cell proliferation
compared with cells transfected with random sequence RNA and PiwiL2 knockdown
increased the fraction of cells in G1/S. Microarray analyses comparing the effects of PiwiL2
knockdown in synchronized and non-synchronized cultures revealed multiple genes that
were commonly regulated. Out of more than 35,000 probes on the microarray, about 1000
showed >1.5 fold down-regulation after PiwiL2 knockdown, and of these >25% were
common to synchronized and unsynchronized cells. Similarly almost one half of the genes
that were altered by synchronization, were also affected by PiwiL2 knock down. These
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results suggest non-random targeting of metaphase-related genes by PiwiL2. As discussed
below putative PiwiL2-targets include cell cycle checkpoint and tumor suppressor genes.

Roles for Piwi family proteins in regulating germ line stem cell self-renewal and
spermatogenesis is well established. In Drosophila loss of Piwi function results in depletion
of germ line stem cells in both males and females whereas Piwi over-expression increases
mitosis [10, 11]. It is not clear whether Piwi proteins play direct roles in cell cycle
regulation, or whether their deficiency triggers secondary events that result in abortion of the
program. Mice with mutations of the Miwi and PiwiL2 genes accumulate DNA damage
suggesting that Piwi proteins are required for DNA repair [12, 31, 32]. Miwi has been
shown to complex with the activator of the cAMP-responsive element modulator, a key
transcription activator of genes required for spermatogenesis [11]. Miwi and PiwiL2 also
form complexes with the mouse Vasa homologue, essential for spermatogenesis [33].
During spermatogenesis Miwi and PiwL2 form complexes with eIF4E and positively
regulate translation of multiple genes [34]. In mammals only about 20% of piRNAs
correspond to transposon encoding regions, compared with >70% for Drosophila, suggesting
that forms of gene regulation distinct from transposon protection may be a priority in
mammals [33].

The germ line restriction of Piwi-family proteins has recently been questioned and an
emerging field of investigation implicates Piwi homologues in the regulation of cell cycle
and proliferation of germ line and non-germ line tumors, and pre-cancer stem cells [13-18].
Over-expression of the human homologue Hiwi was shown to activate Stat3 and BclxL and
increase proliferation of multiple cancers [13-16]. In most cancer cells expression of Piwi
family homologues is associated with increased oncogenicity [16, 17]. In an apparent
exception to this rule, Sharma et al [18] reported that Hiwi was expressed in primitive
human CD34+ hematopoietic progenitor cells, but not in immortalized leukemia cell lines.
They found that Hiwi over expression in human myeloid KG1 cancer cells resulted in
markedly reduced cell proliferation and increased apoptosis.

We present the first evidence that adult murine mesenchymal cells express PiwiL2 and this
is associated with decreased proliferation. Expression of PiwiL2 was age-dependent; there
was negligible expression of PiwiL2 in cells from 2-month mice but strong expression at
ages 8 and 26 months. Eight month old mice are equivalent to mid-aged humans whereas a
26-month old mouse is equivalent to >70 human years [35]. Our observation that PiwiL2
expression correlates with decreased proliferation is consistent with that of Sharma et al [18]
and suggest cell specific effects of PiwiL2 on cell division. In our studies increased
proliferation by PiwiL2 knockdown correlated with increased expression of cyclin-D and
CDK8 and decreased expression of tumor suppressors. The three most strongly down
regulated transcripts were Cables 1, LATS2 and Cxxc4. Cables 1 interacts with CDKs 2, 3
and 5, p53 and p73, and its expression slows cell proliferation and stimulates apoptosis [28,
29, 36-38]. LATS2 and Cxxc4 are linked with p53 and Wnt signaling pathways respectively
and negatively regulate proliferation and apoptosis [26-30]. Transcript levels of each of
these putative tumor suppressors decreased about 3-fold after PiwiL2 knockdown. These
effects that could contribute to the increased proliferation seen after PiwiL2 knockdown.

CONCLUSIONS
PiwiL2 expression in mouse MSCs is associated with decreased expression of cyclin D1,
CDK8 and microtubule associated proteins, increased expression of tumor suppressors and
decreased proliferation. It is unknown whether this regulation involves direct or indirect
effects of PiwL2. Our results support an extended role for PiwiL2 in the regulation of cell
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division and perhaps genome integrity outside of germ line cells that maybe associated with
aging.
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Figure 1. Selective expression of PiwiL2 in adult and aged bone marrow MSCs
(a) RT-PCR quantification of PiwiL2 transcripts: RT-PCR was implemented on RNA
from passage 12 bone marrow MSCs from mice at the indicated age groups as described in
Methods (n=3; p<0.05). (b) FACS quantification of PiwiL2 expression: MSCs from each
age group at passage 14 were analyzed by FACS as described in Methods, results are
representative of 3 separate experiments. (c) PiwiL2 expression in testis and MSCs:
protein lysates were prepared from mouse testis or MSCs from 8-month mice,
immunoprecipitated and analyzed by Western blots as described in Methods. (d)
Identification of micro-RNAs: MSCs from 2-month mice were transfected with PiwiL2
cDNA; RNA extracted from 2 months ± transfection or 8 months was analyzed by Northern
blot and probed with anti-piRNA oligonucleotide as described in Methods. (e) Northern
Blot comparison of testis and MSC piRNA: RNA was purified from mouse testes or
MSCs as indicated. Testis (20μg) and MSC (200μg) RNAs were electrophoresed on 15%
denaturing PAGE gels and stained with SybrGold (Molecular Probes). Results are
representative of at least 3 separate experiments.
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Figure 2. Intracellular localization of PiwiL2 by immunostaining
Bone marrow MSCs from 8-month old mice were cultured on chamber slides, fixed and
stained as described in Methods. No staining was evident when the primary antibody was
replaced with irrelevant IgG antiserum (not shown).
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Figure 3. PiwiL2 expression in Metaphase Synchronized Cultures and effects of knockdown on
proliferation
MSCs from 8-month mice were synchronized, labeled with PiwiL2-FITC antibody and
analyzed by FACS as described in Methods. (a) Metaphase cells before and after
synchronization (b) PiwiL2-FITC stain displays a rightward shift to higher PiwiL2
expression in synchronized cells. (c) MSCs from 8-month old mice were transfected with an
optimal concentration of Piwil2 siRNA. PiwiL2 mRNA was undetectable in cells after
siRNA knockdown (not shown). Cells were quantified at each time point as described in
Methods. Each point is the results of 3 separate experiments in triplicate (p<0.05). (d) Cells
were treated as described in 3(c) and cell cycle determined as described in Methods. Results
from 3 separate experiments (n=3; p<0.05).
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Figure 4. Microarray analyses and RT-PCR of putative PiwiL2-regulated genes
(a) MSCs from 8-month mice were synchronized, RNA extracted and subjected to
microarray as described in Methods. Significantly expressed genes were clustered using
GeneSpring software (Silicon Genetics, Redwood City, CA). Arrows in (a) indicate down-
regulated genes common to unsynchronized and synchronized cells. (b) Overlapping down
and up-regulated genes common to synchronized and unsynchronized cells (c) Gene
expression quantified by microarray or RT-PCR of RNA from 8-month MSCs transfected
with PiwiL-2 siRNA or random sequence (RS) siRNA. Transcript changes for each gene
shown were significant (n=3; p<0.05). * Indicates quantification by RT-PCR.
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