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ABSTRACT

Small noncoding RNAs have been suggested to play important roles in the regulation of gene expression across all species from
plants to humans. To identify small RNAs expressed by the ovary, we generated mouse ovarian small RNA complementary DNA
(srcDNA) libraries and sequenced 800 srcDNA clones. We identified 236 small RNAs including 122 microRNAs (miRNAs), 79
piwi-interacting RNAs (piRNAs), and 35 small nucleolar RNAs (snoRNAs). Among these small RNAs, 15 miRNAs, 74 piRNAs,
and 21 snoRNAs are novel. Approximately 70% of the ovarian piRNAs are encoded by multicopy genes located within
the repetitive regions, resembling previously identified repeat-associated small interference RNAs (rasiRNAs), whereas the
remaining ;30% of piRNA genes are located in nonrepetitive regions of the genome with characteristics similar to the majority
of piRNAs originally cloned from the testis. Since these two types of piRNAs display different structural features, we categorized
them into two classes: repeat-associated piRNAs (rapiRNAs, equivalent of the rasiRNAs) and non-repeat-associated piRNAs
(napiRNAs). Expression profiling analyses revealed that ovarian miRNAs were either ubiquitously expressed in multiple tissues
or preferentially expressed in a few tissues including the ovary. Ovaries appear to express more rapiRNAs than napiRNAs, and
sequence analyses support that both may be generated through the ‘‘ping-pong’’ mechanism. Unique expression and structural
features of these ovarian small noncoding RNAs suggest that they may play important roles in the control of folliculogenesis and
female fertility.
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INTRODUCTION

The human and mouse genome sequencing projects
revealed that the total number of protein-encoding genes
is between z20,000–25,000, which is much less than what
was initially predicted (Venter et al. 2001; Waterston et al.
2002). These protein-encoding genes account for only
z1%–2% of the entire genome. The remaining portions
are noncoding regions consisting of intergenic and repeti-
tive sequences, including transposons and retrotransposons,
which were once believed to be functionally insignificant.
This notion is being changed with the discovery of numer-
ous small noncoding RNA species (Lagos-Quintana et al.
2001; Lau et al. 2001, 2006; Lee and Ambros 2001; Aravin
et al. 2006; Girard et al. 2006; Grivna et al. 2006; Saito et al.

2006; Vagin et al. 2006; Watanabe et al. 2006; Ro et al.
2007a,b), which are mostly encoded by genes located in
those previously thought ‘‘noncoding’’ or ‘‘junk’’ regions of
the genome. Small noncoding RNAs were previously
ignored largely due to their diminutive size (20–30 nucleo-
tides [nt]) compared to mRNAs (hundreds to thousands of
nucleotides) and also to the limitation of the cloning tech-
nology available at that time. In 2001, several studies re-
ported the identification of a class of small noncoding RNAs
with sizes between 22 and 24 nt, which were named micro-
RNAs (miRNAs) (Lagos-Quintana et al. 2001; Lau et al.
2001; Lee and Ambros 2001). Subsequent studies demon-
strated that miRNAs are highly conserved across almost all
species from plants to mammals, and they appear to func-
tion as post-transcriptional suppressors through binding
to their target mRNAs by base-pairing and subsequently
inducing either translational repression or mRNA destabi-
lization (Bartel 2004). Further studies show that miRNAs
are involved in the regulation of various cellular processes,
including cell differentiation, cell proliferation, develop-
ment, and apoptosis (Ambros 2004). Recent data also indi-
cate that miRNAs are directly linked to viral diseases,
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neuronal development, and tumorigenesis (Chang and
Mendell 2007; Zhang et al. 2007). These findings suggest
that miRNAs are as important as transcriptional factors in
the control of gene expression in higher eukaryotes.

A new class of small RNAs called piwi-interacting RNAs
(piRNAs) were recently identified in the testis of the
mouse, rat, and human (Aravin et al. 2006; Girard et al.
2006; Grivna et al. 2006; Saito et al. 2006; Watanabe et al.
2006; Ro et al. 2007b). piRNAs are 26–31 nt in length and
are abundantly expressed in the testis. These small RNAs
bind PIWI, a spermatogenesis-specific protein belonging to
the Argonaute protein family. piRNA genes appear to exist
as clusters, and genomic distribution of the piRNA gene
clusters are conserved among the mouse, rat, and human
genomes. However, piRNA sequences are poorly conserved
between distant species, such as between the mouse and
human (Girard et al. 2006; Grivna et al. 2006; Lau et al.
2006; Saito et al. 2006). In the mouse, rat, and human,
more than 72,000 piRNA sequences have been registered
in the GenBank (http://www.ncbi.nlm.nih.gov/Genbank/).
However, the structural commonality, biogenesis, expres-
sion profiles, and function of piRNAs remain unknown.

Mammalian folliculogenesis is a complex process
through which primordial follicles develop into preovula-
tory follicles followed by ovulation that releases mature
oocytes. During follicular development, oocytes increase in
size, which is accompanied by proliferation and differen-
tiation of their surrounding granulosa and thecal cells.
Estrogen production by granulosa cells increases with the
development from primordial to preovulatory follicles.
Estrogen and follicle-stimulating hormone (FSH) induce
the expression of luteinizing hormone (LH) receptors on
granulosa cells from the secondary follicles onward. In
response to the LH surge, fully developed oocytes are
released through ovulation. After ovulation, the remaining
follicular structure undergoes luteinization and the former
granulosa and thecal cells are transformed into follicular
and thecal lutein cells, which produce progesterone and
estrogens. The coordinated development of oocytes and
their supporting somatic cells suggests that close commu-
nication exists between germ cells and their supporting
somatic cells. This is believed to be achieved through
paracrine factors secreted by these two types of ovarian
cells (Matzuk et al. 2002). The complexity of folliculo-
genesis indicates that tightly regulated expression and
interaction of a multitude of genes are required for succes-
sful oocyte development. A total of z100 genes have been
shown to be essential for normal folliculogenesis in mice so
far (Matzuk and Lamb 2002; Roy and Matzuk 2006). Given
that recently identified small RNAs may have roles in the
regulation of gene expression through translational sup-
pression, mRNA destabilization, and chromatin remodel-
ing, there should be numerous such small RNAs expressed
in the ovary. These small RNAs may play a critical role in
controlling the expression of genes essential for folliculo-

genesis and also the endocrine function of the ovary. If
these small RNAs indeed are important regulators of gene
expression during folliculogenesis, mutations in these small
RNA genes may lead to defects in folliculogenesis and
ovarian dysfunction. Reagents that can affect the function
of these small RNAs may be applicable to future non-
hormonal contraceptives. Therefore, we attempted to
identify small RNA species expressed by the ovary using a
cloning method that we recently developed (Ro et al.
2007b). Here we report that the mouse ovary expresses
all four classes of known small noncoding RNAs and some
of these small RNAs display ovary-preferential expression.

RESULTS

Small RNAs cloned from the mouse ovary

Using a small RNA cloning method that we recently
developed (Ro et al. 2007b), we prepared two small RNA
cDNA (srcDNA) libraries: one from 2-wk-old ovaries and
the other from adult ovaries. Approximately 400 srcDNA
clones from the 2-wk-old ovarian library and z400 from
the adult ovarian library were sequenced. We obtained 681
reads (342 from 2-wk-old ovaries; 339 from adult ovaries).
We further analyzed these sequences to determine their
identity. Known miRNAs, piRNAs, and snoRNAs were
identified by searching the miRBase (Ambros et al. 2003;
Griffiths-Jones 2004; Griffiths-Jones et al. 2006) and
GenBank (Altschul et al. 1990). Novel miRNAs were deter-
mined according to their sizes (20–24 nt), stem–loop forma-
tion in their precursor sequences, and homologs in other
species in the miRBase. Novel piRNAs were determined
based upon their sizes (24–40 nt), chromosomal location
within the known piRNA gene clusters, and/or association
with repetitive sequences. The remaining small RNAs with
sizes of z65–200 nt were categorized as snoRNAs.

Our sequence analyses revealed that the 681 reads con-
tained 236 small RNAs, including 122 miRNAs, 79 piRNAs,
and 35 snoRNAs. By mapping the piRNAs onto the genome,
we found that 54 out of the 79 piRNAs were derived from
repetitive sequences, and their structural characteristics
resembled those of the previously described repeat-associated
small interference RNAs (rasiRNAs) (Saito et al. 2006; Vagin
et al. 2006). Since rasiRNAs bind PIWI (Saito et al. 2006),
they belong to the piRNA family by definition, as suggested
by Lin (2007). To distinguish piRNAs that are not associated
with repetitive sequences, we termed the ovarian rasiRNAs
as repeat-associated piRNAs (rapiRNAs), and those de-
rived from nonrepetitive sequences as non-repeat-associated
piRNAs (napiRNAs). Among the 236 small RNAs cloned, we
identified 110 novel small RNAs (15 miRNAs, 20 napiRNAs,
54 rapiRNAs, and 21 snoRNAs). Size appears to be the most
visible difference among these four classes of small RNAs. By
plotting small RNA size against total number of clones
(Fig. 1), we found that the most common sizes are between
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21 and 23 nt for miRNAs, 27 and 31 nt for napiRNAs, 32
and 38 nt for rapiRNAs, and 65 and 75 nt for snoRNAs.

miRNAs cloned from the mouse ovary

We cloned 122 miRNAs (for sequences see Supplemen-
tal Table 1) from the ovaries of 2-wk-old and adult
mice, including 15 novel miRNAs (Table 1). Among the
15 novel miRNAs, seven (mir-ov5, 7, 8, 12, 13, 14, and 15)
were found in other species, including rat, Zebrafish, cow,
and human. mir-ov2 is the 39 sister miRNA of the mouse
mir-15b. mir-ov10 shared homology with mir-let-7i-5p
(TGAGGTAGTAGTTTGTGCTGT) (Lagos-Quintana et al.
2001; Poy et al. 2004; Watanabe et al. 2006). To date, nine
let-7 isoforms (a, b, c, d, e, f, g, h, and i) have been
identified in various organisms and registered in the
miRBase. However, since 2 nt are different in mir-ov10
(TGAGGTTGTAGTTTGTTCTGT), we believe that it is a
new let-7 isoform and thus we named it ‘‘let-7j’’ (Table 1).
Among the remaining 107 known miRNAs, 62 matched
perfectly with the published sequences in the miRBase,
whereas the other 45 showed 1–3-nt differences in either
their 59 end (3/45), 39 end (41/45), or both (1/45) (Sup-
plemental Table 1). These differences may be caused by the
utilization of different 39 and 59 adaptors in our and the
previous cloning methods (Lagos-Quintana et al. 2001; Lau
et al. 2001; Lee and Ambros 2001).

By mapping the 122 miRNAs cloned in this study and
all of the known 368 mouse miRNAs registered in the
miRBase onto the chromosomes, we found that all but the
Y chromosome contain miRNA genes (Fig. 2A; Supple-
mental Table 2). Chromosomes 1, 11, 12, and X appear to
contain more ovarian miRNA genes than other chromo-
somes, which is consistent with the chromosomal distri-
bution of all of the known miRNA genes (Fig. 2A). The 122
miRNA genes identified in this study were derived from
both the sense and antisense strands of the chromosomes
(Supplemental Table 1). The sense strand appears to

encode more miRNAs (64%, 77 miRNAs) than the anti-
sense strand (36%, 45 miRNAs). By analyzing the proxim-
ity of the 122 miRNA genes in the mouse genome,
we discovered 33 miRNA gene clusters (miRc) (Fig. 2B;
Supplemental Table 3). Each of these miRNA gene clusters
contains more than two miRNA genes, and has an average
size of z8.0 kb. We also found two neighboring clusters,
miRc-12 and miRc-13, displaying opposite orientation
(Fig. 2B; Supplemental Table 3), suggesting these bidirec-
tional miRNA gene clusters may be transcribed under the
control of the same promoters.

Expression profiles of 15 novel miRNAs

To validate each of the 15 novel miRNAs cloned in this
study, we examined their expression in 12 mouse tissues
(Fig. 3A) using a semiquantitative PCR-based small RNA
quantification method (Ro et al. 2006, 2007b). In general,
all of the 15 novel miRNAs were abundantly expressed in
the ovary and testis. mir-ov1, -ov5, -ov7, -ov10, -ov12, and
-ov14 displayed an evenly ubiquitous expression pattern in
the multiple tissues. Previously, we showed all of the nine
let-7 isoforms were ubiquitously expressed in the tissues
(Ro et al. 2006). The new isoform let-7j (mir-ov10) was
also ubiquitously expressed in the tissues (Fig. 3A). mir-
ov2, -ov4, -ov6, -ov8, -ov9, -ov11, and -ov15 were
preferentially expressed in several but not all tissues ex-
amined, whereas mir-ov13 was almost exclusively expressed
in the ovary, testis, and uterus (Fig. 3A).

In addition to oocytes, the ovary contains multiple
somatic cell types, including follicular cells, thecal cells,
and lutein cells. The small RNAs cloned from the ovaries,
therefore, may be derived from either oocytes or somatic
cell types. To further determine the cellular origin of these
novel ovarian miRNAs, we examined their expression levels
in the total ovary and isolated metaphase II oocytes (Fig.
3B). Eleven out of the 15 novel ovarian miRNAs were
detected in both the total ovary and oocytes, whereas the
remaining 4 miRNAs (mir-ov4, -ov7, -ov9, and -ov15) were
not detectable in the oocytes, suggesting these miRNAs
may be expressed exclusively by ovarian somatic cells (e.g.,
granulosa cells and/or thecal cells).

RapiRNAs cloned from the mouse ovary

Each of the 54 rapiRNAs identified in this study was
encoded by a gene with multiple copies on a single or
multiple chromosomes, and the copy numbers ranged from
4 to 202 (Table 2). These rapiRNAs possess characteristics
that are different from napiRNAs identified in this study
(Table 3) and the majority of the piRNAs originally cloned
from the testis (Aravin et al. 2006; Girard et al. 2006;
Grivna et al. 2006; Lau et al. 2006; Watanabe et al. 2006;
Ro et al. 2007b). First, rapiRNAs appear to be longer (32–
38 nt) than napiRNAs (27–31 nt) (Fig. 1). Second,

FIGURE 1. Size distribution of 236 small RNAs cloned from the
mouse ovary. The most common sizes for the four classes of small
RNAs identified are 21–23 nt for miRNAs, 27–31 nt for napiRNAs,
32–38 nt for rapiRNAs, and 65–75 nt for snoRNAs.

Ro et al.
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TABLE 1. Novel miRNAs identified from the mouse ovaries

ID Sequence (59–39) Homology Length Chromosome Strand Start End

Clones

Stem–loopTwo weeks adult

mir-ov1 AAGGTTACTTGTTAGTTCAG No 20 4 + 94157185 94157204 1 Yes
mir-ov2 CGAATCATTATTTGCTGCTCTA mir-15b-3p 22 3 + 69097742 69097763 1 Yes
mir-ov3 CGGAGTACGAGTACAGCGGGAGCG No 24 1 + 39933522 39933545 1 Yes
mir-ov4 CGGCGTCATGCAGGAGTTGATT No 22 12 + 110033625 110033646 2 Yes
mir-ov5 TACCCTGTAGAACCGAATTTG rno-mir-10b-5p 21 2 + 74526913 74526933 1 Yes
mir-ov6-1a

TATGTGTTCCTGGCTGGCTT No 20 13 � 64271174 64271193 1 No
mir-ov6-2a

TATGTGTTCCTGGCTGGCTT No 20 X + 6964101 6964120 1 Yes
mir-ov7 TATTGCACTTGTCCCGGCCTGTT dre-mir-92a-3p 23 14 + 113926313 113926335 2 Yes
mir-ov8 TCGAGGAGCTCACAGTCTAGT rno-mir-151–5p 21 15 � 73082111 73082131 1 Yes
mir-ov9-1a

TGAGAGTCACAGTGTGGTCTATC No 23 UR + 1395991 1396014 2 Yes
mir-ov9-2a 1396731 1396754 Yes
mir-ov9-3a 1396851 1396874 Yes
mir-ov10 TGAGGTTGTAGTTTGTTCTGT let-7j-5p 21 1 � 35901751 35901771 1 Yes
mir-ov11 TGAGTGTGTGTGTGTGAGTGT No 21 5 + 65249463 65249483 3 Yes
mir-ov12 TGTAAACATCCTTGACTGGAAGCT bta-mir-30e-5p 24 4 � 120270293 120270316 2 3 Yes
mir-ov13 TTTCCTATGCATATACTTCTTT hsa-mir-202–5p 22 7 � 139809052 139809073 6 3 Yes
mir-ov14 TCAGGCTCAGTCCCCTCCCGAT mir-484–5p 22 16 + 14073208 14073229 1 No
mir-ov15 AGTTCTTCAGTGGCAAGCTTT rno-mir-22–5p 21 11 + 75279929 75279949 1 Yes

UR, unknown random genome.
aMulticopied miRNAs.
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rapiRNAs are mapped into repetitive regions and thus can
be encoded by multicopy genes (4–202 copies) (Table 2),
while genes encoding napiRNAs identified from the ovary
in this study (Table 3) and the majority of the testicular
piRNAs (z84%) are located in nonrepetitive regions with
one or two copies. Previously, we reported that piRNAs
cloned from the mouse testis display modifications at both
59 and 39 ends, resulting in multiple homologous piRNAs

with overlapping sequences in the mid-
dle portion (Ro et al. 2007b). Similar
modifications at both 59 and 39 ends
were observed in the rapiRNAs cloned
from the mouse ovary, although the 39

modification appears to be more com-
mon (Table 2). Five rapiRNAs (rap-
iRNA-22, 26, 33, 44, and 49) displayed
39 degenerative dicing (e.g., rapiRNA-
22), resulting in numerous homologous
rapiRNAs (Table 2).

Chromosomal distribution
of rapiRNAs

Since rapiRNA genes are located within
repetitive regions, many could have
hundreds of copies distributed in single
or multiple chromosomes (Supplemen-
tal Table 4). For example, rapiRNA-4
and -5 genes had 103 and 126 copies,
respectively, located on all chro-
mosomes except the Y, whereas the
rapiRNA-54 gene had 171 copies, all of
which were located on chromosome 1
(Supplemental Table 4). The rapiRNAs
had multiple hits (4–202) on both the
antisense and sense strands of the chro-
mosomes. The total number of hits by
the 54 rapiRNAs was 1674, of which 817
(49%) and 857 (51%) were on the sense
and antisense strands, respectively, sug-
gesting that rapiRNAs are produced
from both strands during their bio-
genesis (Supplemental Table 5). Addi-
tionally, we analyzed the number of
rapiRNA hits for each chromosome
(Fig. 4A). Interestingly, 33% of all hits
(556/1674) were on chromosome 1,
while only 1 hit was on chromosome Y.

Characteristics of rapiRNA-54

Since chromosome 1 possessed the most
rapiRNA hits, we chose the rapiRNA-54
gene, which has 171 copies exclusively
on chromosome 1, for further analysis.

The 171 copies of the rapiRNA-54 gene were distributed
within a region of z30 Mb (nucleotides 3009567–
33108672) on chromosome 1, which contains a total of
147 protein-encoding genes (Fig. 4B). We mapped all the
rapiRNA gene copies and protein-encoding genes in this
region and found that rapiRNA gene copies were located
exclusively in intergenic or intronic (no exonic) sequences
within the repetitive regions (Fig. 4B; Supplemental

FIGURE 2. Genomic locations of miRNA genes and miRNA gene clusters identified in this
study. (A) Chromosomal distribution of 122 miRNA genes identified in this study and 368
known miRNAs in the miRBase. The number of hits on chromosomes was calculated and
graphed. M represents the mitochondrial genome and UR refers to unknown random genome.
(B) Chromosomal distribution of miRNA gene clusters identified in this study. Mouse
chromosomes are drawn to scale and aligned by their centromere position. Thirty-three
miRNA clusters (miRcs 1–33) were located and numbered on each of the chromosomes. The
minus and plus strands are located on the right and left, respectively. Bidirectional clusters
located proximate on both strands are indicated by an asterisk (*).

Ro et al.
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Table 6). rapiRNA-54 displayed 75% intergenic hits (129/
171) and 25% intronic hits (42/171) within the region. A
region encompassing nucleotides 14857861–16529148 was en-
larged to show relative genomic locations of the rapiRNA-
54 gene copies and their surrounding protein-encoding
genes (Fig. 4B). Eleven copies of the rapiRNA-54 and nine
protein-encoding genes were found in this region. Eight
copies were located in the intergenic regions and three were
found in the intronic regions, which was consistent with
the overall distribution of rapiRNA-54 gene copies. We also
found that 48% of the hits (82/171) were from the antisense
strand, and 52% (89/171) were from the sense strand
(Supplemental Table 6). This is consistent with the strand
origins observed for all of the 54 rapiRNAs described above
(Fig. 4A).

As mentioned above, one of the structural characteristics
of rapiRNAs is the 39 end degenerative dicing, which results
in numerous rapiRNA homologs with differential ending
nucleotides in a staggered fashion (Table 2). It is likely that
these homologous rapiRNAs are initially encoded by the
same genomic sequence because they differ only at their
distal 39 ends. Our expression profiling for two groups of
such rapiRNA homologs (rapiRNAs 10–22 and rapiRNAs
45–49) (Fig. 5A) using semiquantitative PCR demonstrated
that these rapiRNAs are expressed in many organs, includ-
ing the ovary (Fig. 5B). The primers used could amplify all
the homologs within each of the two groups (Fig. 5A).
Since these homologs differ by 1–17 nt at their 39 ends, the
PCR products were expected to show a small, but appre-
ciable, difference in size. Using high-resolution agarose gel

FIGURE 3. Expression profiles of 15 novel ovarian miRNAs. Amplicons were analyzed on 2% agarose gels. let-7a was used as a loading control.
A DNA ladder on each side indicates the size of the fragments. (NTC) Nontemplate control. (A) Expression levels of 15 novel ovarian miRNAs
in multiple mouse tissues. (B) Expression levels of 15 novel ovarian miRNAs in the total ovary and isolated metaphase II oocytes.
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TABLE 2. rapiRNAs cloned from the mouse ovaries

Hit CPS

Number of clones

Size (bp) Sequence (59–39)aTwo weeks adult

rapiRNA-1 Rat 4.5S RNA(I) 4 1 45 AAGAGTTCGGTTCCCAGCACCCACGGCTGTCTCTCCAGCCACCTT

rapiRNA-2 Rat 4.5S RNA(I) 6 2 30 ACCCACGGCTGTCTCTCCAGCCACCTTTTT

rapiRNA-3 Rat piR-62463 9 1 32 AGCAGAGTGGCGCAGCGGAAGCGTGCTGGGCC

rapiRNA-4 No 103 2 31 GACACGCAAATTCGTGAAGCGTTCCATATTT

rapiRNA-5 No 126 1 25 CAAATTCGTGAAGCGTTCCATATTT

rapiRNA-6 No 150 1 27 CACTCCCTGATTGGCTGCAGCCCATCG

rapiRNA-7 No 7 1 33 CCGGCTAGCTCAGTCGGTAGAGCATGAGACTCT

rapiRNA-8 Rat piR-64143 4 1 33 GCATGGGTGGTTCAGTGGTAGAATTCTCGCCTG

rapiRNA-9 Rat piR-64143 4 1 34 GCATGGGTGGTTCAGTGGTAGAATTCTCGCCTGC

rapiRNA-10 Human piR-35982 12 1 25 GCATTGGTGGTTCAGTGGTAGAATT

rapiRNA-11 Human piR-35982 12 1 26 GCATTGGTGGTTCAGTGGTAGAATTC

rapiRNA-12 Human piR-35982 12 3 27 GCATTGGTGGTTCAGTGGTAGAATTCT

rapiRNA-13 Human piR-35982 11 4 1 28 GCATTGGTGGTTCAGTGGTAGAATTCTC

rapiRNA-14 Human piR-35982 11 2 29 GCATTGGTGGTTCAGTGGTAGAATTCTCG

rapiRNA-15 Human piR-35982 11 1 1 30 GCATTGGTGGTTCAGTGGTAGAATTCTCGC

rapiRNA-16 Human piR-35982 11 3 31 GCATTGGTGGTTCAGTGGTAGAATTCTCGCC

rapiRNA-17 Human piR-35982 11 19 5 32 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCT

rapiRNA-18 Human piR-31925 10 10 9 33 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTG

rapiRNA-19 Human piR-61648 10 25 13 34 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGC

rapiRNA-20 Human piR-61648 10 1 35 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCC

rapiRNA-21 Human piR-61648 10 3 1 36 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCA

rapiRNA-22 No 10 2 52 GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCGGGAGGCCCGGGT

rapiRNA-23 Human piR-31143 9 2 30 GCGTTGGTGGTATAGTGGTGAGCATAGCTG

rapiRNA-24 Human piR-31143 9 5 1 34 GCGTTGGTGGTATAGTGGTGAGCATAGCTGCCTT

rapiRNA-25 Human piR-31143 9 1 35 GCGTTGGTGGTATAGTGGTGAGCATAGCTGCCTTC

rapiRNA-26 Human piR-31143 9 1 36 GCGTTGGTGGTATAGTGGTGAGCATAGCTGCCTTCC

rapiRNA-27 Human piR-36743 4 1 1 32 GTTTCCGTAGTGTAGTGGTCATCACGCTCGCC

rapiRNA-28 Rat piR-64745 8 2 28 GTTTCCGTAGTGTAGTGGTTATCACGTT

rapiRNA-29 Rat piR-64745 7 1 31 GTTTCCGTAGTGTAGTGGTTATCACGTTCGC

rapiRNA-30 Rat piR-64745 7 2 32 GTTTCCGTAGTGTAGTGGTTATCACGTTCGCC

rapiRNA-31 No 7 8 1 33 GTTTCCGTAGTGTAGTGGTTATCACGTTCGCCT

rapiRNA-32 No 5 3 34 GTTTCCGTAGTGTAGTGGTTATCACGTTCGCCTC

rapiRNA-33 No 5 2 36 GTTTCCGTAGTGTAGTGGTTATCACGTTCGCCTCAC

rapiRNA-34 No 202 2 27 TAGGGAGACATGTCATCTTTCATGAAG

rapiRNA-35 No 13 1 36 TAGTGGTGAGTATCCCCGCCTGTCACGCGGGAGACC

rapiRNA-36 No 6 1 28 TATGAAATTCCTAGGCAAATGGATGGAT

rapiRNA-37 No 6 1 35 TATGATTCTCGCTTAGGGTGCGAGAGGTCCCGGGT

rapiRNA-38 No 116 1 26 TATGCTTGTTATAGTGTGTGTGTGTT

rapiRNA-39 Rat piR-72193 4 1 33 TCCCACATGGTCTAGCGGTTAGGATTCCTGGTT

rapiRNA-40 Rat piR-72193 4 1 34 TCCCACATGGTCTAGCGGTTAGGATTCCTGGTTT

rapiRNA-41 Rat piR-72417 10 1 33 TCCCTGGTCTAGTGGTTAGGATTCGGCGCTCTC

rapiRNA-42 Rat piR-72418 11 1 27 TCCCTGGTGGTCTAGTGGTTAGGATTC
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TABLE 2. Continued

Hit CPS

Number of clones

Size (bp) Sequence (59–39)aTwo weeks adult

rapiRNA-43 Rat piR-72418 10 1 28 TCCCTGGTGGTCTAGTGGTTAGGATTCG

rapiRNA-44 Rat piR-72418 10 1 29 TCCCTGGTGGTCTAGTGGTTAGGATTCGG

rapiRNA-45 Rat piR-72417 10 3 1 31 TCCCTGGTGGTCTAGTGGTTAGGATTCGGCG

rapiRNA-46 Rat piR-72417 10 2 32 TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGC

rapiRNA-47 Rat piR-72417 10 1 1 34 TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCTC

rapiRNA-48 Rat piR-72417 10 3 36 TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCTCTC

rapiRNA-49 No 9 1 53 TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCTCTCACCGCCGCGGCCCGGGT

rapiRNA-50 Rat piR-72949 16 1 28 TCCTCGTTAGTATAGTGGTGAGTATCCC

rapiRNA-51 No 202 1 26 TGAACAAAAGTTTCCGGGATTGTGTG

rapiRNA-52 No 202 1 23 TGAGTGCTGCGCAGGTGTACCAG

rapiRNA-53 No 9 1 38 TGGCCGCAGCAACCTCGGTTCGAATCCGAGTCACGGCA

rapiRNA-54 No 171 1 25 TGTTCTCTTAGTGTCTGTATAACAT

Total 54 1674 128 56

CPS, copy numbers.
aSequences with multiple ending are highlighted in gray.
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TABLE 3. napiRNAs identified from the mouse ovaries

ID Sequence (59–39) Hits Chromosome CPS Length Strand Start End Stem–loop

Clones

Two
weeks adult

napiRNA-1a
TAAACTACTAGTATTTCTTTGAAGGTT cDNA/Pkp1 1 1 27 � 137687806 137687832 No 1

napiRNA-2a
TTTAAACCACCATGATTATAA cDNA/Gas5 1 1 21 + 162872788 162872808 No 2

napiRNA-3a
TGCAAGCAAACCCAGATACAG cDNA/Otud1 2 1 21 + 19577079 19577099 No 1

napiRNA-4a
TGGAAAAACCGGTGCTGTGTCTGCA 2 1 25 + 31049698 31049722 No 1

napiRNA-6a
AGCTTGTGTCGTCCGCCATTT cDNA/Sfpq 4 1 21 + 126523624 126523644 No 1

napiRNA-5a
TTGTTGCGTTTCTCCCTGTTGTTTTTT 4 1 27 + 126533002 126533028 Yes 1

napiRNA-7a
GCATTGGTGGTTCAGTGGTAGAATTCTTGCCTG Human

tRNA-Gly
4 1 33 � 132386610 132386642 No 1

napiRNA-8a
GAACACTGCTGGGGTGGAAGAGGTGGCC 6 1 28 � 48531398 48531425 No 1

napiRNA-9b
GCGCCGCTGGTGTAGTGGTATCATGCAAGATTCC piR-119222 6 2 34 + 86369527 86369560 No 12 7

17 + 25602688 25602721
napiRNA-10b

TGGTGTAGTGGTATCATGCAAGATT PiR-119222 6 2 25 + 86369534 86369558 No 2
17 + 25602695 25602719

napiRNA-11b
TTCTCACTACTGCACTTGACTAGTCTTT mY1 RNA 6 1 28 � 47717656 47717683 Yes 2 1

napiRNA-12a
GCCCGGATGATCCTCAGTGGTCTGGGGTGCAGGCTTC rat piR-64203

tRNA-Sec
7 1 37 + 18459766 18459802 No 2

napiRNA-13a
ATGATCCTCAGTGGTCTGGGGTGCAGGCT Rat piR-64203

tRNA-Sec
7 1 29 + 18459772 18459800 No 1

napiRNA-14a
TTCCTCGGCCACCAGTGTTCTAGATC cDNA/Prkcb1 7 1 26 + 122421538 122421563 Yes 1

napiRNA-15a
TACTCAGAGTGTGCGTTTTTGAACTT 10 1 26 + 82803055 82803080 No 1

napiRNA-16a
CCACGATGATGTCAGGTCCTTCCTCTGAGTG 10 1 31 � 94608654 94608684 No 1

napiRNA-17a
GACCCAGTGGCCTAATGGATAAGGCATCAGCCT Rat

piR-63850
11 1 33 + 106828956 106828988 No 1

napiRNA-18a
TATGCAACTAGAGACAAAAGTTCTTG 12 1 26 + 68577953 68577978 No 1

napiRNA-19a
TTGTTTCCCTGGGGTCTGGAAAAAG 12 1 25 + 3783856 3783880 No 2

napiRNA-20a
ATTTGAAAATAAGCTGACTCATCTGTGCCTG 13 1 31 � 23570698 23570728 No 1

napiRNA-21c
CTGAAATGAAGAGAATACTCTTGCTGATC piR-120348 16 1 29 + 23024323 23024351 No 2

napiRNA-22b
TGAAATGAAGAGAATACTCTTGCTGATC piR-120348 16 1 28 + 23024324 23024351 No 1

napiRNA-23a
CTCTCCTACTTGGATAACTGTGGTAATTC Rn18s 17 1 29 + 39454539 39454567 Yes 2

napiRNA-24a
GACATTGGTGGTTCAGTGGTAGAATTCTCG Human piR-35982 17 1 30 � 29245528 29245557 Yes 1

napiRNA-25a
TCGAGACCCGCGGGCGCTCCCTGGCCCTTTT Vault RNA 18 1 31 + 36927952 36927982 No 1

CPS, number of copies.
aNew napiRNAs.
bDifferent from known piRNAs.
cMatch with known piRNAs.
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electrophoresis, we could roughly distinguish between the
abundance of the shorter rapiRNAs and their slightly larger
homologs. For rapiRNAs 10–22, the longer forms (e.g.,
rapiRNAs-22) appeared to be dominant in heart, whereas
the shorter rapiRNAs (e.g., rapiRNAs-10) were the major
forms in the majority of the tissues analyzed including
spleen, lung, kidney, stomach, small intestine, colon, ovary,
and testis (Fig. 5B, upper panel). In liver and uterus, both
the shorter and longer forms appeared to be equally
abundant. Among RapiRNAs 45–49, the shorter forms
(e.g., rapiRNA-45) were expressed in most organs, whereas
the longer forms (e.g., rapiRNA-49) were predominant in
heart and liver (Fig. 5B, middle panel). Interestingly,
rapiRNAs 10–22 were absent in brain, while rapiRNAs
45–49 were barely detectable in the uterus (Fig. 5B),

suggesting that rapiRNA expression dis-
plays tissue specificity, although the
majority of rapiRNAs are expressed in
every tissue analyzed. To confirm the
cloned rapiRNAs and PCR data, we sub-
cloned the rapiR-10–22 PCR amplicons
derived from the ovary and the rapiR-
45–49 amplicons from the heart into
the pcDNA3.1 TOPO vector (see boxes
in the gel images, Fig. 5B) and se-
quenced 30 clones randomly selected
from each group. Sequence analysis
revealed that the PCR amplicons con-
tained most of the cloned homologs
shown in Figure 5A (Fig. 5C). In addi-
tion, we identified even longer forms
(PCR clones, 10-8, 10-9, 45-7) from the
PCR products (Fig. 5C). The PCR clone
10-9 was 32 nt longer in size than
rapiRNA-22, whereas 45-7 was 19 nt
longer than rapiRNA-49. The clone 10-
8 was 3 nt shorter than 10-9 and con-
tained divergent 10 nt at the 39 end,
which did not match those of 10-9. In
fact, the clones 10-9 and 10-8 were
derived from different chromosomes,
11 and 13, respectively, suggesting
rapiRNA-10–22 were derived from pre-
cursors encoded by different gene cop-
ies located on the two chromosomes.

napiRNAs cloned from the
mouse ovary

Our cloning efforts also identified 25
napiRNAs (Table 3). Five out of the
25 napiRNAs matched known piRNAs
registered in the miRBase and the
remaining 20 were novel napiRNAs
(Table 3). The most common sizes of

these napiRNAs were between 27 and 31 nt, and the
majority (20 napiRNAs) of these piRNA precursor sequen-
ces fail to form stem–loop structures (Table 3). piRNAs
were once believed to be exclusively expressed in the testis
because their binding partner Piwi is a testis-specific protein
(Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006;
Lau et al. 2006; Watanabe et al. 2006). In a recent study,
however, we found that z16% of testicular piRNA are
actually expressed in multiple tissues in addition to the testis
(Ro et al. 2007b). Cloning of 20 more novel napiRNAs from
the mouse ovary further supports the notion that these
piRNAs are not exclusively expressed in the testis. Their func-
tions, therefore, may not be limited to the male germ line.

To validate these cloned novel napiRNAs, we chose
six (napiR-9, -11, -16, -17, -18, and -21) to analyze their

FIGURE 4. Chromosomal distribution of rapiRNAs. (A) A total of 54 rapiRNAs cloned in this
study have multiple hits (4–202) on both ‘‘+’’ and ‘‘�’’ strands of all chromosomes. The total
number of hits by the 54 rapiRNAs was 1674, of which 817 (49%) and 857 (51%) were on the
‘‘+’’ and ‘‘�’’ strand, respectively. (B) Genomic locations of 171 copies of the rapiRNA-54 gene
on chromosome 1. The 171 copies of the rapiRNA-54 gene, including 82 copies on the ‘‘�’’
strand and 89 on the ‘‘+’’ strand are located within a region between A1 (nucleotide 3009567)
and 1qB (nucleotide 33108672). The same region contains 147 protein-coding genes. Locations
of all rapiRNA-54 hits are shown along with the exons of their neighboring protein-coding
genes. Black bars on the rapiRNA-54 map represent hits on the genome and black bars under
the rapiRNA-54 map represent exons of the genes. ‘‘+’’ or ‘‘�’’on the map indicates plus or
minus strand of the chromosome. On each side, nucleotide numbers are shown. A region in A3
(nucleotides 14857861–16529148) was scaled up to show the locations of rapiRNA-54 hits and
the exons of the protein-coding genes.
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expression levels in multiple mouse tissues (Fig. 6A).
All of the six napiRNAs were detected in multiple tissues.
napiR-11 was absent or weakly detectable in liver and
colon, but abundantly expressed in spleen, lung, gastroin-
testinal tract, ovary, uterus, and testis. napiR-16 was only
expressed in spleen, lung, and ovary. napiR-17 and napiR-
18 were preferentially expressed in several tissues. These
diverse expression patterns of napiRNAs suggest that they

may have tissue-dependent roles. More
interestingly, napiR-17 and napiR-18
were amplified with multiple PCR prod-
ucts. Sequencing of these products (data
not shown) revealed that they were
homologs with variably staggered 39

ends, suggesting that these napiRNAs,
similar to their rapiRNA counterparts,
were subjected to degenerative dicing
events as well during their biogenesis.

snoRNAs cloned from the
mouse ovary

SnoRNAs range from 45 to 100 nt in size
and have been implicated in the modi-
fication of pre-mRNAs (Terns and Terns
2002). In this study, we identified 35
snoRNAs from the ovarian srcDNA
libraries, 21 of which were novel (Table
4). Size analyses of these 35 snoRNAs
showed that the most common size of
ovarian snoRNAs is between 65 and 75
nt (Fig. 1). The chromosomal origin,
size, and genes that these snoRNAs per-
fectly or partially match are summarized
in Table 4. Expression profiling for four
novel snoRNAs (snR-2, -30, -33, and
-34) revealed that snR-2 and snR-33 were
ubiquitously expressed in all tissues
examined, while snR-30 and snR-34 were
expressed preferentially in most but not
all of the tissues analyzed (Fig. 6B).

DISCUSSION

Mammalian oogenesis is a complex pro-
cess involving the regulation of a multi-
tude of genes at the transcriptional and
post-transcriptional levels. Discovery of
miRNAs and their roles in post-tran-
scriptional regulation suggest that small
regulatory RNAs may be important reg-
ulators of gene expression. Recent iden-
tification of rasiRNAs and piRNAs
further support this notion. We attemp-
ted to clone small RNAs from the mouse

ovary as the first step toward understanding the regulatory
roles of small RNAs in oogenesis. By using a novel small
RNA cloning method developed by our laboratory, we
identified a total of 236 small RNAs, including 122 miRNAs,
25 napiRNAs, 54 rapiRNAs, and 35 snoRNAs. By analyzing
the structural features and expression profiles of these
ovarian small RNAs, we identified many characteristics
unique to each of the four classes, suggesting that these

FIGURE 5. rapiRNA homologs and expression profiles. (A) Alignment of two groups of
rapiRNA homologs. Multiple rapiRNA homologs were generated from a single precursor
template. rapiRNAs-10–22 (top) and rapiRNAs-45–49 (bottom) are aligned along with their
precursor templates. The diced nucleotides in the precursor templates are highlighted in gray,
and the different ends within the diced region are framed. Primers used for PCR are indicated by
arrows under the template DNA sequences. (B) Expression levels of the homologous rapiRNAs
in multiple tissues. let-7a was used as a loading control. Amplicons were analyzed on 2% agarose
gels. A DNA ladder on each side indicates the size of the fragments. (NTC) Nontemplate control.
Two PCR amplicons (rapiR-10–22 and rapi-45–49), boxed in the gel images, were excised,
purified, and subcloned into a pcDNA3.1 vector for sequencing analyses. (C) Sequencing results
of the two amplicons. Nine clones (10-1 to 10-9) were obtained from the rapiR-10–22 amplicons
of the ovary and seven clones (45-1 to 45-7) were obtained from the rapiR-45–49 amplicons of
the heart. The diced nucleotides in the precursor templates are highlighted in gray, and primers
used for PCR are indicated by arrows under the template DNA sequences.
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small RNAs are generated through different mechanisms and
may have differential roles in the regulation of gene
expression during folliculogenesis.

Structural features of the four classes of ovarian
small RNAs

Listed in ascending order of their major sizes, the four
classes of small RNAs are miRNAs (21–23 nt), <napiRNAs
(27–31 nt), <rapiRNAs (32–38 nt), and <snoRNAs (65–
75 nt). Although the majority of small RNAs can be
distinguished based upon their sizes, other structural
features can help determine their identity, including stem–
loop formation of the precursor sequences (for miRNAs),
genes derived from highly repetitive regions (rapiRNAs),
and numerous homologs with degenerative dicing at both
the 59 and 39 ends (rapiRNAs and napiRNAs). It appears
that the majority of the rapiRNA (z53%) genes are located
on chromosomes 1–3 (Fig. 4A). The significance of the

chromosomal preference of rapiRNA genes remains unclear.
It has been shown that z17% of the testicular piRNAs are
derived from exonic regions (Ro et al. 2007b), and these
piRNAs belong to the napiRNAs population. Unlike those
piRNAs, rapiRNAs are exclusively derived from intergenic
and intronic sequences (Table 2), which may be due to the
fact that repetitive sequences tend to exist in these regions.

The degenerative dicing at both the 59 and 39 ends is
a unique feature to the biogenesis of rapiRNAs and
napiRNAs. These degenerative dicing events result in mul-
tiple homologous piRNAs with overlapping sequences in the
middle portions, but differential sequences at either their 59

or 39 ends, or both. Our PCR-based small RNA detection
method is superior to conventional PAGE-based Northern
blot analysis because it is much more sensitive and can also
simultaneously detect levels of the longer and shorter forms
of the multiple homologous piRNAs displaying degenerative
dicing. Ratios of the longer and shorter forms of rapiRNAs
vary in a tissue-dependent manner. The physiological
significance of differential ratios of the longer-to-shorter
forms of piRNAs in specific tissues requires further study.

Chromosomal mapping of rapiRNAs supports the
‘‘ping-pong’’ mechanism of piRNA biogenesis

rapiRNAs were originally identified from fly testes and
embryos (Aravin et al. 2003). rapiRNAs have been sug-
gested to play a role in regulating transposon activity and in
defining chromatin structures based upon the fact that they
are cognate to transposable elements and other repetitive
sequences in the fly genome (Saito et al. 2006; O’Donnell
and Boeke 2007). Consistent with previous studies (Saito et
al. 2006; Vagin et al. 2006), our data show that rapiRNAs
are in both the antisense and sense orientations and the 59

ends of the rapiRNAs display a uridine preference, suggest-
ing that they are generated by an RNase III domain enzyme.
Recent data suggest that piRNAs are generated via a self-
reinforcing amplification cycle, also called the ‘‘ping-pong’’
mechanism (Brennecke et al. 2007; Lin 2007; O’Donnell
and Boeke 2007). In this model, the cycle starts with
processing the primary piRNAs, which are long transcripts
derived from defective transposon copies in regions of
heterochromatin and are antisense to the expressed trans-
posons. The primary piRNAs bind either Piwi or Auber-
gine, and the Piwi/Aubergine-piRNA complexes recognize
and cleave their active transposon targets, generating new
sense piRNAs that bind Ago3. Subsequently, the sense
piRNA-Ago3 complex directs another cleavage event of a
piRNA cluster transcript, creating a new antisense piRNA
capable of binding Piwi or Aubergine. The cycle will be
reinforced by producing additional sense piRNAs when
the secondary piRNA-Piwi/Aubergine complexes recognize
and cleave their target transposon elements. Our finding
appears to support this model because the numbers of
rapiRNAs derived from the sense (52%) strand and the

FIGURE 6. Expression profiling analyses for novel napiRNAs and
snoRNAs identified in this study. Expression levels in 12 mouse tissues
were examined by semi-quantitative PCR. let-7a was used as a loading
control. Amplicons were analyzed on 2% agarose gels. A DNA ladder
on each side indicates the size of the fragments. (NTC) Nontemplate
control. (A) Expression profiles of six novel napiRNAs (napiR-9, -11,
-16, -17, -18 and -21). (B) Expression profiles of four novel snoRNAs
(snR-2, -30, -33, and -34).
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TABLE 4. snoRNAs identified from the mouse ovaries

ID Sequence (59-39) Hits Chromosome CPS Length Strand Start End

Clones

Two

weeks adult

snR-1a
ATGCTATGATGAAGGCTATGTTGGTAGGGACAACTGAGCTTGTTGA hSNRD74 1 1 46 + 162872077 162872122 1

snR-2b
ATACCATGATGATAACATAGTTCAGCAGACTTAACTCTGATGAACAATCATGTCTTTCGCTCCTATCTGATG Z15 1 1 72 + 162874281 162874352 4 1

snR-3b
TGTAATGATGTTGATCAAATGTCTGAGCTGAAAATAACTTGTAGACAATTTTTAACACTG Z21 1 1 60 + 162873662 162873721 1

snR-4a
TTGCAATGATGTCAATCTTTGACTGAAGTGACCTTGAAGTGCAATTACTGAGCTTTTTAACCCTGAGC U36a 2 1 68 + 26734539 26734606 1

snR-5a
GGTAGGTGCCGGAAGTGCCGCCATTTTGGGGTGTTCTGCTCTG CUGbp1 2 1 43 + 90741297 90741339 1

snR-6a
TTTTTCGTCAACAGAGTTCACCTAGTGAGTGTTGACACCTTGGGTCTGAGT cDNA 2 1 51 + 129969155 129969205 1

snR-7b
AACATGTGATGAGAAACTGTTTCGGTCCCAGTTGATGGCCACTGATAACATTACATTTTTCTGAT U73a 3 1 65 � 86224721 86224785 2

snR-8a
CTGAATCCAGCGATCCGAGTTCAAATCTCGGTGGGACCTCTCT tRNA-Gln 3 1 43 � 96426557 96426599 2

snR-9a
AGCTCGCTCTGAAGGCCTGTTTCCTAGGCTACATACGAGGGACATGTTCCTT Rmrp 4 1 52 � 43514108 43514159 2

snR-10a
GCATTGGTGGTTCAGTGGTAGAATTCTTGCCTG tRNA-Gly 4 1 33 � 132386610 132386642 1

snR-11a
ACTTAATGATGATTGTCTGTTTGATTGCTTGATGCAATGTGAAAACCACATTTCACCGGCTCTGAG hSNRD102 5 1 66 + 147145184 147145249 1

snR-12a
AAGCGTTTACTTTGAAAAAATTAGAGTGTTCAAAGCAGGCCCG 18S rRNA 6 2 43 + 3151242 3151284 2

17 + 39455206 39455248

snR-13a
CTCCACGGCCAAGGATCCTGACCTGTGCAGTAGCAATAAC 6 1 40 � 73520478 73520517 1

snR-14a
CTGAAGTGATGATTCACAATCATGTCTCTTCTCTGAAGAATTCATGGAGATTCTGTGTATCTGATC Like SPTR 8 1 66 � 113729066 113729131 1

snR-15b
TGACTTGATGAAAGTACTTTTGAACCCTTTTCCATCTGATG MBII-202 8 1 41 + 125989155 125989195 1

snR-16a
CTCGCTGCGATCTATTGAAAGTCAGCCCTCGACACAAGGGTTTG 28S rRNA 9 2 44 � 118523652 118523695 1

13 � 9833552 9833595

snR-17a
TCGCTGCGATCTATTGAAAGTCAGCCCTCGACACAAGGGTTTG 28S rRNA 9 2 43 � 118523652 118523694 3

13 � 9833552 9833594

snR-18a
GCTGCGATCTATTGAAAGTCAGCCCTCGACACAAGGGTTTG 28S rRNA 9 2 41 � 118523652 118523692 1 5

13 � 9833552 9833592

snR-19b
CCACCATGATGACGGAAATTCTTCACTTTGACCTGATGTCTGTTGAAGAAACTCAGTGTCTGAG MBII-376 10 1 64 + 80582078 80582141 1

snR-20a
TGACTTGAATTGTCGGATACCCCTTCACCCCGTTCATGGGTGAGAAACAGCTAGTCTG cDNA 10 1 58 � 23475892 23475949 1

snR-21b
AATGATGATGAAACTAGAAAAAAAAGGAAGTGCCGTCCGATGCGACAACTGACGACATCCCTAGTTAGCTGACT MBII-252 11 1 74 + 62419272 62419345 1

snR-22b
CCTAGTGATGACAAGACGACATTGTCAACCAATCCCCCACAAGGGAATGAGGACATGTCCTGCAATTCTGAAT Z37 11 1 73 + 48645458 48645530 1

snR-23b
TGCATGTGATGACATTATTTAGCGACCAAAGTCTGATAAAGATGATTGTGATCTATTGTCTGATG Z17a 11 1 65 � 77997885 77997949 1 1

snR-24a
TCTATGGATACTTGGACTCAGCTCTCAGCATCCTTTCCTG 13 1 40 � 49286997 49287036 1

snR-25b
CACAAATGATGAACCTTTTGACGGGCGGACAGAAACTCTGTGCTGAATGTCAAGTTCTGATT MBII-47 15 1 62 � 79910114 79910175 1 1

snR-26b
TATCAATGATGTCCTAAAAAATAAATGTCTGAACATATGACTGCTATAATGATTTCAGCATTTAACTGAGAT MBII-240 15 1 72 + 5065623 5065694 2

snR-27a
TACCTGGTTGATCCTGCCAGTAGCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTAAGTACGCACGGC 18S rRNA 16 2 72 � 18446822 18446893 2

17 + 39454406 39454477

snR-28a
TGAAATGATGGCAAATCATCTTTCGGGACTGACCTGAAATGAAGAGAATACTCTTGCTGATC hSNRD2 16 1 62 + 23024290 23024351 1

snR-29b
TCCGCTGATGACTTCTGTCAGTGCCACGTGTCTGGGCCACTGAGACCACATGATGGGATTGAGGACCTGAGG MBII-142 16 1 72 + 20597783 20597854 1

snR-30a
TTGCTGTGATGACTGTCATTGGGTTTCGCATATTGCTGAGTTCCCATGATGCCTCTTCTCTTGGCTGTCTGAG hSNRD122 17 1 73 + 71546441 71546513 1 1

snR-31b
TGAGAGTGATGATTTCACAGACTAGAGTCTCTGACGCTGTCCTTGATGTCAGCTAT MBII-297 1 56 � 34559019 34559074 1

snR-32b
TGAGAGTGATGATTTCACAGACTAGAGTCTCTGACGCTGTCCTTGATGTCAGCTATAAATCTGACTC MBII-297 17 1 67 � 34559008 34559074 2

snR-33a
ACATTGATCATTGACACTTCAAATGCACTTGCAGCCCCGGGTTCTTCCCAGGGCTACACCTGCCTGAGCGAAGCT 5.8S rRNA 18 1 75 � 73658770 73658844 1

snR-34a
TTGCTGTGATGACTATCTTAGGACACCTTTGGATTAACCGTGAAATCAAACAAGTGCTGAGCAAC hU58 18 1 65 + 75127245 75127309 1

snR-35b
CACCCTGATGAACTGAATACCGCCCCAGTCTGATAGCTGTGGAGAAAGGTATTTTCTGAGT SNRD22 19 1 61 + 8792641 8792701 1

CPS, number of copies.
aNew snoRNAs.
bDifferent from known snoRNAs.
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antisense (48%) strand are nearly equivalent (Supplemental
Table 5). Since this self-amplification cycle is theoretically
indefinite, there must be a yet-to-be-defined mechanism
regulating the rate of the amplification.

Potential functions of ovarian small RNAs

miRNAs mainly function as post-transcriptional regula-
tors of gene expression through binding to their target se-
quences generally located in the 39 UTR, controlling mRNA
stability and translation (Bartel 2004). Several of the novel
miRNAs identified in this study are preferentially expressed
in the ovary, suggesting that they may have a role limited to
ovarian functions. Further identification of the target genes
of these ovarian miRNAs will shed light on their regulatory
roles in folliculogenesis.

DNA transposons and retrotransposons are mobile
elements, which can insert themselves at new locations
in the host genome, thus modifying gene structure and
altering gene expression. Therefore, their transposition
must be regulated to avoid endangering the host. Since
rapiRNAs share 100% complementarity with transposons
or repetitive sequences, it has been suggested that they play
a role in silencing transposon activity (O’Donnell and
Boeke 2007). Our expression profiling studies demonstrate
that expression of rapiRNAs and napiRNAs is not limited
to the testis. In fact, several other tissues, including the
ovary, also express these piRNAs, although the number is
much less than that expressed in the testis.

Extensive studies on the function of snoRNAs has
revealed that they participate in the site-specific modifica-
tion of nucleotides in target RNAs, including the 29O-ribose
methylation and pseudouridylation through base-pairing
with their target sequences and recruiting associated proteins
to achieve modifications (Terns and Terns 2002). Further
analyses of the ovarian snoRNAs should reveal their RNA
targets and physiological role in follicular development.

Taken together, ovarian expression of all of the four
known classes of small RNAs species implies that folliculo-
genesis involves complex regulation of gene expression.
Further studies on the functions of these small regulatory
RNAs will help us understand the complex regulatory
machinery in the control of oogenesis and female fertility.

MATERIALS AND METHODS

Oocyte collection

To collect oocytes (metaphase II), CD-1 female mice (Charles
River Laboratories) were treated with 5 IU of PMSG (Sigma),
followed by 5 IU of hCG (Sigma) to induce superovulation as
described previously (Yan et al. 2005). Oocytes were recovered
from oviducts 18–24 h after hCG treatment in M2 medium
(Sigma) containing 1 mg/mL hyaluronidase (Sigma). Complete
removal of cumulus cells was verified by observation under a

stereomicroscope. Oocytes free of cumulus cells were collected
and snap frozen in liquid nitrogen until used for small RNA
isolation. A total of 2000 metaphase II oocytes were collected for
small RNA isolation.

Small RNA isolation

Small RNA samples from 12 different mouse organs (brain, heart,
liver, spleen, lung, kidney, stomach, small intestine, colon, uterus,
testis, and ovary) and oocytes were isolated using mirVanaPTMP

miRNA isolation kit according to the manufacturer’s instructions
(Ambion). Briefly, 50–250 mg of tissue were homogenized in 10
volumes of Lysis/Binding buffer. A 1/10 volume of miRNA Homog-
enate Additive was added and incubated on ice for 10 min. Total
RNA was extracted by adding an equal volume of Acid-Phenol:
Chloroform. Small RNA was extracted from the total RNA using a
filter cartridge with 100 mL of preheated (95°C) elution solution.
The concentration of small RNA was measured using a NanoDrop,
ND-1000 spectrophotometer (NanoDrop Technologies).

Cloning of small RNAs

Small RNA cloning was performed as described (Ro et al. 2007b).
Briefly, small RNAs isolated from the ovaries of 2-wk-old and
adult (2–4 mo) mice were polyadenylated and a 59 RNA adapter
was ligated with the poly(A)-tailed RNA. The ligation products
were reverse transcribed to make small RNA cDNAs (srcDNAs).
The srcDNAs were amplified using PCR, and PCR amplicons were
subcloned into a pcDNA3.1 TOPO vector (Invitrogen) for
sequencing. Primers for cloning can be found in Supplemental
Table 7.

Bioinformatic analysis

DNA sequences were analyzed by Vector NTI Suite v.6.0 (Infor-
Max) to locate small RNA sequences in the cloning vector. Each
small RNA was then located in the mouse genome using the
BLAST program in the UCSC Genome Browser (Karolchik et al.
2003). The strand, as well as its start and end nucleotides, in the
genome were determined according to the BLAST results. To
identify miRNAs, all small RNAs were initially analyzed using the
miRBase search tool (http://microrna.sanger.ac.uk/sequences/
search.shtml) (Ambros et al. 2003; Griffiths-Jones 2004; Grif-
fiths-Jones et al. 2006). If a small RNA completely or partially
matched any registered miRNA from different organisms and its
size ranged from 20 to 24 nt, we classified it as a miRNA. To
further confirm its identity as a miRNA, we selected a fragment of
z110 bp from each of the two sides flanking the small RNA for
predicting the secondary structure of the miRNA precursor
(stem–loop formation) using the Mfold program (Zuker 2003).
If a small RNA was 20–24 nt long, its precursor sequence could
form a stem–loop structure, and it was not registered in the
miRBase (Ambros et al. 2003; Griffiths-Jones 2004; Griffiths-Jones
et al. 2006), we classified it as a novel miRNA. miRNA gene
clusters were identified according to proximity of genomic
locations of all of the miRNAs cloned in this study. The size
and cluster distributions were calculated using Microsoft Excel.
The data were plotted and graphed using GraphPad Prism
(GraphPad Software).
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A semi-quantitative PCR-based quantification
of small RNAs

Construction of small RNA cDNA (srcDNA) libraries and the semi-
quantitative PCR were performed as previously described (Ro et al.
2006). Primer sequences used for expression profiling are shown
in Supplemental Table 7. For each of the small RNAs analyzed,
the cycle number was empirically determined such that the PCR
was in the exponential range (generally between 20 and 30 cycles).

SUPPLEMENTAL DATA

All Supplemental Materials can be found at http://www.medicine.
nevada.edu/physio/facyan.html, and are also available upon request.
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