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ABSTRACT

This letter describes the architecture and transcriptional output of a novel noncoding RNA gene in mouse and rat. The mRNA-
like piRNA (mpiR) gene, lies between the Perp and KIAA1244 genes on mouse chromosome 10 and rat chromosome 1. In
mouse, the mpiR gene is associated with the production of at least 13 different alternatively spliced and polyadenylated
transcripts ranging from 500 nt to over 6 kb. Although these transcripts are structurally similar to conventional mRNAs, only
short polypeptides are predicted on each of the three possible reading frames. Intron 2 is unique in that it harbors a novel low
copy repeat with homology with the 3’-UTR of the lin-28 gene, while Exon 4 contains an unusual cluster of nine sequence
modules that are dispersed throughout the mouse genome. The mpiR gene is expressed at low levels in somatic tissues, but is
transcriptionally up-regulated in the testis at day 14 post-partum, a time that coincides with the pachytene stage of meiosis I.
Bisulfite methylation analysis shows that expression in brain, liver, and testis is correlated with the methylation status of the
promoter region. In addition to mRNA-like transcripts, the mpiR gene is also a precursor to testis-specific piRNAs, and these can
be detected by both Northern and PCR-based approaches. Remarkably, piRNAs originate from two specific regions of the gene,
one corresponding to Intron 2 and the other to Exon 4. Overall, this work provides a picture of a novel, lineage-specific,
noncoding RNA gene and describes its processing into both mRNA-like and piRNA products.
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INTRODUCTION Haley 2005; Mattick and Makunin 2006; Carninci and
Hayashizaki 2007; Nilsen 2007).

Although the function for many noncoding-type RNAs is
still unknown, a number of roles are emerging. First, they
are in some cases processed into small (micro) RNAs that
act as sequence-specific addressing marks for the control of
gene expression. An example of this class is the germ-cell-
specific piRNAs (Aravin et al. 2006, 2007; Grivna et al.
2006; Girard et al. 2006; Lau et al. 2006; Vagin et al. 2006;
Watanabe et al. 2006), which have roles in the defense against
viruses and transposons (Saito et al. 2006; Brennecke et al.
2007; Carmell et al. 2007; Houwing et al. 2007). Second,
some ncRNAs may encode polypeptides that are smaller
than those produced by conventional mRNAs (Kondo et al.
2007). Third, some ncRNA genes produce transcripts that
regulate imprinting and gene silencing, while others such as
Xist and Tsix regulate X chromosome inactivation. Finally,
a growing number of ncRNAs regulate specific phenom-
ena, including TUGI RNA-dependent regulation of reti-

Whole genome tiling arrays and high-throughput cDNA
sequencing projects have shown that genomes are widely
transcribed (Okazaki et al. 2002; Bertone et al. 2004;
Carninci et al. 2005; Cheng et al. 2005; Birney et al. 2007;
Kapranov et al. 2007). In addition to genes that encode
recognized classes of RNA, such as mRNAs, tRNAs, rRNAs,
snRNAs, snoRNAs, and so forth, there are a number of
RNA-encoding genes for which categorization and identi-
fication of individual genes is still ongoing. These genes
produce long noncoding RNAs (ncRNA) (Numata et al.
2003; Frith et al. 2006; Furuno et al. 2006) as well as diverse
microRNAs, piRNAs, and other small transcripts. There is
considerable interest in determining the structural and
functional characteristics of genes that encode unconven-
tional RNA species and in understanding their contribu-
tions to cellular regulation (for review, see Zamore and
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nal differentiation (Young et al. 2005), ncRNA-dependent
regulation of HOX gene expression (Rinn et al. 2007),
NRON-dependent regulation of NFAT (Willingham et al.
2005), bxd ncRNA-dependent regulation of Ubx gene
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expression (Petruk et al. 2006), locus control region RNA-
dependent regulation of globin gene activation (Ho et al.
2006), and ncRNA-dependent regulation of the DHFR gene
(Martianov et al. 2007).

In this letter we have examined the structure, expression,
and processing of transcripts generated by an mRNA-like
piRNA (mpiR) gene. The gene was identified by the
discovery of a set of testis-specific ESTs complementary to
the 3’-UTR of the gene that encodes the germ-cell tran-
scription factor ALF (DeJong 2006). The mpiR gene, located
on mouse chromosome 10, consists of four exons, a variety
of conventional repetitive elements, and two novel low copy
number repeats. RACE and RT-PCR analyses show that the
gene is alternatively spliced to produce at least 13 different
mRNA-like species, all of which have limited or no coding
potential. The gene is expressed at low levels in somatic
tissues but is up-regulated to high levels in the testis. Related
to its testis expression is the fact that mpiR is associated with
the production of germ-cell-specific piRNAs. Remarkably,
such piRNAs are not distributed throughout the mpiR gene
but are largely confined to Intron 2 and Exon 4. Overall, the
results describe the detailed structure and tissue-specific
transcriptional output of a novel noncoding RNA gene.

RESULTS AND DISCUSSION

BLAST searches aimed at identifying RNAs that might
target the germ-cell-specific ALF transcription factor gene
resulted in the identification of several unique testis ESTs
complementary to the 3’-end (Figs. 1; Supplemental Fig.
S1). The genomic region from which these ESTs originate is
between the p53 effector related to pmp22 (Perp) and
KIAA1244 genes at the A2—A3 boundary on mouse chro-
mosome 10 (Fig. 1B). Database searches showed the region
was transcribed into a variety of unorganized transcripts,
suggesting that it might harbor one or more testis-specific
genes (Supplemental Fig. S1). In order to define the
structure of the gene or genes within this locus, we syn-
thesized backward and forward primers to the dispersed
ESTs and used these for RT-PCR analysis of testis and liver
c¢DNA (Supplemental Fig. S1). Sequencing of over 100 RT-
PCR products allowed us to organize the transcripts into 13
distinct variants (mpiR v.1 to mpiR v.13, where “v”
indicates “variant”) (Fig. 1B). For reasons described later,
we refer to this locus as the mpiR gene.

The mpiR gene is composed of four main exons that span
~40 kb of genomic DNA (Fig. 1B). Exon 1 is common to
all transcripts. Exon 2 is divided into two alternatively
spliced forms, 2a and 2b. Exon 3 is also divided into two
forms, 3a and 3a+3b; whenever Exon 3a is used, the
transcript is always spliced to include Exon 4. However,
when this splicing event does not occur, the transcript
terminates with a 3a+3b form of Exon 3 which retains
complementarity to ALF mRNA. Exon 4 has a full-length
size of just over 6.5 kb but can be spliced using at least
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seven different sub-exons (4a through 4g). RACE experi-
ments defined two ends to mpiR transcripts: one that
terminates at Exon 3b and the other that terminates at
Exon 4 (Supplemental Fig. S1). All but one of the splicing
patterns follows the GT-AG rule, and the polarity of
splicing confirms the direction of transcription across the
locus. BLAST searches and the identification of genomic
sequences between the Perp and KIAA1244 genes in the rat,
dog, cow, and human genomes showed that only the rat
possessed a gene similar to mpiR, indicating the gene is
likely restricted to the rodent lineage.

To determine how mpiR was expressed, we performed
Northern blot analysis with probes from several different
exons (Fig. 1C,D). Hybridization with an Exon 1 probe
showed bands in liver (~1.8 kb), brain (~2.1 kb), and
testis (~0.7, ~2.0, and ~7.0 kb). The results also showed
that expression of mpiR in testis involves distinct splicing
isoforms and occurs at higher levels than in somatic tissues.
These points are illustrated in part by the strongly hybrid-
izing 0.7-kb transcript and by the selective detection of the
2.0-kb transcript in testis using the Exon 3b-specific probe.
To further evaluate the regulated expression of mpiR, we
analyzed developmentally timed RNA from the testis of
pre-pubertal and post-pubertal mice. The results showed a
dramatic increase in the 0.7- and 2.0-kb transcripts at about
day 14 post-partum (Fig. 1D), a time that corresponds to
the appearance of male germ cells that are in the pachytene
stage of prophase I. Overall, the results reveal a deliberate
pattern of transcript expression and splicing and suggest
the potential for tissue-specific physiological roles.

We also asked if expression was associated with differ-
ential methylation of the promoter, as described for other
testis-specific genes. PCR amplification and sequencing of
bisulfite-treated genomic DNA fragments that spanned a
340-base-pair (bp) promoter region showed an average
~69% CpG methylation in brain and liver tissues where
mpiR expression was low, and little to no methylation (7%
average) in testis (Fig. 1E). These results are consistent with
an association between testis-specific hypomethylation and
an active transcriptional state.

Because mpiR appeared to be a novel RNA-type gene,
and because the architecture of these genes is still poorly
understood, it was analyzed in terms of its repetitive
element distribution, its coding potential, and its homology
with the corresponding rat gene. The distribution of LINEs,
SINEs, LTRs, and other elements was compared to the
exon—intron organization using the RepeatMasker program
(Fig. 2A). The results show that while Exon 2 was
composed almost entirely of LINEs and other repetitive
elements, splicing events that involved Exons 1, 3, and 4
generated transcripts that were free of such elements.
Further comparison of sequences surrounding Exon 3 in
the mouse and rat mpiR genes showed conserved position-
ing of repetitive and unique, single copy DNA in this region
(Fig. 2A; Supplemental Fig. S2).
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FIGURE 1. Identification, organization, and expression of the mpiR gene. (A) BLAST search of mouse ESTs using the last 70 nt of the 3'-UTR of
mouse ALF mRNA reveal a class of antisense-oriented testis-specific ESTs. (B) The mpiR locus from which the antisense ESTs are derived is
located between the Perp, EG237300, and KIAAI1244 genes on mouse chromosome 10A2/A3. Sequencing of RT-PCR products derived with
multiple primer sets revealed over 13 distinct splicing products (v.1 to v.11 from testis; v.4, v.12, and v.13 from liver) originate from the mpiR
locus. The 12 unique exons are noted along with the location of the ALF antisense region. (C) Northern analysis of mpiR expression revealed a
variety of transcript isoforms in different tissues whose detection depended on the exon used as the probe. The results reveal complex tissue-
specific splicing of the mpiR gene. (D) Developmental Northern blot of mpiR expression shows up-regulation of the 0.7- and 2.0-kb mpiR
transcripts in pre-pubertal mice at about day 14, a time that corresponds to the pachytene stage of meiosis I. (E) Bisulfite methylation analysis of
the mpiR promoter region demonstrates hypomethylation in testis compared to brain and liver.

BLAST searches with mpiR sequences showed that the

downstream 2.5-kb region of Exon 4 was divided into
discrete modules that were present at other locations
throughout the mouse genome (Fig. 2B). These elements
could be organized into nine subdomains with sizes
ranging from 48 to 132 nt, and over 70 such units could
be identified on at least 16 different chromosomes (Sup-
plemental Fig. S2). Some of these genomic copies were
similar in organization to those described in mpiR, some
contained changes in the spacing between the modules, and
some consisted of solitary units. Alignments among each
type of element allowed us to determine nine distinct

“core” sequences (Supplemental Fig. S3). Surprisingly,
however, none of these were recognized by RepeatMasker,
nor were they present in available databases of tRNAs,
snoRNAs, snRNAs, and microRNAs, indicating that they
are a previously unrecognized class of low copy repeats.
BLAT searches using the July 2007 build of the whole
mouse genome on the UCSC Genome Bioinformatics
Server also revealed a novel ~350-bp element in Intron 2
that was present in an estimated 5-10 copies throughout
the mouse genome. Interestingly, this element constitutes
the last ~350 nucleotides (nt) of the 3’-UTR of the lin-28
gene and is also present within Intron 6 of three clustered
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FIGURE 2. Repetitive element distribution, homology, and coding potential of mpiR. (A) Distribution of repetitive elements across a 48-kb
mpiR-containing region from mouse shows Exons 1, 3, and 4 are largely composed of single copy sequences. Exon positions are shown above, and
gray boxes identify a region within Intron 2 and Exon 3 where the relative spacing of unique (single copy) and repetitive elements is similar
between the mouse and rat mpiR genes. (B) BLASTN (fop) and cross-species megaBLAST (bottom) searches using an Exon 4 query reveal
fragmented matches toward the 3’-end. The organization and spacing of the nine elements are illustrated by the yellow boxes in the center of the
diagram. More than 70 partial or complete copies of these modules are present dispersed throughout the mouse genome on at least 16
chromosomes. (C) Intron 2 of mpiR contained a region homologous to sequences from the 3'-UTR of the lin-28 gene and from Intron 6 of three
vomeronasal receptor genes. (D) Representative mpiR transcripts show predicted polypeptides no larger than 57 amino acids. (E) Comparison of
sequences from the mouse and rat mpiR genes revealed similar sequence homology from flanking regions, from introns, or from exons.

vomeronasal receptor genes 2r62, 2r63, and 2r64 (Fig. 2C).
These, and several other dispersed copies of this sequence,
were highly homologous (Supplemental Fig. $4).
Although mpiR transcripts are spliced and polyade-
nylated like conventional mRNAs, several lines of evidence
suggest that they might be noncoding. First, reading frames
that begin with methionine in the v.1 and v.4 transcripts
ranged in size from a minimum of 1 to a maximum of 57
(Fig. 2D). Second, ATG codons located in Exon 1 and Exon
3a, near the putative 5'-cap site, showed a poor fit to the
A/GNNATGG Kozak consensus, and the polypeptides pre-
dicted from these ATGs terminated soon after they began.
Third, none of the peptides predicted on any of the three
reading frames, including those that did not begin with
methionine, were similar to protein or nucleotide sequence
databases. Fourth, Exon 2 was composed almost entirely of
repetitive DNA, and the inclusion of this sequence would
be inconsistent with the production of unique open reading
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frame. Finally, pairwise comparison of exons, promoter,
and intron sequences between the mouse and rat mpiR
genes showed very little difference in sequence conservation
regardless of the location being analyzed (Fig. 1E). This
result suggests that the exons in mpiR are not under strong
selection pressure to maintain a conserved coding se-
quence. Although it is possible that mpiR transcripts might
be spliced, initiated, or edited to encode a longer poly-
peptide, or that very short peptides are translated as
observed in a Drosophila RNA gene (Kondo et al. 2007),
the current data suggest it is probably noncoding.

Mouse testis contains a large collection of small Piwi-
interacting RNAs (piRNAs) which display strand-specific
clustering at ~~100 discrete genomic loci. Here we asked if
there might be a relationship between these piRNAs and the
noncoding mpiR transcripts abundant in the testis. In fact,
mouse mpiR gene queries revealed numerous piRNA
matches (Fig. 3A), and it was determined that mpiR



Transcriptional output of the mpiR gene

A Mouse B total RNA small RNA that. at leas?t one fu-nction of the. non-
2 3 v - . v = o coding mpiR gene is the generation of

’ s g g g o g g g o testis-speciﬁ.c piRNAs.
2 o To experimentally confirm the rela-
pe | 5o tionship between the mpiR gene and

piRNA production, an Exon 4-specific

4 probe was used in Northern analyses to

detect small RNAs from liver, brain,
testis, and NIH3T3 cells. The results

Lo
o 1M, I
15

Rat

12 3

— A 1

10 111213141516 171819

revealed cross-hybridizing small RNAs
in testis of the predicted size (~30 nt)
(Fig. 3B), as well as slightly larger but
much weaker signals in brain and liver.
4 A second approach to detect mpiR-

e/ specific piRNAs involved PCR-based

1
Primary Transcriptl Alternative Transcripts?

amplification (Fig. 3B). The results re-
vealed the existence of piRNA prod-
ucts along the length of Intron 2 and

n
2 Alternatively Spliced
mRNA-like
Testis
-

— ]
Alternatively Spliced
mRNAike
Somatic

FIGURE 3. Analysis of piRNA production from the mpiR gene. (A) The mouse mpiR gene
displays matches to testis-specific mouse piRNAs that are largely restricted to Intron 2 and
Exon 4. (B) An Exon 4 probe detects piRNA-sized (~ 30 nt) small RNAs in total RNA from
testis but not from other tissues. Small RNA preparations also revealed slightly larger but much
weaker bands in brain and liver. The lower diagram shows the PCR-based detection of piRNAs
from across Intron 2 and Exon 4. (C) The rat mpiR gene displays abundant matches to rat
piRNAs in Intron 2 and Exon 4 regions similar to those seen with the mouse gene. (D) Model
depicts an mpiR gene composed of four exons which undergoes alternative splicing to form a
variety of mRNA-like species. One or more RNAs from this gene, possibly including the
primary transcript, intron lariats, or mRNA-like transcripts themselves, undergo processing to

generate Intron 2- and Exon 4-specific piRNAs.

corresponds to piRNA cluster 44 in mouse and to clusters
41/51 in rat (Lau et al. 2006). A more focused analysis
revealed a number of interesting points. First, the matches
were not distributed across the entire locus but were con-
centrated in two regions, one corresponding to Intron 2
and the other to Exon 4 (Fig. 3A). Second, the distribution
of piRNA hits in the mouse and rat genes was similar except
that the rat gene displayed many more hits within Intron 2,
including some which mapped at the 5'-most side of Intron
3 (Fig. 3C). Third, piRNA matches landed in both repetitive
and nonrepetitive genomic DNA. For instance, many piR-
NAs are from Exon 4, which is largely free of repetitive
elements (Fig. 3A,C), and a repeat-masked Intron 2 from rat
mpiR retained many of the piRNA matches observed with an
unmasked query (Supplemental Fig. S2). The results show

1 I
/ \irocessing

Exon 4. Primers that matched abundant
piRNAs tended to give the strongest
signals, and we observed consistently

Int E . . . .
ron _— stronger signals with primers against
.._'l.'ul:.l:. . .:.i"_u"‘l Exon 4 compared to those against
pIRNA Intron 2, in agreement with the relative

abundance of database-predicted piRNA
hits (Fig. 3A). Intron 2-specific primers
that did not correspond to a specific
piRNA match gave signals in this assay
that were similar in intensity to those
obtained with primers that matched
solitary piRNAs (Fig. 3B, e.g., cf. lanes
1 and 3 [which do not match known
piRNAs] and lanes 2 and 6 [which
match single hit piRNAs]). This result
is in agreement with the fact that
piRNA library sequencing has not
reached saturation.

We have examined the distribution
of piRNA hits with respect to (1) the
locations of alternatively spliced Exons
4a—4g; (2) the location of the novel Exon 4 repeats; (3) the
distribution of standard repetitive elements; (4) predicted
RNA structural features such as hairpins; (5) the distribu-
tion of Exon 4-derived EST fragments; and (6) the region of
conserved repetitive element spacing in Intron 2. In every
case, piRNA hits extended beyond each of these sequence
features. Reports of an association between small RNAs and
transposon silencing based on studies on the Drosophila
flamenco locus provide clues as to the function of germline
piRNAs (Brennecke et al. 2007), but it appears that more
information is required before these functions can be fully
appreciated using the mouse mpiR gene as a model. The
preferential use of an intron and an alternatively spliced
exon for piRNA production, as reported here, demonstrates
a unique sequence selectivity to processing across the

?)'o,
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transcript. Finally, we speculate that the fragmented nature
of ESTs which map to Exon 4 (Supplemental Fig. S1) may
represent a consequence of piRNA processing and might be
a feature shared with other piRNA genes.

A summary of the organizational and transcriptional
features of the mpiR gene is illustrated in Figure 3D. First,
mpiR is expressed in both somatic and germline tissues in a
variety of alternatively spliced and polyadenylated forms.
Second, the gene is up-regulated in testis at the time of
the pachytene stage of meiotic prophase I. Third, mpiR is
composed of at least three distinct sequence types: (1)
single copy (unique) sequences; (2) repetitive elements
such as LINES, SINES, and LTRs; and (3) at least two novel
low copy elements. Fourth, the gene is specific to the
rodent lineage and is either absent or unrecognizably di-
vergent in human. Finally, numerous matches to piRNAs
mapped to both intronic and exonic regions of the gene.
Overall, the results define a novel noncoding RNA-type
gene with a surprisingly complex transcriptional output. In
future studies we hope to ask how the organization of the
mpiR gene compares with other long ncRNAs and whether
it can be used to dissect early steps in piRNA biogenesis.

MATERIALS AND METHODS

RT-PCR and cDNA cloning

To detect full-length mpiR transcripts and to identify new splice
variants, oligo(dT) primed first-strand cDNA from mouse testis
and liver poly(A) RNA was used as a template for PCR reactions
with mpiR-specific primers (Supplemental Fig. S1). Over 100 PCR
products were cloned and sequenced.

Northern blotting and PCR-based piRNA detection

Poly(A) RNAs isolated from adult mouse brain, liver, and testis
and from testis at post-natal days 6, 10, 12, 14, 16, 20, 24, and 40
were used for the Northern analysis of mpiR expression. Small
RNAs (~20 pg) from mouse testis, brain, liver, and NIH3T3 cells
(Watanabe et al. 2006) were separated on 15% denaturing poly-
acrylamide gels (Grivna et al. 2006). Hybridizations were carried
out at 52°C with in vitro transcribed and [a->*P]UTP-labeled
RNA probes spanning a 1-kb region of Exon 4.

PCR-based detection of piRNAs (Ro et al. 2006) was performed
with small RNA samples isolated using the mirVana miRNA
isolation kit (Ambion). RNAs were then polyadenylated and used
to synthesize small RNA ¢cDNA (srcDNA) with SuperScript II
Reverse Transcriptase (Invitrogen) and 1 pg of RTQ-primer.
Individual piRNAs were detected by PCR using the RTQ-UNir
primer along with mpiR-specific primers.

DNA methylation

Genomic DNA (1.5 pg) from mouse testis, liver, and brain
was processed using the EpiTect Bisulfite Kit (Qiagen). Modi-
fied DNA was used as a template for the PCR reactions with
mpiR-specific primers 1 (5'-TTTGAAAGTATTTAGTTGAGGTGA
GGG) and 2 (5'-TACATTACCTCACAATTACCCTAACAA) that
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spanned a 340-bp region of the mpiR promoter that contained
seven CpGs.

Bioinformatic/sequence analysis

NCBI Blast searches (http://www.ncbi.nlm.nih.gov/), including
megaBLAST, cross-species megaBLAST, and BLASTN programs,
were used to identify the mpiR-derived ESTs complementary to
the ALF 3’'-UTR as well as for other homology searches (Altschul
et al. 1990). Typically, genomes were searched using the genome
(reference only) database, cDNAs were identified with the RefSeq
RNA and ESTs databases, and piRNAs were detected with the
Non-RefSeq RNA database. Some homology searches were per-
formed by BLAST-like alignment tool (BLAT) available at the
UCSC Genome Browser (http://genome.ucsc.edu/) (Kent 2002).
Specific sequence alignments were also performed using the
DNAstar program. RepeatMasker (http://www.repeatmasker.org/)
was used to identify known repetitive elements and to prepare
repeat-masked sequences.

DATA DEPOSITION

Sequences reported in this paper have been deposited in GenBank.
These include the annotated mouse mpiR gene (TPA: BK006463)
and mouse mpiR ¢cDNAs (EU523858 to EU523869 and TPA:
BK006464).

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.utdallas.edu/
biology/faculty/research/dejong.html.
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