A novel noncoding RNA processed by Drosha
Is restricted to nucleus in mouse
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ABSTRACT

Noncoding RNAs constitute a huge repertoire of gene regulatory molecules. Our previous, fine-resolution characterization of a
mouse meiotic recombination hotspot from chromosome 8 resulted in identification of 2.4-kb unspliced and polyadenylated
noncoding mrhl RNA. The gene is expressed in multiple tissues and is also present in rat but absent in humans. Here we report
that the mrhl RNA gets processed to a small 80-nucleotide (nt) RNA species and is mediated by the Drosha complex. We also
observe that the 80-nt Drosha product could be processed further to a 22-nt small RNA by Dicer in an in vitro reaction.
However, this 22-nt product was not detected in vivo. The 80-nt as well as the 2.4-kb full-length RNA are nuclear-localized,
showing distinct punctate nuclear signal. The colocalization of the noncoding RNA with Drosha and Nucleolin suggests the
nucleolus as the site of processing of the 2.4-kb primary transcript. Additional foci of the processed 80-nt RNA were also
observed outside the nucleolus, suggesting its role in some specific chromatin domain(s). Thus, this study reports a novel

noncoding mrhl RNA that is processed and restricted within the cell nucleus.
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INTRODUCTION

The analysis of the draft sequence of the human genome
has revealed that coding sequences account for <2% of its
total transcriptome (The ENCODE Project Consortium
2007). Several noncoding RNAs (ncRNAs) have been
identified whose functions are yet to be determined. By
definition, “noncoding RNA” refers to the RNA that is
transcribed but not translated to protein (Mattick and
Makunin 2005). The complexity of the eukaryotic genome
and the presence of a huge repertoire of different classes of
RNA indirectly show that these noncoding transcripts are,
indeed, functional molecules that are involved in cellular
regulation at various levels (Eddy 2001; Huttenhofer et al.
2005). There are a variety of RNA molecules in the cell that
display a remarkable range of functions far beyond those
already known for messenger, ribosomal, and transfer RNA
(Szymanski et al. 2003). Recent evidence is giving newer
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insights into the complexity and varied functions of the
noncoding RNA in cellular physiology.

The eukaryotic genome encodes two distinct categories
of other ncRNAgs, referred to as “small ncRNAs” and “long
mRNA-like ncRNAs” (Kim 2005). Much of the recent
attention has been focused on small RNAs that are 22-33
nucleotides (nt) in length, which include miRNAs, siR-
NAs, piRNAs, and Rasi RNAs. The central theme of these
small RNAs is their functional role in gene silencing by
interaction with chromatin or by base-pairing with com-
plementary mRNA or DNA (Fire et al. 1998; Mattick and
Makunin 2005; Girard et al. 2006). The miRNA, which has
been a widely studied small RNA class, is involved in
silencing of many messenger RNAs, regulating gene func-
tion at the level of post-transcription (Lee et al. 2002;
Ambros et al. 2003a; Kim 2005).

The long ncRNAs, many of which are transcribed by
RNA polymerase II and spliced and polyadenylated, like
Xist, Tsix, Air, H19, and roX, are implicated in a variety of
regulatory processes, such as imprinting (Constancia et al.
2000), X-chromosome inactivation (Clemson et al. 1996;
Gilbert et al. 2000), DNA methylation, transcription, RNA
interference, chromatin-structure dynamics, and antisense
regulation (Bernstein and Allis 2005; Prasanth and Spector
2007). In addition, ncRNAs such as MALAT-1, BC-1, and
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BC-200 serve as prognostic markers for cancer, while the
prion-associated RNAs (SCA-8, etc.) are implicated in a
number of neurological disorders (Costa 2005). Apart
from this, there are RNAs such as IPW, involved in Prader-
Willi syndrome (Wevrick et al. 1994), and LIT-1, which is
implicated in Beckwith—-Wiedemann syndrome (BWY)
(Niemitz et al. 2004). A recent addition to this group of
noncoding RNAs is the natural antisense transcript (NAT),
which act in cis and regulate sense/antisense transcripts
(Lapidot and Pilpel 2006). They are generally coexpressed
with their targets and involved in competitive transcrip-
tional interference. Although the mechanism of many
regulatory processes mediated by RNAs of different lengths
still remains a mystery, it is certainly becoming clear that
RNA is an important cellular regulatory molecule.

We have recently identified a noncoding RNA that was
encoded in a mouse genomic locus possessing recombina-
tion hotspot activity (Nishant et al. 2004). This 2.4-kb
transcript was shown to be an unspliced polyadenylated
transcript expressed in multiple mouse
tissues. The transcript does not possess a
significant open reading frame (ORF) gz 8
but has a considerable propensity to '
form a stable secondary structure. We
subsequently started to probe the func-
tion of this noncoding RNA. We dem-

A3

signal to one of the contigs at the 2.4-kb region. The in
silico analysis of this transcript did not reveal any open
reading frame that was >100 base pairs (bp). The largest
ORF also did not seem to have any Kozak sequences at its
immediate 5’ proximal region. Thus it was concluded that
this RNA could be a noncoding transcript (Fig. 1A). The
RNA was then subjected to secondary-structure prediction
analysis by the Mfold program and found to have consider-
able propensity to form stable secondary structure at 37°C
at physiological ionic strength. Expression of this RNA
was also studied by Northern analysis on multiple tissues,
which showed that the mrhl RNA is expressed only in
testis, liver, kidney, and spleen and is absent in brain, lungs,
heart, and skeletal muscles (Nishant et al. 2004). When we
looked at the conservation of the RNA across many dif-
ferent species by performing BLAST against the different
genome databases, we could find significant homology of
mrhl only in the rat genome. In rat, the gene is located on
Chromosome 19, and the gene shares ~80% homology
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RESULTS

Characterization of mrhl RNA

FIGURE 1. Noncoding RNA encoded on mouse Chromosome 8 is nuclear-restricted. (A)

Chromosomal position of 17.2-kb mouse meiotic hotspot locus from mouse Chromosome 8

An earlier study from our laboratory
involved a detailed characterization of a
mouse meiotic recombination hotspot
locus mapping to mouse chromosome 8
(Nishant et al. 2004). Transcriptional
analysis of this region as probed by a
Northern analysis for the total RNA
from testis and liver revealed a positive
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and the contig map (Nishant et al. 2004). (B) Schematic map of homology between the mouse
and the rat mrhl gene. (C, lane 1) In vitro transcription-coupled translation assay of pGmrhl
(2.4-kb RNA gene cloned into pGEM3Z vector downstream from T7 promoter); (lane 2)
positive control luciferase encoding 61-kDa protein; (lane 3) empty vector negative control;
(lane 4) pGbktT7-mPTB encoding 58-kDa mouse poly-pyrimidine tract-binding protein. (D)
RT-PCR of RNA isolated from the in vitro transcription-coupled translation of pGmrhl in the
presence and absence of RT. (M) The 1-kb DNA ladder. (E) RT-PCR of the mrhl RNA from
testis and liver total, nuclear, and cytoplasmic RNA. B-Actin was used as the positive control.
UlsnRNA was also used as a control to assess the purity of fractions. A no-RT reaction was
used as a negative control to eliminate amplification from DNA.
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with the mouse gene, and most interestingly was absent in
the human genome (Fig. 1B). We have also carried out an
extensive bioinformatics search to identify the homologs of
mrhl RNA in other species by looking at the syntenic region
across different organisms. In mouse, the mrhl RNA is
adjacent to the phosphorylase kinase B (phkb) gene on
chromosome 8. We analyzed the up-to-100-kb region
flanking the phkb gene in various species using low-
stringency BLAST and also by using BLAST two-sequence
options. The extensive search also did not identify any
significant homologs in any other species except in the case
of the rat genome.

In order to ensure that the RNA does not code for any
protein, we carried out an in vitro coupled transcription
and translation assay. The 2.4-kb noncoding RNA gene that
was cloned under a T7 promoter was used for the reaction
in the presence of *S methionine using the rabbit retic-
ulolysate system. As shown in Figure 1C, there was no
protein product detected in the lane of pGmrhl, whereas
the control plasmids that harbor luciferase and the mouse
poly-pyrimidine tract-binding protein gave respective pro-
tein products. The negative control that contained only
empty vector also did not give any protein product. In
order to verify that the gene is, indeed, transcribed full
length in the in vitro transcription reaction, we also did an
RT-PCR amplification of the mrhl transcript by isolating
RNA from the same reaction. Figure 1D shows the PCR
amplification of the gene product, which shows that the
2.4-kb RNA gene is, indeed, transcribed but not translated
in the in vitro coupled transcription and translation
experiment. A no-RT reaction did not give any amplifica-
tion, eliminating the possibility of the plasmid getting
amplified in the reaction.

The 2.4-kb mrhl RNA is nuclear-localized

We next investigated the subcellular localization pattern of
the mrhl RNA. The testis and liver tissues from the mouse
were fractionated to the nucleus and cytoplasm by differ-
ential centrifugation, and the RNA was isolated. RT-PCR
was done subsequently using the gene-specific primers for
the noncoding RNA. Figure 1E shows the result, where we
see the amplification of mrhl RNA in total RNA as well as
in the nuclear fraction but not in the cytoplasmic fraction.
The B-actin mRNA was amplified in all the fractions as
probed by single exonic primers. The Ul snRNA was used
to assess the purity of the nuclear and cytoplasmic
fractions. It was amplified only in the nuclear fraction
but not in the cytoplasm. A no-RT control was also per-
formed in order to eliminate any false amplification that
might arise due to DNA contamination. Thus the mrhl RNA
appears to be nuclear-restricted and does not get trans-
ported into the cytoplasm. The nuclear localization of mrhl
RNA was not surprising, as many noncoding RNAs have
been shown earlier to exhibit definite nuclear-localization

patterns mediating potent regulatory events such as regu-
lation of coding genes (CTN) (Prasanth et al. 2005),
imprinting (H19, Air) (Sleutels et al. 2002; Gabory et al.
2006), and dosage compensation (Xist, roX) (Gilbert et al.
2000; Smith et al. 2000; Reik and Walter 2001).

The 2.4-kb mrhl RNA is processed further
to an intermediate RNA species

The 2.4-kb mrhl RNA showed an extensive secondary
structure comprising of a stem-loop and hairpin loops
(Nishant et al. 2004). It is now fairly established that many
of the microRNAs are transcribed as a primary transcript
by polymerase II. This primary transcript possesses stem—
loop structure that will be recognized and processed by
the nuclear RNase III enzyme Drosha in the nucleus and
subsequently to a 22-nt miRNA by Dicer in the cytoplasm
(Lee et al. 2002, 2003; Gregory et al. 2004). Hence, we
wanted to examine whether the 2.4-kb noncoding RNA
also gets processed further. For this purpose, total RNA was
separated in a 15% polyacrylamide urea gel, and a North-
ern blot was carried out on both testis and liver RNA. The
blot was hybridized using a body-labeled probe against the
purified 2.4-kb PCR product. Interestingly, we observed a
signal from both the testis as well as the liver RNA at the
~80-nt position (Fig. 2B). In order to narrow down the
region that actually generates the 80-nt product, we
amplified different regions of the noncoding RNA gene,
and Northern analysis was carried out using each of them
as a probe against total RNA extracted from liver and testis.
Figure 2A shows the different primer positions used in
generating the amplicons of different regions of the
transcript. Figure 2C shows the autoradiogram of such a
Northern analysis. The blots showing the hybridization
signal are derived from the amplicons that shared the
380-bp common region that has been highlighted in Figure
2A. Hybridization with probe E failed to show any signal, as
it does not overlap with the small region identified and
represented at the far end of the gene. The signal that
arises due to the presence of the 380-bp common region
was further confirmed by using that region (Fig. 2D, probe
A) as a probe. Thus, the region that gave signal was mapped
to 380 bp from the original 2.4 kb. We further narrowed
down the region corresponding to 80 nt by carrying out
Northern blot analysis using amplicons of a 100-bp
fragment each. The shorter regions from the 380-bp
fragment used for the Northern are shown in Figure 3A
and the sequences in Figure 3C. The specific region of 96
bp was identified as the one giving rise to the signal in the
Northern analysis (Fig. 3B). However, one cannot rule out
the possibility of few molecules of the 80-nt processed RNA
originating from other regions of the primary transcript
that fall below the level of detection by hybridization.
Additional Northern hybridization experiments were car-
ried out using the identified small region by using a
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and a loop region along with flanking
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FIGURE 2. mrhl RNA is processed to ~80-nt intermediate RNA. (A) Scheme of different
regions of mrhl used for probe generation and its position. The highlighted region represents
the sequence shared between probes B, C, and D giving a positive signal. (B) Small RNA
Northern blot of total RNA separated in 15% polyacrylamide-urea gel probed with 2.4-kb full-
length gene (probe D) by Klenow labeling using random primers on (lane 1) mouse testis and
(lane 2) liver total RNA. (Bottom panel) Ethidium bromide-stained pattern for loading control.
(C) Northern blot on (lane I) liver and (lane 2) testis RNA separated on 15% polyacrylamide-
urea gel using each of the probes B, C, D, and E. (Bottom panel) The ethidium bromide-stained
pattern for the loading control. (D) Small RNA Northern blot using probe A spanning the 380-
bp region that corresponds to the hybridization signal. (Lane 1) Testis RNA; (lane 2) liver
RNA. (Bottom panel) The ethidium bromide-stained pattern. (M) The RNA ladder (Ambion).

radiolabeled RNA probe transcribed either in the sense or
antisense directions. This would ensure that the signal in
the Northern was truly arising from the same strand as the
primary transcript. Figure 3D clearly shows that the
hybridization occurs with the antisense transcript as a
probe but not with the sense probe, confirming that in
vivo the 80-nt RNA is of the same strand and is the
processed product of the primary transcript.

Drosha mediates processing of 2.4-kb mrhl RNA

The microRNAs that are 22-nt RNA molecules regulating
mRNA expression post-transcriptionally are derived from a
pre-miRNA that is ~60-80 nt in length by the action of
Dicer (Lee et al. 2002; Kim 2005). The pre-miRNA itself is a
product of cleavage of a larger transcript by the enzyme
Drosha (Cai et al. 2004). The basic requirements in a
particular RNA species to be processed by Drosha have
been identified. The RNAs to be processed by Drosha often
fold back to give a stem—loop structure with a large stem,
an internal bulge, and a large loop region. Apart from this,
Drosha also requires flanking nonstructured RNA for its
cleavage (Han et al. 2006). Interestingly, the sequence of
2.4 kb when folded using an Mfold program also generated
a stem—loop structure with a large stem, an internal bulge,
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region of the sequence also corre-
sponded to the ~80-nt fragment that
we detected in vivo as shown in Figure
3B, suggesting that the 2.4-kb transcript
may serve as a substrate for the Drosha
|0 machinery. We subsequently examined
this possibility, whether the 2.4-kb tran-
script can generate the 80-nt fragment,
30 in an in vitro assay using a cell-free
system. For this purpose, we performed
the in vitro processing assay according
to the method described for miRNA
processing by Han et al. (2004). The

gene cloned between the T7 and SP6
promoters in pGmrhl was transcribed in

‘ 55 RNA

both sense and antisense orientations
and was incubated with whole cell
extract from testis. The processed RNA
was separated on a 15% polyacrylamide
gel containing 7 M urea. The results
presented in Figure 4A show an ~80-nt
processed RNA band that was seen only
from the sense transcript but not from
the antisense transcript.

After establishing that the 2.4-kb
transcript can be processed to generate
an ~80-nt fragment in a cell-free
extract, we wanted to examine whether
this can be demonstrated with Drosha (RNasen in mam-
mals). For this purpose, we carried out an in vitro Drosha
assay in which the plasmid pCK harboring Drosha Flag was
transfected into HEK 293T and the Drosha flag complex
was pulled down using anti-Flag agarose beads. It was
essential that we used Drosha complexed with another
RNA-binding protein, DGCRS, since the primary miRNA
cleavage is brought about by a Drosha—-DGCR8 complex
also known as the “microprocessor complex.” The beads
containing the complex were directly used for the Drosha
assay using in vitro transcribed sense or antisense mrhl
2.4-kb RNA as the substrate. A Western blot analysis using
anti-Drosha antibody confirmed the presence of Drosha in
the input cell lysates of the Flag Drosha transfected cell line
(Fig. 4B). The mock transfected cell line also showed the
presence of endogenous Drosha. Western blot analysis on
the immunoprecipitated beads using anti-Flag antibody
detected the Drosha Flag fusion protein at 140 kDa, only in
the immuno-pull-down of the pCK Drosha Flag transfected
cell line but not in the mock pCK Flag transfected cell line.
Figure 4C shows the autoradiogram of the processing assay,
and it can be seen that only the sense transcript is cleaved
by the Drosha complex to generate the ~80-nt fragment
but not the antisense transcript. As a control, we also used
mock-transfected cells, which did not show any processed
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TCCTEAGGTCGETCCTTCCATTCTTGTICTACTGETTTTGCAATATTTIGCC
TTCCCTTAGECTTTAATCAGAGTTGTGAGCGACCATGGCTGEGACTCTCTAGE
CTGGGCTTTTATAACTGCTTTATTSTTIGATTCCAGCAAGGARGCAGGALC
TTTAGCTTTGTCATTTCT T TAAGATAAGTATATAGATGCATCAAGTGACA
GTAAGTGCTTTTGAAAGAGGTAGAAGCTGTTTTAATTTIGTGCGTGTICAT
TCTTCTGTARGATAATTGCAGTCACTGGAAAGRAGTGTTGTTTGCTTTGC
CTGCTCTGTTCATTTGGACATTGGARACTGCATCTGAGATCCATGGATAC
TTTTTARATTTCATTTTRCACTTTTAANTGAARGTTTACAGAATCACTAL

We have also found that under these
conditions of Drosha silencing there is
no change in the 2.4-kb transcript level.
Thus, this experiment demonstrates
Drosha’s involvement in the processing

TCTAATAGATAAATATATGAACCCTTTIGGGT TATTTCTACCTGCCTRACT

of the 2.4-kb mrhl RNA to the ~80-nt

intermediate RNA.

The above experiments have shown
that the 2.4-kb mrhl RNA is processed
into an ~80-nt intermediate by the
Drosha enzyme machinery. As men-
tioned above, in the miRNA processing
pathway the 60-80-nt intermediate
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FIGURE 3. Characterization of region giving rise to ~80-nt signal. (A) Probes used for
identification of ~80-nt region within the narrowed down 380-bp region (Fig. 2A). (B) Small
RNA Northern blot of total RNA from (lanes 1,5,9) testis, (lanes 2,6,10) liver, and small RNAs
enriched (Ambion miRNA isolation kit) from (lanes 3,7,11) testis and (lanes 4,8,12) liver using
the probes F, G, and H. (Bottom panel) Ethidium bromide-stained pattern. (C) Sequence of the
380-bp region that was narrowed down from the 2.4-kb region is shown, and highlighted is the
90-nt region that gave the signal in Northern blots. (D) Northern blot on mouse testis and liver
RNA by using (lane 1,2) sense probe and (lane 3,4) antisense probe derived from T7 and SP6
promoters, respectively. (E) Secondary structure of the 380-nt region showing stem—loop
structures predicted by Mfold that maps to the region corresponding to hybridization signal.

The inset is the ~80-nt region that possess the stem—loop structure.

~80-nt RNA product. In order to unequivocally demon-
strate that the Drosha machinery is involved in the
processing of the 2.4-kb mrhl RNA primary transcript in
vivo, we used the siRNA approach to down-regulate
Drosha and look for the ~80-nt processed intermediate.
This experiment was carried out on a Gcl-Spg cell line of
mouse spermatogonial cells. Figure 4D shows the RT-PCR
analysis of the 2.4-kb RNA from the Gc1-Spg cell line in the
presence and absence of RT, where the signal was seen only
in the RT lane, demonstrating that this cell line does
express the 2.4-kb noncoding RNA. A Northern blot of
RNA from the same cell line was also done in order to
confirm the presence of the processed ~80-nt intermediate
RNA. As can be seen in Figure 4E, the 80-nt RNA is
detected in mouse Gcl-Spg cells (Fig. 4E, lane 1). The ~80-
nt processed RNA intermediate was also observed in the
testicular cells from 10-d-old mouse containing predomi-
nantly spermatogonial cells (Fig. 4E, lane 2). The results of
the siRNA experiment using the Gcl-Spg cell line are
shown in Figure 4F. The densitometric analysis showed
that Drosha was down-regulated to almost 70% after 60 h
post-transfection. At the same time, the ~80-nt processed
intermediate was also reduced to ~66% that of the control.

RNA is further processed into small
20-22-nt miRNA species by the Dicer

A machinery. It is interesting to note that
% we did not observe any small 22-nt
bk RNA being generated in the small

RNA Northern blot described in pre-
N vious experiments, indicating that in
vivo, this RNA may not be processed
toward miRNA species. As a positive
control, we have probed the presence of
Let-7 miRNA in the RNA samples, and
the result shown in Figure 5A also
confirms that there is no technical
problem in detecting the mature micro-
RNA in our Northern blot experiments.
The same blot was stripped and
reprobed using an mrhl probe, where
again only the ~80-nt intermediate
RNA was detected but not the 22-nt
mature miRNA. As mentioned above, the entire process of
miRNA maturation happens partially in the nucleus, where
Drosha is present, and the precursor to the mature miRNA
takes place with the aid of cytoplasmic Dicer. We then
examined the localization of the ~80-nt RNA in subcellular
fractions. We obtained the nuclear and the cytoplasmic
fractions from testis and liver tissues as described above
and performed a small RNA Northern analysis by the same
probe that was used to detect the ~80-nt RNA. Again we
could detect the 80-nt RNA in the nuclear compartment
but not in the cytoplasm (Fig. 5B). Some additional bands
were also observed in the 150-nt size region in the nuclear
fraction, which we presume to be the partially processed
primary transcript in the nucleus. Thus the 80-nt interme-
diate RNA is also nuclear-restricted and not being trans-
ported to cytoplasm. In order to confirm that the 22 nt
has not been generated in vivo, we resorted to the recently
described sensitive technique of the splinted ligation
method (Maroney et al. 2007). The results of this experi-
ment described in Figure 5C indicate that the positive
control Let 7 is detected by the splinted ligation method
with 2 g of total RNA, whereas the mrhl RNA was not
detected even at 4 ng of RNA. We have used two bridge
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FIGURE 4. Drosha-mediated processing of the mrhl RNA. RNA processing assay of the 2.4-kb
transcript derived from T7 (sense) and SP6 (antisense) promoters using total testicular cell
lysate. (A) The primary 2.4-kb transcript obtained from (lane 2) T7 or (lane 6) SP6
polymerase-mediated transcription. A processing assay was carried out with (lanes 3,7) 2
units, (lanes 4,8) 3 units, and (lanes 5,9) 4 units of RNasin/pL. The processed ~80-nt RNA was
seen only in lanes 3, 4, and 5 containing the sense transcripts. (M) The molecular size marker.
(B) Flag IP was performed from the HEK 293T cells transfected with the pCK-Drosha—Flag
construct. Mock transfection contains the empty vector pCK Flag without the insert. (Upper
panel) The Western blot of the input cell lysates using Drosha antibody; (bottom panel)
Western blot of Flag IP beads using Flag antibody. Flag Drosha fusion protein at 140 kDa is
seen only in the IP beads from pCK Drosha Flag-transfected cell lysate but not from pCK Flag-
transfected cell lysate. (C) Processing assay using the Flag immunoprecipitated beads
containing Drosha complex. (Lanes 2,5) The input T7 and SP6 polymerase-derived RNA
from the 2.4-kb primary transcript. (Mock IP, lanes 4,7) The processing reaction carried out
using mock-transfected beads. (Lanes 3,6) The reaction carried out with Flag IP beads. The
products were separated on 15% urea PAGE and autoradiographed. (M) The 10-nt RNA
ladder. (D) RT-PCR of mrhl RNA from the mouse Gcl-Spg cell line in the presence and
absence of RT. (E) Small RNA Northern blot on (lane I) mouse Gel-spg cell line and (lane 2)
RNA isolated from 10-d-old mouse testis probed with probe G (Fig. 3A). (Bottom panel) The
ethidium bromide-stained pattern. (F) Small RNA Northern blot on Gcl Spg total RNA
probed for 80-nt RNA after Drosha down-regulation. The cells were harvested 48 h and 60 h
post-transfection with a combination of two Drosha siRNAs (QIAGEN) and compared with
lipofectamine-transfected control. (Bottom panel, 5S RNA) The ethidium bromide-stained gel
pattern that was used as the loading control. (Botfom three panels) The RT-PCR analysis of
Drosha, mrhl, and B-actin using specific primers.

24-h and 36-h post-transfection, we
could not see the 22-nt mature RNA
as monitored by Northern analysis,
which also confirms our conclusion that
the 22 nt may not be formed in the in
vivo scenario. The expression pattern
of the 2.4-kb mrhl primary transcript
under the overexpressed conditions was
also monitored by RT-PCR (Fig. 5D,
bottom panel).

However, we were still curious to
know whether this ~80-nt RNA species
can be cleaved in vitro by Dicer to
generate the 22-nt miRNA. Toward this
direction, we amplified the region that
corresponds to the 80-nt region using
T7 and SP6 adapter primers for gener-
ating sense and antisense transcripts,
respectively. These in vitro transcribed
RNAs were used as substrates for an in
vitro Dicer assay using recombinant
human Dicer. As can be seen from
Figure 6, a 22-nt RNA fragment was
generated from only the sense transcript
but not from the antisense transcript.
Thus, the ~80-nt RNA that we have
identified does have the propensity to
act as a substrate for Dicer in an in vitro
scenario.

The mrhl RNA localizes to specific
nuclear compartment

Since the experiments described above
showed that both the 2.4-kb primary
transcript and the processed ~80-nt frag-
ment were nuclear-restricted, we wanted
to examine their intranuclear localiza-
tion pattern. Initially, we fractionated
nuclear extracts into nucleoplasmic and
chromatin fractions, and the isolated

oligos spanning each of the two complementary strands of
the ~80-nt mrhl small RNA as we were not sure of the
mature miRNA strand that could be generated in vivo. The
negative control experiment that did not have ligase, RNA,
or the bridge oligo did not give rise to any signal.
Furthermore, we also overexpressed the 2.4-kb mrhl RNA
in the Gcl1-Spg cell line under the CMV promoter and tried
to detect the 22-nt RNA, so that the primary transcript is
available in abundance to generate a detectable quantity of
the mature miRNA. We harvested the cells at 12 h, 24 h,
and 36 h post-transfection with a pCDNA mrhl construct
and carried out the Northern blot using an ~80-nt region-
specific probe (probe G). As seen from Figure 5D, although
there is a marginal increase in the 80-nt precursor form by
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RNAs were separated on a 15% and 5% polyacrylamide
containing 7 M urea and hybridized with probe G (Fig. 3A),
which encompassed the ~80-nt region with a flanking
nucleotide stretch that will hybridize both to the ~80-nt
as well as the 2.4-kb primary transcript. As can be seen in
Figure 7, A and B, the 2.4-kb primary transcript was en-
riched in the nucleoplasmic fraction, while the ~80-nt frag-
ment was enriched in the chromatin fraction. The integrity
of the RNA was also checked in an ethidium bromide-
stained gel as shown in Figure 7C. We could authenticate the
subnuclear fractions by analyzing their protein composition
on a 10% SDS-PAGE. The protein pattern showed in Figure
7D clearly reveals the presence of histones only in the
chromatin fraction and absent in nucleoplasm.
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FIGURE 5. Twenty-two-nucleotide mature microRNA is not generated in vivo. (A) Small
RNA Northern blot using probe that corresponds to the 80-nt intermediate region. (Lane 1)
Testis RNA; (lane 2) liver RNA. (M) The RNA ladder (Ambion). (Bottom panel) The positive
control, where the blot was used for hybridizing to Let-7 miRNA. (B) Northern blot on the
RNA isolated from nuclei and cytoplasm of (Tn, Tc) testis and (Ln, Lc) liver tissues with probe
G showing signal only in the nuclear lanes but not in the cytoplasm. (Bottorn panel) The
ethidium bromide-stained gel pattern. (C) Splinted ligation experiment on total testis RNA for
detection of microRNAs (Maroney et al. 2007). Let7, the positive control, is detected at 4 and
2 pg of RNA concentration, whereas the mrhl bridge oligos 1 and 2 representing each strand
of the 80-nt intermediate RNA failed to give a positive signal. The negative controls with no
ligase, or no bridge oligo, or no RNA did not give any signal. (D) Overexpression of the 2.4-kb
mrhl RNA in the mouse Gcl Spg cell line using the pCDNA mrhl construct. Small RNA
Northern blot using the 80-nt region as probe on total RNA isolated from cells 12 h, 24 h, and
36 h post-transfection. (Bottom panel) The RT-PCR of 2.4-kb RNA overexpression at various
time points. The ethidium bromide-stained gel showing 5S RNA represents the loading control.

probe to either the 2.4-kb primary tran-
script or the processed ~80-nt interme-
diate per se. However, there were some
additional signals from probe 1 that
correspond to the processed ~80-nt
RNA that did not colocalize. In a con-
trol experiment, we treated the cells
with RNase A prior to hybridization,
in which case no fluorescence signal was
seen (Fig. 8K-P).

We extended this observation further
to look at the localization of this 2.4-kb
mrhl transcript with any of the known
nuclear protein(s). Initially, we did the
experiment with Drosha to see the colo-
calization of Drosha with the RNA, and
we did, indeed, find that Drosha and the
2.4-kb primary transcript colocalize to
each other (Fig. 9A-D), strengthening
our earlier findings of Drosha’s involve-
ment in the processing of the 2.4-kb
mrhl RNA. Some reports have shown
the presence of Drosha in the nucleolus
(Fukuda et al. 2007). Hence, we carried
out colocalization of Drosha and Nucle-
olin, a nucleolus-specific protein. Figure
9, E-H, shows the colocalization of
Drosha and Nucleolin. As we observed
colocalization of Drosha and Nucleolin,
we wanted to examine whether we could

We further examined the in vivo localization of this
noncoding RNA within the nucleus, by a fluorescence RNA
in situ hybridization experiment. We used two probes
spanning different regions of the primary transcript, one
falling within the ~80-nt region and another away from
that region to score for the full-length 2.4-kb transcript.
Each of the probes was synthesized using LNA technology
for better hybridization stability and specificity (Elmqn et al.
2005). They were labeled with Cy3 for the probe 1 falling
within the ~80-nt region and with Cy5 for the probe 2
falling outside the region but within the 2.4-kb transcript.
This experiment was carried out on the Gcl-Spg cell line of
mouse spermatogonial cells, which expresses both the 2.4-
kb primary transcript as well as the processed ~80-nt RNA.
The in situ hybridizations were performed in the presence
of 50% formamide concentration and high stringency
washes. The in situ fluorescence images are shown in
Figure 8, A—F. Most interestingly, we observed clear, large
3-4 punctate signals hybridizing to both the probes. When
the cells were hybridized simultaneously, both the probes
showed colocalization patterns (Fig. 8G-J). The signal
observed in the large punctuate foci using the ~80-nt
probe 1 does not distinguish between hybridization of the

colocalize the RNA also to Nucleolin.
Thus we did a colocalization analysis of
the RNA with Nucleolin. Interestingly, the RNA and
Nucleolin also colocalized, showing the presence of the
RNA in the nucleolus (Fig. 91-L). A similar experiment was
performed in the RAGI cell line (data not shown), which is
a mouse renal adeno-carcinoma cell line, and we could
demonstrate the presence of this RNA in a similar pattern
in those cell lines also with predominant localization in the
nucleolus, showing that the result presented so far is a
general theme and not an artifactual signal due to some
property of the cell line itself. As mentioned above, the 2.4-
kb RNA coding gene is absent in humans, and our earlier
experiment showed that this gene is not expressed in brain
tissue in mouse. As an additional negative control, we
carried out similar RNA in situ in HeLa (human) as well as
C6 rat glioma (brain) cell lines. As can be seen in Figure 9,
M-R and S-X, we did not detect any signal in either of
these cell lines.

DISCUSSION

We had earlier identified a 2.4-kb transcript from mouse
chromosome 8D that is an unspliced, polyadenylated,
noncoding RNA (Nishant et al. 2004). Here we have
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FIGURE 6. Processing of ~80-nt RNA to 22-nt small RNA by Dicer
in vitro. Dicer assay for in vitro transcribed 80-nt RNA from T7
(sense) and SP6 (antisense) promoters using recombinant human
Dicer. The reaction was carried out for different time periods as
indicated. The sequence corresponding to the 80-nt processed RNA
was amplified using T7 and SP6 adapter primers, and the RNA was in
vitro transcribed using T7 (sense) or SP6 (antisense) polymerase and
used as substrates for Dicer. (M) The 10-nt RNA ladder.

provided unequivocal experimental evidence that it is a
noncoding RNA species by carrying out an in vitro
transcription-coupled translation assay. The gene encoding
this noncoding RNA transcript is also found in the rat
genome on chromosome 19 with 80% identity. It is
interesting to note that we did not find this gene to be
present in the human genome database by a bioinformatics
search. This is not completely surprising since recent
evidence shows that noncoding RNA genes may not be
conserved across species (Pollard et al. 2006). Even for the
miRNAs for which evolutionary conservation was consid-
ered to be a major factor for classifying them as miRNAs,
recent reports suggest that there are several authentic
miRNAs that fail to satisfy this criterion and that these
RNAs are, in fact, believed to play some role in the
evolution of that species as well (Ambros et al. 2003b).
The extensive secondary structure of the 2.4-kb mrhl
RNA prompted us to look for its putative RNA substrate in
the miRNA pathway. We did observe a processing of this
large RNA into a small intermediate RNA of ~80 nt in
length. The ~80-nt small intermediate mouse RNA is also
found to have 95% identity to the rat RNA sequences. The
~80-nt RNA region from the long transcript was further
delineated, and we did not find any short ORF within this
region, eliminating the possibility of any small peptides
having been generated. Rather, we did find a foldback
structure like a stem—loop and speculated that the RNA
might be a potential pre-miRNA. The Northern blot on
fractionated cellular compartments also showed the pres-
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ence of the ~80-nt RNA in the nucleus. This was very
interesting because the pre-miRNA generated in the
nucleus would have to be transported to the cytoplasm
for its processing by Dicer, but our experiment did not find
any cytoplasmic pre-miRNA. This in vivo identification of
an ~80-nt processed species was also supported by in vitro
experiments in which the 2.4-kb transcript was cleaved to
an ~80-nt small RNA by total cell-free lysate as well as by
purified Drosha complex. Interestingly, we also found that
the 80-nt small RNA species can be cleaved by Dicer in
vitro to a 22-nt microRNA species. The lack of detection of
the 22-nt mature RNA processed product in vivo can be
explained in two scenarios, where, in one, the RNA being
export-defective cannot bind to exportin 5 for its nuclear
cytoplasmic transport, as the majority of pre-miRNAs re-
quire exportin 5 for transport to the cytoplasm (Bohnsack
et al. 2004). The other reason may be that it is transiently
expressed at some developmental or differentiation time
point, which we are not able to score for at present. It
is becoming very clear that there exist multiple levels
of regulation operating within an miRNA pathway. For
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FIGURE 7. Distribution of precursor and the processed RNA
between nucleoplasm and chromatin. Testicular nuclei were processed
to isolate the nucleoplasmic and chromatin fractions, and the total
RNA was hybridized with probes against the 2.4-kb primary transcript
and the 80-nt processed product. (A) Northern blot using probe G of
RNA from (lane I) total (T), (lane 2) nucleoplasm (N), and (lane 3)
chromatin (C) of testis separated on 15% PAGE containing 7 M urea
showing bands at the 80-nt position. (M) The 10-nt RNA ladder. (B)
Northern blot using probe G of RNA from (lane I) total (T), (lane 2)
nucleoplasm (N), and (lane 3) chromatin (C) of testis separated on
5% PAGE containing 7 M urea showing bands at the 2.4-kb position.
(C, lanes I-3) RNA profile of total (T), nucleoplasm (N), and
chromatin (C) of mouse testis on a 15% PAGE containing 7 M urea.
(D) Protein profile by 15% SDS-PAGE of the fractionated (lane I)
total nucleus, (lane 2) nucleoplasm, and (lane 3) chromatin showing
enrichment of histones in the chromatin fraction.
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K

FIGURE 8. The mrhl RNA localizes to the nucleus. RNA in situ on
mouse Gel Spg cells using LNA probes. (A-C) RNA in situ performed
using probe 1 (encompassing the sequence within the 80-nt region)
labeled with Cy3. (B) Punctate nuclear localization of the RNA. (C)
The merge image. (D-F) RNA in situ hybridization using probe 2
labeled with Cy5 encompassing the region outside the 80-nt region
but within the 2.4-kb mrhl RNA. (G-J) The colocalization of (H)
probe 1 and (I) probe 2 showing a (J) clear overlapping pattern. Cy3
shows additional diffused signal apart from the colocalized spots. (K—
P) RNA in situ of cells using (K-M) probe 1 and (N-P) probe 2,
where cells are treated with RNase A prior to hybridization showing
no signal. The nucleus is stained with DAPI.

example, the Caenorhabditis elegans miR38 is expressed
only in the embryo, whereas the precursor is ubiquitously
detected in all stages of development, indicating that the
maturation might be temporally regulated (Ambros et al.
2003a). Since some of the miRNAs are known to determine
major cell fate decisions, it has become vital for the system
to tightly regulate their expression in a highly temporal and
spatial manner (Lagos-Quintana et al. 2002; He et al. 2005).
It is still plausible that under certain physiological or
pathological conditions, this 22-nt species may be gener-
ated in vivo and found in cytoplasm targeting specific
mRNAs.

The next major question we raised was a possible role
of the ~80-nt RNA within the nucleus itself. There are
numerous RNAs reported in the literature that elicit its
function at the nuclear level. The well-studied regulatory
RNAs such as Xist in mammals bring about long-range

chromatin interactions and are indispensable for the
establishment of dosage compensation by forming inactive
X-chromosomes (Constancia et al. 2000; Heard 2004).
Prasanth et al. (2005) have also reported CTN RNA, which
is activated upon stress conditions and regulates its coun-
terpart, the cation-activated channel protein mRNA, by
alternate promoter and poly(A) site usage. The 8-kb CTN
RNAs are localized specifically in subnuclear compartments
like nuclear speckles and are post-transcriptionally cleaved
to produce the protein-coding mRNA. Similarly, a screen
for nuclear transcripts has identified two noncoding RNAs
that are linked and are associated with S35 splicing do-
mains in the nucleus (Hutchinson et al. 2007). These results
suggest that RNAs that are involved in a multitude of
functions are actually targeted to specific compartments in
the cells and do not show a generalized uniform localiza-
tion pattern (Pagano et al. 2007).

The fluorescent RNA in situ experiments using LNA
probes also show a specific localization pattern of both the
2.4-kb transcript and the processed ~80-nt RNA species to
the nucleolus. There was also additional extra-nucleolar
signal observed with probe 1 labeled with Cy3 apart from

FIGURE 9. The nucleolus is the site of processing of mrhl RNA.
Immunolocalization combined with RNA in situ on the mouse cells.
(A-D) RNA in situ on the mouse Gcl Spg cells using LNA probe 2
labeled with (B) Cy5 and (C) immunofluorescence using anti-Drosha
followed by anti-rabbit Alexa 488. (D) The colocalization of both the
signals showing overlapping regions in the nucleus. Immunolocaliza-
tion of (F) Drosha and (G) nucleolin in the nucleus using anti-rabbit
Alexa 568 and anti-mouse Alexa 488 secondary antibodies. (H) The
merge of the two images showing colocalization. Colocalization of
mrhl RNA hybridized to (J) cy5-labeled LNA probe 2 with (K)
nucleolin showing (L) overlapping signals. (M—X) Negative controls
using (M—-R) HeLa and (S—X) rat C6 glioma cells that do not express
the RNA, where no hybridization of the LNA probes could be
visualized. The nucleus is stained with DAPI.
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the one that was colocalizing with Nucleolin and Drosha.
Furthermore, we have also shown biochemically that the
processed ~80-nt RNA species is associated with chroma-
tin fraction. Analysis of these extra-nucleolar chromatin
domain(s) harboring the processed ~80-nt RNA species
will give valuable insights into the possible function of the
2.4-kb mrhl RNA.

MATERIALS AND METHODS

Animals and reagents

Male BALB/c mice and CD1 mice were obtained from the Central
Animal Facility at the Indian Institute of Science, Bangalore, India,
and the Animal facility at JNCASR. [a-**P]dATP and other
radioactive isotopes were obtained from the Board of Radiation
and Isotope Technology (BRIT; India).

RNA isolation and RT-PCR

Total RNA from mouse testis and other tissues was isolated
by using TRIzol reagent (Invitrogen) as per the manufacturer’s
protocol. Approximately 2-3 g of RNA were taken and reverse-
transcribed by using oligo(dT) reverse primers or random
primers. About 1/20 of the RT product was used for PCR with
gene-specific primers for the noncoding transcript.

RNA was isolated from the nucleus and cytoplasm from liver
and testis by the following protocol. The tissue was homogenized
in buffer A (10 mM Tris-Cl at pH 7.4, 5 mM MgCl,, 1 mM CaCl,,
40 mM NaHSOj3, 0.1 mM PMSF) containing 0.34 M sucrose. The
homogenate was spun at 1000g to separate nuclear and cytoplas-
mic fractions. The nuclear fraction was suspended in buffer A con-
taining 2.3 M sucrose and spun at 100,000g for 1 h. The nuclear
pellet was washed once in buffer A containing 0.34 M sucrose, and
the RNA was isolated using TRIzol reagent. For cytoplasmic RNA
isolation, the supernatant after separating the nuclear pellet was
taken and the RNA was extracted by using phenol:chloroform and
by ethanol precipitation. RNA obtained from fractionated tissues
was used for RT-PCR or Northern analysis.

Subnuclear fractionation

The nuclei isolated from the tissues as described previously were
resuspended in buffer A and sonicated for 5 sec at 25 amplitude in
a sonicator (Vibra sonics) and layered on a 30% sucrose cushion
and centrifuged at 1000g for 20 min to fractionate it into chro-
matin and nucleoplasm. RNA was isolated from both the fractions
after digestion with RNase free DNAse (Sigma). An aliquot of the
input was also used for profiling the protein composition to check
the purity of the preparation.

In vitro coupled transcription/translation

The in vitro coupled transcription/translation was done using the
T7 rabbit reticulolysate system (Promega). Briefly, the gene cloned
downstream from the T7 promoter in the pGem3Zf+ vector, was
added to rabbit reticulolysate along with *>S-methionine, and
incubated for 90 min at 30°C. The in vitro translated products
were separated in 15% SDS-PAGE. The gel was dried and exposed
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to a PhosphorImager screen. RNA was also isolated from the same
mixture after DNase treatment, and RT-PCR was performed for
the specific genes of interest.

Small RNA Northern hybridization

The small RNA PAGE was carried out as described previously
(Lagos-Quintana et al. 2002). Approximately 30 g of RNA in
loading buffer were denatured for 15 min at 65°C and loaded on
the 15% PAGE containing 7 M urea gel. The EtBr-stained gel was
used to check the integrity and the quantity of RNA. The small
RNAs were transferred to a Nylon membrane and immobilized
under UV. The membrane was prehybridized for 2 h at 42°C in
prehybridization buffer (7% SDS, 5X SSC, 2X Denhart’s reagent,
0.2 M sodium phosphate, 100 wg/mL denatured single-stranded
DNA. The amplified PCR product representing full-length or part
of the mrhl gene was gel purified and was used for probe
generation by Klenow labeling with random primers. Alterna-
tively, RNA probes derived from in vitro transcription in the pres-
ence of [a->*P]JUTP were also used for strand-specific Northern
analysis. Hybridization was carried out overnight at 42°C. The
membrane was then washed twice in 2X SSC/0.5% SDS at room
temperature and once each in 1X SSC/0.1% SDS at 42°C and
0.1X SSC/0.1% SDS at 42°C and exposed to a PhosphorImager
screen. The Let-7 probe (Sigma) was used as a positive control.

Splinted ligation

Splinted ligation was carried out as described by Maroney et al.
(2007). The sequence of the oligos used in the experiment is given
below. The Linker oligo was purchased from IDT, while the Bridge
oligos were from Sigma:

Linker Oligo: 5'-CGCTTATGACATTddC-3";

Bridge Mrhl 1: 5'-GAATGTCATAAGCGAAGCACTTACTGTCA
CTTGATGCA-3';

Bridge Mrhl 2: 5'-GAATGTCATAAGCGCAAAATTAAAACAGC
TTCTACCTCT-3'; and

Bridge Let 7: 5'-GAATGTCATAAGCGAACTATACAACCTACT
ACCTCA-3'".

miRNA processing assay

The miRNA processing assay was carried out using mouse
testicular total cell lysates. Briefly, the testis was decapsulated
and treated with collagenase IV (Sigma). The cell pellet was
resuspended in buffer D (20 mM HEPES at pH 7.9, 100 mM KCl,
0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 5% glycerol) and
sonicated to lyse the cells. The processing reaction was carried out
as described previously (Han et al. 2004).

In vitro Drosha processing assay

HEK293T cells were transfected with pCK Drosha Flag or pCK
Flag. The cells were harvested 48 h post-transfection, and the
pellet was suspended in buffer D. The cells were sonicated to lyse
them and the supernatant after clearing was immunoprecipitated
using anti-Flag agarose beads (Sigma). The beads after washing
with buffer D were directly used for the processing assay as
described previously.
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In vitro Dicer assay

The in vitro transcribed sense (T7) or antisense (SP6) transcript of
the purified ~80-nt region was used for a Dicer assay as per the
manufacturer’s protocol (Ambion). An aliquot of the reaction was
taken at different time points and resolved on a 15% urea-PAGE
gel. The gel was dried and autoradiographed.

Overexpression and silencing studies

mrhl cloned in a pCDNA vector under the CMV promoter was
transfected into 80% confluent Gc1-Spg cells using Lipofectamine
2000 as per the manufacturer’s instructions. The cells were
harvested at various time points post-transfection, and RNA was
extracted using TRIzol reagent. For the silencing experiment, a
combination of two Drosha siRNAs (QIAGEN) was transfected in
similar fashion, and total RNA and protein were used for various
experiments.

In situ RNA hybridization with LNA probes

The LNA probes specific for the mrhl RNA and the processed
transcript were labeled with Cy3 and Cy5 (Exiqon) and hybridized
in situ on mouse cell lines as described by Prasanth et al. (2005)
with some modifications. Briefly, the cells grown on the coverslips
were washed once with PBS and fixed with 4% formaldehyde and
10% acetic acid for 10 min at room temperature. The cells were
dehydrated in 70% ethanol, subsequently rehydrated in PBS, and
permeablized in PBS with 0.01% Triton X-100. After washing
twice in PBS, the cells were prehybridized for ~1 h in solution
containing 10% dextran sulfate, 2 mM vanadyl ribonucleotide
complex, 0.2% BSA, 40 g of Escherichia coli tRNA, 2X SSC,
50% formamide, and 200 pg/mL sheared single-stranded salmon
sperm DNA. The prehybridization was followed by hybridization
with 10 nM concentration of the probe in the same buffer for 8 h
at 50°C in a moist chamber. The cells were then washed twice in
buffer containing 50% formamide and 2X SSC followed by once
in 50% formamide in 0.5% SSC and 0.1% SDS. The coverslips
were mounted subsequently on 60% glycerol in PBS containing
10 wg/wL DAPL

For immunofluorescence, the cells after hybridization washes
were once again washed with PBS, and appropriate dilutions of
the primary antibody (mouse monoclonal anti Nucleolin [Santa
Cruz] and rabbit polyclonal anti-Drosha [a gift from Narry Kim,
Seoul National University]) were added and incubated for 1 h at
room temperature in a moist chamber followed by three washes in
PBS containing 0.1% Tween 20. This was followed by incubation
with appropriate secondary antibody conjugated with Alexa Fluor
for 1 h at room temperature in a moist chamber. The cells were
washed thrice in PBS containing 0.1% Tween 20 and dried. The
coverslips were mounted on 60% glycerol in PBS containing
DAPI. The images were acquired in an LSM 10 Meta confocal
microscope (Carl Zeiss), and images were analyzed by image
analysis software provided by Carl Zeiss.
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