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LETTER TO THE EDITOR

An evolutionarily conserved, alternatively spliced, intron
in the p68/DDX5 DEAD-box RNA helicase gene encodes

a novel miRNA
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ABSTRACT

The DEAD-box RNA helicase p68 (DDX5) plays important roles in several cellular processes, including transcription, pre-mRNA
processing, and microRNA (miRNA) processing. p68 expression is growth and developmentally regulated, and alterations in p68
expression and/or function have been implicated in tumor development. The p68 gene encodes an evolutionarily conserved,
alternatively spliced, intron the function of which has to date remained unclear. Although the intron-containing p68 RNA does
not appear to yield an alternative p68 protein, it is differentially expressed in cell lines and tissues, indicating regulation of
expression. Here we show that the p68 conserved intron encodes a novel putative miRNA, suggesting a previously unknown
possible regulatory function for the p68 intron. We show that this miRNA (referred to as p68 miRNA) is processed from the
intron via the canonical miRNA-processing pathway and that it associates with the Argonaute protein Ago2. Finally we show
that the p68 miRNA suppresses an mRNA bearing complementary target sequences, suggesting that it is functional. These

findings suggest a novel mechanism by which alterations in p68 expression may impact on the cell.

Keywords: p68/DDX5; RNA helicase; alternatively spliced intron; miRNA

INTRODUCTION

p68 (DDXS5) is one of the prototypic members of the
DEAD-box family of RNA helicases (Ford et al. 1988),
which includes a large number of proteins that participate
in virtually all processes involving RNA metabolism (for
review, see Linder 2006). Like several other DEAD-box
proteins, p68 has been highly conserved through phylogeny
with the yeast and human homologs sharing ~55% identity
at the amino acid level (Iggo et al. 1991), implying an im-
portant conserved function(s) for p68 in the cell. Several
reports have demonstrated that p68 expression is growth
and developmentally regulated (Stevenson et al. 1998;
Seufert et al. 2000; Kitamura et al. 2001; Kahlina et al.
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2004), while p68 knockout in mice results in embryonic
lethality at approximately embryonic day 11.5 (~E11.5),
underscoring the importance of this protein. Additionally,
p68 is aberrantly expressed and/or post-translationally
modified in a range of cancers (Causevic et al. 2001; Yang
et al. 2005; Shin et al. 2007; Clark et al. 2008; Wortham
et al. 2009), suggesting that changes in p68 levels and/or
function may be important in cancer development.

p68 is a multifunctional protein and has been shown to
be involved in multiple cellular processes, including pre-
mRNA processing (Liu 2002), alternative splicing (Guil
et al. 2003; Clark et al. 2008), ribosomal RNA processing
(Bond et al. 2001), nonsense-mediated decay (Bond et al.
2001), RNAi and miRNA processing (Ishizuka et al. 2002;
Fukuda et al. 2007), and transcriptional regulation (for
review, see Fuller-Pace 2006). As a transcriptional co-
regulator, p68 has been found to coactivate several tran-
scription factors that are themselves highly regulated (e.g.,
Estrogen Receptor o [Endoh et al. 1999], the tumor
suppressor p53 [Bates et al. 2005], Androgen Receptor
[Clark et al. 2008], the myogenic regulator MyoD [Caretti
et al. 2006], and the osteoblast differentiation factor Runx2
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[Jensen et al. 2008]). Interestingly, these studies showed
that while p68 RNA helicase activity appears to be im-
portant for some functions (e.g., RNA processing), it does
not appear to be required for its role as a transcriptional
coactivator.

The p68 gene contains a large intron (intron 11, 1.2 kb in
the human gene), which has been conserved through
evolution, being present even in yeast (Iggo et al. 1991;
Rossler et al. 2000). Several studies have demonstrated the
presence of two predominant p68 RNAs in cell lines and
tissues, resulting from alternative splicing of this intron,
and shown that their expression is differentially regulated,
suggesting that the intron-containing RNA is not only
stable but may also be functional (Stevenson et al. 1998;
Rossler et al. 2000). Inclusion of the intron introduces a
stop codon, but, to date, there is no evidence for the pres-
ence of a truncated protein. In yeast, the p68 RNA that
contains this large intron can negatively regulate expression
of p68 protein levels (Barta and Iggo 1995), again suggest-
ing that this intron is functionally important. However, in
mammalian tissues, there is no obvious positive, or neg-
ative, correlation between levels of intron-containing p68
RNA and p68 protein (Stevenson et al. 1998). Therefore,
the function of this conserved intron has remained unclear.

miRNAs are small non-coding RNAs that post-tran-
scriptionally regulate expression of mRNAs by base-pairing
with complementary sequences, usually within the 3" UTR
of the targeted mRNA (Lewis et al. 2003). They are se-
quentially processed from primary transcripts (pri-miRNA)
by the Drosha/Microprocessor complex into precursor
miRNAs (pre-miRNA) (Lee et al. 2003; Han et al. 2004).
Pre-miRNAs are further processed by Dicer to produce the
mature miRNA duplex (Grishok et al. 2001; Hutvagner
et al. 2001). One strand of the miRNA guides the RNA-
induced silencing complex (RISC) to target mRNAs,
resulting in inhibition of translation and/or degradation
of the mRNA (for review, see Hock and Meister 2008). It
has become increasingly clear that miRNAs can regulate
virtually every cellular process and that their aberrant ex-
pression can contribute to the pathogenesis of many dis-
eases, and there is growing evidence that miRNA dysregu-
lation plays a key role in cancer development and progression
(for review, see Croce 2009).

In an analysis of the sequence of the p68 intron, we
found that it encodes a putative miRNA not previously
annotated, suggesting a previously unknown possible reg-
ulatory function for the p68 intron. Here we show that this
novel p68 intron-encoded small RNA (herein referred to as
the p68 miRNA) is expressed endogenously in a range of
cell lines and is processed from the p68 intron via the
canonical miRNA-processing pathway. Moreover, we dem-
onstrate that the mature p68 miRNA coimmunoprecipi-
tates with Argonaute2 (Ago2) and that it is functional since
it suppresses expression of an mRNA bearing complemen-
tary target sequences. Taken together, these findings in-
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dicate that the conserved p68 intron encodes a novel
miRNA. In this respect, the previous observations that ex-
pression of the intron-containing RNA appears to be
differentially regulated (Stevenson et al. 1998; Rossler
et al. 2000) would provide an additional mechanism by
which alterations in p68 expression may impact on the cell.

RESULTS AND DISCUSSION

The conserved p68 intron potentially encodes
a conserved miRNA

Analysis of the sequence conservation of the p68 gene in
mammals (UCSC Genome Browser) shows that the alter-
natively spliced intron (intron 11) of p68 is highly con-
served, while, with the exception of part of intron 1, the
other introns show little conservation between species (Fig.
1A). This observation, coupled with the fact that the p68
RNA, which includes this intron, is stable and differentially
expressed between tissues (Stevenson et al. 1998; Rossler
et al. 2000), suggests that sequences within this intron are
important. However, to date, the function of this intron has
remained unclear. Analysis of this intron sequence using
“One-ClassMiRNAfind” (http://wotan.wistar.upenn.edu/
OneClassmiRNA) (Yousef et al. 2006) identified a putative,
novel miRNA that has not previously been described in the
miRBase database (Fig. 1B). Subsequent folding (RNAfold)
of the RNA sequence corresponding to the predicted
miRNA precursor revealed a characteristic stem—loop struc-
ture, with the predicted miRNA sequence lying on one arm
of the stem (Fig. 1C). Both the predicted p68 miRNA and
the primary miRNA are very highly conserved in mammals,
with a high level of conservation extending to opossum and
chicken and a lower level in Xenopus (Fig. 1B,D) but not to
zebrafish (data not shown).

The p68 intron-encoded predicted miRNA is
expressed in cells and is derived from the intron

In order to demonstrate that the predicted p68 miRNA is
expressed in cell lines, total RNA isolated from triplicate
samples of MCF-7 and U20S cells were subjected to sen-
sitive Northern hybridization (Pall et al. 2007) using a probe
complementary to the predicted p68 miRNA sequence
(Supplemental Table 1A). The Northern blot revealed the
presence of two specific hybridizing bands with the sizes
of ~21 nt and ~90 nt long, respectively, in both cell lines
(Fig. 2A). The size of these fragments corresponds to the
characteristic sizes of the mature and pre-miRNAs. To
complement this approach, and to quantitatively analyze
expression of the putative mature p68 miRNA by qRT-
PCR, a custom primer was designed by QIAGEN based on
the predicted mature miRNA sequence (QIAGEN miScript
system) to specifically amplify the mature form of the p68
intron-generated miRNA (see Materials and Methods;
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Mouse UUGCAGCUGCaGUUGUAAGGU
Dog UUGCAGCUGCGGUUGUAAGGU
Opossum UUGCAGCUGCGGUUGUAAGGU
Chicken UUGCAGCUGCaGUUcaAAGGU
X. tropicalis UUGucGCUcaacUUGUAAGGU
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D Human GAAGCGCUUGCCUAGACGAGACACAGUGCAUAAAAACAACUUUUGGGGGACAGGUAUGUUUUCUUGCAGCUGCGGUUGUAAGGUCUUGGCARGACAAGCA
Mouse GAAGCGCUUGCCUAGACGAGACACAGUGCAUVAAAACAACUUUUGGGGGACAGGUAUGUUUUCUUGCAGCUGCaGUUGUAAGGUCUUGGCAAGACAAGCA
Dog GAAGCGCUUGCCUAGACGAGACACAGUGCAUAAAAACAACUUUUGGGGGACAGGUAUGUUUUCUUGCAGCUGCGGUUGUAAGGUCUUGGCAAGACAAGCA
Opossum  GAAGCGCUUGCCUAGACGAGACACAGUGCAUAAAAACGYCUUUUGGGGEGACAGGUAUGUUUUCUUGCAGCUGCGGUUGUAAGGUCUUGGCARGACGAGCA
Chicken GAAGUGCUUGCCUAGACGAGACA--GUGCAUAARARCAACUUUUGGGGGACAGGUAUGUUUUCUUGCAGCUGCaGUUCaAAGGUCUUGGCARGACGAGCA

X. tropicalis c¢RAGCGCUUGCCUAGACGRCACYCAGCaCAcAgCcARUARAcUcUGEGEGYCYGEUgUuTgCcyCUUGUeGCUcaacUUGUAAGGUCUUGGCARGRAaRAGCA

FIGURE 1. Conservation of p68 intron 11 and the putative p68 miRNA. (A) p68 gene structure and conservation as shown in the UCSC Genome
Browser. The highly conserved intron 11 is labeled and highlighted with a box. The degree of conservation between mammals is shown below the
gene structure with the height of the peak correlating with the extent of conservation. (B) Sequence of the predicted mature p68 miRNA and its
conservation between species. (C) Structure of the p68 pre-miRNA as predicted by RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). The
predicted mature p68 miRNA sequence is highlighted in bold and is underlined. (D) Sequence of the predicted p68 pre-miRNA and its

conservation between species.

Supplemental Table 1B). Similarly, primers to specifically
detect RNA containing intron 11 of the p68 gene and ap-
propriate controls were designed and purchased accordingly
(Supplemental Table 1C). Using this method, we dem-
onstrated that the putative mature p68 miRNA is expressed
at relatively low levels, which are similar to those of miR-19a
(a well-annotated miRNA) (Fig. 2B). Moreover, we showed
that the putative p68 miRNA is differentially expressed across
a range of breast cancer cell lines and that its expression
correlates with the expression of the p68 intron (Fig. 2C),
suggesting that it is derived from the p68 intron.
Consistent with the idea that the putative p68 miRNA is
processed from the p68 conserved intron, overexpression of
the intron in MCF-7 cells resulted in increased levels of the
p68 miRNA (Fig. 2D), while an siRNA targeted against
sequences within the intron, but outside the region corre-
sponding to the p68 miRNA, resulted in a decrease in p68
miRNA expression (Fig. 2E). Similar results were obtained
with U20S cells (data not shown). (siRNA sequences are
shown in Supplemental Table 1D.) Moreover, overexpres-
sion or siRNA knockdown of the p68 intron did not result

in significant alterations of the levels of Ul small nuclear
RNA (RNUIA) or p68 mRNA, ruling out non-specific
effects of intron overexpression/siRNA knockdown (data
not shown). These complementary approaches confirm
that the putative p68 miRNA is indeed derived from the
po68 intron.

The p68 intron-encoded small RNA is a bona
fide miRNA

It is well established that decreased levels of the key proteins
of the miRNA processing and maturation pathway result in
an attenuation of the steady-state level of miRNAs (for
review, see Kim et al. 2009). Therefore, in order to dem-
onstrate that the small RNA derived from the p68 intron is
indeed a bona fide miRNA that is processed via the
canonical miRNA-processing pathway, we knocked down
the proteins of this processing pathway by siRNA (Supple-
mental Table 1D) and monitored the effects of such
knockdowns on the expression of the p68 intron-encoded
miRNA. Firstly, we targeted the Microprocessor complex
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with an siRNA against Drosha, which is
involved in processing of the primary
miRNA transcript into the precursor
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FIGURE 2. Expression of the predicted p68 miRNA and intron 11-containing p68 RNA. (A)
Northern blot to detect the predicted p68 miRNA in MCEF-7 and U20S cells using a probe
complementary to the predicted sequence. RNA species corresponding to the size of the
mature p68 miRNA and the pre-p68 miRNA were detected. (B) qRT-PCR demonstrating
expression of the p68 miRNA in MCF-7 cells as compared with other well-annotated miRNAs.
(C) qRT-PCR showing expression of p68 intron 1l-containing RNA and the mature p68
miRNA in a range of cell lines. (D) qRT-PCR showing expression of p68 intron 11-containing
RNA and the p68 miRNA in MCEF-7 cells transfected with a plasmid encoding the p68 intron
11 or an empty vector control. (E) qRT-PCR showing expression of p68 intron 11-containing
RNA and the p68 miRNA in MCF-7 cells transfected with an siRNA targeting the p68 intron or
a non-specific siRNA. In graphs B and C expression of intron 11-containing p68 RNA (p68
intron) and p68 miRNA was calculated relative to TBP (TATA binding protein) and U25
(SNORD?25), respectively. In graphs D and E values are calculated as fold change from
untransfected cells. In all graphs the average values from three independent experiments are
shown =SEM. (UT) Untransfected cells; (NS) non-specific; (p68int) p68 intron 11.
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p68 miRNA (Fig. 3C). Thirdly, we
knocked down the Argonaute protein
Ago2, which plays an active role in the
maturation of miRNAs by facilitating
the generation of single-stranded ma-
ture miRNAs from the double-stranded
intermediate duplexes (Matranga et al.
2005). This again resulted in a decrease
in the levels of the putative p68 miRNA
(Fig. 3D). In all cases, a non-specific
siRNA was used as a control. As addi-
tional controls, the levels of miR-19a
and its primary transcript miR-17-92
were monitored. This showed that miR-
19a was similarly reduced by Drosha,
Dicer, or Ago2 knockdown, while the
miR-17-92 transcript was increased by
Drosha knockdown, confirming that
the putative p68 miRNA is processed
in a similar way to miR-19a. For each
experiment Western blotting was used
to monitor the efficiency of the Drosha,
Dicer, and Ago2 knockdowns (Fig. 3E),
and specific effects of the siRNAs on
general RNA processing were ruled out
by showing that there were no effects on
RNUIA expression (data not shown).

The p68 miRNA is a functional
miRNA

miRNAs that are involved in transla-
tional repression or target cleavage are
found bound to an effector Argonaute
protein, forming the minimal RISC (for
review, see Hutvagner and Simard
2008). To determine whether the puta-
tive p68 miRNA is functional, we im-
munoprecipitated Ago2 from MCEF-7
cells and carried out miRNA-specific
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qRT-PCR to detect coimmunoprecipitating miRNAs.
Using this approach, we showed that the p68 miRNA is
present in the Ago2 immunoprecipitate (IP) at a level

comparable to that of miR-19a (Fig. 3F),
which is expressed at a similar level (Fig.
2B). This finding suggests that the p68
miRNA is efficiently incorporated into
Ago2 RISC complexes. A Flag IP was
used as a control to rule out non-specific
precipitation of the p68 miRNA; this was
further confirmed by Western blotting of
the immunoprecipitates (Fig. 3G).
Endogenous miRNAs can mediate
sequence-specific RNA cleavage or re-
press translation of specific mRNAs if a
target with perfect complementarity is
presented. Therefore, to demonstrate that
the p68 miRNA is functional, a luciferase
biosensor assay, using the psiCHECK-2
reporter system, was designed in which
the Renilla luciferase is regulated by an
artificial 3’ UTR containing three copies
of the complementary target site of the
p68 miRNA (Supplemental Table 1E). As
a control, we generated a similar sensor
reporter in which we mutated a number
of bases in the p68 miRNA complemen-
tary sequences to prevent sequence-specific
cleavage or translational repression pos-
sibly mediated by the p68 miRNA (Sup-
plemental Table 1E). When these reporter
plasmids were transfected into MCF-7
cells, the expression level of the p68
miRNA-targeted reporter was signifi-
cantly lower than that of the reporter
with the mutated p68 miRNA target
sites (Fig. 3H), suggesting that the p68
miRNA recognizes and regulates ex-
pression through the complementary
sequences built in the miRNA sensor.
This effect was slightly, but significantly
(p = 0.05), more prominent when the
p68 intron was co-transfected with the
sensor reporter plasmids. These findings
are consistent with the observation that
higher expression levels of the intron re-
sult in increased steady-state level of p68
miRNA (Fig. 2D), which may, in turn,
enhance the repression of the p68
miRNA sensor reporter (Fig. 3H). To
test that the effect of the overexpression
of the p68 miRNA-expressing p68 in-
tron is specific to the regulation of the
p68 miRNA sensor, we co-transfected
the p68 intron with a sensor that is

regulated by an unrelated miRNA, the endogenous let-7
miRNA (Johnston et al. 2010). This experiment showed
that the overexpressed p68 intron has no effect on the
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expression of the let-7 sensor, suggesting that the regulation
mediated by the p68 intron-generated miRNA is specific
(Fig. 31). It should be noted that the levels of expression of
the sensor including let-7 complementary sequences are
very low compared with those of the mutated let-7
miRNA target site, possibly reflecting the higher abun-
dance of endogenous let-7 miRNA. Nevertheless, no
enhanced repression of the let-7 miRNA was observed
following overexpression of the p68 intron (p = 0.57) (Fig.
3I) as compared with that seen with the p68 miRNA sensor
(Fig. 3H).

In summary, we have identified a novel, not previously
annotated, miRNA encoded within a large conserved intron
(intron 11) of the p68 gene. The sequence of the p68
miRNA is well conserved among species, consistent with
the idea that many miRNAs are evolutionarily conserved
with possible conserved functions (for review, see Niwa and
Slack 2007). Moreover, the expression of the p68 miRNA
correlates with that of the p68 conserved intron, and its
expression can be modulated by either overexpressing or
knocking down of the intron, suggesting that the p68
miRNA is indeed generated from this intron. We have
shown that the p68 miRNA is a bona fide miRNA since it is
generated through the canonical miRNA processing path-
way and that the mature p68 miRNA is able to form a
complex with human Ago2. Furthermore, the p68 miRNA
is able to specifically repress the expression of a luciferase
reporter plasmid containing complementary target se-
quences in its 3' UTR, strongly suggesting that the p68
miRNA is functional and has the potential to regulate
endogenous targets.

More than 2000 miRNAs have been described to date,
with many more miRNAs being discovered due to im-
provements in prediction software and the extensive use of

massive parallel sequencing technology. However, this is
the first report of a miRNA encoded within the p68 gene. It
is very interesting that extensive new-generation sequenc-
ing of small RNA libraries has not yet revealed the p68-
derived miRNA despite the fact that deep sequencing data
are available for U20S (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?tacc=GSM416754) and MCEF-7 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSM416760) cells.
We have searched this database but did not find sequences
that are similar to the p68 miRNA. In contrast, miR-19a,
which is expressed at a level comparable to that of the p68
miRNA, was represented in both libraries with low fre-
quency compared with the most abundant miRNAs (2803
reads in U20S and 261 in MCF-7). The simplest explana-
tion for this discrepancy is that the p68 miRNA is difficult
to clone using recent technology and is therefore un-
der-represented in deep sequencing libraries. This possibil-
ity is supported by the fact that we failed to identify the
5'-end of the mature p68 miRNA using a 5'-RACE ap-
proach (data not shown). Indeed, it has recently been shown
that deep sequencing of small RNA libraries is biased and the
library-making process generates this bias (Linsen et al.
2009). The majority of mammalian miRNAs are encoded
within introns of transcriptional units and are transcribed
by RNA polymerase II as part of the host gene (Rodriguez
et al. 2004; Kim and Kim 2007; Rearick et al. 2010). The
presence of the p68 miRNA within intron 11 of the p68
gene may explain the high evolutionary conservation of this
intron and suggests a conserved function. Investigations
aimed at understanding the regulation of the p68 miRNA,
as well as the identification of endogenous targets, are re-
quired to provide a clearer picture of the role of this novel
miRNA, and of the p68 intron 1l1-containing RNA from
which it is derived.

FIGURE 3. The intron 1l-encoded small RNA is a bona fide miRNA. MCF-7 cells were
transfected with an siRNA targeted against Drosha and expression of (A) p68 miRNA and
miR-19a; or (B) the primary p68 miRNA transcript (intron 11) and the miR-17-92 cluster
(primary sequence of miR-19a) were determined by qQRT-PCR. Expression of p68 miRNA and
miR-19a in MCEF-7 cells treated with an siRNA-targeting (C) Dicer or (D) Ago2 was measured
similarly. Expression levels for A, B, and C were calculated relative to U25 and relative to TBP
for B, and expressed as fold change from untransfected cells (UT). (E) Corresponding Western
blots showing knockdown of Drosha, Dicer, and Ago2. Actin was used as a loading control,
and expression of p68 was examined to rule out any non-specific effects. (F) Immunoprecip-
itation (IP) of p68 miRNA with endogenous Ago2 in MCF-7 cells. A Flag IP was also carried
out as a negative control. The amount of p68 miRNA and miR-19a (as control) immuno-
precipitated by Ago2 was quantified by qRT-PCR and calculated as percentage of input. (G)
Corresponding Western blot of Ago2 and Flag immunoprecipitants. A luciferase biosensor
assay was designed in which three copies of (H) the p68 miRNA (p68 WT) or (I) let-7 (let-7
WT) target sites were cloned downstream from the Renilla luciferase gene in the psiCHECK-2
dual luciferase vector. As controls, mutations were made in the target sites (p68 Mut and let-7
Mut). MCF-7 cells were transfected with these reporter constructs, and Renilla luciferase
activity was measured for both endogenous miRNA expression and also after overexpression of
p68 intron 11. Renilla luciferase activity was calculated relative to firefly luciferase and plotted
as fold change from the plasmid containing the mutated target sites. A Student’s t-test was used
to determine significance of the effects of overexpression of p68 intron 11 on expression of the
wild-type (WT) p68 miRNA (H) or the let-7 target (I). In all graphs the average values from
three independent experiments are shown *SEM. (UT) Untransfected; (NS) non-specific;
(WB) Western blot.
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MATERIALS AND METHODS

Cell lines

Cell lines used in this study include the
breast carcinoma MCEF-7, T47D, MDA-MB-
157, MDA-MB-231, MDA-MB-436, and the
osteosarcoma U20S. All cell lines were
maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10%
fetal calf serum (FCS), 2 mM L-glutamine,
100 pg/mL streptomycin, and 100 U/mL
penicillin (all supplied by Invitrogen) in 5%
CO, at 37°C.

Plasmids

The p68 intron was cloned into pcDNA3.1(+)
for transient transfections. Three copies of
the antisense sequence to the p68 miRNA or
let-7 (or mutated versions) were cloned in the
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psiCHECK-2 dual luciferase vector (Promega) to provide targets in
the 3" UTR. Sequences are shown in Supplemental Table 1E for the
p68 miRNA and in Johnston et al. (2010) for let-7.

Antibodies

The following antibodies were used: p68-PAb204 (mouse mono-
clonal; Millipore); Dicer-ab14601 (mouse monoclonal; Abcam);
Drosha-07-717 (rabbit polyclonal; Millipore); Ago2-11A9 (mouse
monoclonal; a gift from Gunter Meister; Rudel et al. 2008); and
actin-A2066 (rabbit polyclonal; Sigma). Appropriate HRP-conju-
gated anti-mouse, anti-rabbit, and anti-rat secondary antibodies
for immunoblotting were purchased from DAKO.

Plasmid DNA and siRNA transfections

Plasmids expressing the p68 intron under the control of a CMV
promoter were transfected using Fugene6 (Roche) according to
the manufacturer’s protocol. siRNA reverse transfections were
carried out using Lipofectamine RNAiMax (Invitrogen) in MCF-7
cells or Lipofectamine 2000 (Invitrogen) in U20S cells and 100
pmol of siRNA against Drosha, Dicer, Ago2 (see Supplemental
Table 1), p68 intron 11 (Dharmacon), or a non-silencing control
(Dharmacon) according to the manufacturers’ instructions (Sup-
plemental Table 1D).

Luciferase assays

MCE-7 cells were transfected using Fugene6 (Roche) with lucif-
erase reporters as indicated in figure legends. Luciferase activity
was measured 24 h after transfection using the Dual-Glo luciferase
kit (Promega) (Johnston et al. 2010).

RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNA including small RNA was extracted from cells using
the miRNeasy kit (QIAGEN) according to the manufacturer’s
protocol. Two micrograms of total RNA was reverse-transcribed
using the miScript Reverse Transcription Kit (QIAGEN). Using
this system, miRNAs are polyadenylated by poly(A) polymerase
during the reverse-transcription step. All polyadenylated RNAs are
converted to ¢cDNA using oligo(dT) and random primers. The
oligo(dT) primer contains a unique tag sequence on the 5'-end,
which is later used to amplify the miRNA during the PCR step.
Quantitative PCR was carried out using the Stratagene
MX3005-P instrument. The mature p68 miRNA was detected
by PCR using a forward primer assay specific to this miRNA
(derived from the predicted sequence and designed by QIAGEN)
and a reverse universal primer complementary to the tag sequence
added during the reverse-transcription step. Primer assays were
purchased from QIAGEN for all other miRNA and small RNAs.
Furthermore, the cDNA generated could also be used to detect
longer RNAs (e.g., p68 intron-containing RNA) using gene-specific
primers designed using Primer Express Version 1.0 software
(Applied Biosystems) and purchased from MWG. Primer assay
IDs for miRNAs/small RNAs and sequences of the gene-specific
primers used are shown in Supplemental Tables 1B and 1C.
Quantification of miRNA and mRNA (including the p68 intron
11-containing RNA) was carried out using the miScript SYBR
Green PCR kit (QIAGEN) and the QuantiFast SYBR Green PCR
Mix (QIAGEN), respectively. SNORD25 (U25) and TBP were

used as controls for quantification of miRNA and mRNA, re-
spectively. Fold changes and differences between samples were
calculated using the AACt method in Microsoft Excel.

Northern blot

Total RNA was prepared using Trizol (Invitrogen) according to
the manufacturer’s protocol. Five micrograms of total RNA
derived from each sample was separated on a 15% denaturing
polyacrylamide gel. Specialized Northern blot conditions, as de-
scribed by Pall et al. (2007), were used to detect miRNAs by cross-
linking RNA to the membrane using EDC (1-ethyl-3-[3-dimethyl-
aminopropyl] carbodiimide; Sigma). The oligonucleotide probe
used to detect the p68 miRNA was complementary to the pre-
dicted p68 miRNA sequence and end-labeled using [y->?P]
(sequence shown in Supplemental Table 1A).

Argonaute 2 (Ago2) immunoprecipitation

MCE-7 cells were washed twice in warm 1X PBS and once in cold
1X PBS, followed by lysis in NP-40 lysis buffer (50 mM Tris-HCI
at pH 7.5, 150 mM NaCl, 1% [v/v] NP-40, 10 uM DTT, 40 units/
mL RNase inhibitor [NEB], and one complete protease inhibitor
tablet [Roche] per 10 mL of buffer). Immunoprecipitation of
Ago2 was performed using the rat monoclonal anti-Ago2 antibody
(11A9) (Rudel et al. 2008) as described previously (Johnston et al.
2010). Ten microliters of each IP was removed for analysis by
Western blot, and the remaining 40 pL was used for RNA iso-
lation, using phenol/chloroform, to detect Ago2-associated RNA.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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