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ABSTRACT

Studies of mammalian RNA interference (RNAi) have focused largely on the actions of microRNAs; however, in other
organisms, endogenous short-interfering RNAs (siRNAs) are involved in silencing processes. To date, similar molecules have
been difficult to characterize in mammalian cells. P19 is a plant suppressor of RNA silencing that binds with high affinity to
siRNAs. Here, the short RNAs bound by P19 in mouse embryonic stem (ES) cells have been characterized. We show that P19
selectively immunoprecipitates endogenous short RNAs from ES cells. Cloning of immunoprecipitated RNA reveals a strong
selection for short RNAs that are exact matches to ribosomal RNA (rRNA), with particular short rRNA species highly enriched in
P19 immunoprecipitates. Complementary strands to the enriched rRNAs were not cloned, which was surprising because P19
was previously thought to bind only siRNAs. We show that P19 binds tightly to a noncanonical dsRNA substrate comprised of
a short RNA annealed to a much longer partner, such that the double-stranded region between the two is 19 base pairs long.
Binding to similar endogenous species might explain the association of P19 with short rRNAs in ES cells. Finally, we show that
the P19-enriched rRNAs are not involved in canonical RNAi, as they exist in the absence of Dicer and do not function as post-
transcriptional gene silencers. Our results support the previous observation that endogenous siRNAs are not abundant
molecules in mouse ES cells.
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INTRODUCTION miRNAs are key regulators of both developmental tran-
sitions and cell-type specification (Ambros 2004; Bartel
2004; Alvarez-Garcia and Miska 2005; Farh et al. 2005;
Stark et al. 2005). miRNAs are also misregulated in human
cancers, potentially indicating a causal role in tumorigen-
esis (He et al. 2005; Lu et al. 2005; Voorhoeve et al. 2006).
Almost all of the known functions of endogenous RNAi
in mammals are attributed to miRNAs; in other eukaryotes,
this is not the case. The cloning of short RNAs from
Schizosaccharomyces pombe, Arabidopsis thaliana, Caeno-
rhabditis elegans, and Drosophila melanogaster has identified
endogenous short-interfering RNAs (siRNAs) that are
encoded by high copy sequences in the genome, such as
transposons and retrotransposons. Except in Drosophila,
these repeat-associated siRNAs (rasiRNAs) are thought to
be processed by Dicer from long, repeat-derived double-
stranded RNA (dsRNA). In S. pombe, Arabidopsis, and
Reprint requests to: Phillip A. Sharp, Department of Biology and C. elegans, this dsRNA precursor is generated in part by
Center for Cancer Research, Room E17-529B, Massachusetts Institute of ~ the action of an RNA-dependent RNA polymerase, while in
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predominantly to heterochromatic regions of the genome,
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Short RNAs play a central role in eukaryotic biology by
regulating gene expression through a process called RNA
interference (Novina and Sharp 2004). cDNA libraries
sampling the short RNA population in mammalian cells
reveal predominantly the products of a conserved class of
noncoding RNA genes called microRNAs (miRNAs). Ma-
ture miRNAs are processed from longer RNA precursors
through sequential cleavage by the RNAse III enzymes
Drosha and Dicer, generating ~22-nucleotide (nt)-long
species with defined 5’ and 3’ ends. It is thought that
mammalian miRNAs primarily exert their influence on
gene expression post-transcriptionally by binding with
imperfect complementarity to the 3" UTR of their target
mRNAs. An accumulating body of evidence suggests
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transcriptional repression complex that nucleates hetero-
chromatin (Ambros et al. 2003; Baulcombe 2004; Lippman
and Martienssen 2004; Sontheimer and Carthew 2005; Lee
et al. 2006; Vagin et al. 2006).

Mouse embryonic stem (ES) cells are pluripotent cells
derived from the inner cell mass of the blastocyst in the
midst of the epigenetic reprogramming that occurs during
early development (Jaenisch 1997; Li 2002). ES cells are
capable of executing well-studied epigenetic silencing pro-
cesses, such as X inactivation and silencing of Moloney
leukemia viruses (Stewart et al. 1982; Cherry et al. 2000;
Plath et al. 2002). These processes are similar to examples
of rasiRNA-mediated silencing in other organisms. How-
ever, previous cloning efforts from ES cells did not identify
repeat-associated siRNAs, potentially because they are too
low in abundance compared with miRNAs and other short
RNAs (Houbaviy et al. 2003). Developing methods to
facilitate the identification of low-abundance RNAi-specific
short RNAs will, therefore, be necessary to more completely
understand the function of RNAi in mammals.

In this work, we express epitope-tagged versions of the
P19 suppressor of RNAi silencing in ES cells in an attempt
to identify endogenous siRNAs. The P19 protein is
expressed by the Tombusvirus as a counterdefense against
the plant RNAi pathway that degrades RNA viruses, and
functions by specifically binding and sequestering siRNAs
that would otherwise mediate viral RNA destruction
(Scholthof 2006). Biochemical and structural studies show
that P19 binds with high affinity and specificity to siRNA-
like molecules that are 5’ phosphorylated with double-
stranded RNA segments 19 base pairs (bp) long. This
affinity dramatically decreases if the double-stranded RNA
segment is either shorter or longer than 19 bp. P19 also
has no measurable affinity for single-stranded RNA or
double-stranded DNA (Vargason et al. 2003; Ye et al. 2003;
Lakatos et al. 2004). pI9 transgenic plants display de-
velopmental defects associated with loss of miRNA func-
tion, and immunoprecipitations (IPs) of P19 from these
plants enrich for miRNA duplexes, showing that P19
inhibits not only virally induced gene silencing but also
other endogenous RNAi processes (Silhavy et al. 2002;
Chapman et al. 2004; Dunoyer et al. 2004). Together, these
observations indicate P19 may be a useful tool to identify
endogenous siRNAs present in mammalian cells. Indeed,
P19 has previously been shown to inhibit RNAi in human
cells, suggesting that its functions carry over to mammals
(Dunoyer et al. 2004; Lecellier et al. 2005).

RESULTS

Epitope-tagged P19 binds short RNAs from ES cells

Putative rasiRNAs involved in heterochromatin formation
might be localized specifically to the nucleus. For this
reason, we constructed two vectors for mammalian P19

expression; both were tagged at the C terminus with a
V5-6XHis epitope, and one contained two tandem SV40
nuclear localization sequences, increasing its nuclear con-
centration (hereafter referred to as P19V5 and P19NLS,
respectively; Fig. 1A). Immunofluorescence of transiently
transfected ES cells shows P19V5 is present in both the
cytoplasm and nucleus, while PI9NLS is localized almost
exclusively to the nucleus (Fig. 1B).

To test if P19 bound endogenous short RNAs from ES
cells, we extracted the nucleic acids that co-immunopreci-
pitated with our epitope-tagged constructs and radioac-
tively labeled the 3’ end of the bound RNA with 5'->*P
cytidine 3',5'-bis(phosphate). To recover both cytoplasmic
and nuclear siRNA molecules, P19V5 was immunoprecipi-
tated from whole cell extracts (WCE). Western blots of the
WCE detected both cytoplasmic and nuclear markers,
indicating the presence of proteins from both subcellular
compartments (Fig. 1C). Comparing the P19V5 bound
RNA to the RNA from the WCE supernatant shows a strong
enrichment for short RNAs ~20 nt long in the P19V5
immunoprecipitate (Fig. 1D, cf. lanes 7 and 8). This
enrichment is P19V5 dependent, as there is no detectable
RNA immunoprecipitated from cells transfected with GFP
(Fig. 1D, lane 2).

To better enrich for putative low-abundance nuclear
siRNAs, we performed an immunoprecipitation of PIONLS
from a nuclear extract made under nondenaturing con-
ditions. Western blots comparing the intensities of GAPDH
and Cyclin T1 between the cytoplasmic (CE) and nuclear
(NE) fractions of the extract show a decrease in GAPDH
and an increase in Cyclin T1 in the nuclear as compared
with the cytoplasmic extract, indicating an approximately
threefold nuclear enrichment (Fig. 1C). Immunoprecipita-
tion of PI9NLS from the NE enriches for short RNAs
identical in length to those immunoprecipitated from the
CE of the P19NLS-transfected cells, as well as the WCE of
P19V5-transfected cells (Fig. 1D, lanes 4,6,8).

We cloned the short RNAs bound by the P19 constructs
in ES cell extracts using a procedure that selects for 18- to
26-nt-long RNAs that have 5’ phosphates and 2’ or 3’
hydroxyls (Lagos-Quintana et al. 2001; Lau et al. 2001; J.R.
Neilson and P.A. Sharp, in prep.). As controls, we also
cloned short RNA from the supernatants of the P19-
transfected cell extracts. In each case ~300 independent
clones were analyzed (Table 1). Sequences were initially
annotated as known noncoding RNAs (ncRNAs) if they
had an exact match to any annotated non-protein-coding
RNA in the Rfam and NONCODE RNA databases, in-
cluding rRNAs, tRNAs, snRNAs, snoRNAs, and miRNAs,
as well as ncRNAs involved in imprinting and other
processes (Griffiths-Jones et al. 2003, 2005). Those clones
that had no matches in either database were deemed novel
and were analyzed against the mouse genome using the
UCSC genome browser to identify overlapping genomic
features (Kent et al. 2002; Karolchik et al. 2003). Sequences
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shorter and longer than 19 bp (Vargason
et al. 2003; Ye et al. 2003). Moreover, the
GC content of the P19-bound RNA was
significantly higher than control RNA
(53% versus 75% for the WCE sup
versus IP, and 49% versus 67% for the
NE sup versus IP; p < 0.0001 for both;
Table 1). This large average difference
in GC content was observed for both
known ncRNAs and novel RNAs, in-
dicating an overall preference of P19 for
GC-rich RNA (Table 1).

A proportion of the novel sequences,
between 2% and 3% of all sequences
cloned from each population, were
exact matches to known repetitive
elements cataloged by Repeatmasker
(Supplemental Data; Table 2). On av-
erage, these short RNAs were slightly
shorter than the average miRNA cloned
in this study (20.9 versus 22.3 nt for
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with no exact match to the genome were reannotated as
known ncRNAs or novel if they had =90% identity with
a sequence in either set. Tables 1 and 2 are summaries of
the cloning data and short RNA annotation.

The majority of all sequences cloned were known
ncRNAs, regardless of the RNA starting material (Tables 1,
2). Short RNAs immunoprecipitated by P19 were on average
2 nt shorter than those cloned from control supernatants
(22 versus 20 nt for the WCE supernatant versus IP; 23
versus 21 nt for the NE supernatant versus IP, p < 0.0001 for
both; Table 1), consistent with previous observations that
P19 has a decreased affinity for double-stranded RNA both
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FIGURE 1. P19 binds endogenous short RNAs when expressed in ES cells. (A) P19 expression
constructs used in this study. (B) Subcellular localization of P19V5 and PI9NLS in ES cells
(bar, 15 pwm). (C) Western blots showing protein composition of P19-containing extracts.
GAPDH (cytoplasmic) and Cyclin T1 (nuclear) serve as fractionation controls. (WCE) whole
cell extract, (CE) cytoplasmic extract, (NE) nuclear extract. (D) P19 constructs bind short
RNAs when expressed in ES cells. Cells transfected with GFP, P19V5, or P19NLS were lysed
with either WCE or NE buffer, and immunoprecipitations were performed with aV5 Protein G
agarose beads. Bound RNAs were 3'-end labeled with 5'->*P cytidine 3, 5'-bis(phosphate) and
resolved on a 12% denaturing polyacrylamide gel. The size markers correspond to a 10-bp
DNA ladder. (Arrow) A ~20-nt band observed in the P19 immunoprecipitations.

repeat-associated RNAs versus miRNAs;
p < 0.0001). Similar repeat-derived short
RNAs were not identified in previous ES
cell cloning efforts, most likely due to
limitations in the depth of short RNAs
sequenced (Houbaviy et al. 2003).

Strikingly, P19 immunoprecipitation
selected against miRNAs and enriched
for short RNAs matching mature ribo-
somal RNA (rRNA) species (Supple-
mental Data; Table 2); 48.9%
and 57.9% of the short RNAs cloned
from the WCE and NE supernatants
mapped to annotated miRNA hairpins
(miRNAs and miRNA's), compared
with only 7.5% and 17.3% of those
cloned from the immunoprecipitates.
Conversely, 69.4% and 51.0% of all
sequences cloned from the WCE and
NE immunoprecipitates were short
rRNAs, compared with 29.4% and
22.1% of sequences cloned from the
WCE and NE supernatants, respectively (Table 2).

Interestingly, the immunoprecipitates also lacked the
natural complementary sequence of the miRNA duplex, the
miRNA" strand (Table 2). The ratio of miRNA to miRNA*
strands in the supernatants was roughly 24:1 and about the
same level in P19 immunoprecipitates, indicating there
was no selection for miRNA duplexes by P19. This was sur-
prising given that P19 binds tightly to double-stranded RNA
with almost no affinity for single-stranded RNA substrates,
and associates with miRNA duplexes in plants (Silhavy et al.
2002; Vargason et al. 2003; Ye et al. 2003; Chapman et al.
2004; Dunovyer et al. 2004; Lakatos et al. 2004).
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TABLE 1. Gross statistics of short RNAs cloned from indicated RNA starting material

unbound controls (Fig. 2A, “*”). Map-

ping these RNAs to established rRNA

RNA source WCE sup  WCE P19V5 IP NEsup  NE P19NLS IP secondary structure maps shows the
Number of sequences cloned 303 373 380 261 enriched short rRNAs are not necessar-
Known ncRNAs cloned 250 296 325 198 ily from regions of the ribosome that
Novel short RNAs 53 77 55 63 resemble canonical Drosha or Dicer
Average length of clone (in nt) 22 +2 20 * 2 23 =2 21 =2 substrates (not shown; Cannone et al.
Average %GC of clone 53 =17 75 £ 17 49 = 15 67 =19 2002)

Average %GC of cloned ncRNA 53 = 17 76 = 16 50 = 15 68 = 18 : . .
Average %GC of novel clone 52 =13 71 +21 4713 63 +20 Because P19 binds almost exclusively

WCE = whole cell extract (1% NP40 lysis); NE = nuclear extract (resuspended pellet from
0.2% NP40 lysis); sup = supernatant; known ncRNAs = clones with at least 90% sequence
identity to miRNAs, rRNAs, tRNAs, and snRNAs, as well as RNAs involved in imprinting and
other processes; novel short RNAs = clones that are not known ncRNAs.

The specific miRNAs cloned from the immunoprecipi-
tates were similar to those cloned from the supernatants,
perhaps consistent with the majority of P19-associated
miRNAs being derived from a nonspecific background.
The same group of 20 miRNAs comprised 79% and 83%
of all miRNAs cloned from WCE IP and supernatant,
respectively, and comprised 78% and 77% of all miRNAs
cloned from the NE IP and supernatant, respectively.
There was no significant difference in the GC content or
length of the miRNAs cloned from the immunoprecipi-
tates compared with those cloned from the supernatants
(not shown). If, indeed, the miRNAs present in P19
immunoprecipitates were due to background contamina-
tion, then a comparison of the number cloned from each
population would suggest that P19 immunoprecipitation
gave a sevenfold enrichment of bound short RNAs versus
miRNAs from the supernatant of the WCE, and a three-
fold enrichment of bound short RNAs versus miRNAs
from the supernatant of the NE. These are minimal
estimates, as some miRNAs might be preferentially bound
to P19.

All but one of the short rRNAs cloned from the super-
natants and the immunoprecipitations were in the sense
orientation relative to the full-length
transcribed 45S pre-rRNA and 5S
RNA, and 97% of these sequences map-
ped to the mature 18S, 5.8S, or 28S

genomic features

to double-stranded RNA, it was sur-
prising that no short RNAs with exact
complementarity to P19-enriched short
rRNAs were cloned. Speculating that
these RNAs could possibly form partial
duplexes with other short RNAs, we
investigated whether the most abun-
dantly cloned rRNAs in the immunoprecipitations (cloned
more than five times) could form bulged duplexes with
other abundantly cloned species. We limited our initial
analysis to the most abundantly cloned short RNAs,
reasoning that abundantly cloned short RNAs could have
been likely complements in binding to P19. The short
rRNAs, numbered 1 through 12 in Figure 2A, were folded
against each other in all possible permutations using the
Mfold server (Zuker 2003). Of the 140 predicted structures,
we found 14 that when annealed had a double-stranded
region of the right size to potentially bind P19 with high
affinity, between 18 and 20 bp (Vargason et al. 2003). In all
cases, there was at least one bulged region in the RNA
duplex predicted by Mfold (for selected examples, see Fig.
2B); however, it has been previously observed that P19
associates with bulged duplexes in plants (Chapman et al.
2004). This partial complementarity between particular
abundantly cloned species provides a possible explanation
for the enrichment of some short rRNAs in the P19 IP, but
not all. Notably, although short rRNA #6 was the second
most abundantly cloned short rRNA in the P19 immuno-
precipitations, it was not predicted to form any duplexed
structures with other abundantly cloned short rRNAs.

TABLE 2. Percentage of cloned short RNAs from Table T mapping to selected

rRNA. Figure 2A shows a representation  RNA source WCE sup WCE P19V5 [P NE sup NE P19NLS IP
of all the short rRNAs cloned, aligned to N,

bases 3900 to 13,000 of the 13,404-base o e PPIng B 0.4 g5 5 -
45S pre-ribosomal RNA. Only 13 out of iR 46.9 75 54.5 16.9
564 total cloned short rRNAs did not miR*s 2.0 0.0 3.4 0.4
have an exact match in this region; 'RNAs 29.4 69.4 22.1 51.0
seven of these were matches to the 5S s 40 02 i e
rRNA, and the remaining six mapped. to SEZ$?AS SZ ;? ;17 ;3
regions of the 45S precursor not in- Known repeats 23 21 26 3.1
cluded in Figure 2A. Particular classes No match 11.9 13.7 7.4 14.6

of short rRNAs were highly enriched in
the P19-bound RNA compared with

See Table 1 for definitions.
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FIGURE 2. P19 enriches for particular short rRNA species when expressed in ES cells. (A) Specific short rRNAs are highly
enriched in P19 immunoprecipitations compared with control supernatants. Shown is a scaled representation of all the short
rRNAs cloned, aligned to bases 3900 to 13,000 of the 13,404-bp 45S pre-rRNA. Highlighted in bold along the X axis are the
locations of the mature 18S, 5.8S, and 28S rRNA species relative to the full-length 45S pre-rRNA. Each gray bar represents one
cloned short rRNA positioned directly above or below its matching sequence in the 45S pre-rRNA. Gray bars above the X axis
were cloned from one or both of the immunoprecipitations, and those below the X axis were cloned from one or both of the
supernatants. (B) Certain P19-enriched short rRNAs form partial double-stranded RNA structures with themselves. Shown are
selected Mfold-predicted dsRNA structures of enriched rRNAs folded against each other.

P19 binds to regions of short dsRNA

It is possible that P19 also binds substrates with dsRNA
regions that are siRNA-like in length, but contain one
strand that is significantly longer than the standard siRNA
length of 21 nt. Biochemical analysis shows that RNA
duplexes without 3’ overhangs bind with slightly higher
affinity to P19 than their 3’-overhang-containing counter-
parts, indicating that the length of the RNA duplex and not
the overhang is the key factor in determining P19 binding
(Vargason et al. 2003). This hypothesis could explain why
some molecules immunoprecipitated by P19 form no
canonical siRNA-like duplexes with other cloned RNAs;
short RNAs complementary to longer RNAs could be
bound by P19, and the iterative size selection in the short
RNA cloning protocol would exclude the longer RNA-
binding partner from the final set of cloned sequences. The
high-GC content of the short RNAs bound by P19 is
consistent with this hypothesis (Table 1), allowing a greater
promiscuity for stable binding to longer RNA partners.
Indeed, in addition to enriching for short RNAs, P19
immunoprecipitation reproducibly pulls down larger
RNA species that are the same size as abundant tRNAs,
snRNAs, and rRNAs (Figs. 1D, 4A). While no immuno-
precipitated RNAs have exact complements in the set of
known tRNAs, snRNAs, and rRNAs, gapped alignments

2096  RNA, Vol. 12, No. 12

allowing G:U pairing show that P19-enriched RNAs could
form duplexes with several ncRNA species, potentially
explaining the enrichment for ncRNAs as well as short
rRNAs in the immunoprecipitation (not shown).

We designed three different RNA duplexes to test the
affinity of P19V5 for short RNAs bound to longer RNAs
(Fig. 3A). One strand of each duplex was a frequently
cloned short rRNA, while the other varied such that its
complement was either: in the 5’ region of a 32-nt-long
RNA species (5 complementary), in the 3’ region of a
35-nt-long RNA species (3'complementary), or a 21-nt-long
RNA that formed a canonical 19-bp siRNA duplex
(siRNA). The length of the double-stranded region in the
5'-complementary RNA was 19 bp and was 21 bp in the
3’-complementary RNA. Since P19 preferentially binds 19-bp
duplexes, the latter may be expected to have a lower affinity
than the former. In all cases, the dsRNA species had 5’'-
phosphate and 3'-hydroxyl groups, mimicking endogenous
siRNA structure. Binding assays were performed by in-
cubating radiolabeled RNA substrate in increasing concen-
tration with P19V5-Protein G agarose bead complexes (Fig.
3). Control experiments showed that all input RNA was
double stranded and of the appropriate dilution (not
shown). Under the conditions assayed, there was negligible
nonspecific association of RNA with beads, and the P19V5—
bead complexes had no affinity for single-stranded RNA
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FIGURE 3. P19 binds with high affinity to RNAs containing 19- to 21-bp double-stranded
regions with extended 5'- or 3'-single-stranded segments. (A) Base composition and secondary
structure of short RNAs tested for binding to P19V5. In all cases, the strand in gray is short rRNA
#3 from Fig. 2A. (B) Representative P19-binding assay. Shown is the RNA bound by P19V5-bead
complexes after incubation with increasing concentrations of radiolabeled RNA (1, 5, 10, 50, and
100 nM). (C) Determination of the affinity of P19 for selected RNA species. Shown is the
quantitation of a binding assay similar to that in B. The K, was determined by fitting the
average data points to a fixed endpoint curve using KaleidaGraph data analysis software.

(Fig. 3B). The apparent dissociation constant, K,,,, of P19V5
for an siRNA duplex was determined to be 2.8 = 0.5 nM,
nearly identical to previously published binding studies
using a P19 C-terminally tagged with GST (Fig. 3C; Lakatos
et al. 2004). P19V5 bound the 5'- and 3'-complementary
RNAs with K,,,, of 7.4 *= 0.7 nM and 27 * 4 nM, respec-
tively, supporting our hypothesis that P19 binds regions of
dsRNA ~19 bp long and not only siRNAs (Fig. 3C).

Unknown function of P19 bound short rRNAs

We next tried to determine the function of the short rRNAs
enriched in the P19 immunoprecipitation. Short RNAs
with exact matches to abundant tRNAs, rRNAs, and
snRNAs have been frequently dismissed as nonfunctional
degradation products of abundant ncRNAs, particularly in
mammalian cloning efforts. While this may be true, it is
worth noting that these noncoding RNAs are derived from
highly repetitive elements in mammalian genomes, and in
this respect are similar to other known targets of RNAi-
mediated transcriptional silencing from which rasiRNAs
have been cloned (Lander et al. 2001; Waterston et al.
2002).

Studies from S. pombe and Arabidopsis have implicated
short rRNAs in the formation of heterochromatin at rDNA

tional start site have been shown to
direct the nucleolar remodeling com-
plex (NoRC) to transcriptionally silence
rDNA repeats in mouse 3T3 cells
(Mayer et al. 2006). No short RNAs
cloned in this study map to this region
of the rDNA repeat, consistent with the
authors’ observation that the NoRC-
associated RNAs are 150-300 nt long.

It is also possible that the short rRNAs immunoprecipi-
tated by P19 are involved in post-transcriptional gene
silencing (PTGS). If this were true, one might expect
complementary sequences to be present in exons or 3' UTRs

A cFP P19 P19 B cre P19 P19
Dicer +/+ Dicer +/+ Dicer-/- Dicer +/+ Dicer +/+ Dicer-/-
S IP S IP S IP S IP S IP S IP
- oy - RNA #3
— - — . -
100 by :
s 8-8- “ miRzss
e
- pre-miR295
— e - U6 control

L

FIGURE 4. Endogenous short rRNAs exist independently of Dicer.
(A) P19 associates with short RNAs in the absence of Dicer. Dicer +/+
or —/— cells were transfected with either P19V5 or GFP as a negative
control. Immunoprecipitations using V5 antibody were performed,
and the associated RNA was 3'-end labeled and visualized as in Fig.
1D. (B) Similar RNA species associate with P19V5 in the presence or
absence of Dicer. Shown is a short RNA Northern blot probing
immunoprecipitated and supernatant RNA from A with probes
complementary to RNA #3, miR295, or U6 snRNA.
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of known genes. BLAST analysis of the P19-enriched rRNAs
against the mouse genome shows that exactly complemen-
tary sequences are not present in known mRNAs, suggesting
that these enriched rRNAs are not involved in siRNA-like
PTGS. In support of this, no effect was seen on expression of
a luciferase reporter when two perfectly complementary
binding sites to selected short rRNAs were inserted into its
3" UTR (Supplemental Fig. 1A).

Finally, we examined whether P19V5 associates with
short RNAs in an ES cell line lacking Dicer RNAse III
activity. These ES cells were derived from mice homozy-
gous for a conditional allele of Dicer in which the key
catalytic residues in the second RNAse III domain are
floxed (Harfe et al. 2005). Consistent with previously
published results, excision of the floxed region via transient
transfection of Cre recombinase results in viable ES cells
that do not express miRNAs (Fig. 4B; Murchison et al.
2005; J.M. Calabrese and P.A. Sharp, unpubl.). P19V5
immunoprecipitates short RNAs from Dicer null ES cells
as efficiently as from Dicer-containing cells, shown by
3’-end labeling of immunoprecipitated RNA (Fig. 4A).
Similarly, short RNA Northern blots probing P19 immu-
noprecipitates for enriched short rRNA #3 show the same
enrichment in the presence and absence of Dicer (Fig. 4B).
Reprobing of the same Northern blot shows miR295 is
absent from P19 immmunoprecpitates but is present in the
supernatants from Dicer-positive cells, confirming the
cloning data that show a selection against miRNAs in P19
immunoprecipitates (Fig. 4B). Northern blots to total RNA
preparations show that RNA #3 is present in ES cells at the
same level in the presence and absence of P19V5, and is not
induced nonspecifically by transfection (Supplemental Fig.
1B). A survey of RNA from various mouse tissues indicates
that RNA #3 is detectable in several samples, but at levels
much lower than those observed in ES cells (Supplemental
Fig. 1C). Together, these results indicate that enriched
rRNAs are generated independently of Dicer and are not
by-products of P19 expression or transfection.

DISCUSSION

We have shown that V5-tagged P19 associates with endog-
enous short RNAs in mouse ES cells. Cloning of these
RNAs from whole cell and nuclear extracts revealed that
P19 associates predominantly with short, GC-rich RNAs
that are exact matches to portions of the mature 28S and
18S rRNAs. The function of these short rRNAs is not clear.
We show that they exist in the absence of Dicer and do not
function in endogenous PTGS, suggesting that they are not
in the canonical RNAi pathway. In other organisms, short
rRNAs have been implicated in the chromatin silencing of
rDNA repeats (Xie et al. 2004; Cam et al. 2005); whether
the same is true of the short rRNAs identified in this work
is not clear. Intriguingly, P19V5 did not immunoprecipi-
tate an easily detectable pool of short RNAs from 293T cells
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as it did in ES cells, suggesting that similar short rRNAs are
not produced to the same extent in this human embryonic
kidney cell line, or that they are inaccessible to P19
(Supplemental Fig. 2A). In plants, overexpression of P19
leads to a general accumulation of miRNA* strands, and
P19 immunoprecipitates contain both miRNA and miRNA*
strands, as detected by short RNA Northern blots to total
and P19 immunoprecipitated RNA, respectively (Chapman
et al. 2004; Dunoyer et al. 2004). In contrast, P19
expression in mouse ES cells did not lead to accumulation
of miRNA* strands in cell extracts, nor were miRNA*
strands selectively detected in P19 immunoprecipitates,
suggesting that P19 is unable to access miRNA duplexes
as efficiently in ES cells as in plants.

Because of our experimental design, we obtained cloning
data from a nuclear-enriched extract. We observed few
significant differences between the short RNA profiles of
nuclear compared with cytoplasmic extracts, suggesting
that novel short RNAs are not abundant in the nucleus of
ES cells. A surprisingly high proportion of short RNAs in
the nuclear extract were miRNAs, given that mature
miRNAs are predominantly cytoplasmic (Houbaviy et al.
2005). A simple explanation for these results is that the
profile of short RNAs in the nucleus is similar to that in the
cytoplasm. It is also possible that most of the short RNAs
present in the nuclear extract were from cytoplasmic
contamination. Controls testing the extent of fractionation
in nuclear extracts suggest a threefold enrichment for
components of this compartment. This level of enrichment
might not be sufficient for the identification of short,
nuclear-localized RNAs if they are low in abundance
compared with cytoplasmic short RNAs. Alternatively,
nuclear siRNAs might be chemically modified such that
they are not identifiable by the cloning methods used here,
which require a 5'-phosphate and 2'- or 3’-hydroxyl
groups.

Notably, between 2% and 3% of the short RNAs cloned
in this study overlapped with repetitive elements cataloged
by Repeatmasker. It is unlikely that these RNAs exist
predominantly as double-stranded siRNAs in cell extracts,
as they were not enriched in P19 immunoprecipitates.
Their function is unclear, but they may be analogous to
repeat-associated siRNAs identified in S. pombe, C. elegans,
Drosophila, and Arabidopsis. Alternatively, because such
a large proportion of the mouse genome is annotated as
repetitive, overlap of specific short RNAs with repeats may
be coincidental and not indicative of novel function
(Lander et al. 2001; Waterston et al. 2002).

Recently, repeat-associated short RNAs were identified
from mouse oocytes, where they appear to be as abundant
as miRNAs. Also, reporter constructs with complementary
3’-UTR sequences were destabilized, suggesting that at this
developmental stage, repeat-associated short RNAs are
involved at least in the PTGS of complementary transcripts
(Watanabe et al. 2006). The short RNAs overlapping
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repetitive elements identified in this study are probably at
a far lower abundance; ~25-fold less abundant than
miRNAs. This difference suggests a difference in activity
of these sequences in ES cells compared with oocytes.

Previous biochemical studies have shown that P19
dimers bind tightly to siRNA duplexes (Vargason et al.
2003; Ye et al. 2003; Lakatos et al. 2004). Here, we show
that compared with an siRNA, P19 binds with roughly
threefold-reduced affinity to a dsRNA species containing
one strand that extends far beyond the edge of the RNA
duplex. We, therefore, conclude the likely reason for the
association of P19 with specific short rRNAs in ES cells is
that they bind with partial complementarity to larger,
abundant noncoding RNAs to form RNA duplexes ~19 bp
long. The observed threefold difference in affinity for
a 19-bp duplexed siRNA compared with a 19-bp duplex
with an extended 3’ strand is small enough that abundant
endogenous dsRNAs similar in structure to the latter could
compete with endogenous siRNAs for P19 binding.

It should be noted that P19V5, as well as a previously
published HA epitope-tagged P19 construct, did not inhibit
siRNA-mediated knockdown of a reporter gene in 293T cells
(Supplemental Fig. 2C). This conflicts with results from
HeLa cells, where epitope-tagged P19 was an effective
inhibitor of exogenously introduced siRNAs, and with
results from 293T cells, where untagged P19 was able to
interfere with endogenous miRNA activity (Dunoyer et al.
2004; Lecellier et al. 2005). The reason for these discrepancies
is unclear, but it suggests that P19 may not inhibit RNAI in
heterologous systems as robustly as previously anticipated.

The original objective of these experiments was to use
the affinity of P19 for siRNA duplexes to identify these
types of short RNAs in mouse ES cells. Functional and
biochemical studies of P19 in plants and animals were
consistent with this approach. Analysis of the short RNAs
bound by P19 in ES cells did not generate an apparent
siRNA fraction in spite of evidence for a strong enrichment
of certain RNA species as compared with the supernatants
from associated ES cell extracts. RNAs with siRNA struc-
ture do bind to P19 with high affinity, and the failure to
detect them might indicate their scarcity in these cells.
Alternatively, P19 might be denied access to endogenous
RNAi-related short RNAs if the majority of siRNAs in ES
cells are bound by RNAi pathway components that have
a higher affinity for these molecules than P19.

MATERIALS AND METHODS

Plasmid construction

CIRV P19 (obtained from J. Burgyan) was amplified via PCR and
cloned into pcDNA3.1 (Invitrogen), using the primers 5-CAC
CATGGAACGAGCTATACAAGGA-3' and 5'-CTCGCTTTCTTT
CTTGAAGGTTTCA-3'. To make P19NLS, two SV40 NLS se-
quences were added to P19V5 by annealing two DNA oligos with

an 18-bp overlap, (5'-CCGCTCGAGTGATCCAAAAAAGAAG
AGAAAGGTAGATCCAAAA-3"and 5'-CGAACCGCGGTACCTT
TCTCTTCTTTTTTGGATCTACCTTTCT-3'), filling in with Taq
DNA polymerase, and inserting into the Xhol/Sacll sites of
pcDNA3.1. pRL-CMV-6xCXCR4 was described previously
(Doench et al. 2003). The P19HA construct was obtained from
O. Voinnet (Dunoyer et al. 2004). The V5-tagged BGalactosidase
control plasmid was obtained from H. Houbaviy. The 3’-UTR
reporter constructs were made by inserting 5’-phosphorylated,
annealed dsDNA oligos into the Xhol/Apal sites in the 3" UTR of
pRL-CMV (Promega). The sequences of the DNA oligos used to
make the UTR constructs are available upon request. All DNA
oligos were purchased from IDT.

Cell culture, transfection, and luciferase assays

J1 ES and 293T cells were grown as in Houbaviy et al. (2003) and
Petersen et al. (2006). Cells were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
For ES cell and 293T immunoprecipitation experiments, 25 pg of
plasmid per 10-cm plate were used. Transfection efficiency as
assessed by GFP expression was between 60% and 80% for ES
cell immunoprecipitation experiments, and >95% for 293T
experiments.

Dual luciferase assays were performed essentially as previously
described (Doench and Sharp 2004; Petersen et al. 2006). For ES
cell assays, 1 ng of each 3’'-UTR reporter construct, 100 ng of pGI3
control (Promega), and 700 ng of pWhiteScript carrier DNA were
transfected per well of a 24-well plate and lysed 24 h post-
transfection. For 293T assays, 4 ug of plasmid (P19V5/NLS/HA or
BGal control) was transfected per well of a six-well plate, and split
8 h post-transfection into a 24-well plate, seeding cells at 2 X 10’
cells per well. Twenty-four hours later, an additional 0.7 wg of
plasmid was cotransfected along with 30 ng of pRL and pGL3
plasmids (Promega) and the appropriate amount of siRNA to
attain the concentration indicated in Supplemental Figure 2. Cells
were lysed 24 h post-transfection. The siRNA used perfectly
targeted the coding sequence of Renilla Luciferase (target se-
quence: 5'-GCCAAGAAGUUUCCUAAUA-3").

Western blots and immunohistochemistry

For western analysis, cell extracts were fractionated on 4%-20%
SDS-polyacrylamide gradient gels (Biorad) and transferred to
Hybond-C membranes (Amersham). Membranes were blocked
with 5% milk in PBS and then incubated with the indicated
antibody. Antibodies (¢GAPDH [Chemicon]; aV5 [Invitrogen];
aCyclin T1 [Abcam]) were detected using HRP-conjugated
antisera (Amersham) and chemiluminescence. For immunofluo-
rescent staining, ES cells were transfected on gelatinized cover
slips, then fixed with 4% PFA in PBS and permeabilized with 1%
Triton X-100. Coverslips were stained with primary and secondary
antibodies in PBS for 1 h and affixed to glass slides with Prolong
Gold with DAPI (Molecular Probes). Actin was visualized using
Alexa 488 Phalloidin (Molecular Probes).

Immunoprecipitations and RNA isolation
and visualization

For each immunoprecipitation experiment, three 10-cm plates of
ES cells were lysed 2 d post-transfection with WCE buffer (1%
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NP40, 30 mM HEPES KOH pH 7.5, 100 mM NaCl, 66 mM KCl,
1 mM MgCl,, 1 mM DTT, 1U/pL SUPERaseln [Ambion], Complete
Protease Inhibitor EDTA-free [Roche], and Phosphatase Inhibitors
I and II [Sigma]) or NE buffer (0.2% NP-40, 100 mM NaCl, 5
mM MgCl,, 1 mM DTT, 1U/uL SUPERaseln, Complete Protease
Inhibitor EDTA-free, and Phosphatase Inhibitors I and II). The
WCE lysate was spun at 20,000 rpm in a tabletop centrifuge for
15 min after lysis to pellet insoluble material. The NE cells were
lysed for 5 min at 4°C and spun for 5 min at 1000g. The pellet
(containing nuclei) was resuspended in WCE buffer and sonicated
on ice three times for 5 sec at power level 2 on a Branson Sonifier
450 sonicator, with a 1-min rest on ice between sonications. These
sonication conditions did not disrupt endogenous short RNA
binding to P19 (not shown). The sonicated nuclear fraction was
spun at 20,000 rpm for 15 min in a tabletop centrifuge to remove
particulate. P19 was immunoprecipitated from extracts by adding
20 pL of Protein G Plus agarose beads (Pierce) preconjugated
overnight with 2 pug of V5 antibody per 10-cm plate, and rotating
for 45 min at 4°C. Beads were washed with 1 mL of WCE buffer
three times, switching tubes for the final wash. Beads were then
resuspended in 300 wL 1X Proteinase K buffer (Nykanen et al.
2001) with 5 pL of Proteinase K (Roche) and rotated for 30 min at
room temperature, then extracted with phenol/chloroform and
precipitated. To isolate supernatant RNA, 300 pL of supernatant
from the immunoprecipitation was extracted with phenol/chlo-
roform and precipitated. One hundred nanograms of supernatant
RNA and one-tenth the volume of immunoprecipitated RNA were
3’-end labeled with T4 RNA ligase (NEB) and 5'-a®?P 5'-3'
cytidine bis-phosphate (NEN) overnight at 4°C in 1X RNA ligase
buffer and 30% v/v DMSO. Unincorporated radioactivity was
removed with G25 microspin columns (Amersham), and one-half
of the labeling reaction was resolved on a 12% or 15% denaturing
polyacrylamide gel (National Diagnostics). For size markers, 10-
bp DNA ladder (Invitrogen) or a 21-bp siRNA was 5'-end labeled
using y**P-ATP (NEN) and T4 PNK (NEB). Gels were wrapped
in Saran Wrap and quantitated on a Phospholmager. Northern
blots were performed as in Houbaviy et al. (2003), except hybridi-
zation was carried out in Oligo-Hyb (Ambion) at 37°C. Total
mouse tissue RNA was purchased from Ambion. The same con-
ditions for the ES cell WCE immunoprecipitations were used for
293T immunoprecipitations.

Binding assays

293T lysates were used to make P19-containing cell extracts for
binding assays because of the lack of association between P19 and
endogenous RNAs in these cells (Supplemental Fig. 2). Extracts
were made 48 h post-transfection with P19V5 using 400 L of
WCE buffer per plate. Cells were lysed and extracts were spun at
top speed in a tabletop centrifuge for 15 min. Protein G Plus
agarose beads pre-conjugated overnight with V5 antibody were
added to cleared lysate, and P19V5 was immunoprecipitated for
45 min at 4°C. Beads were washed 3X in WCE buffer and
resuspended in WCE buffer such that for each binding condition,
30 g of extract, 10 pL of 50% protein G slurry, and 0.5 pug of V5
antibody were used. Radiolabeled dsRNA was added to P19V5-
bead mixtures at the indicated concentrations, and the binding
reactions were rotated for 30 min at room temperature. Beads
were washed 2X with 500 wL of WCE bulffer, and then 2X with
1 mL of WCE bulffer, switching tubes for the final wash. The
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bound RNA was eluted using the Proteinase K phenol/chloroform
treatment described above. One-half of each reaction was resolved
on a 15% polyacrylamide gel and visualized with a Phospholm-
ager, or quantitated via scintillation counting. Data points were
then fit to a fixed-endpoint curve, (m2)'mo0/(mO+ml), using
KaleidaGraph software, where m2 is the maximum amount
bound, m1 is the apparent dissociation constant, Kapps and m0
is the [RNA].

To make radiolabeled, duplexed RNA, 5’-phosphorylated RNA
oligos (“RNA#3” 5'-CGGCUCCGGGACGGCCGGGAA-3'; “5.
complementary” 5'-CCCGGCCGUCCCGGAGCCGGCUUGGC
UUCGU-3'; “3’-complementary” 5'-CUUGGCUUCGUUUCCCG
GCCGUCCCGGAGCCGUU-3"; “siRNA complementary” 5'-CCCG
GCCGUCCCGGAGCCGUU-3") were annealed to their complemen-
tary strands at 12 uM in a solution containing 10 mM HEPES pH
7.5, 20 mM NaCl, and 1 mM EDTA by heating the RNAs to 95°C
and cooling 1°C/min until the samples reached room temperature.
Radioactive 5’-end-labeled RNA #3 was spiked into annealing
reactions before heating. Dilution series of each dsRNA species were
made, and portions of each were run on a 20% native polyacrylamide
gel to assess efficiency of annealing and accuracy of dilution. By this
analysis, all dsSRNA preparations used for binding were >99% dsRNA
and had an R? value for the dilution series of =0.99 (not shown).

Short RNA cloning and sequence analysis

Short RNAs were cloned using a procedure modified from Lagos-
Quintana et al. (2001) and Lau et al. (2001) (J.R. Neilson and P.A.
Sharp, in prep.). Before adaptor ligation, 18- to 26-nt-long RNA
was gel purified from 5 pg of supernatant RNA to use as starting
material; immunoprecipitated RNA from one 10-cm plate equiv-
alent was used as starting material and was not gel-purified. Short
RNA sequences were extracted from concatamers using scripts
from Houbaviy et al. (2003). Rfam (http://www.sanger.ac.uk/
Software/Rfam/) and NONCODE (http://www.bioinfo.org.cn/
NONCODE/) RNA databases were used to define known miRNAs,
tRNAs, rRNAs, snRNAs, and snoRNAs. All genome analysis was
performed using the August 2005 assembly of the mouse genome
(mm?7). BLAST was run with a word size of 7 and the gap-
opening penalty set to 1. Repeat and EST overlap was determined
using the UCSC genome browser (http://genome.ucsc.edu/),
Repeatmasker (http://www.repeatmasker.org), and mouse EST
tracks. Sequences with multiple repeat overlaps were annotated
as the class of repeat that overlapped most frequently with the
short RNA in question. p values comparing values between data
sets were obtained using a two-sample test for the difference in
proportions.

SUPPLEMENTAL DATA

Supplemental information can be found at http://web.mit.
edu/sharplab/calabrese_supp/.
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