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Canonical microRNAs (miRNAs) require two processing steps: the first by the Microprocessor, a complex of
DGCR8 and Drosha, and the second by a complex of TRBP and Dicer. dgcr8⌬/⌬ mouse embryonic stem cells
(mESCs) have less severe phenotypes than dicer1⌬/⌬ mESCs, suggesting a physiological role for
Microprocessor-independent, Dicer-dependent small RNAs. To identify these small RNAs with unusual
biogenesis, we performed high-throughput sequencing from wild-type, dgcr8⌬/⌬, and dicer1⌬/⌬ mESCs.
Several of the resulting DGCR8-independent, Dicer-dependent RNAs were noncanonical miRNAs. These
derived from mirtrons and a newly identified subclass of miRNA precursors, which appears to be the
endogenous counterpart of shRNAs. Our analyses also revealed endogenous siRNAs resulting from Dicer
cleavage of long hairpins, the vast majority of which originated from one genomic locus with tandem,
inverted short interspersed nuclear elements (SINEs). Our results extend the known diversity of mammalian
small RNA-generating pathways and show that mammalian siRNAs exist in cell types other than oocytes.
[Keywords: ES cells; small RNAs; high throughput sequencing]
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Small RNAs that mediate RNAi-related processes are
classified by their biogenesis pathways. Central to the
processing of most small RNAs is the RNase III-containing enzyme, Dicer, which forms a complex with TRBP in
mammals and cleaves dsRNA precursors into the characteristic ∼22-nucleotide (nt) final product (Hammond
2005; Maniataki and Mourelatos 2005). Dicer products
can be classified into two main categories: siRNAs and
microRNAs (miRNAs). siRNAs are generated from multiple Dicer cleavages along a long precursor dsRNA,
whereas miRNAs are generated from a single Dicer
cleavage of a short hairpin pre-miRNA (Bartel 2004).
miRNAs require additional upstream processing to convert a longer pol II expressed pri-miRNA transcript to the
short pre-miRNA hairpin. For canonical miRNAs, this
processing event is performed by the Microprocessor
complex, which consists of the RNase III enzyme Drosha
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(Lee et al. 2003) and the dsRNA-binding protein DGCR8
(Denli et al. 2004; Gregory et al. 2004; Han et al. 2004,
2006; Landthaler et al. 2004). A subclass of pre-miRNAs,
the mirtrons, bypass the Microprocessor; for these noncanonical miRNAs, the upstream processing is performed by the spliceosome and debranching enzyme,
which produce a short hairpin directly suitable for Dicer
cleavage without further processing (Okamura et al.
2007; Ruby et al. 2007a).
A central role for miRNAs in metazoan development
is well established (Bartel 2004). Endogenous siRNAs
play important roles in plants (Poethig et al. 2006),
Schizosaccharomyces pombe (Verdel and Moazed 2005)
and Tetrayhymena (Lee and Collins 2006). They also
have been observed in metazoa including Caenorhabditis elegans (Ambros et al. 2003), Drosophila melanogaster (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et
al. 2008; Okamura et al. 2008), and mouse oocytes (Watanabe et al. 2006, 2008; Tam et al. 2008). Roles for
siRNAs in metazoan development have not been clearly
delineated. However, exogenous siRNAs are used regularly in the experimental setting to knock down gene
function (Elbashir et al. 2001; Hannon and Rossi 2004;

GENES & DEVELOPMENT 22:2773–2785 © 2008 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/08; www.genesdev.org

2773

Downloaded from genesdev.cshlp.org on December 3, 2008 - Published by Cold Spring Harbor Laboratory Press

Babiarz et al.

Dykxhoorn and Lieberman 2005). Exogenous siRNAs are
often introduced using vectors expressing shRNAs
driven from a pol III promoter (Lee et al. 2002; Paul et al.
2002). These shRNAs are structurally similar to premiRNAs and, therefore, bypass the Microprocessor and
are processed directly by Dicer.
Small RNAs play a central role in embryonic stem (ES)
cells (Stadler and Ruohola-Baker 2008). Deletion of Dicer
in mouse ES cells (mESCs) results in severe proliferation
and differentiation defects (Kanellopoulou et al. 2005;
Murchison et al. 2005). Sequencing of small RNAs from
both mouse and human ES cells has revealed a miRNA
population distinct from those of other cells and tissues
(Houbaviy et al. 2003; Suh et al. 2004; Calabrese et al.
2007; Morin et al. 2008). Notably, the mir-290 cluster is
highly expressed in mESCs and is rapidly down-regulated upon differentiation (Houbaviy et al. 2003). An important role for ES cell miRNAs has been confirmed by
the deletion of Dgcr8, which specifically affects the processing of canonical miRNAs (Wang et al. 2007). The
Dgcr8 knockout cells show a proliferation defect with
the accumulation of cells in the G1 phase as well as a
failure to silence self-renewal upon differentiation. However, these defects are less severe than those reported in
Dicer1 knockouts. In particular, dicer1⌬/⌬ ES cells are
more difficult to isolate and are thought to require a
secondary genetic or epigenetic event to grow (Murchison et al. 2005). Also, Dicer1 knockout ES cells have a
more complete block in differentiation (Kanellopoulou
et al. 2005). Previous sequencing of small RNAs from
dicer1⌬/⌬ cells has suggested that such defects result
primarily from the loss of canonical miRNAs (Calabrese
et al. 2007), but the differences between the dgcr8⌬/⌬
and dicer1⌬/⌬ phenotypes suggest a physiological role
for additional small RNAs. To begin to explore this possibility, we sequenced small RNA populations from
wild-type, Dgcr8, and Dicer knockout mESCs, reasoning
that noncanonical miRNAs and/or endogenous siRNAs
would be enriched in dgcr8⌬/⌬ and depleted in
dicer1⌬/⌬ cells. This approach uncovered a diverse population of DGCR8-independent, Dicer-dependent small
RNAs in mESCs, including mirtron- and endogenous
shRNA-derived miRNAs, as well as endogenous hairpinderived siRNAs (hp-siRNAs).
Results
Classification of small RNAs based on processing
dependencies
Small RNAs collected from wild-type, dgcr8⌬/⌬, and
dicer1⌬/⌬ mESCs were sequenced using the Illumina
and 454 high-throughput sequencing technologies (Seo
et al. 2004; Margulies et al. 2005). A total of 2,570,847
genome-matching sequence reads were identified from
the wild-type sample, 2,925,826 from the dgcr8⌬/⌬
sample, and 2,211,458 from the dicer1⌬/⌬ sample. The
majority of the wild-type small RNAs derived from annotated miRNA loci, and as expected, the fraction of
miRNA-derived RNAs, was drastically diminished in
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the dgcr8⌬/⌬ and dicer1⌬/⌬ samples (Fig. 1A; Supplemental Table 1). Among the other noncoding RNA
ncRNA) gene products, such as tRNAs, snRNAs,
scRNAs, and srpRNAs, the relative proportions of sequenced degradation fragments were consistent between
the three samples (Fig. 1A; Supplemental Fig. S1A).
These were used for normalization between the samples
(see the Materials and Methods).
To determine the enzyme dependencies for the small
RNAs, 5230 independent genomic loci, to which at least
10 reads from the wild-type data set mapped, were identified and evaluated according to read number from wildtype versus mutant cells (see the Materials and Methods;
Fig. 1B,C; Supplemental Table 2). These analyses revealed a large number of loci with a diminished number
of reads from either one or both mutant cells. The
DGCR8 and Dicer dependencies of small RNAs from
each locus were then considered concurrently by plotting the read frequency fold change between each mutant versus wild type (Fig. 1D). We required at least a
10-fold decrease in the number of reads in either mutant
background to classify the locus as DGCR8- or Dicerdependent and less than a twofold decrease to classify
the locus as DGCR8- or Dicer-independent. Using this
approach, all loci were classified into seven categories
based on their dependencies for Dicer and/or DGCR8
(Fig. 1D,E; Supplemental Table 3).
The majority of small RNA reads were both DGCR8and Dicer-dependent (Fig. 1E; Supplemental Table 3), as
expected for canonical miRNAs. Indeed, the majority of
reads from this category (68%) derived from annotated
miRNA hairpins (miRBase version 10.0; Griffiths-Jones
et al. 2008). The strict dependency of canonical miRNA
loci on Dicer and DGCR8 was illustrated by the mir-296
locus (Fig. 2A). This locus produced a large number of
reads from both arms of the hairpin in wild-type, but not
in either mutant background. Interestingly, additional
small RNA reads mapped to the region immediately 5⬘ of
the mir-296 pre-miRNA (Fig. 2A). These reads were enriched in the Dicer but absent in the Dgcr8 knockout
background and had heterogeneous 5⬘ ends but homogenous 3⬘ ends that corresponded precisely to the Drosha
cleavage site. Analogous reads observed among Drosophila high-throughput data are attributed to Drosha
cleavage followed by 5⬘ → 3⬘ degradation of the 5⬘ leader
segment (Ruby et al. 2007b), a hypothesis consistent
with the DGCR8-dependent and Dicer-independent biogenesis inferred from our mutant mESC analysis. Our
whole-genome analysis revealed 17 loci with sequence
reads having similar enzymatic dependencies (Fig. 1D,
green; Supplemental Table 2): 15 corresponding to segments immediately flanking annotated pre-miRNAs,
one corresponding to a segment immediately flanking a
previously unannotated pre-miRNA (mir-6691) (Supplemental Fig. S2A), and one unclear locus (Supplemental
Fig. S2B).
The second most abundant class consisted of small
RNA loci that were independent of both DGCR8 and
Dicer (Fig. 1B,C; Supplemental Table 2). Many of these
loci corresponded to the tRNA, snRNA, scRNA, and
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Figure 1. DGCR8 and Dicer dependence of mouse small RNAs. (A) Classification of small RNAs based on UCSC mouse genome
annotations (mm8). See Supplemental Table 1 for a tabular representation of the data. (B) Read counts from the wild-type versus
dicer1⌬/⌬ libraries for genomic loci with at least 10 reads from the wild-type library, colored as in D. (C) Read counts from the
wild-type versus dgcr8⌬/⌬ libraries for genomic loci defined in B, colored as in D. (D) Dependencies of the small RNAs derived from
genomic loci defined in B. Each axis indicates the following quotient: read count from mutant library/read count from wild-type
library, with read counts normalized to the number of t/sn/sc/srpRNA-derived reads from that library. Ratios <0.1 defined enzyme
dependence (red hashed line) and ratios >0.5 defined enzyme independence (gold hashed line). Loci were categorized in consideration
of their dependencies on both Dicer and DGCR8, and are color coded according to the key. (E) The number of reads from each
dependency category from D in the wild-type library. See Supplemental Table 3 for tabular representation.

srpRNA genes, which were used for normalization.
Analysis of the 20 loci with the most reads revealed that
a majority (18 out of 20) overlapped with rRNA repeats.
Reads that mapped to these loci were extremely heterogeneous, often spanning the entire locus, as expected for
degradation fragments of abundant cellular RNAs. Because our study was designed to identify loci dependent
on either DGCR8 or Dicer, these doubly independent
loci were not considered further.
Identification of novel mouse mirtrons
Analysis of the enzymatic dependencies for annotated
miRNA hairpins confirmed the requirements for
DGCR8 and Dicer for most but not all expressed
miRNAs (Fig. 2B; Supplemental Table 4). Reads from
five annotated miRNA loci were DGCR8-independent and Dicer-dependent: mir-320, mir-344, mir-484,

mir-668, and mir-702 (Fig. 2B, blue). One of these, mir702, had miRNA and miRNA* reads flanking the edges
of its host intron in a pattern reminiscent of mirtron
miRNA precursors (Fig. 2C). The dependence of these
reads on Dicer but not DGCR8 extended demonstration
of enzymatic requirements for mirtron biogenesis beyond flies to mammals (Okamura et al. 2007; Ruby et al.
2007a), thereby confirming the proposal that mammals
have mirtrons (Berezikov et al. 2007). Additional mouse
mirtrons were sought by examining the dependencies of
small RNAs from all annotated introns <500 nt. Those
intronic reads were generally independent of both Dicer
and DGCR8, but four short introns were identified with
DGCR8-independent but Dicer-dependent reads (Fig.
2D; Supplemental Table 5). The host genes of these introns included Plod3, host of mir-702 (Fig. 2C), Abcf1,
host of a recently proposed mirtron mir-877 (Supplemen-
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Figure 2. Canonical and mirtronic miRNAs. (A) The distribution of reads across the mir-296 hairpin. Y-axis indicates the read count
at each nucleotide position from the indicated library, normalized to the number of t/sn/sc/srpRNA-derived reads from that library.
The predicted secondary structure is shown below, along with the 5⬘ pre-miRNA-flanking reads from the wild-type library (see the
text). For each RNA species, the number of reads that were obtained with that sequence and the number of genomic loci to which the
sequence maps are indicated at the right. See Supplemental Figure S9 for PhastCons scores. (B) The Dicer and DGCR8 dependencies
of annotated miRNA genes (miRBase 10.0), plotted as in Figure 1D. (C) The normalized read frequency from each library, predicted
secondary structure, and wild-type reads mapping to the mirtron mir-702, presented as in A. The boundaries of host gene exons are
indicated at the bottom. See Supplemental Figure S9 for PhastCons scores. (D) The DGCR8 and Dicer dependencies of all introns <500
bp, plotted as in Figure 1D. (E) The length distribution of intron (blue) and canonical pre-miRNAs (orange). The lengths of the three
mirtrons described here are indicated by pink asterisks. (F) The distribution is shown for the percentage of nucleotides that are base
paired in the predicted secondary structures of 60- to 120-nt introns (blue) and canonical pre-miRNAs (orange). The value for the three
mirtrons described here are indicated by pink asterisks. (G) mir-1982, a tailed-mirtron, was processed from Oaz1. Shown in magenta
is the 5⬘ 11-bp tail that must be removed prior to Dicer processing. Plotted as in C. See Supplemental Figure S9 for PhastCons scores.
(H) The secondary structure of mir-1982. Arrows indicate the 5⬘ ends of the two most abundant Dicer products. (I) A comparison of
the levels of the mirtron small RNAs (red) to those of their parent mRNAs (blue). Changes in small RNA levels were determined as
the ratio of t/sn/sc/srpRNA-normalized read counts between the wild-type and mutant libraries with a single pseudocount added.
Changes in mRNA expression were determined by microarrays.

tal Fig. S3A; Berezikov et al. 2007), and Mosc2, host of a
newly identified mirtron mir-1981 (Supplemental Fig.
S3B).
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Closer inspection of the hairpin structure of these
mirtrons provided additional insights into the evolutionary constraints placed on the originating loci. The
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lengths of the three mirtrons were statistically more
similar to those of short introns than to canonical premiRNAs (KS test vs. short introns, P = 0.954; vs. premiRNAs, P = 0.008) (Fig. 2E). Despite their longer-thanaverage pre-miRNA length, the fractions of nucleotides
predicted to be paired in each of the mirtronic hairpins
were statistically more akin to those of canonical
pre-miRNAs than they were to those of short introns
(KS test vs. short introns, P = 0.053; vs. pre-miRNAs,
P = 0.886) (Fig. 2F). Thus, the larger size of the mammalian mirtrons seemed to impose a larger informational
load in the form of extended secondary structure than is
imposed on the shorter mirtrons of other species (Ruby
et al. 2007a).
Beyond the three mirtrons described above, a fourth
short intron gave rise to small RNAs in a Dicer-dependent, DGCR8-independent manner (Fig. 2G). This intron
of host gene Oaz1 was predicted to fold into a hairpin
structure, with miRNA species arising from the 3⬘ arm
of the hairpin and miRNA* species arising from the 5⬘
arm (Fig. 2G,H). Two abundant miRNA 5⬘ ends were
observed, one of which generated a 2-nt 3⬘ overhang
when paired to the miRNA* species (Fig. 2G,H). Like
mirtrons, the 3⬘ end of the miRNA was defined by the 3⬘
splice site, but unlike mirtrons, there was an 11-nt tail at
the 5⬘ end. In Drosophila, the biogenesis of a miRNA
whose gene has a similar tailed-mirtron structure, mir1017, was attributed to the nucleolytic cleavage of a
large overhang from a debranched intron to generate a
pre-miRNA-like hairpin (Ruby et al. 2007a). Such tailed
mirtrons were also suggested recently based on small
RNA sequences from developing chicks, although their
biogenesis was not evaluated (Glazov et al. 2008). The
observed Dicer dependence of small RNAs from the
Oaz1 tailed-mirtron confirmed the ability of such a
structure to enter the miRNA biogenesis pathway, and
the DGCR8 independence indicated that Drosha was not
responsible for cleaving off the overhanging sequence.
An alternative explanation for the loss of mirtron and
tailed-mirtron expression in the dicer1⌬/⌬ mESCs could
have been an indirect reduction of host gene expression.
However, microarray expression analysis of these genes
(Plod3, Abcf1, Mosc2, and Oaz1) indicated that their
mRNA expression profiles in the dgcr8⌬/⌬ and
dicer1⌬/⌬ mutant backgrounds did not decrease relative
to wild type (Fig. 2I). Therefore, the dramatic Dicer-dependent nature of the intronic small RNAs was attributed to a defect in processing, not precursor expression.
Identification of short hairpin-derived miRNAs
Of the nonmirtronic genomic loci producing Dicer-dependent and DGCR8-independent small RNA reads (Fig.
1D), four were also annotated as miRNA genes: mir-320
(2925 wild-type reads), mir-484 (2285 wild-type reads),
mir-668 (55 wild-type reads), and mir-344 (36 wild-type
reads). The most prolific of these loci, mir-320, was
highly conserved. High PhastCons scores, which reflect
high probabilities of selective maintenance through evolution (Siepel et al. 2005), extended to the edges of the

pre-miRNA hairpin (Fig. 3A). This pattern differed from
that of most conserved miRNA loci, which display conservation of the positions flanking the pre-miRNA because these flanking residues are under selective pressure to maintain the pairing needed for proper Microprocessor recognition (Lim et al. 2003; Han et al. 2006).
Moreover, a vast majority of the small RNAs from the
mir-320 locus mapped to the 3⬘ arm of the hairpin
(>1000-fold excess). This finding might be expected if the
small RNAs from the 5⬘ arm did not possess the 5⬘
monophosphate characteristic of Drosha cleavage and required for inclusion in the sequencing libraries. 5⬘ RACE
in the dicer1⌬/⌬ mESCs confirmed the predicted 5⬘ end
of the mir-320 Dicer substrate (Fig. 3A, arrow). Importantly, the 5⬘ RACE method, unlike the library-construction method, was unbiased by the type of 5⬘ RNA modification. An additional locus, mir-484, had features resembling those of mir-320, including abundant reads,
strong pre-miRNA conservation, and reads deriving primarily from the 3⬘ arm of the hairpin (Supplemental Fig.
S4). As commonly observed for other DGCR8-independent, Dicer-dependent small RNAs (Fig. 1C), the normalized small RNA frequencies from both of these loci were
elevated in the dgcr8⌬/⌬ background (Fig. 3A; data not
shown). This elevation may be because, in the absence of
canonical miRNAs, there was an increase in available
silencing complexes, which were able to protect the remaining small RNAs from nucleases. Moreover, in the
absence of the canonical pre-miRNAs, Dicer may have
more efficiently cleaved the remaining Dicer substrates
into mature small RNAs.
The enzymatic dependencies of these loci suggested
that they were either transcribed directly as short hairpins or preprocessed by an unknown Microprocessor-independent mechanism. To gain insight into these alternative hypotheses for the Microprocessor independence
of mir-320 and mir-484, we analyzed the genome for
clear examples of each of these potential biogenic
mechanisms. This analysis identified two compelling
loci. The first was a locus giving rise to Dicer-dependent,
DGCR8-independent reads that was also annotated as an
isoleucine tRNA gene (Fig. 3C,D). This locus gave rise to
1954 wild-type reads, the majority of which were clustered at the 3⬘ end of the tRNA. Unlike other tRNA
genes, the primary transcript from this locus was predicted to have the potential to form a long hairpin as an
alternative to the tRNA cloverleaf secondary structure,
with the acceptor stem extended at its base by 7 base
pairs (bp) (Fig. 3D). The cluster of abundant, Dicer-dependent small RNAs mapped to the 3⬘ end of this extended hairpin, with their 3⬘ termini extending into a
poly-U stretch characteristic of a terminator pol III, the
polymerase responsible for transcribing tRNAs (Dieci et
al. 2007). The pol III transcription, with termination producing a 2-nt 3⬘ overhang at the end of a hairpin product
had striking resemblance to the design of engineered
shRNAs expressed from exogenous vectors for gene
knockdown experiments (Paddison and Hannon 2002).
In addition to its processing as an endogenous shRNA,
several data suggested that this gene had retained the
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Figure 3. Small RNAs that are Dicer-dependent and DGCR8-independent and derive from highly conserved shRNA. (A) Small RNAs
from mir-320 were DGCR8-independent, Dicer-dependent. (Top) The normalized read count from each library, plotted above the
genomic sequence and predicted secondary structure, as in Figure 2A. RNA species are represented below as lines, with thickness/color
representing the number of reads (see the key). Below that is the mean locus confidence for small RNA reads at each position; 100%
represents a unique match to the genome; percentages are then divided by the mean number of genomic loci to which the sequences
map. (Bottom) PhastCons score at each nucleotide position. The arrow represents the 5⬘ end as determined by RACE in dicer1⌬/⌬ and
the number above represents the number of clones observed. (B) Predicted secondary structure of the mir-320 pre-miRNA. (C) Small
RNAs mapping to a tRNA-Ile gene, shown as in A. Green boxed area represents reads that do not match the genome due to tRNA
processing, and red lines represent untemplated CCA addition. mir-tRNA Ile has been annotated as mir-1983. (D) Manually predicted
secondary structures for the tRNA cloverleaf structure and alternative shRNA fold. (E) Small RNAs mapping to mir-1980, presented
as in A. (F) Predicted secondary structure of the presumed mir-1980 precursor.

ability to be processed into a mature tRNA. Reads were
scattered across the locus that were generated in both
mutant as well as the wild-type samples, many of which
mapped uniquely to this locus (Fig. 3C). Reads diagnostic
of the mature tRNA accumulated, including a cluster
with 5⬘ ends matching the RNase P cleavage site (Alt-
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man 2000), a set that spanned the splice junction at the
anti-codon loop (Abelson et al. 1998), and a set that did
not match the genome because of untemplated CCA addition at their 3⬘ ends (Fig. 3C,D; Weiner 2004). Most of
these could also have derived from other tRNA genes,
but five of 28 CCA-appended reads mapped uniquely to
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this locus. The 3⬘ termini of these uniquely mapping
reads clustered at the first of two pol III termination
signals rather than at the RNase Z cleavage site (Fig. 3C),
suggesting CCA addition in the absence of RNase Z
cleavage. The second pol III termination signal was detected further downstream, concurrent with the 3⬘ ends
of a small cohort of reads (Fig. 3C), and may have generated an alternative primary transcript more suited to
tRNA processing than was the putative shRNA primary
transcript.
The second locus that provided insight into potential
mechanisms for mir-320 and mir-484 biogenesis, mir1980, had not been annotated previously but was highly
conserved (Fig. 3E). In contrast to the mir-320, mir-484,
and tRNA loci, more reads were generated from the 5⬘
arm than the 3⬘ arm of the mir-1980 predicted premiRNA hairpin, an observation that was inconsistent
with the initiation of transcription defining the 5⬘ end of
these reads. The region upstream of the pre-miRNA hairpin was also highly conserved and had predicted capacity
to form a second hairpin. A small number of reads was
detected at the 5⬘ edge of the conserved block, consistent
with its transcription. However, no reads were generated
from the 3⬘ arm of this upstream hairpin, suggesting that
it might only serve to prevent competitive base pairing
of this portion of the primary transcript with the premiRNA. This tailed shRNA locus appears to be processed in a fashion analogous to that of the tailed mirtron, with an unidentified, non-Microprocessor nuclease
removing nucleotides up to the 5⬘ end of the pre-miRNA
hairpin.
Endogenous hp-siRNAs derived from tandem, inverted
SINE elements
A large population (38%) of DGCR8-independent, Dicerdependent small RNAs mapped to SINE elements (Fig.
4A; Supplemental Table 6). Rather than being evenly distributed across the subclasses of SINE elements, almost
all of the SINE-derived reads (98%) mapped to the B1/
Alu subclass (Vassetzky et al. 2003). Because many of
these reads mapped to a multitude of SINE elements
across the genome, the Dicer-dependent, DGCR8-independent, SINE-annotated locus with the highest normalized wild-type read count was examined as a representative of these loci. Notably, many Dicer-dependent reads
mapped uniquely to this locus on chromosome 7 (Fig.
4C), which contained two annotated B1/Alu SINE elements located adjacent to one another, convergently oriented (Fig. 4B). Transcription across SINE elements so
arranged would yield a long hairpin RNA (hp-RNA) that
could be a dsRNA substrate for successive Dicer cleavage to yield endogenous siRNAs (Fig. 4C). Consistent
with this model of hp-siRNA biogenesis, all of the reads
that mapped uniquely to this locus mapped to one strand
of the genome; the Dicer-dependent reads were phased at
∼21-nt intervals (only a small cohort of Dicer-independent reads mapping to ∼15 other loci disrupted this phasing; Fig. 4B,C), and the reads from the 5⬘ arm of the
predicted hairpin precursor shared 2-nt 3⬘overhangs with

those from the 3⬘ arm (Fig. 4C). qRT–PCR confirmed that
the expression of this locus was similar between wild
type, dgcr8⌬/⌬, and dicer1⌬/⌬ (Supplemental Fig. S5).
Therefore, the absence of the small RNA reads in
dicer1⌬/⌬ must be predominantly due to a loss in processing, rather than a loss in expression of the precursor.
The arrangement of reads across the hp-siRNA locus
suggested that the majority of reads mapping to that locus could be ascribed to it despite additional perfect
matches to the genome. So considered, the phased small
RNAs of this single hp-siRNA locus accounted for 87%
of the B1/Alu-derived, DGCR8-independent small RNAs
(85% when excluding the out-of-phase, Dicer-independent reads described above). Excluding those reads, the
SINE-annotated locus with the second-most Dicer-dependent reads, present on chromosome 4, also had two
B1/Alu elements in a tandem, inverted arrangement (Fig.
4D). The predicted hairpin structure at this hp-siRNA
precursor was longer then that from the chromosome-7
locus, and phased reads sharing ∼2-nt 3⬘ overhangs with
those from the opposing arm of the hairpin spanned a
greater length, presenting an even more compelling case
for successive Dicer cleavage through this dsRNA precursor (Fig. 4E). Together, these two hp-siRNA loci accounted for 91% (89% excluding the out-of-phase reads
from above) of the B1/Alu-derived Dicer-dependent,
DGCR8-independent endogenous siRNAs. hp-siRNAs
have also been described deriving from the inverted repeats flanking LTR elements in mouse oocytes (Tam et
al. 2008; Watanabe et al. 2008), but LTR-derived RNAs
represented a negligible fraction of the transposon-derived siRNAs in mESCs (Fig. 4A). The 26% of Dicerdependent, DGCR8-independent reads remaining unclassified were mostly short reads that derived from a
small number of loci (examples in Supplemental Fig. S6).
Despite their short length, these sequences generally
mapped uniquely to the genome, and were found clustered with other short sequences exhibiting heterogeneity at both their 5⬘ and 3⬘ ends. The biogenesis and possible roles for these small RNAs was unclear.
Discussion
Here we report a global analysis of the enzymatic requirements for the production of small RNAs in mESCs.
The experimental identification of the enzymatic dependencies of the small RNAs allowed for categorization
based on their biogenesis pathways. This approach allowed canonical miRNAs to be distinguished from mirtron- and shRNA-derived miRNAs (Fig. 5A). It also allowed unambiguous identification of genomically clustered small RNAs as endogenous siRNAs, which in
mESCs were predominantly hp-siRNAs. This observation is in contrast to mouse oocytes, where endo-siRNAs
included hp-siRNAs, cis-nat-siRNAs, and trans-natsiRNAs (Fig. 5B; Tam et al. 2008; Watanabe et al. 2008).
Most annotated miRNAs were observed to be canonical, as loss of either DGCR8 or Dicer resulted in a loss of
their expression. However, several annotated miRNAs
were present in the absence of DGCR8, but lost in the
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Figure 4. SINE-derived hp-siRNAs. (A) Sources of Dicer-dependent small RNAs. See Supplemental Table 6 for tabular representation.
(B) Small RNAs from the wild-type library that derived from the indicated genomic locus, which contains two inverted B1/Alu SINE
elements. Presented as in Figure 3A. (C) Predicted secondary structure of a transcript corresponding to the locus from B, with the most
abundantly sequenced small RNA from each register indicated. (D) A second hp-siRNA SINE locus, presented as in B. (E) Predicted
secondary structure of a transcript corresponding to the locus from D, with the most abundantly sequenced small RNA from each
register indicated.

absence of Dicer. Further analysis of the enzymatic dependencies of all small RNA generating loci in the
mESCs identified more DGCR8-independent, Dicer-dependent small RNAs. These loci included novel murine
mirtrons, analogous to those of mirtrons in flies and
worms (Okamura et al. 2007; Ruby et al. 2007a). A previous study had mapped small RNAs from human and
macaque to the ends of short introns and used this mapping data to propose that mammals have mirtrons (Berezikov et al. 2007). The DGCR8 independence and
Dicer dependence observed in our study confirmed the
mirtronic identity of one proposed locus, mir-877, which
is conserved between mouse, humans, and chimps. We
also identified two other mirtrons, including the reclassified mir-702. In addition, a tailed mirtron was identified that had a short extension 5⬘ of the pre-miRNA hairpin. A similar miRNA precursor structure is found in
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mir-1017 of Drosophila, but with the tail at the 3⬘ end of
the putative pre-miRNA (Ruby et al. 2007a). These tailed
mirtrons expand the repertoire of introns that can give
rise to miRNAs (Fig. 5A).
Overall, the mirtrons made up a small fraction of the
DGCR8-independent, Dicer-dependent small RNAs. A
much larger fraction of reads derived from endogenously
expressed short hairpins (Fig. 5A). Although exogenous
shRNAs are common laboratory reagents designed to
knock down genes of interest, this type of small RNA
precursor had not been reported to produce endogenous
small RNAs in any species. Several lines of evidence
support the annotation of these loci as endogenous
shRNA genes: First, the small RNAs mapping to
shRNAs were Dicer-dependent, linking them to RNA
silencing. Second, these loci did not map to introns and
lacked the canonical splicing signals, suggesting a path-
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Figure 5. Alternative biogenesis pathways of Dicer-dependent small RNAs. (A) Canonical and noncanonical pathways for miRNA
biogenesis. DGCR8-independent, Dicer-dependent (noncanonical) miRNAs arise from splicing (mirtrons) or direct transcription
(shRNA). Some mirtrons and shRNAs have an additional tail that is removed by an unknown nuclease. (B) Endogenous siRNA
biogenesis. Inverted repeats can form long hairpins, which are processed by Dicer into siRNAs (hp-siRNAs). dsRNA duplexes can also
arise from convergent transcription, or gene/pseudogene pairs. Note that convergent transcription and gene/pseudogene pairs have
only been identified in mouse oocytes and were not detected in ES cells.

way for bypassing Microprocessor biogenesis distinct
from that of mirtrons. Third, analysis of the sequences
aligning to these hairpins revealed a paucity of reads
mapping to the 5⬘ arms of the hairpins. Inspection of data
from recent sequencing efforts in human ES cells (Morin
et al. 2008) revealed that human mir-320 and mir-484
have a similar lack of 5⬘ reads (Supplemental Fig. S7).
Because the protocols for constructing small RNA librar-

ies required a 5⬘ monophosphate for adapter ligation, the
lack of reads matching the 5⬘ arms could be explained by
an alternative modification at the 5⬘ end of the hairpin.
Indeed, the pol III-expressed tRNA-IIe transcript, expected to have a 5⬘ triphosphate, showed a similar paucity of 5⬘ reads. Taken together, these three lines of evidence suggest that mir-320, mir-484, and mir-tRNA Ile
loci were expressed as shRNAs. We note that one differ-
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ence between endogenous and engineered shRNAs is
that engineered hairpins are typically designed to have
more perfectly paired stems, whereas endogenous hairpins resemble most pre-miRNAs in having more mismatches in the stem.
An interesting potential variation on shRNA biogenesis was exemplified by mir-1980, which was predicted
to form two hairpins with only the second hairpin producing a substantial number of sequenced small RNAs.
The Microprocessor independence of this locus suggests
that an unknown nuclease removes the 5⬘ tail up to the
5⬘ end of the second hairpin, creating a parallel between
the biogenesis of tailed mirtrons and that of this tailed
shRNA.
Dicer-dependent small RNAs deriving from SINE elements have been a curiosity since they were found in
mESCs (Calabrese et al. 2007). We found that these small
RNAs were DGCR8-independent and derived almost exclusively from B1/Alu SINE elements (Fig. 5B). Moreover, the bulk of these small RNAs appeared to derive
from only one locus containing tandem, inverted SINE
B1 elements with the potential to produce an hp-RNA
transcript. Phased reads with 2-nt 3⬘ overhangs when
paired to reads from the other arm of the hairpin strongly
implied that this hairpin is produced from transcriptional read-through of the inverted SINE elements and
then successively cleaved by Dicer to generate endogenous hp-siRNAs. A similar hp-siRNA biogenesis pathway has been reported in mouse oocytes (Tam et al.
2008; Watanabe et al. 2008) and in Drosophila (Czech et
al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008;
Okamura et al. 2008). In oocytes, siRNAs can also arise
from long dsRNAs formed in trans by pseudogene/gene
pairing (trans-nat-siRNAs) or in cis by antisense transcription (cis-nat-siRNAs), but our mESCs data sets revealed no such siRNAs. Conversely, analysis of the oocyte small RNA data revealed few, if any reads from the
hairpin-forming SINE elements we uncovered in ES cells
(Supplemental Fig. S8). When considered together with
the recent results from oocytes, our data showed that
endo-siRNAs are produced in mammalian cell types
other than oocytes and suggested that endo-siRNAs are
tightly regulated during the transition from oocytes and
blastocyst-stage embryos.
It is unclear how commonly these different subclasses
of noncanonical miRNAs and siRNAs are expressed in
mammalian somatic tissues. Until very recently, endosiRNAs were presumed largely absent from mammalian
cells, a notion bolstered by the assumption that long
dsRNA would trigger the interferon response (Stark et al.
1998). Indeed, the two cell types where a large number of
mammalian siRNAs have been unambiguously identified, oocytes (Tam et al. 2008; Watanabe et al. 2008) and
mESCs (this study) lack an interferon response (Wianny
and Zernicka-Goetz 2000; Yang et al. 2001). The mirtron
and shRNA biogenesis pathways would not face this
limitation, and are likely to have a more broad distribution of expression. ES cells have a less complex miRNA
expression profile than do differentiated cells (Strauss et
al. 2006), with a small pool of miRNAs making up vast
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majority of the small RNA population (Calabrese et al.
2007). Therefore, we postulate that many more examples
of small RNAs deriving from the alternative biogenesis
pathways described here will be uncovered in other cell
types.
Materials and methods
ES cell culture
mESCs were grown on gelatin-coated plates in standard, feederfree conditions, using mouse embryonic fibroblast (MEF)-conditioned media as described previously (Wang et al. 2007).
DGCR8 knockout ES cells were described previously (Wang et
al. 2007). Dicer knockout cells were produced by first deriving
ES cells (Blelloch et al. 2006) from Dicer flox/flox mice (Harfe et
al. 2005). Resulting cells were treated with cre recombinase to
loop out the floxed Dicer alleles. Homozygous loop out was
confirmed by genotyping (Harfe et al. 2005).
Small RNA cloning and sequencing
Total RNA from wild type, dgcr8⌬/⌬, and dicer1⌬/⌬ was extracted using Trizol (Invitrogen). Small RNA libraries were constructed essentially as described elsewhere (Grimson et al.
2008). Small RNAs ranging from 18 to 32 nt were gel-purified
and ligated to the 3⬘ adaptor and 5⬘ adaptor oligonucleotides.
Products from the second ligation were purified, reverse transcribed, and amplified using corresponding primers. Sequences
of the adaptors and primers are as published (Illumina, 454 Life
Sciences). Samples were sequenced on an Illumina 1G Genome
Analyzer and 454 Genome Sequencer.
Bioinformatic analysis of small RNA libraries
5⬘ and 3⬘ adapter sequences were removed from 454-generated
reads as described (Ruby et al. 2006). For Illumina-derived reads,
the 5⬘ end of the read was treated as the small RNA 5⬘ nucleotide, and the 3⬘ end of the small RNA was determined by the
3⬘-most perfect match to the first 6 nt of the 3⬘ adaptor. Reads
without a perfect 6-nt adapter match were discarded. All
adapter-extracted reads 16–27 nt in length were mapped to the
University of California at Santa Cruz mm8 assembly of the
mouse genome (Waterston et al. 2002; Karolchik et al. 2003) by
searching for exact matches over the entire sequence. All reads
mapping perfectly to the genome at <500 loci were considered in
downstream analysis. Read counts for any locus were normalized to the number of genomic matches as described (Ruby et al.
2006), unless otherwise noted. RNA secondary structures were
predicted using RNAfold (Hofacker et al. 1994), unless otherwise noted. miRNA annotations were taken from miRBase version 10.0 (Griffiths-Jones et al. 2008), and mm8 genome coordinates were obtained using BLAT (Kent 2002), unless otherwise
noted. Repeat element and NCBI refSeq gene annotations were
obtained from UCSC (Jurka 2000; Karolchik et al. 2003; Pruitt et
al. 2005). When considering reads overlapping the border of an
annotation, counts were multiplied by the fraction of the read
length that overlapped. Antisense reads were considered
nonoverlapping, unless otherwise noted.
Small RNA dependencies were determined by sliding a 100-nt
window along each strand of each chromosome at 1-nt increments. Any such window with ⱖ10 reads from the wild-type
data set was placed into one of five categories: (1) Dicer-dependent, DGCR8-dependent; (2) Dicer-dependent, DGCR8-independent; (3) Dicer-independent, DGCR8-dependent; (4) Dicer-
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independent, DGCR8-independent; or (5) intermediate. A window’s dependence on each enzyme was calculated by dividing
the number of reads in that enzyme’s knockout data set by the
number of wild-type data set reads after normalizing the read
count of each data set to that data set’s count of tRNA-,
snRNA-, scRNA-, and srpRNA-derived reads; bioinformatic
analysis confirmed that members of these species were relatively constant between wild type, dgcr8⌬/⌬, and dicer1⌬/⌬
(Supplemental Fig. S1). For each window, quotients ⱕ0.1 indicated dependence, while quotients ⱖ0.5 indicated independence. An intermediate value with respect to either enzyme
placed the window in the “intermediate” category. After classification, overlapping windows from each category were combined into nonredundant loci, and the dependencies of each
locus were re-evaluated according to the criteria above, but with
the “intermediate” category split into three subcategories:
“Dicer-dependent, DGCR8-intermediate,” “Dicer-intermediate, DGCR8-dependent,” or “intermediate.” In analysis of
miRNA genes and short introns, the same requirements were
applied to those annotations as to the windows/loci above.

Microarrays
Wild-type, dgcr8⌬/⌬, and dicer1⌬/⌬ ES cells were plated on 60mm plates in triplicate. Total RNA was extracted using Trizol
(Invitrogen). cRNAs were synthesized and hybridized to the
Affymetrix Mouse Gene 1.0 ST arrays at the Genomics Core
Facility, Gladstone Institute, University of California at San
Francisco. Data were normalized with GCRMA algorithm.

5⬘ RACE
Total RNA from dicer1⌬/⌬ was extracted using Trizol reagent
(Invitrogen). 5⬘ RACE was performed per manufacturer’s instructions (Invitrogen 5⬘ RACE System for Rapid Amplification
of cDNA Ends, Version 2.0 kit). Nested PCR was carried out to
enrich for the mir-320 pre-miRNA hairpin. Primer sequences
were as follows: mir-320 GSP1, CGCCCTCTCAACCCAGC;
mir-320 GSP2, CCCGACTCCGGGAAGAACC; mir-320 GSP3,
CCGGGAAGAACCGGGAAGAG; 5⬘ RACE Abridged Anchor
Primer, GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG;
Abridged Universal Amplification Primer, GGCCACGCGTC
GACTAGTAC. The PCR product was TA-cloned into pCR2.1TOPO (Invitrogen) and sequenced. Two clones gave unambiguous reads, while an additional three clones were indeterminate
due to the ambiguity of a single cytosine residue adjacent to the
adapter/insert boundary following a long stretch of guanines.

Accession numbers
All small RNA reads are available at the GEO database with
accession number GSE12521. Data from 454 sequencing are deposited in GPL7196, and data from Illumina sequencing are in
GPL7195.
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