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Dicer is the enzyme that cleaves double-stranded RNA (dsRNA) into 21–25-nt-long species responsible for
sequence-specific RNA-induced gene silencing at the transcriptional, post-transcriptional, or translational
level. We disrupted the dicer-1 (dcr-1) gene in mouse embryonic stem (ES) cells by conditional gene targeting
and generated Dicer-null ES cells. These cells were viable, despite being completely defective in RNA
interference (RNAi) and the generation of microRNAs (miRNAs). However, the mutant ES cells displayed
severe defects in differentiation both in vitro and in vivo. Epigenetic silencing of centromeric repeat sequences
and the expression of homologous small dsRNAs were markedly reduced. Re-expression of Dicer in the
knockout cells rescued these phenotypes. Our data suggest that Dicer participates in multiple, fundamental
biological processes in a mammalian organism, ranging from stem cell differentiation to the maintenance of
centromeric heterochromatin structure and centromeric silencing.
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Central to the RNA interference (RNAi) machinery is
the RNase III-containing enzyme, Dicer (Bernstein et al.
2001). Dicer is required for processing of long double-
stranded RNA (dsRNA) or microRNA (miRNA) precur-
sors into mature effector RNA molecules (Carmell and
Hannon 2004). The biological function of Dicer proteins
has been studied in several organisms. These studies
have revealed that Dicer proteins are involved in a vari-
ety of gene-silencing phenomena, at the transcriptional
(TGS), post-transcriptional (PTGS), or translational
level, depending on the organism. Interestingly, there is
a remarkable cross-species diversity in the function and
number of Dicer-like molecules. Mutation of the single
dicer gene in Caenorhabditis elegans showed that Dicer
is, indeed, required for RNAi and development (Grishok
et al. 2001; Ketting et al. 2001; Knight and Bass 2001; Lee
and Ambros 2001). The latter phenotype was primarily
attributed to the lack of processing of lin-4 and let-7
pre-miRNAs (Lee et al. 1993; Wightman et al. 1993; Moss
et al. 1997; Reinhart et al. 2000; Slack et al. 2000). In

mammals, where a single dicer gene likely exists,
RNAi-mediated knock-down of Dicer in a human cell
line led to defects in both miRNA production and short
hairpin RNA (shRNA)-mediated RNAi (Hutvagner et al.
2001; Paddison et al. 2002a). In addition, inactivation of
dicer-1 (dcr-1) in the mouse germ line resulted in early
embryonic lethality. In Schizosaccharomyces pombe,
where no miRNAs have been identified, Dicer and the
RNAi pathway have been implicated in the generation of
heterochromatic small interfering RNAs (siRNAs) that
mediate TGS of centromeric repeats (Hall et al. 2002;
Reinhart and Bartel 2002; Volpe et al. 2002, 2003; Verdel
et al. 2004). Arabidopsis encodes four Dicer-like (Dcl)
proteins. The first one characterized was CAF1/Dicer-
like1 (Dcl-1), a nuclear Dicer homolog, which is dispens-
able for both TGS and PTGS (Finnegan et al. 2003; Papp
et al. 2003). Dcl-1 is, however, required for miRNA pro-
duction and plant development (Park et al. 2002; Rein-
hart et al. 2002; Xie et al. 2004). Dcl-2 may be important
for viral siRNA biogenesis and antiviral defense (Xie
et al. 2004), while Dcl-3 is required for generating endog-
enous siRNAs, which are involved in heterochromatin
formation and DNA methylation at homologous loci
(Chan et al. 2004; Xie et al. 2004). There is, in addition,
a fourth Dicer protein (Dcl-4) whose function has not yet
been determined (Matzke et al. 2004).
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In Danio rerio, Dicer inactivation abolishes miRNA
production and results in a block in development and an
overall cellular growth arrest in fish larvae (Wienholds
et al. 2003). Drosophila contains two genes of the dcr
family. Drosophila Dcr-1 is required for pre-miRNA pro-
cessing as well as RNAi (Lee et al. 2004), while Dcr-2 is
involved in siRNA generation (Lee et al. 2004; Pham
et al. 2004). In addition to initiating RNAi, Drosophila
Dcr-2 is required for siRNA-induced mRNA degradation
and is physically associated with the RNA-induced si-
lencing complex (RISC) in concert with Dcr-1 and R2D2.
Dcr-2 homozygous null flies are viable and thus, in vivo,
Dcr-2 is dispensable for miRNA generation and develop-
ment.

Neurospora also possesses two dicer genes, both of
which are required for PTGS (Catalanotto et al. 2004).
However, neither Dicer-dependent transcriptional nor
translational repression has been described in this organ-
ism. DNA methylation in Neurospora does not depend
on the RNAi pathway (Freitag et al. 2004). Most recently,
Dicer ablation in a chicken B-cell line (DT40) was re-
ported to lead to defects in heterochromatin and chro-
mosome segregation (Fukagawa et al. 2004).

RNA-guided DNA methylation was initially described
in plants by Wassenegger et al. (1994). It was later shown
that small dsRNAs could direct DNA methylation to
homologous promoter regions (Jones et al. 1999; Mette
et al. 2000; Sijen et al. 2001; Melquist and Bender 2003).
In addition, small dsRNAs derived from intergenic re-
gions have been cloned from plants and are homologous
to repetitive DNA elements such as endogenous retroel-
ements and transposons (Hamilton et al. 2002; Llave
et al. 2002). These endogenous siRNAs are processed by
Dcl-3 (Chan et al. 2004) and have been linked to Ago4, an
argonaute protein, histone H3 Lys 9 (H3K9) methylation,
and CpXpG DNA methylation (Lindroth et al. 2001;
Jackson et al. 2002; Zilberman et al. 2003).

Although RNA-dependent TGS is likely to occur in
other organisms, it has been most extensively character-
ized in S. pombe and plants. In Drosophila, a direct link
between the Dicer proteins or the small dsRNAs gener-
ated by Dicer cleavage and DNA methylation or other
epigenetic modifications has not been established. In-
triguingly, however, Drosophila expresses repeat-associ-
ated siRNAs (rasiRNAs), which have been suggested to
participate in defining the chromatin structure of repeti-
tive DNA (Aravin et al. 2001, 2003). Moreover, compo-
nents of the RNAi pathway in flies, like piwi, aubergine,
and spindle-E, have been implicated in heterochromatin-
mediated gene silencing (Pal-Bhadra et al. 1999, 2002,
2004; Kogan et al. 2003).

In Tetrahymena, small dsRNAs and a piwi-like gene
are required for programmed DNA deletion during so-
matic macronucleus formation, a process that involves
heterochromatin formation (Mochizuki et al. 2002; Tav-
erna et al. 2002).

Recently, TGS of endogenous promoters by synthetic
siRNAs or shRNAs was reported in mammalian cells
(Kawasaki and Taira 2004; Morris et al. 2004). This is
similar to what is seen in S. pombe, where a shRNA is

sufficient to silence a homologous locus by recruiting
Swi6 and cohesin (Schramke and Allshire 2003). How-
ever, in mammalian cells there are also data suggesting
that RNAi does not result in DNA methylation of the
homologous endogenous sequence (Park et al. 2004; Svo-
boda et al. 2004).

The most comprehensive and informative series of
studies on RNAi-mediated TGS, however, comes from
fission yeast, where endogenous siRNAs corresponding
to the outer centromeric repeats (otr) have been isolated.
These centromeric siRNAs associate with a RNA-in-
duced initiation of transcriptional gene silencing (RITS)
complex to direct methylation of H3K9, followed by re-
cruitment of swi6 (an HP1 homolog) and cohesin to cen-
tromeres and mating-type loci (Hall et al. 2002; Reinhart
and Bartel 2002; Volpe et al. 2002, 2003; Verdel et al.
2004). Mutations within this pathway affect centromere
function and manifest themselves as defects in sister-
chromatid cohesion, chromosome segregation, and, ulti-
mately, aneuploidy (Volpe et al. 2003).

Similar to S. pombe centromeres, mouse centromeres
are rich in heterochromatin-associated histone modifi-
cations, which seem to depend largely on the histone
methyltransferases Suv39h1 and Suv39h2 (Peters et al.
2001). Suv39h double-deficiency leads to deregulation of
DNA methylation and histone modifications at centro-
meric repeats (Peters et al. 2001; Lehnertz et al. 2003).
There is no evidence to date that the heterochromatic
structure of mammalian centromeres depends on the
RNAi machinery. To investigate this possibility, we
have generated Dicer-deficient mouse embryonic stem
(ES) cells and analyzed the effect of Dicer deficiency
mainly on silencing of centromeric chromosomal regions.

Results

Generation of Dicer-null ES cells

In order to generate cells that do not express a functional
Dicer protein, one of the dcr-1 alleles of C57/BL6-derived
Bruce-4 ES cells was targeted by homologous recombi-
nation. Specifically, loxP sites were inserted flanking ex-
ons 18–20 of dcr-1 (Fig. 1A), which encode part of the
PAZ and the first RNase III domain. Deletion of this
region by Cre-loxP-mediated recombination is predicted
to lead to out-of-frame splicing of all downstream exons,
including the second RNase III and the dsRNA-binding
domains, and should result in complete ablation of Dicer
enzymatic activity. Proper targeting of dcr-1 was verified
by Southern blot analysis using both a 3�- and a 5�-spe-
cific probe (Fig. 1B,C).

In order to mutate the second dcr-1 allele, heterozy-
gous mutant cells (DCRneo/+) were cultured in increasing
concentrations of the neomycin analog G418. This se-
lection procedure can promote a gene conversion-type
modification of the wild-type allele (Mortensen et al.
1992). Indeed, we were able to obtain homozygous
DCRneo/neo cells that had properly converted the wild-
type allele, as verified by Southern blot analysis (Fig. 1C).
DCRneo/neo ES cells were indistinguishable from paren-
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tal DCRneo/+ cells with respect to proliferation rate and
morphology (data not shown). Infection of these cells
with a Cre-expressing adenovirus resulted in deletion of
exons 18–20 and allowed us to isolate homozygous
DCR�/� clones. Deletion was confirmed by Southern
blot analysis (Fig. 1C). Dicer protein ablation was veri-
fied by Western blot analysis, using two different rabbit
antisera raised against peptides homologous to distinct
regions of murine Dicer (Fig. 1A). No Dicer protein was
detected in extracts of DCR�/� cells using either anti-
body (Fig. 1D).

To determine whether we had generated a functional
Dicer knockout, DCR�/� cells were analyzed for their
ability to produce mature miRNAs. Northern blot analy-
ses using probes specific for two ES cell-expressed
miRNAs, miR-293 and miR-292as (Houbaviy et al.
2003), demonstrated the absence of mature miRNAs in
two, independent DCR�/� clones. Both of these miRNAs

were readily detected in wild-type and DCRneo/neo cells
(Fig. 1E). Consistent with the lack of the mature miRNA
species, pre-miRNA precursors accumulated in the ab-
sence of Dicer (Fig. 1E).

To further determine whether there was any remain-
ing Dicer-like activity in the DCR�/� cells, we performed
an RNAi assay. A green fluorescent protein (GFP) expres-
sion vector was stably transfected into DCR�/� and con-
trol ES cells. GFP-expressing cells were sorted by fluo-
rescence-activated cell sorting (FACS) and transduced
with a lentivirus encoding a puromycin-resistance gene
and a short hairpin RNA (shRNA) homologous to gfp.
Following selection with puromycin, cells that had inte-
grated the lentivirus, and thus, should express the shRNA,
were assayed for GFP expression by flow cytometry
(Supplementary Fig. S1). Lentivirally encoded shRNA
should be processed by Dicer into siRNA that can me-
diate PTGS of gfp. As expected, DCR�/� cells were inca-

Figure 1. Conditional gene targeting of mouse
dcr-1. (A) Depicted at the top is the structure of
the Dicer protein composed of an N-terminal
RNA helicase domain, PAZ domain, followed by
two catalytic ribonuclease III domains and a
double-stranded RNA-binding domain. Epitopes
used for generation of anti-Dicer antibodies are
indicated. Below it, part of the wild-type (WT)
dcr-1 gene is depicted. Exons 18–20, encoding
half of the PAZ domain and the first RNase III
domain, are flanked by loxP sites (triangles). The
locations of BamHI (BHI) and BglI restriction sites
and 5� and 3� probes used for screening of homo-
logous recombinants are indicated. Homologous
recombination of our targeting vector (bold line)
resulted in the allele depicted as DCRneo. An
FRT-flanked PGK-neomycin cassette (neo†) is in-
serted into intron 17. Upon Cre-mediated recom-
bination of the introduced loxP sites, a Dcr-null
allele is generated (depicted as DCR�). (B) South-
ern blot of BamHI-digested genomic DNA from a
wild-type (+/+) ES cell clone, and two homolo-
gous recombinants (neo/+) were hybridized with
the 3� probe (see A). (C) Southern blot of BglI-di-
gested genomic DNA from a heterozygous (neo/+)
ES cell clone, a homozygous (neo/neo) clone, a
heterozygous deleted clone (neo/�), and a homo-
zygous (�/�) Dcr-null clone was hybridized with
the 5� probe (see A). (D) Western blot of extracts
derived from a heterozygous (neo/+) ES cell clone,
a homozygous (�/�) clone, and recombinant
Dicer (rec. Dicer) protein. The Western blot was
probed for Dicer protein using antisera raised
against two different peptides homologous to
mouse Dicer (the corresponding epitopes, 1414
and 1416, are indicated on the schematic repre-
sentation of Dicer protein, A), and then stripped
and reprobed for tubulin (bottom). (E) Northern
analysis of miRNA expression in mouse ES cells.
Total RNA from a control wild-type and Dicer-

proficient clone (neo/neo) and two Dcr-null clones (�/�) was resolved in a denaturing polyacrylamide gel and transferred onto a nylon
membrane. Shown are PhosphorImages of two blots hybridized either to a radiolabeled oligonucleotide complementary to miR-293
(left panel) or miR-292as (right panel). To control for equal RNA loading, the Northern blots were also reprobed for leucine transfer
RNA (Leu tRNA). The arrows indicate Leu tRNA, pre-miRNA, and processed mature miRNA.

Dicer-dependent differentiation and gene silencing

GENES & DEVELOPMENT 491



pable of shRNA-mediated RNAi, in contrast to wild-type
cells. However, DCR�/� cells were able to perform RNAi
when synthetic siRNAs were supplied exogenously, thus
circumventing the requirement for Dicer-mediated pro-
cessing of the shRNA (Supplementary Fig. S1). Consis-
tent with previous studies (Martinez et al. 2002), Dicer
seems dispensable for RISC assembly and siRNA-medi-
ated cleavage of mRNA transcripts.

Dicer-deficient ES cells express ES cell-specific
markers but fail to differentiate

Disruption of dcr-1 in the mouse germ line results in
early embryonic lethality (Bernstein et al. 2003). dcr-1−/−

embryos failed to express the stem cell marker, oct-4,
and the primitive streak marker, brachyury. Surpris-
ingly, the DCR�/� ES cells that we generated were viable
and displayed typical ES cell morphology when grown on
a mouse embryonic fibroblast (MEF) monolayer, forming
oval-shaped compact colonies, indistinguishable from
those formed by DCRneo/+ heterozygous or wild-type
cells (Fig. 2A). They did, however, proliferate more
slowly compared to DCRneo/+ and DCRneo/neo controls
(data not shown). Analysis of the knockout cells for ex-
pression of ES cell-specific markers, such as the short
�6-integrin isoform and oct-4, showed that these mark-

ers were expressed at comparable levels in DCRneo/+,
DCRneo/neo, and DCR�/� cells, while being absent in dif-
ferentiated cells, such as MEFs (Fig. 2B). As mentioned
previously, the DCR�/� cells also expressed the ES cell-
specific pre-miRNAs, miR-292as and miR-293, albeit
not in their mature, processed form (Fig. 1E).

However, DCR�/� cells did not contribute to the gen-
eration of chimeric mice when injected into blastocysts,
unlike DCRneo/+ and DCRneo/neo cells, which gave rise to
high-percentage chimeras (data not shown). Further-
more, the Dicer-deficient cells failed to generate detect-
able teratomas upon subcutaneous injection into nude
mice (Fig. 2C). Post-mortem evaluation of the mice 3 wk
after injection revealed no identifiable aggregates of cells
or tumors in mice implanted with DCR�/� cells.

To further investigate whether Dicer ablation leads to
a specific defect in differentiation, several mutant and
control ES cell clones were tested for their ability to form
embryoid bodies (EBs) in vitro. When ES cells are cul-
tured in suspension in the absence of leukemia inhibi-
tory factor (LIF), they form cell aggregates known as EBs,
in which cells differentiate into the three germ layers
(Martin and Evans 1975). The differentiation of these
cells into primitive endoderm, mesoderm, and ectoderm
is a highly regulated process and correlates with expres-
sion of a panel of specific markers, which can be used to

Figure 2. Dicer-deficient ES cells retain
ES cell characteristics but fail to differenti-
ate. (A) Phase-contrast micrographs of het-
erozygous (neo/+) and homozygous (�/�) ES
cell colonies (indicated by arrows) grown
on a feeder layer of MEFs. (B, top panel)
RT–PCR analysis of the ES cell-specific �6-
integrin isoform (306 bp). (Bottom panel)
Quantitative RT–PCR analysis of oct-4
transcripts normalized to hprt transcripts.
The averages and standard deviations of
three experiments are depicted in the
graph. (C) Size of teratomas following injec-
tion of the indicated ES cells into nude
mice is plotted as a function of time (weeks
post-implantation). The averages from five
injected mice are shown. (D) Light micro-
graphs of paraffin sections from day 12 EBs
stained with hematoxylin-eosin. EBs de-
rived from heterozygous (DCRneo/+), homo-
zygous (DCRneo/neo), and Dicer-deficient ES
cells (DCR�/�) are shown in the top panel
(10×). In the lower panel, higher magnifica-
tion images (40×) of a portion of the same
EBs are displayed. (E) Semiquantitative RT–
PCR analyses of mesoderm- and ectoderm-
specific differentiation markers. RNA was
extracted and reverse-transcribed from EBs
generated from DCRneo/+, DCRneo/neo, and
two different DCR�/� clones at day 3, 5,
and 8 of differentiation and analyzed for ex-
pression of differentiation markers bmp4,
hnf4, gata1, and brachyury. Hprt tran-
scripts were amplified as a loading control. (F) Quantitative real-time PCR analysis of oct-4 transcripts normalized to hprt transcripts
in EBs at days 3, 5, 8, 10, and12 of differentiation. The averages and standard deviations of three experiments are depicted in the graph.

Kanellopoulou et al.

492 GENES & DEVELOPMENT



analyze the differentiation process at the molecular level
(Keller et al. 1993; Di Cristofano et al. 1998). All clones
analyzed formed EB-like structures that grew compara-
bly well until day 8–10 of differentiation, at which point
DCR�/� clones ceased growing. Paraffin sections of EBs
harvested on day 12 were stained with hematoxylin-eo-
sin (H&E), and differentiation into the three germ layers
was visualized by microscopy. DCRneo/+ and DCRneo/neo

EBs were composed of distinct cell types and clearly de-
fined endoderm-, ectoderm-, and mesoderm-like struc-
tures (Fig. 2D). In contrast, the DCR�/� cells only formed
aggregates of cells with little morphological evidence of
differentiation. Accordingly, when EBs were analyzed for
expression of genes characteristic of endodermal (hnf4)
(Duncan et al. 1994) and mesodermal (brachyury, bmp4,
gata1) (Elefanty et al. 1997) differentiation, no expression
of any of these differentiation markers was detected in
DCR�/� EBs, while DCRneo/+ and DCRneo/neo EBs exhib-
ited normal expression profiles for these genes (Fig. 2E).
Interestingly, oct-4 expression, which progressively de-
creased in the control EBs, only partially decreased in
mutant EBs after day 5 of differentiation (Fig. 2F).

DCR�/� ES cells express high levels
of centromeric repeat sequence RNA

RNAi-mediated heterochromatic silencing has been
demonstrated at S. pombe centromeres. If RNAi-guided
heterochromatin formation occurs in mammals, mouse
centromeres are potential targets. These units are com-
posed of tandem repeats of specific DNA sequences (mi-
nor and major satellite repeats) that are rich in methyl-
ated DNA residues and heterochromatin-associated his-
tone modifications, and appear to be transcriptionally
repressed (Lehnertz et al. 2003).

As a first step to investigate the effect of Dicer ablation
on these heterochromatic structures, the abundance of
transcripts encoded by centromeric and pericentric re-
peats was measured in DCR�/� and heterozygous control
cells. Real-time RT–PCR analysis for pericentric (major
satellite) repeats and semiquantitative RT–PCR for the
centromeric (minor satellite) repeats revealed that tran-
scripts derived from both of these elements were more
abundant in DCR�/� cells than in heterozygous controls
(Fig. 3A,B). These results were also confirmed by North-
ern analysis (Fig. 3E; Supplementary Figs. S3, S6). Tricho-
statin A (TSA) treatment of the cells led to increased
levels of major satellite transcripts, in both DCRneo/+ and
DCR�/� cells (Fig. 3A). Transcripts derived from other
repetitive sequences, such as L1 and intracisternal A par-
ticle (IAP) retrotransposons, were also more readily de-
tected in the absence of Dicer (Supplementary Fig. S2).

Earlier studies have shown that noncoding poly-ad-
enylated RNA transcripts arise from both strands of cen-
tromeric satellite repeats in mouse (Rudert et al. 1995).
Conceivably, these RNA transcripts form double-
stranded structures that can become subject to cleavage
by Dicer. As in the case of S. pombe, the resulting siRNAs
could mediate TGS of homologous DNA sequences. To
ascertain whether the RNA transcripts from major and

Figure 3. Analyses of satellite repeat transcripts in ES cells in the
presence or absence of Dicer. (A) Quantitative real-time RT–PCR
was performed to determine the relative abundance of tran-
scripts from pericentric major satellite repeats in control (Dcrneo/+,
gray bars) and mutant (Dcr�/�, black bars) ES cells. Total RNA
samples were treated with DNase I prior to reverse transcrip-
tion. Plotted are values (in arbitrary units) for abundance of major
satellite transcripts normalized to levels of hprt transcripts, a
housekeeping gene. ES cells were either untreated or treated
with increasing concentrations of the histone deactylase inhibi-
tor, TSA. (B) Semiquantitative RT–PCR was performed to de-
termine the relative abundance of transcripts from centromeric
minor satellite repeats in control (neo/+ and neo/neo) and mu-
tant (�/�) ES cells. Digital photographs (negative image) of aga-
rose gel analyses of the RT–PCR products for minor satellite and
�-actin transcripts are shown. Total RNA samples were treated
with DNase I prior to reverse transcription. Equivalent amounts
of reverse-transcribed RNA were used for each PCR reaction as
determined by the abundance of hprt transcripts, which was ob-
tained by quantitative real-time RT–PCR (data not shown). (C)
Total RNA from wild-type ES cells was either untreated (−) or
treated (+) with RNase ONE and resolved in a denaturing 15%
acrylamide gel. Shown in the left panel is the gel stained with
ethidium bromide (EtBr). In the right panel, the gel was blotted
and probed with a radiolabeled probe specific for minor satellite
repeats (pMR150). A radiolabeled Decade marker (M) consisting
of 20-, 30-, 40-, 50-, 60-, 70-, 80-, 90-, 100-, and 150-nt RNA species
is included. (D) Total RNA was size fractionated using mirVana
glass fiber filters and equivalent amounts of the small RNA frac-
tion (<200 nt) were resolved in a denaturing 15% acrylamide gel.
Shown in the left panel is the gel stained with EtBr loaded with
short RNAs from wild-type (neo/+) or mutant (�/�) ES cells. In
the right panel, the gel was used for a Northern blot hybridized
with a probe specific for minor satellite repeats (pMR150). A
radiolabeled RNA Decade ladder (M) is also included. (E) Total
RNA was size fractionated using mirVana glass fiber filters, and
equivalent amounts of the long RNA fraction (>200 nt) were
resolved in a denaturing 10% acrylamide gel and analyzed by
Northern blot as in C and D. The EtBr-stained gel is shown
below.
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