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Dicer is essential for mouse
development

Emily Bernstein!2?, Sang Yong Kim!, Michelle A Carmell'2,
Elizabeth P Murchison!, Heather Alcorn3, Mamie Z Li%,
Alea A Mills!, Stephen J Elledge*, Kathryn V Anderson® &
Gregory ] Hannon!

To address the biological function of RNA interference (RNAI)-
related pathways in mammals, we disrupted the gene Dicer1
in mice. Loss of DicerT lead to lethality early in development,
with Dicer1-null embryos depleted of stem cells. Coupled with
our inability to generate viable Dicer7-null embryonic stem
(ES) cells, this suggests a role for Dicer, and, by implication,
the RNAi machinery, in maintaining the stem cell population
during early mouse development.

RNAI is an evolutionarily conserved gene-silencing pathway that has
been used to determine gene function in a variety of biological models
(reviewed in ref. 1). The biochemical mechanisms underlying RNAi
have recently emerged (reviewed in ref. 1). Initiation of silencing occurs
after processing of double-stranded RNAs (dsRNAs) by Dicer into
small interfering RNAs (siRNAs; ref. 2). Dicer also processes numerous
endogenous small RNAs, known collectively as microRNAs, which
then enter gene-silencing pathways®>=. Both types of processed silenc-
ing triggers can enter related effector complexes, known generically as
RNA-induced silencing complex (RISC). However, in some cases (e.g.,
with perfectly complementary siRNAs and some miRNAs), silencing
occurs by mRNA cleavage, and in other cases (e.g., with most imper-
fectly complementary miRNAs) silencing occurs through a block in
protein synthesis’. In plants and fungi, dsRNA can also initiate silenc-
ing at the transcriptional level, and in Drosophila, the RNAi machinery
has been genetically linked to transcriptional cosuppression (reviewed

Figure 1 Disruption of the mouse gene Dicerl. (a) The targeting strategy for
the Dicerl disruption replaces the first RNase Il domain with a PGK-neo
expression cassette. This domain is encoded in exon 21. (b) Details of the
targeting strategy. Red diamonds indicate the limits of the homology region
in the targeting vector. ES cell lines containing homologous recombinants
(designated by arrows) were identified by Southern blotting (¢) with a probe
derived from regions outside the targeting vector (indicated in b). Dicer
activity of a mutated DICER1 cDNA comprising essentially the deletion
introduced into the mouse gene was tested using immunoaffinity-purified
protein (d). Comparison of wild-type (Dicer) and mutant (Dicer ARIII) proteins
shows lack of siRNA production by the mutant. For comparison, processing
reactions lacking extract and in Drosophila S2 cell extracts are shown.

in ref. 1). Although several protein components of RISC associate with
multiple types of silencing triggers (reviewed in ref. 1), the precise
mechanistic relationship between distinct modes of dsSRNA-mediated
silencing has yet to be elucidated.

So far, genetic strategies have been used to examine the biological
functions of the RNAi machinery in Caenorhabditis elegans, Arabidopsis,
Drosophila and fungi (reviewed in ref. 1). Now, we begin to assess the
biological roles of RNAi in mammals by creating a mouse strain with a
chromosomal lesion in Dicer]. To prepare a gene-targeting vector for
Dicerl, we used an in vivo recombination strategy® to replace exon 21 of
Dicer] with a neomycin-resistance (neo") cassette (Fig. 1a,b). Splice
donor and acceptor sites of the exon remained intact, increasing the
chance that the entire PGK-#neo" cassette would be incorporated into the
Dicerl transcript, producing stops in all three reading frames.
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Our choice of mutation was informed by previous structural and
biochemical studies of Aquifex RNase III (ref. 9). Dicer has two catalytic
RNase IIT domains per molecule?. The first RNase I1I domain, encoded
in the mouse by exon 21, has canonical active sites, but crucial catalytic
residues in the second RNase III domain are not conserved in Dicer
enzymes. Evidence that the second RNase III domain is defective comes
from studies in Escherichia coli. Introduction of mutations correspond-
ing to the naturally occurring changes in the catalytic site of the second
RNase I1T domain of Dicer render the E. coli protein inactive®.

Even if alterations in the Dicerl splicing pattern produced a variant
mRNA, we predicted that the loss of coding potential in the targeted
allele would render Dicer incapable of producing siRNAs from dsRNA.
To test this prediction explicitly, we generated a deletion in the human
DICERI cDNA that removed residues 1,686—1,728. These residues sub-
stantially overlap with those sequences that are encoded by mouse exon
21. The catalytic core of the first RNase III domain (QRLEFLGDAILD
YLITKHLYE) is missing from both mutants. We tested the ability of the
mutant Dicer to produce siRNAs by expressing T7-tagged versions of
the wild-type and mutant Dicer proteins in 293 cells?. Dicer activity was
measured using immunoaffinity purified proteins. Notably, wild-type
Dicer produced siRNAs, but the mutant protein produced no detectable
siRNAs (Fig. 1d). Thus, by functional criteria, the Dicer] allele created in
our genetic mutant can be considered null with respect to this activity.

Approximately 4% of ES cell lines obtained after gene targeting
contained the disrupted Dicer! allele (Fig. 1¢). Independent ES cell
clones were used to create chimeric mice, two of which transmitted
the mutated DicerI allele through the germ line. Of 62 mice born
from heterozygous intercrosses, none were homozygous mutants,
suggesting that the Dicerl-deficient mice are not viable. Consistent
with a normal mendelian ratio, viable progeny comprised 26 wild
types and 36 heterozygotes.

To determine at which developmental stage Dicer is required, we
carried out timed heterozygous matings. In embryos collected at
embryonic day (E) 11.5, we found numerous empty and necrotic
decidua. We obtained similar results from studies at E10.5 and E9.5.
At E8.5, we observed a subset of small necrotic embryos in an other-
wise relatively normal yolk sac (data not shown). All the morphologi-
cally normal E8.5 embryos were either heterozygous or wild-type
with respect to Dicerl, whereas all of the abnormal embryos were
Dicer] mutants. At E7.5, a subset of embryos also appeared small and
morphologically abnormal, although distinctions between the
embryonic and extraembryonic regions were recognizable (Fig. 2a).
In contrast to wild types and heterozygotes, E7.5 Dicerl-deficient
embryos did not express T (brachyury), a primitive streak marker
(Fig. 2b). This suggests that development of Dicer] mutants is
arrested before the body plan is configured during gastrulation. At
E7.5, the number of Dicerl-null embryos was [50% lower than
expected from mendelian ratios, probably because a fraction of the
embryos died at an earlier stage of development.

Figure 2 Characterization of Dicerl mutant
embryos. (a) Typical E7.5 mutant (-/-) and wild-
type (+/+) embryos are shown for morphological
comparison. (hb) Mutant (/=) and wild-type (+/+)
embryos were stained by in situ hybridization
with a probe for T (brachyury), a primitive streak
marker. (¢) Mutant (-/-) and wild-type (+/+)
embryos were stained with a probe for Oct4, a
marker for stem cell populations in the early
embryo.

The RNAi machinery has been implicated in maintaining stem
cell character in both plants and animals. The Argonaute proteins
are key components of RISC complexes and are represented by mul-
tiprotein families in most multicellular eukaryotes. Lesions in these
genes affect stem cells in a variety of tissues in diverse organisms,
indicating that the RNAi pathway may contribute in part to funda-
mental mechanisms influencing stem cell fate. In Drosophila, piwi is
required for the self-renewing asymmetric division of both male
and female germline stem cells (reviewed in ref. 10). In C. elegans,
RNAi-mediated knockdown of the family members closest to piwi,
prg-1 and prg-2, produces markedly similar germline defects. In
Arabidopsis, the shoot apical meristems of zwille and some agol
mutants lose their stem cell character and terminally differentiate,
often forming a single central organ in place of the meristem
(reviewed in ref. 10).

These examples highlight the role of the RNAi machinery in vari-
ous biological contexts that share the theme of stem cells and the con-
trol of differentiation. Additionally, our own efforts to produce
homozygous DicerI-null ES cells either by sequentially targeting both
alleles or by isolating cell lines from blastocysts of heterozygous inter-
crosses failed (0 of 15, with wild types and heterozygotes present at
normal mendelian ratios). We therefore considered the possibility
that loss of Dicer might affect stem cell pools in the early embryo.

Oct4 expression in the early mammalian embryo defines a pool of
pluripotent stem cells whose maintenance is essential for prolifera-
tion of cells in the inner cell mass of the blastocyst and later the epi-
blast. Oct4 is a key regulator of ES cell maintenance and
proliferation. Loss of Oct4 in blastocysts leads to terminal differen-
tiation of the inner cell mass into trophoblast lineages!?, and precise
Oct4 dosage is required for cell fate decisions'2. Phenotypes associ-
ated with Oct4 downregulation in the epiblast are lethal, probably
owing to premature terminal differentiation of stem cells (see ref. 13
for example).

In situ hybridization of wild-type and heterozygous embryos with
probes specific for Oct4 results in strong staining of the epiblast that
precisely mirrors the expression patterns indicated from analysis of
an allele encoding an Oct4-LacZ fusion construct'®. Oct4 staining
was much reduced in the Dicer] mutant embryos (Fig. 2¢). This indi-
cates a loss of stem cells from the Dicer] mutant embryos and pro-
vides a potential explanation for the lethality that we observed. We
cannot yet determine whether Oct4 is directly or indirectly regulated
by Dicer-controlled networks or whether loss of Oct4 serves simply as
an indicator of stem cell loss.

Overall, our studies indicate that Dicer, and, by extension, the
RNAi machinery, are required for vertebrate development. Previous
studies in plants and worms have also pointed to a developmental
role for the RNAi machinery!. In Arabidopsis, DICER-LIKE 1 is
maternally contributed to the seed and is required for patterning of
the early embryo. Null alleles of DICER-LIKE I result in arrest at the
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heart stage of embryogenesis (reviewed in ref. 15), and hypomor-
phic alleles lead to a variety of developmental defects involving
meristem fate determination, regulation of meristem proliferation
and control of flowering time (reviewed in ref. 15). Double mutant
analyses have shown that DICER-LIKE 1 is partially redundant with
the genes CLAVATA and SUPERMAN involved in stem cell mainte-
nance and floral identity (reviewed in ref. 15). In C. elegans, Dicer
(dcr-1) mutants develop to adulthood with heterochronic defects,
which probably arise from an inability to process endogenous
miRNAs®>®. The absence of a more severe effect of Dicerl loss in
worms may derive from the presence of maternally contributed pro-
tein and mRNA, which are sufficient to rescue RNAi in the soma.
Similarly, Dicerl is maternally contributed in mice (P. Svoboda, P.
Stein and R. Schultz, personal communication), and this may affect
the timing of the lethality that we observed in the Dicer] mutant
embryos. Phenotypic defects in Dicer1-deficient mice may result in
part from a failure to process endogenous miRNAs, some of which
might regulate developmental events, as they do in C. elegans. We
attempted by various means to examine pre-miRNA processing in
E6.5-7.5 embryos but were unable to obtain sufficient amounts of
RNA for analysis. Considering the roles of components of the RNAi
machinery in the regulation of heterochromatin formation
(reviewed in ref. 1), more general defects in epigenetic program-
ming could also lead to the phenotypes that we observe. Definitive
resolution of such issues will await the development of conditional
systems from which sufficient material for detailed mechanistic
studies can be derived.

The microRNA-producing
enzyme Dicerl is essential for
zebrafish development

Erno Wienholds, Marco ] Koudijs, Freek ] M van Eeden,
Edwin Cuppen & Ronald H A Plasterk

MicroRNAs (miRNAs) are produced by the Dicer1 enzyme;
the role of Dicer1 in vertebrate development is unknown.
Here we report target-selected inactivation of the dicer1 gene
in zebrafish. We observed an initial build-up of miRNA levels,
produced by maternal Dicer1, in homozygous dicer7 mutants,
but miRNA accumulation stopped after a few days. This
resulted in developmental arrest around day 10. These results
indicate that miRNA-producing Dicer1 is essential for
vertebrate development.

MicroRNAs have essential roles in the development of plants!, nema-
todes? and flies>. These miRNAs are produced by the Dicerl
enzyme*~, which is conserved from fungi to vertebrates. No genetic
analysis of Dicerl has been done in vertebrates, however, and its role
in vertebrate development is not known. We cloned the zebrafish
dicer] ortholog (Fig. 1) and applied a method for target-selected gene
inactivation that we recently developed®. We identified three different
premature stop alleles induced by N-ethyl-N-nitrosourea, all of
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which probably cause loss of function (Fig. 1). The alleles had identi-
cal recessive phenotypes (developmental arrest), did not complement
each other and cosegregated with the phenotype. Of 49 fish with a
mutant phenotype, 41 were dicerl”~ (wild-type larvae occasionally
arrest in development). Of 112 fish with normal phenotype, none
were dicer1'~. These data show that the phenotype is caused by dis-
ruption of dicerl.

Homozygous and trans-heterozygous (having two different null
alleles) dicer1~'~ embryos appeared normal during the first week but at
8 d post fertilization (d.p.f.) had lethargic behavior and developmental
growth arrest. Most dicerI~"~ embryos died after 14-15 d (Fig. 2a), and
no dicerl™~ fish were alive after 3 weeks of development (1 = 112).
Microscopic analysis indicated no obvious defect in one specific organ
but rather a general arrest of growth (Fig. 2a).

Morpholino knockdown experiments resulted in an earlier arrest,
indicating that maternal dicer] mRNA 1is necessary for embryonic
development (Fig. 2¢ and Supplementary Fig. 1 and Supplementary
Note online). Strong expression of maternal dicer] mRNA and ubiqui-
tous expression up to 2 d.p.f. has been detected by whole-mount in situ
hybridizations (data not shown). Morpholinos target only mRNA;
thus, we cannot rule out the possibility that maternal Dicerl protein is
essential for the earliest stages of embryogenesis.

Dicer]l may be essential in vertebrate development because it is
required to make miRNAs. Hundreds of miRNAs are expected to be
present in the fish>!%, and many of them may act in different organs
and stages of development. There was a swift build-up of miRNA levels
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